INVESTIGATING SELF-ASSEMBLING
NANOMATERIALS (SANs) WITHIN A
BIOLOGICAL ENVIRONMENT

GENNARO ANTONIO DICHELLO

A Thesis Submitted in partial fulfillment for
the degree of Doctor of Philosophy
November 2017
The University of Brighton
School of Pharmacy & Biomolecular Sciences

ABSTRACT
Nanomaterials are defined as structures possessing one or more dimensions
below 100 nanometres in size. They display unique properties that arise as a
result of quantum behaviours, owing to their high surface area to volume
ratios. Self-assembling nanomaterials (SANs), where individual components
referred to as “building blocks” spontaneously organise into complex
structural arrangements, is a prominent field that offers technological
innovation within medicine and beyond. To effectively exploit this approach in
healthcare however, a high-level of behavioural understanding within
biological systems is required, which has yet to be ascertained.

Accordingly, work undertaken in this thesis aimed to investigate how gold
nanoparticles self-assemble and interact within a biological environment.
Molecular recognition and electrostatic attraction, two different underpinning
mechanisms of self-assembly were studied. Based on findings within this
thesis,

the

latter

Corresponding

approach

functional

gold

was

chosen

nanoparticles

for

further

were

development.

incorporated

into

PEGylated liposomes using a novel method and extensively characterised.
Comparative cytotoxicity evaluation was carried out in vitro on a male
Chinese hamster lung fibroblast cell line (V79), employing MTT and LDH
assays. Investigations focused on identifying any differences in biological
response after treatment with individually dispersed gold nanoparticles and
as they underwent in situ self-assembly. Cellular uptake and any ensuing
self-assembly was investigated using a combination of electron microscopy
and elemental analysis on thin-sectioned specimens.

Results presented in this thesis reveal that both electrostatic interactions and
molecular recognition facilitate self-assembly under aqueous conditions.
Within a biologically relevant medium however, considerable nanoparticlebiomolecule complex formation occurs and only particles exploiting
electrostatic interactions persist to self-assemble. Gold nanoparticles were
capable of being encapsulated within liposomes by exploiting electrostatic
i

attractions between oppositely charged lipids and ligands on particle
surfaces. The novel method resulted in variable internalised gold to lipid
ratios, hypothesised to result from differing magnitudes of electrostatic
attraction during preparation. At clinically relevant concentrations, gold
nanoparticles functionalised with cationic or anionic ligands did not display
significant cytotoxicity. A significant difference in cytotoxicity was displayed
as they underwent in situ assembly however. Cellular internalisation of gold
was evidenced, with nanoparticles seen to accumulate and reside within
cellular vacuoles, but no confirmation of self-assembly was obtained.

In conclusion, the current work provides further knowledge regarding the
feasibility, risk and current limitations associated with utilising and evaluating
nanomaterials for in-situ self-assembly within biological environments.
Extensive interactions shown to occur between initial building blocks and
biological components can hinder self-assembly activity, highlighting the
importance of rational design when manufacturing SANs. Individual
nanoparticles

were

encapsulated

within

surface-modified

liposomes,

demonstrating a possible strategy towards implementing further control over
SANs. Cellular studies identified a difference in toxicity between individual
building blocks and their assembled suprastructures, demonstrating that
unique biological responses could arise from the self-assembly of SANs.
Evaluation of intracellular self-assembly and the ability to differentiate
between individual building blocks, assembled suprastructures and cellular
components is inherently difficult. Current techniques and approaches
require further development to enable routine and reliable assessment of
analogous in situ self-assembling nanosystems.
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1 Introduction
Nanotechnology is a multidisciplinary scientific field that has seen unparalleled
curiosity and progress in recent years. Originally devised in 1986, the term
nanotechnology was applied to describe the ambitions of precisely
manipulating atoms and molecules to facilitate fabrication of materials and
complex structures1. Today, terminology associated with nanotechnology is
applied to describe techniques, materials and the design and manufacture of
structures, systems and devices by manipulating molecular, atomic and
supramolecular arrangements on the nanoscale2. As countless subdivisions of
nanotechnology continue to emerge, this multi-encompassing field is being
applied throughout in chemistry, biology, physics, environmental, engineering,
biomedical and materials sciences. Owing to this level of ongoing
development, nanotechnology is likely to be ever further impacting and
fundamental to the future advancement of science and technology throughout
the 21st century.

With an increasing ability to manufacture new nanomaterials and control their
functionality, using the innovative tools and techniques provided by
nanotechnology, a new frontier in the fields of medicine has emerged. This
can be described as the integration of technology and biological systems at a
subcellular and molecular scale, reaching magnitudes of precision and
understanding not previously attainable3. Within medicine, nanomaterials are
increasingly being utilised in the development of drug delivery systems4,
diagnostics5, pharmaceutics6, functional medical devices7 and potentially
medical nano-robotics in the future8. The generalised aim across these
disciplines can be described as working towards the design of “smart”
multifunctional nanosystems that interact, respond and provide treatment for
medical conditions. As our understanding of human physiology and
nanotechnology furthers, the ultimate goal is to enhance efficacy and safety of
treatments, benefiting human health and reducing the ever-increasing
financial burden on health services.
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Self-assembly is broadly described as a process where individual components
spontaneously assemble into larger functional units via a range of interactions.
Described as a “bottom-up” approach towards manufacturing materials, this
strategy is being utilised to provide variable spatial arrangements and
temporal assembly of individual nanomaterials. Accordingly, self-assembly is
regarded

as

a

promising

route

to

fabricate

increasingly

complex,

multifunctional nanosystems, with recent examples including advanced drug
delivery systems9 and enhanced treatments for cancer10. However, at present,
the majority of investigations have concentrated on utilising self-assembly as a
method of nanomaterial fabrication under pre-defined, controlled laboratory
conditions11,12. In other words, a finalised product is obtained for a specific
application before introduction into a biological system. Alternatively, selfassembly activity could potentially be utilised in situ, with a notion of
fabricating nanostructures from individual components in vivo; which
underpins the basis of the current work. For this purpose, subsequent focus
remains predominantly on the mechanisms and performance of selfassembling nanomaterials and how this activity can potentially be controlled
and evaluated within biological systems. Accordingly, investigations within the
presented thesis are directed towards furthering our understanding of how
nanomaterials functionalised to display self-assembling activity perform under
biological conditions and how their activity can be reliably assessed.
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1.1

Nanomaterials, properties and application towards self-assembling systems

Nanomaterials are defined by the International Organisation of Standards
(ISO) as individual entities that display at least one-dimension with a diameter
of between 1 and 100 nm13. Putting the nanoscale into perspective (Figure
1.1), a red blood cell has a diameter of approximately 8,000 nm (8 μm), whilst
an individual haemoglobin protein molecule is below 10 nm in size14.
Nanomaterials can be engineered or naturally occurring, taking any structural
form including particles, plates, fibres and tubes15,16, which can be compact,
hollow, porous17 or comprise a composite or coating18. Described as
intermediates between atoms and bulk materials, nanomaterials often display
unique and intriguing physicochemical properties, which are detailed in
section 1.1.1.1. These phenomena arise because of a change from classical
to quantum physics, predominantly occurring because of their larger surface
area to volume ratios19. This is often explained by the increasing contribution
of surface atoms compared to bulk atoms for these materials, which frequently
gives rise to size-dependent properties20. In addition to their small size, other
physical attributes have been demonstrated to contribute towards the
observed performance of nanomaterials, which include21:

i)

Shape

ii) Structure and crystallinity
iii) Chemical composition
iv) Porosity
v) Surface topography
vi) Ionicity
vii) Solubility and state of dispersion

The fabrication and resulting behaviour of dissimilar nanomaterials has
consequently attracted considerable scientific interest, with them having been
manipulated and exploited to provide novel characteristics including catalytic,
optical, magnetic, electrical, thermal and tensile strength 22. Individual
nanomaterials can also be linked together to prepare structures that display
overall dimensions beyond the nanoscale, whilst retaining their nano3

associated properties23. Resultant characteristics typically depend on the
underpinning structural arrangements. If a collection of nanomaterials interact
non-covalently and remain as discrete structural components, their native
properties could be expected to prevail. However, if individual nanomaterials
strongly interact or fuse together, effectively reducing overall surface area to
volume ratios, resultant properties could be inherently different. These
distinguishing

structural

arrangements

are

described

in

current

EU

nomenclature13,23:
“Agglomerate: A collection, cluster or mixture of weakly bound particles where
the resulting external surface area is similar to the sum of the surface area of
the individual components.

Aggregate: A particle comprised of strongly bonded or fused particles where
the resulting external surface area may be significantly less than the sum of
surface areas of the individual components.”

These definitions are important when considering the assembly of
nanomaterials into larger associated structures and their resultant properties.
Consequently, the types of interactions utilised to facilitate self-assembly and
ensuing structural arrangements are considered to potentially be fundamental
design parameters (see sections 1.1.2 and 1.2.1).
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Figure 1.1: Graphical representation of the confinements of the nanoscale.
(Original image.)

1.1.1 Gold nanoparticles

Nanoparticles (NPs), which are utilised in the current work to investigate in
situ self-assembly, are described as entities that behave as a whole unit, with
respect to their properties and transport24. There are numerous different types
of NPs that have been developed and categorised; namely noble metals 25,
semiconductors26, magnetic metals27 and carbon-based structures7. Gold
nanoparticles (GNPs) in particular have been subject to intense study for a
diverse range of applications in biology and medicine 28. However, when NPs
are dispersed in a solvent (colloidal suspension), which can often reflect their
intended application, they display a tendency to aggregate because of van der
Waal’s attractions, particularly in the presence of high salt concentrations and
biological molecules such as proteins29. Consequently, methods of stabilising
GNPs to achieve colloidal homogeneity have been extensively studied 30.
Usually, nanoparticle stability in suspension is achieved either electrostatically
or sterically30. The former approach exploits electrostatic double-layer (EDL)
forces to implement repulsion between NPs, as a result of their surfaces being
5

modified to display equivalent charges31,32. However, notably the presence of
electrolytes can cause “charge screening” effects, diminishing particle-particle
separation,

resulting

in

colloidal

destabilisation30.

In

contrast,

steric

stabilisation is typically achieved using long-chain macromolecules such as
polyethylene glycol (PEG) that extend away from particle surfaces into the
surrounding environment, effectively separating NPs and overcoming van der
Waal’s attractions31,33. Whilst charge-shielding effects do not usually influence
steric protection, utilised ligands can sometimes display parameter-dependent
conformational changes (temperature, pH, light), which can reduce particleparticle separation, triggering colloidal destabilisation if uncontrolled 31,34.
Whilst these two approaches are effective strategies that can provide colloidal
stability under simple aqueous conditions, further considerations must be
taken when NPs are utilised within biological environments (see section 1.3).

1.1.1.1 Nano-specific properties of GNPs and their application in medicine
Aside from the advantage of gold being a relatively inert and robust material35,
methods of synthesising nanoparticle derivatives of various sizes and shapes,
as well as functional modification of their surfaces are well established36,37. In
addition to the fact that even minor differences in size and shape can have
profound effects on GNP properties38, the ability to introduce an extensive
range of functional surfaces to these particles has provided broad
opportunities within medicine; leading to the opinion that GNPs could
eventually be utilised at all stages of healthcare including, diagnosis,
treatment, prevention and hygiene39. At present, GNPs are under investigation
for a range of therapeutic applications encompassing fields of genomics,
biosensorics,

immunoanalysis,

clinical

chemistry,

detection

and

photothermolysis of cancer and microorganisms, controlled and targeted drug
delivery and monitoring of tissues and cells39. For example, numerous studies
have demonstrated that drug molecules, proteins, peptides and genes can be
attached to GNP surfaces for effective treatment of disease 40,41; with a notion
of enhancing therapeutic efficacy and safety by providing superior control over
pharmacokinetic properties that govern biocompatibility, biodistribution and in
6

vivo elimination41,42. Similarly, GNPs have been modified with “targeting
ligands” that enable effective transport through stringent biological defence
mechanisms such as the blood-brain-barrier43 or enable exclusive delivery to
specific organs, tissues and cells, in an effort towards reducing systemicassociated side effects44. Much of the attention concerning the use of GNPs in
medicine though, can be related directly to their display of nano-specific
properties, which are governed by quantum effects; most renowned being
local surface plasmon resonance (LSPR), which was first described by Mie et
al45. LSPR is a phenomenon attributed to free electrons of metallic NP
surfaces collectively oscillating with respect to their lattice, occurring at
specific wavelengths of the electromagnetic spectrum in a particle-size
dependant manner46-48 (Figure 1.2). This electronic oscillation is described as
photons confined to the small size of the nanostructure (quantum
confinement), constituting an intense and localised electronic field around the
particles49. As these surface plasmon oscillations undergo radiative decay,
they facilitate enhanced spectral absorption and scattering properties50
referred to as LSPR bands (Figure 1.2 A).

Accordingly, LSPR properties of GNPs have been developed for microscopybased bioimaging techniques with work by El-Sayed et al providing one of the
first practical demonstrations of this concept. This was achieved by attaching
monoclonal anti-epidermal growth factor receptor to the surface of GNPs to
selectively label and image two epithelial cancer cell models (HOC 313 and
HSC 3) when co-cultured with a non-malignant cell line (HaCaT)51.
Consequently, it was suggested that this approach could be utilised for in vitro
and in vivo diagnostics and biosensing51. Differences in LSPR band intensity
and spectral shift underpin the majority of sensing strategies involving GNPs,
which can be highly sensitive to changes in the local dielectric environment 28.
This gives rise to unique localised-sensing properties that exist at
nanoparticle-medium interfaces, where a nanoscale volume around a particle
is effectively probed28.
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Figure 1.2 Schematic model of localised surface plasmon resonance (LSPR) of
gold nanoparticles due to collective oscillations of surface electrons with
wavelength-specific incident light. (A): Radiative decay resulting in enhanced
light adsorption and scatterin g properties, (B): Non-radiative decay resulting in
light to heat conversion. ( Original image.)

LSPR related behaviour has consequently been investigated as a method of
providing NPs with single-molecule detection capabilities and has attracted
considerable interest52, providing innovative techniques such as indirectsurface-enhanced Raman spectroscopic-bioimaging53. Additionally, LSPR can
give rise to non-radiative decay, where absorbed light is converted and
emitted as localised heat, as a result of electron-electron scattering and
electron-phonon coupling48,50,54 (Figure 1.2 B). This attribute provides
wavelength specific optical and photothermal properties which for gold, silver
and copper occurs upon exposure to visible and near-IR frequencies50, within
the optical range for effective biological penetration 55. Accordingly, techniques
involving photothermolysis, otherwise termed plasmonic photothermal therapy
(PPTT), where metallic NPs are irradiated with non-ionising lasers to produce
localised thermal treatment of cancer, are receiving considerable attention and
being

continuously

developed56,57.

In

an

effort

towards

designing
8

multifunctional nanosystems, GNPs with PPTT capabilities are also
increasingly being combined with supplementary techniques, with recent
examples including photothermal-chemotherapy58 and photothermal-drug
delivery-MRI enhancement systems59.

1.1.2 Nanoparticles as components for self-assembly
In context of the current work, individual NPs are termed “building blocks”,
which can be assembled into larger “suprastructures”. GNPs are appealing
candidates as components for this purpose, for similar reasons why they are
attractive therapeutic materials. Gold is relatively inert and robust displays
valuable nano-properties for practical application and methods are widely
available for the precise modification of surfaces to acquire the required
functionality to facilitate self-assembly60. Within the broader field of selfassembling nanomaterials (SANs), it is well recognised that both significant
challenges and opportunities exist; if uncontrolled aggregation can be avoided
and architecture precisely controlled, self-assembly and resultant structures
could be utilised for a host of advanced applications61. Currently there are
three major routes being developed towards achieving predictable activity of
SANs:
Substrate assembly – building blocks are assembled onto solid substrates
that provide support for organising and aligning components into two and
three-dimensional suprastructures.
Interfacial assembly – A liquid-air or liquid-liquid interface is utilised for
structural support, with an induced reduction in interfacial-energy facilitating
the

organisation

of

building

blocks

into

two-dimensional

arrays.

Template-assisted assembly – Functionalised surfaces or template
materials are used to provide specific, non-covalent interactions between
building blocks for direct self-assembly into two and three-dimensional
arrangements.
9

Whilst substrate and interfacial assembly approaches have been applied for
the fabrication of suprastructures under controlled conditions 62,63, derivatives
of template-assisted assembly “in solution” appears to be the predominant
approach currently under investigation when in situ self-assembly or dynamic
states of particle-dispersion are required for application64,65. In principle, any
nanomaterial or building block could be functionalised to direct self-assembly
via the template-assisted approach. This can include a “core” structure that
acts as a foundation for the networking of smaller ‘satellite’ building blocks; an
approach employed by Ou et al using 1-pyrenemethylamine as a linkermolecule between carbon nanotubes and GNPs to achieve high density, noncovalent attachment66. Alternatively, NPs can be directly functionalised to
dictate subsequent assembly and organisation of building blocks; as
demonstrated by Nykypanchuk et al and Park et al, using GNPs with surfaceattached DNA of variable length and flexibility to provide basic architectural
control, fabricating suprastructures with body-centred or face-centred cubic
morphologies67,68. Additionally, it has been demonstrated that NPs can be
functionalised with ligands to enable in situ triggered or “responsive” selfassembly. Cheng et al, exploited acetylcholinesterase-catalysed hydrolysis to
provide enzyme-specific mediated self-assembly of GNPs in an in vitro system
for the ultrasensitive colorimetric detection and monitoring of biomarkers for
hepatitis C virus69. A similar example provided by Hu et al utilised
metalloproteinase-2, an enzyme that is overexpressed during metastasis of
tumours, to trigger in vivo self-assembly of GNPs within cancer sites, providing
enhanced retention of NPs for subsequent use as PPTT reagents70.

At present self-assembly of dissimilar nano-building blocks has primarily
focused on manipulating their collective properties, for the design of
multifunctional materials and devices, with a notion of performing multiple
tasks simultaneously or in sequence. However, as proposed in the current
work, self-assembly could potentially serve as an on-demand method of
fabrication in situ and eventually in vivo, which could prove useful for
advanced biological applications. At present, several strategies that provide
different underpinning mechanisms of facilitating self-assembly have been
developed, which could also be investigated for this purpose (See section
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1.2). However, reflecting on the complex environments that will be
encountered within a biological system, the utilised mechanism towards bio-in
situ self-assembly is potentially a critical design parameter that will need to be
further understood before predictable nanosystems can be attained for
medical applications. Equally important are the suprastructure morphologies
that display different structural arrangements, which have been demonstrated
to display various properties that are frequently dependent on the retention of
nanoscopic

characteristics.

Consequently,

a

resultant

suprastructure

morphology should also be potentially considered as a critical design
parameter, that must eventually be predefined and rigorously controlled (see
subsequent section 1.1.2.1 for further detail).

1.1.2.1 Classification of self-assembled suprastructures

Relating to current definitions of agglomerates and aggregates, selfassembled suprastructures can in principle take either form, although how
they are classified appears to be an area of ongoing debate, owing to
conflicting characterisation and interpretation71. For example, Shim et al
demonstrated reversible self-assembly of GNPs utilising a disulphide-modified
polypeptide (poly(L-glutamic acid)) as a surface-bound ligand that underwent
pH-dependent structural changes between pH 4.5 and 5.5, which ultimately
determined whether particles were assembled or dispersed 72. However,
resultant suprastructures were described as aggregates despite being
revealed to display a discrete nanoparticle morphology and an ability to
dissociate back into individual GNP building blocks72. Furthermore, whilst the
ensuing properties of the assembled structures were different from the original
NPs, they were still specific to the nanoscale, namely the LSPR effect 72. To
clarify in this instance, individual GNPs were assembled using non-covalent
reversible interactions, with overall surface area of the suprastructures
reflecting

the

sum

of

the

individual

components,

characteristic

of

agglomeration. In contrast to another study, Wen et al used controlled
destabilisation of individual GNPs to form three-dimensional porous
nanostructures appropriately described as aggregates73. The resultant
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suprastructures were found to be comprised of networks of nanowires, which
were initially formed from the fusion of individual GNPs to fabricate chain-like
particles73. Elucidating in this situation, the “atomic cores” of individual GNPs
were initially amalgamated to produce new chain-like particles, where a
reduction in overall surface area could be expected, which is characteristic of
aggregation.

The methodology used in the current work is represented in Figure1.3, which
differentiates between self-assembled aggregates and agglomerates. This
theory agrees with current EU considerations and models proposed by Walter
et al71. In summary, self-assembled agglomerates are dynamic structures
formed when individual building blocks are linked together through weak
interactions, with structural aggregates representing covalent bonding
between individual building blocks to produce entirely new particles 71.

Figure 1.3: Simplified illustration of the underpinning difference between a selfassembled agglomerate and aggregate . Structural-agglomerates are comprised
of discrete nano-building blocks that are non -covalently linked together whilst
structural-aggregates represent newly formed particles, lacking discrete
building-block morphologies. (Original image.)
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1.1.2.2 Properties and applications of self-assembled suprastructures

Assemblage and networking of nanomaterials has been shown to result in
both the display of new collective properties and a combination of properties
displayed by the individual components64. Whilst the combination of unrelated
properties, such as LSPR and magnetism for example, can be directly
associated with the inclusion of dissimilar building blocks that exhibit these
native characteristics, hybrid nano-properties have also been demonstrated64.
Hybrid properties are considered to originate from the near-field coupling of
localised properties, occurring when NPs are sufficiently close to each other
(approximately between 2 and 10 nm)64. Coupling effects that have been
evidenced include the transfer of electromagnetic energy, transfer of electrons
and interactions of magnetic dipoles between neighbouring particles 64,74-76.
These coupling phenomena have been attributed to deviations in LSPR band
intensity, spectral shift and broadness74,77 and photoluminescence emission78
for assemblies of metallic NPs, with complex disordered magnetic spin-states
(magnetic glass behaviour)79 for assemblies of magnetic NPs. Numerous
investigations focus on combining or manipulating these hybrid properties by
varying parameters such as building block size, shape and composition,
interparticle

spacing

(distances

between

arrangement within a suprastructure

building

blocks)

and

their

64,74-77

. For example, reducing or

increasing interparticle spacing between self-assembled GNPs has been
exploited to provide nanosystems with either lower energy (red-shift) or higher
energy (blue shift) LSPR bands, an approach that is utilised to fine tune
optical properties of suprastructures64. On this basis, substrate-induced
changes in interparticle spacing of SANs and their resultant optical profiles
have also been studied for a range of biosensor-colorimetric applications77,80.
Work by Schopf et al further supports the concept that self-assembly of
dissimilar SANs can be used a strategy to combine or enhance properties
within suprastructures via coupling phenomena. This group concluded from
theoretical and experimental observations that when GNPs of different sizes
were assembled with controlled stoichiometry (monomer, dimer and trimer
configurations), using a di-rhenium thio-isocyanide complex, they displayed
LSPR-related optical properties that were a combination of those displayed by
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the individual particles81. Crucially, Schopf et al also rationally described how
controlled self-assembly of building blocks into suprastructures with welldefined and predictable spatial arrangements would be a fundamental
requirement before such properties could be reliably harnessed 81. This
requirement is further highlighted by the work of Ghosh et al, who
demonstrated that optical properties of GNPs are influenced amongst other
factors by their local environment, which for assembled suprastructures
includes neighbouring particles each with their own intrinsic properties 74.
Demonstrating how multiple SANs can be incorporated into a nanosystem,
with a notion of implementing multifunctionality, Paterson et al recently
reported the co-assembly of a variety of different sized GNPs onto dextrancoated superparamagnetic iron oxide NPs to fabricate suprastructures 82. It
was concluded in this study that the agglomerated-arrangement of building
blocks resulted in several key characteristics arising: (a) spatial organisation
of GNPs permitted enhanced heating capacity that could be exploited for
photothermal purposes, (b) a combined LSPR effect corresponding to the
inclusion of different sized NPs provided enhanced optical properties for a
range of potential applications and (c) the inclusion of superparamagnetic iron
oxide offered additional magnetic capabilities enabling functions such as
externally directed bio-accumulation82.

Although self-assembly of building blocks into suprastructures can provide
valuable properties for a range of potential applications, predictable and
reliable behaviour depends on an ability to precisely control interactions and
spatial geometry between SANs64. At present, the ability to consistently
fabricate highly ordered suprastructures from building blocks has seldom been
achieved, even under pre-defined laboratory conditions, with key factors that
determine assembly quality, reproducibility and yield yet to be fully
understood83. Accordingly, development of simple strategies to facilitate in situ
self-assembly for the fabrication of basic suprastructures under biological
conditions is a fundamental step that must be investigated before desired
properties or applications can be considered.
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1.2

Strategies towards self-assembly of nanomaterials

Self-assembly is portrayed as the “autonomous organisation of components
into patterns or structures without human intervention”84. Originally devised to
describe spontaneous association of molecules into stable, well-defined
macromolecular arrangements, the same criteria is considered to apply to
nanomaterials but on a larger scale85,86. Although at present, application of
SANs is mostly limited to fabrication of structures under pre-defined laboratory
conditions. The same underpinning principles are considered to pertain within
complex environments, such as those potentially encountered in vitro and in
vivo86:

I.

Individual components must be interlinked by localised, short-range
and weak interactions.

II.

Interactions between individual building blocks must be more
favourable than the interactions with the surrounding matrix.

III.

Networking between building blocks must overcome external forces
and entropic limitations.

Spontaneous activity of SANs can arise from both non-specific and specific
interactions, taking place either directly between adjacent building blocks
(direct self-assembly) or because of external forces (externally directed selfassembly)64,89. Direct self-assembly, which is the focus of the current work
(section 1.2.1) typically applies to nanomaterials with functional surfaces to
provide attractive forces between individual building blocks. In contrast,
externally directed self-assembly typically utilises a magnetic87 or electric
field88 to provide a driving-force towards organising individual building blocks.
An additional distinction is also described between equilibrium self-assembly
(ESA) and dynamic self-assembly (DSA)89. The former process is considered
to represent the evolution of individual components into stable structures, as a
result of minimising Gibb’s free energy potential to achieve a state of
thermodynamic equilibrium89. Consequently, ESA activity fundamentally
depends on favourable thermodynamic parameters (temperature, pressure
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and number of components), which are governed by the local environment 89.
The main applications of ESA within the fields of SANs include the fabrication
of organic90 and inorganic crystals91, block-copolymer92 and lipid structures93
and supramolecular arrangements94. In contrast, DSA represents the
fabrication of ordered non-equilibrium structures via a supply of energy
(favourable interactions)89. Avoiding thermodynamic limitations, complex
spatial and temporal organisation of individual building blocks can be achieved
using a range of direct and externally directed forces, which underpins the
basis of systematic design and control of resultant suprastructures prepared
via DSA89.

1.2.1 Direct self-assembly

The basis of utilising direct interactions between nanomaterials to facilitate
self-assembly relies predominantly on the rationale use of surface chemistry;
including the application of molecular, biomolecular, supramolecular, polymer
and nano-chemistry95-98. Accordingly, potential approaches towards providing
direct interactions for suprastructure fabrication are diverse, encompassing
derivatives of both template-assisted and substrate self-assembly, via
physical, chemical and biological template approaches95. Whilst physical
features of SANs such as size, shape and surface topography can assist the
organisation of individual building blocks within a suprastructure, additional
interactions between components are still required to provide mechanisms
towards overcoming entropic and external forces86. Electrostatic interactions
and molecular recognition, approaches utilised in the current work to facilitate
self-assembly, were identified from literature as promising strategies, having
been recently reported for a range of nanofabrication techniques and relevant
applications99,100.

1.2.1.1 Electrostatic interactions

Intermolecular electrostatic interactions are considered non-covalent, nonspecific long or short-range forces between ionic molecules101, arising from
16

ion-dipole and ion-ion interactions. Ionic molecules are typically attached to
metallic nanoparticles (gold, silver, platinum, palladium, copper and nickel) via
thiol (SH), amide (NR2) and carbonyl (OCR2) terminal functional groups101,
providing particles with surface-associated, self-assembled monolayers
(SAMs) that display electrostatic potentials102. When nanomaterials that
display oppositely charged SAMs are combined within solution, they can
spontaneously

self-assemble

into

suprastructures.

In

contrast,

when

nanomaterials display identical surface charges, repulsive electrostatic forces
can arise between nanomaterials because of an overlap of electrical double
layers (EDL) surrounding particles101. Resultantly, electrostatic interactions
can be utilised to both direct the assembly of individual building blocks and
reinforce (stabilise) the resultant suprastructures103. Self-organisation of
individual building blocks via electrostatic interactions is generally perceived
as an equilibrium process (ESA), although as S. Whitelam explains, resulting
suprastructures are often non-equilibrium, kinetically trapped arrangements104
as depicted in Figure 1.4. Kinetic traps are thought to arise when
nanomaterials initially assemble into non-equilibrium arrangements, with their
subsequent reorganisation towards a state of equilibrium occurring on
extremely long timescales104. There are two main methods towards
introducing further control within electrostatic self-assembling systems: (a)
modifying the EDL of individual building blocks and (b) the use of variable
SAMs on nanomaterial surfaces101. The former approach relies on a change in
thickness of the EDL, which determines the extent and range of electrostatic
interactions within a solution. In principle this can be easily achieved by
introducing solvents with different dielectric constants or by changing the pH
and availability and concentration of electrolytes within the surrounding
environment, although within biological systems these parameters are
predetermined. In contrast, building blocks functionalised with SAMs can be
designed and optimised prior to application; with a range of specific, charged
functional groups (COO-, SO3-, PO3-, N(CH3)3+) and neutral “charge diluting”
molecules having being investigated for the preparation of SAMs with different
magnitudes of surface charge density102,105.
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Figure 1.4: Simplified representation portraying the theoretical self-assembly of
oppositely charged nanoparticles into suprastruct ures with equilibrium and
kinetically trapped building block arrangements. In theory, electrostatic self assembly should progress towards a state of equilibrium but in practice the
timescale for this evolution can be exceptionally long and kinetically trapp ed
arrangements often prevail. ( Original image.)

Exemplifying the use of electrostatic interactions as a suitable mechanism
towards self-assembly of individual building blocks, numerous studies have
reported

the fabrication

of

assembled suprastructures

with

different

compositions and morphologies. At a rudimentary level, simply combining
complementary charged spherical nanoparticles in solution results in
spontaneous self-assembly into irregular suprastructures, as demonstrated by
Kalsin et al using gold and silver NPs functionalised to display oppositely
charged SAMs106. Under highly optimised conditions however, further control
over resulting suprastructures can be achieved. This is shown by
Gschneidtner et al107 who functionalised spherical, cubic and polyhedron
shaped

gold,

silver

and

palladium

NPs

with

either

negatively

(2-

mercaptoethanesulfonate) or positively (cetyltrimethylammonium) charged
ligands107. Experimental conditions were then derived to restrict the
electrostatic self-assembly of these different shaped nanoparticles into
specific NP-dimer formations107. Describing these optimised conditions as a
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“stability zone”, assembled NP-dimers were provided with an electrostatic
repulsion potential, avoiding further self-assembly into larger structures107.
Whilst conditions within biological systems are fixed and cannot be optimised,
it should be possible to design building blocks according to their encountered
environment to acquire a desired performance. Won et al evidences this
approach, also providing evidence that electrostatic self-assembly could
potentially persist within biological systems. A ligand was synthesised to
include a hydrolysis-susceptible citraconic amide functionality, enabling SAMs
on the surface of GNPs to “switch on” both positive and negative charges.
Self-assembly resultantly occurs under mild acidic conditions encountered
within cancerous cells108, with the larger size of the suprastructures blocking
the cells ability to remove them via exocytosis108. Furthermore, Won et al also
show that highly-ordered suprastructures are not necessarily required within
biological systems for practical application, having exploited the collective
properties of the unsystematically assembled GNPs (as described in section
1.1.2.1) for effective infra-red photoexcitation and subsequent PPTT
application108. In addition to this study, Yang et al evidenced intracellular selfassembly of NPs using a relatively straightforward electrostatic approach 109.
GNPs were initially modified with either citrate or branched polyethylenimine
to provide them with positive and negative SAMs. Building blocks were then
exposed to human breast carcinoma cells (MDA-MB-231) consecutively
(positive and negative GNPs added at different times), which resulted in
intracellular GNP clusters, which was not seen when either positive or
negative GNPs were added alone109.

1.2.1.2 Molecular recognition

Methods that utilise specific intermolecular interactions to facilitate selfassembly of individual building blocks are often referred to collectively as
“molecular recognition“ strategies. In principle, any non-covalent interaction or
their combination can be exploited for this purpose, including van der Wall’s
forces, pi-pi interactions, hydrogen bonding and hydrophobic effects 89.
Nanomaterials are typically modified with a variety SAMs, with a proportion of
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surface molecules functioning as specific “active sites” or “recognition
sequences”89. Individual building blocks are designed accordingly so that their
recognition motifs display complementarity as depicted in Figure 1.5. Specific
interactions between complementary recognition sites can then be used to
subsequently direct and restrict the self-assembly of distinct building blocks,
potentially permitting the fabrication of highly ordered, non-equilibrium
suprastructures103,110. Numerous examples have been reported that attain
molecular recognition for the fabrication of self-assembled structures via the
application of surface attached polymers, biomolecules and macromolecules.
Although notably a lot of studies until more recently have focused on using
derivatives of DNA103,110-112.

Figure 1.5 Simplified schematic representing individual GNP building blocks
functionalised with recognition sequences. In theory, complementary sequences
(green arrows) facilitate self-assembly whilst non-complementary sequences
(red arrow) prevent self-assembly, enabling specific arrangements to form.
(Original image.)

Oligonucleotides, which are short strands of synthetic DNA, provide an infinite
range of specific recognition sequences that can be designed to network
individual nanomaterials. Their ability to form Watson-Crick hydrogen bonding
between adenine (A) and thymine (T) and cytosine (C) and Guanine (G) 103,113,
the four major nucleobases that can be encoded into DNA, enables single
strands of complementary sequences to hybridise (parallel bonding) to form
linear double stranded complexes113. When complementary single strands of
oligonucleotides are attached to the surface of individual nanomaterials,
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hybridisation can result in spontaneous self-assembly into two and threedimensional structures113. Methods of attaching oligonucleotides to metallic
nanoparticles are also well established, which utilise a thiohexyl functional
group (C6SH) end-grafted onto the phosphate backbone that underpins the
nucleobase

recognition

sequence114.

Additionally,

as

oligonucleotide

recognition sequences can be synthesised with a variable number of
nucleobases, with complementary sequences acting as “linkers” between
building blocks, interparticle distances and bonding strength can be easily
controlled to optimise associated properties113. In an attempt to provide further
structural complexity, several groups have also synthesised non-linear
oligonucleotides, with branched and junction motifs used to direct SANs into
ordered assemblies such as GNP trimer and tetramer configurations111,115.
With the intention of designing further complex self-assembling systems for
the fabrication of multifunctional platforms. Kim et al recently proposed
attaching multiple distinct DNA recognition sequences at different locations on
discrete building blocks. In agreement with the views of the current work, Kim
et al also recognised that physiochemical and structural properties of
nanomaterials as well as the design of suitable recognition sequences need to
be further investigated and understood before further complex systems are
fabricated, considering them to be critical design parameters110. Despite these
challenges, there has been considerable ongoing development of DNA-based
self-assembling

nanosystems,

which

primarily involve

two

respective

strategies: (a) attachment of complementary oligonucleotides directly onto
nanomaterial surfaces116 or (b) attachment of oligonucleotides which are
partially complementary towards a third “template” oligonucleotide that acts as
a freestanding scaffold between nanomaterials117. Utilising these strategies,
oligonucleotides have since been applied to fabricate a range of finite-number
of regularly spaced and extended two and three-dimensional ordered
suprastructures for a range of potential applications118.

Relating to the current work which focuses on in situ self-assembly, Yunqi et
al described one of the first reports of stimuli-triggered and reversible selfassembly in 2012, using oligonucleotides on the surface of GNPs that had
been modified to incorporate a photo-sensitive azobenzene functional
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group119. This approach was underpinned by the ability of azobenzene to
respond to UV-light exposure, undergoing cis-trans isomerisation that in turn
destabilised the hybridised oligonucleotides used to network individual
building blocks119. An alternative approach reported by Seela et al
demonstrated pH-dependent reversible self-assembly of GNPs, utilising a
modified cytosine nucleobase (2-deoxycytidine) incorporated within hybridised
oligonucleotides, attached to the surface of discrete nanoparticles 120. Doublestranded oligonucleotides containing this modification on the surface of GNPs
were rendered complementary to an additional set of double-stranded
oligonucleotides attached to GNPs only under acidic conditions, inducing a
DNA “i-motiff” configuration and subsequent self-assembly120. A DNA i-motif is
described as two parallel double-strands of DNA held together in an antiparallel orientation by intercalated cytosine-cytosine+ base pairing121.

Despite the advances of DNA-based molecular recognition for self-assembly,
there are very few studies that attempt to translate this technology in vitro or in
vivo. Whilst a lack of progression towards bio-in situ self-assembly using DNA
could potentially be hindered by several conceivable issues, such as
degradation or fouling of recognition sequences via the activity or adsorption
of biomolecules to the surface of nanomaterials. A recent study by Tang et al
appears to offer optimism where two dissimilar GNPs functionalised with
oligonucleotides were used as “core” and “satellite” building blocks for
fabrication of suprastructures prior to PEGylation. Stability studies of these
building blocks in serum showed that these constructs remained intact and
were entirely resistant to enzymatic degradation122. Additionally, when
suprastructures were further modified with a targeting ligand (N-acetylation
chitosan), they were seen to accumulate in the kidneys of mice, still intact,
with suggestions that this technology could be further developed for in vivo
imaging purposes122. Whilst this investigation only utilised self-assembly prior
to application in vivo, resultant stability of PEG-modified oligonucleotide-GNP
suprastructures indicates that with suitable preservation, it could potentially be
possible to preserve sensitive recognition sequences, either through surface
modification or alternative strategies such as encapsulation within therapeutic
delivery systems (discussed in section 1.3.3).
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1.3

Biological considerations relating to nanomaterials

Application of nanotechnology within medicine has offered unparalleled
opportunities to improve the way we currently diagnose, monitor and treat
numerous diseases. Besides the advantage that nanomaterials are inherently
small, display useful properties for practical applications and can be easily
modified to optimise their functionality and performance, they can also
potentially be engineered to interact with specific biological components, down
to

a

subcellular

scale44.

Whilst

understanding

interactions

between

nanomaterials and biological systems is critical for the rational design of
therapeutic nanosystems, safety is a fundamental concern that must also be
given due consideration. As the application of nanomaterials within medicine
and biology has increased, so has the attention towards the outcomes of
human exposure and the potential for adverse effects on normal physiology.
Since nanomaterials display unique physicochemical properties, predicting
their performance and consequences on human health can be challenging 123.
Furthermore, with an increasing desire to functionalise different nanomaterials
and provide them with ever complex capabilities, additional parameters may
arise which could further influence biological consequences. With evidence
suggesting that a biological response to a nanomaterial is likely to be
dependent on their functionality and application 124, no individual material
should be considered inherently hazardous or particularly safe 123,125,126.
Accordingly, novel nanomaterials and complexes, including individual building
blocks and their self-assembled structures, which are intended for biomedical
purposes should be assessed on a case-by-case basis, at an early stage, with
experimental designs reflecting their proposed application124.
1.3.1 Biocompatibility of nanomaterials

Biocompatibility is a term typically applied to describe both beneficial and
adverse effects and subsequent events that may arise because of a materials
interaction within the human body. Defined by IUPAC, biocompatibility is
regarded as the ability of a material to perform with an appropriate hostresponse within a specific situation. This in turn reflects how a material will
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interact within a biological system and ultimately how these interactions will
determine clinical success127. There are several key factors that must be
considered when determining biocompatibility using in vitro or in vivo testing.
Firstly, nanomaterial biocompatibility is highly dependent not only on inherent
physicochemical

properties,

but

also

on

the

biological

components

encountered. For instance, Sohaebuddin et al extensively investigated
nanomaterial toxicity by quantifying the generation of reactive oxygen species
(ROS), intracellular vacuolic destabilisation (lysosomes) and mitochondrial
permeability on three dissimilar cell models (fibroblasts (3T3), macrophages
(RAW 264.6) and epithelial cells (hTERT-CBECs))128. Conclusions of this
study show that cellular responses can be both nanomaterial and cell-type
dependent, resulting in unique alterations of cellular functions that ultimately
determine the extent of toxicity and cellular fate128. Secondly, whilst
morphological, topographical and chemical characteristics of a nanomaterial
are considered contributing parameters129-131, inherent properties alone will
not appropriately determine a materials biocompatibility. Highlighting the
complex nanomaterial-biological responses that can occur, Zhang et al
investigated the size-dependent toxicity of GNPs surface modified with PEGSAMs, administered to mice over 28 days. Results showed that exposure to
10nm NPs induced an immune response, which increased white blood cell
counts, whilst 5nm and 30nm NPs resulted in a reduction in both white and
red blood cell counts, potentially owing to interference with the hematopoietic
system132. Furthermore, in the same study heightened levels of alanine
transaminase and aspartate transaminase, biochemical markers that indicate
damage to the liver132, were detected after systematic exposure to 10nm and
60nm GNPs. In contrast, 5nm and 60nm NPs did not appear to induce any
noticeable liver damage132, indicating that there was no size-dependent
toxicity trend for the PEG modified GNPs utilised in this particular in vivo
study. Thirdly, length of nanomaterial exposure time within a biological system
can have a significant influence on biocompatibility, as shown by Lin et al.
This group investigated the effects of exposure time to 15 nm silica
nanoparticles (SiO2) on a human lung cancer cell model after a period 24 and
72 hours; by monitoring indicators of oxidative stress (ROS and glutathione),
lipid peroxidation (malondialdehyde) and cell membrane damage (lactate
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dehydrogenase). A significant increase in cytotoxicity was seen after 72 hours
compared to 24 hours133. Lastly, owing to the potential for numerous
contributing factors, including severity of a particular disease or condition, a
nanomaterials biocompatibility should be considered as situation-dependent,
reflecting a risk-to-benefit ratio134. Accordingly, risk assessments need to be
made for each type of nanomaterial being considered for a specific medical
application or purpose, to determine the likelihood of achieving a predictable,
safe and suitable outcome.

1.3.2 Toxicity at the nanoscale

Preliminary in vitro assessment of nanomaterial-associated toxicity is an
essential step before in vivo models and clinical trials can be considered; for
safety and ethical reasons135,136. Toxicity is generally described as a measure
of harm a substance produces to a living organism and any substructures
such as cells and organelles (cytotoxicity), which could arise from processes
such as cellular uptake, bioaccumulation, disruption to cell signalling,
production of reactive by-products, immunogenicity or carcinogenicity137,138.
Significant attention has been given to the potential for nanomaterials to
produce toxic effects, since it was realised that inert bulk materials such as
gold, frequently appear increasingly bioactive when they display nanoscale
dimensions139. This situation is further complicated by the fact that different
nanomaterials and applications appear to result in variable biological
responses140. In addition to physical and chemical attributes both potentially
contributing to toxicity displayed by nanomaterials, their small sizes often also
permit enhanced mobility within biological systems140. This has led to
considerable concern regarding unregulated access to unintentional locations
within whole organisms and at a sub-cellular level140,141. Whilst underpinning
mechanisms of toxicity are not yet fully understood and are conceivably
different for each dissimilar type of nanomaterial, several trends have started
to emerge142. For example, a wide range of metallic NPs, including gold, have
been shown to trigger the production of free radicals and reactive oxygen
species (ROS) when internalised within cells, contributing to oxidative stress
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and localised inflammation resulting in membrane, protein or DNA disruption
and damage143. Such mechanisms can often be related to high surface areas
displayed by these nanomaterials, which can result in enhanced reactivity, a
characteristic that has been widely shown to promote interactions with cellular
processes and contribute to cytotoxicity144.Similar to how NP surfaces are
coated with SAMs to achieve a desired functionality, ligands can also be
utilised to modify resultant surface properties of nanomaterials to improve
biocompatibility and reduce toxicity by providing favourable pharmacokinetic
properties145-148. On the contrary, surface molecules used to acquire
functionality can also contribute towards toxicity displayed by nanomaterials.
For

example,

it

has

been

shown

that

GNPs

functionalised

with

cetyltrimethylammonium bromide (CTAB), a ligand widely used during
synthesis to achieve colloidal stability and induce shape-control, are
significantly toxic, yet CTAB alone in solution at the same concentration is
relatively well tolerated149,150. Considering the diverse range of molecules that
can be attached to nanomaterials to alter their chemistry and the fact that their
impact on biological systems is still not fully understood 151, it should be
assumed that there is a potential to either increase or decrease associated
toxicity, necessitating comprehensive nanomaterial characterisation as well as
standardised toxicity assessment152.

Whilst at present there are no studies that have specifically investigated
toxicity arising from activity of in situ self-assembly or SANs within biological
systems, current understanding of the influence of particle dispersion and
agglomeration of nanomaterials on resultant toxicity offers some insight.
Owing to this gap in knowledge regarding the potential influence of in situ selfassembly of nanomaterials within biological systems, experimental designs
will need to reflect the need to evaluate both individual building blocks and
suprastructures, as depicted in Figure 1.6.
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Figure 1.6 Proposed in vitro experimental design to evaluate the potential
toxicity of individual GNP building blocks and as they undergo in situ selfassembly to form suprastructures . (Original image.)

When individual nanomaterials, analogous to building blocks, are dispersed in
biological mediums they can interact or adsorb a range of biomolecules such
as proteins, electrolytes and lipids to form a “biological corona” 154,155,
effectively increasing their size and modifying surface characteristics 153.
Accordingly, different biological environments can result in variable surface
modifications to nanomaterials, an effect that has been evidenced to produce
differing toxic manifestations for the same NPs when dispersed in different
biological mediums155. To explain this behaviour, Lesniak et al exposed silica
NPs with an absence or presence of pre-formed protein coronas to human
lung epithelial carcinoma cells (A549), in serum-supplemented (10%) and
serum-free culture medium. It was subsequently shown that formation of
protein coronas, in addition to the composition of available biomolecules within
the local environment can significantly influence NP uptake, internalisation
and subsequent intracellular distribution156. The situation appears to be
equally complex for NPs that undergo agglomeration or aggregation in
biological

mediums,

which

could

potentially

reflect

self-assembling

suprastructures. Albanese et al prepared individually dispersed and
aggregated GNPs modified with transferrin-SAMs, exposing them to three
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dissimilar cell lines (an immortalised human cervical carcinoma (HeLa), lung
epithelia carcinoma (A549) and a human breast carcinoma (MDA-MB 435))157.
It was concluded from this study that whilst GNP aggregates did not produce a
unique toxic response, cellular uptake was markedly different with a 25%
reduction in cellular uptake compared to individual GNPs in HeLa and A549
cell models157. Conflictingly however, a 2-fold increase in uptake was shown
for aggregates in the MDA-MB 435 cell line157. In another study, Gosens et al
prepared 50 and 250 nm GNPs in a dispersed and agglomerated state and
administered them directly into the lungs of rats at a concentration of 1.6
mg/kg body weight, before extracting bronchoalveolar lavage fluid and blood
at 3 and 24 hours post-exposure158. Assessments of pulmonary inflammation,
cell damage and cytotoxicity subsequently showed there was no significant
difference in biological response in vivo either locally (lungs) or systemically,
which is in contradiction to results obtained by Albanese et al under in vitro
conditions158. These studies emphasise our limited understanding of how
different NP dispersions and arrangements can influence toxicity within
various biological scenarios, highlighting a necessity in the current work to
rationally design comprehensive experiments that evaluate both individual
building blocks and in situ self-assembling suprastructures (Figure 1.6.)

1.3.3 Multifunctional nanosystems for therapeutic delivery
Analogous to the delivery of traditional drug entities, targeted and “smart”
delivery strategies for effective application of nanomaterials are of
considerable current interest159-161. Within the field of therapeutic delivery,
traditional approaches and nanotechnology have merged with a focus towards
designing multifunctional platforms that not only effectively deliver therapeutic
drugs and nanomaterials but also perform a range of tasks as and when
required162,163. Putting multifunctional nanosystems into context (Figure 1.7)
multiple features could be designed into a single construct. This could provide
an inert “carrier” system that enables targeting capabilities to reach a specific
site of disease, subsequently releasing therapeutic agents and permitting in
vivo imaging and sensing capabilities in a responsive manner164. At present a
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diverse range of nanoscale delivery strategies are under development, which
include

technologies

based

on

lipid

(liposomes)165,

polymer

(polymersomes)166 and carbon (fullerenes) systems167 amongst numerous
others168. Liposomes, which feature in the current study, represent one of the
most clinically established nanoscale lipid-systems169, having been first
reported in the 1960s by A.D. Bangham and R.W. Horne 170 and successfully
reaching market for the first time in 1995 with the development of the
PEGylated liposomal formulation Doxil®171. Liposomes, which are essentially
closed-lipid bilayers that constitute a vesicular structure with an internalised
aqueous compartment, have been extensively investigated for the targeting of
drugs and therapeutics to a specific site of action in vivo, often in an attempt to
improve efficacy and safety172.

Figure 1.7 Representation of a multifunctional nanos ystem with incorporated
building blocks for targeted delivery of conventional drugs and SANs to a
carcinoma, with subsequent self -assembly enabling infrared activated
photothermal therapy specifical ly at the site of disease. (Original image).

Liposomes, like nanoparticles, can be surface modified to obtain a range of
desirable properties, including the attachment of active targeting ligands
(antibodies, peptides) and biologically inert molecules such as PEG to
increase blood-circulation times by reducing uptake via the mononuclear
phagocyte system (immune response)173. Additionally, liposomes can be
designed to incorporate controlled-release mechanisms, either by utilising
changes in the local environment of the target site (pH, enzyme upregulation)
or by external stimuli (light, heat, ultrasound)174. Considering that lipids utilised
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to formulate liposomes have specific melting properties and GNPs can convert
light to localised heat, it was not unexpected that these technologies have
been combined. Guohui et al provides demonstration of this principle, having
incorporated GNPs into a liposomal formulation to enable remote-controlled
drug release upon irradiation with infrared light175. Underpinning this work, it
was

proposed

that

rapid

increases

in

GNP

temperature

triggered

destabilisation of the liposomes, with drug release occurring within a
timeframe of just a few seconds175. Looking towards implementing
multifunctionality, Rengan et al investigated liposome-GNP constructs for
infrared activated PPTT treatment, evidencing highly effective cancer
obliteration on breast carcinoma cells (MDA-MB-231) whilst also enabling
direct imaging capabilities176. Interestingly, it was also recently shown that
GNPs can be confined within liposomes to induce plasmonic coupling
properties (as described in section 1.1.2.2); Chen et al encapsulated GNPs
modified with oligonucleotide-SAMs within liposomes, with a change in pH
from 8 to 4 triggering hybridisation between adjacent GNPs and a change in
plasmonic properties, suggesting that this responsive behaviour could have
implications for biochemical sensing and in vivo imaging techniques177.
Furthermore, the fact that individual oligonucleotides on the surface of GNPs
could hybridise within these liposomes, indicates that such a strategy could
potentially be used to isolate and preserve the surface of sensitive
nanomaterials, such as those used to facilitate molecular recognition selfassembly (as discussed previously in section 1.2.1.2).

Currently there does not appear to be any reports of utilising liposomes or
similar technologies for either delivery or control of self-assembling
nanomaterials. Whilst individual functional GNPs that have been evidenced as
effective building blocks for self-assembly have been encapsulated separately
within PEGylated liposomes as a proof-of-concept165, future work is required
to determine whether this concept could be utilised to trigger self-assembly or
prevent self-assembly until required.
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1.4

Aims and objectives of the thesis

The work presented in this thesis was inspired by the late Nobel physicist
Richard P. Feynman, who introduced the vision of nanotechnology “there’s
plenty of room at the bottom”, promising the inevitable realisation of atomic
scale machines178.

GAP IN KNOWLEDGE:
Before SANs and associated mechanisms can predictably and safely be
applied towards effective in situ self-assembly within biological systems, a
fundamental understanding of the basic principles and experimental
framework is required. The current study aims to fulfil this gap in knowledge
by establishing rudimentary strategies towards self-assembly of GNPs as
models for SANs. Subsequent investigations will then be designed to
ascertain potential toxicity concerns and assess how in situ performance
translates from pre-defined aqueous conditions into biological fluid and in vitro
cell models.

RESEARCH QUESTIONS:
Addressing the identified gap in knowledge, research questions emerge
regarding the application, behaviour and fate of SANs within biological
systems and how experimental framework can be designed to enable reliable
evaluation.

I.

Can suitable SANs for investigating mechanisms of self-assembly be
easily prepared using currently available methods? If so, do different
mechanisms towards self-assembly result in the fabrication of dissimilar
suprastructures;

are

they

representative

of

either

structural

agglomerates or aggregates?

II.

Considering

recent

trends

towards

designing

multifunctional

nanosystems, which could incorporate SANs in the future, could
established therapeutic delivery systems be utilised to encapsulate
individual building blocks?
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III.

Is there a potential associated risk of toxicity related to the process of in
situ self-assembly within biological systems? Do different toxic
responses arise between individual building blocks and self-assembled
suprastructures?

IV.

Does the self-assembly activity of SANs facilitated by different
mechanisms persist within

biological conditions? Are currently

established approaches of cellular evaluation sufficient to assess the
activity of SANs in vitro and can they confidently differentiate between
unassembled building blocks and self-assembled suprastructures
intracellularly?

RESEARCH AIMS AND OBJECTIVES:
The aim of the current study is to prepare SANs for in situ activity within
biological systems and evaluate the effectiveness of electrostatic interactions
and molecular recognition as different mechanisms towards facilitating selfassembly. GNP building blocks and their self-assembled suprastructures will
be prepared and characterised with subsequent In vitro studies designed
towards furthering current understanding of how in situ self-assembly could
influence biological outcomes. To address the primary aim, SANs will be
studied under representative biological conditions, evaluating individual
building blocks and their self-assembled counterparts., Investigations will then
be undertaken to determine whether intracellular self-assembly can be reliably
evaluated using currently established protocols, identifying limitations and
providing experimental framework for future investigations.

To address research questions and fulfil the stated aims, the following
objectives were proposed as key investigative milestones within the current
work:

I.

Prepare and characterise GNP building blocks functionalised to
facilitate self-assembly either via electrostatic interactions or molecular
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recognition

with

subsequent

characterisation

of

self-assembled

suprastructures.

Owing to a lack of consistency regarding the characterisation of selfassembled suprastructure morphology, microscopy will be used in Chapter 3
to accurately evaluate the size and morphology of individual building blocks
and ensuing suprastructures. This will determine whether they are
representative of structural agglomerates or aggregates, additionally verifying
whether electrostatic interactions and molecular recognition are effective
strategies towards self-assembly.

II.

Ascertain a synthetic strategy for the formulation of a delivery system
containing GNP building blocks, with subsequent characterisation and
quantification of encapsulated SANs.

The current work will provide a proof-of concept using functional GNPs as
model SANs to encapsulate within liposomes. In Chapter 4, established
techniques of liposome preparation will be used whilst exploiting electrostatic
interactions between oppositely charged lipids and GNP building blocks.
Microscopy combined with elemental analysis will be used to precisely
evaluate the distribution of gold within liposomes, with validated methods
applied to quantify encapsulated gold and liposomal lipid concentrations.

III.

Determine whether the process of in situ self-assembly and resultant
suprastructure fabrication results in a different toxic response
compared to the individual GNP building blocks.

Whilst these fundamental principles could possibly be related to current
understanding of how nanoparticle agglomeration and aggregation influences
toxicity, this has not yet been established. An in vitro study comprising a lung
fibroblast model and biochemical assays (MTT & LDH) will be applied in
Chapter 5 to identify potential differences in cytotoxicity. Experimental designs
will reflect the recognised necessity to evaluate both individual building blocks
and resultant in situ self-assembling suprastructures.
33

IV.

Evaluate the efficacy of electrostatic attraction and molecular
recognition as mechanisms towards facilitating self-assembly of GNP
building blocks under biological conditions. Determine whether
intracellular self-assembly can be reliably evaluated using current
analytical approaches and identify limitations to provide scope for future
investigations.

Identifying effective mechanisms of self-assembly and critically analysing
analytical approaches is fundamental to the development of SANs for in situ
biological applications. In Chapter 6, self-assembly of GNP building blocks will
initially

be

tested

within

a

biologically

relevant

medium.

Resultant

suprastructure morphology and hydrodynamic sizes will be evaluated and
compared to self-assembly of GNP building blocks under aqueous buffer
conditions. This will reveal any potential bio-complex formation and assert
whether mechanisms established in the current work towards self-assembly of
SANs could be effective within biological systems. Based on these results a
mechanism will be chosen for in vitro studies on a carcinoma cell model.
Cellular specimens exposed to individual building blocks and as they undergo
in situ self-assembly will be preserved and thin-sectioned for subsequent
microscopy and elemental analysis according to previously established
protocols. Corresponding results will be used to evaluate any potential
intracellular self-assembly and critically assess the capability of current
techniques to reliably interpret whether individual SANs have persisted to selfassemble in vitro.
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2 Materials and Methods
2.1

Materials

Unless otherwise stated in described methods all materials were used as
purchased without prior modification. Details of reagents, consumables and
suppliers are summarised below.

Reagents and consumables

Suppliers

AGAR 100 Resin Kit

Agar Scientific, UK.

Aluminium specimen stubs (12.5 mm)

Agar Scientific, UK.

Bromothymol blue (95%)

Sigma-Aldrich, UK

Carbon Formvar coated 200 mesh copper TEM specimen grids

Agar Scientific, UK.

Custom-made oligonucleotides with 5’-thiol modification

ATDBIO LTD, UK.

CytoTox 96® Non-radioactive cytotoxicity kit

Promega Corp. UK.

2-(dimethylamino)ethanethiol hydrochloride (95%)

Sigma-Aldrich, UK.

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (99%)

Avanti Polar Lipids, USA

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

Avanti Polar Lipids, USA.

[methoxy(polyethylene glycol)-5000] (DPPE-PEG5000) (99%)
1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (99%)

Avanti Polar Lipids, USA

1,2-dipalmitoyl-3-trimethylammonium-propane (99%)

Avanti Polar Lipids, USA

Dulbecco’s modified eagle medium, high glucose (4.5 g/L) without

ThermoFisher, UK

phenol-red
DL-dithiothreitol (>99%)

Sigma-Aldrich, UK

Ethanol (anhydrous >99.5%)

Sigma-Aldrich,UK

Ethylene glycol (99.8%)

Sigma-Aldrich, UK

Eppendorf® Biopur® safe-lock (1.5 ml) microtubes

Sigma-Aldrich, UK

Fetal bovine serum, heat inactivated

GE Healthcare, UK

FisherBrand® 4 mL single use UV cuvette

ThermoFisher, UK

FisherBrand® microcentrifuge tubes (1.5 ml)

ThermoFisher, UK

Hydrochloric acid (37%)

Simga-Alrdich, UK

Hydrogen tetrachloroaurate trihydrate (99.9%)

Sigma-Aldrich, UK

Isopropanol (>99.7%)

Sigma-Aldrich, UK.

Nalgene™ OakRidge polycarbonate centrifuge tube (30 ml)

ThermoFisher, Germany

Nitric acid (70%)

Sigma-Aldrich, UK.
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Nunc® CryoTube™ vials

ThermoFisher, UK.

Nunc™ delta surface treated 12-well multidishes

ThermoFisher, UK.

Nunc™ delta surface treated 96-well multidishes

ThermoFisher, UK.

Nunc™ delta surface treated T75 tissue culture flask

ThermoFisher, UK.

Osmium tetroxide (100 mg) in sealed ampules

Sigma-Aldrich, UK.

Phosphate buffer solution (0.1 M, pH 7.4)

Sigma-Aldrich, UK.

Platinum Blue dye (Pt4N8H6O24C20)

Nisshin EM Corp., Japan.

Polystyrene polymer spheres in suspension (21nm) NIST™

Brookhaven Instruments

traceable size standard

Corporation, USA.

Prepacked NAP-25 columns – (DNA grade)

GE Healthcare, UK.

Propylene oxide – (ReagentPlus® 99%)

Sigma-Aldrich, UK.

Sephadex G100 gel media (superfine)

Sigma-Aldrich, UK.

Silicon polished wafer mounts (5× 5 mm)

Agar Scientific, UK.

Sodium borohydride (98%)

Sigma-Aldrich, UK.

Sodium 2-mercaptoethanesulfonate (>98%)

Sigma-Aldrich, UK.

Sodium cacodylate trihydrate (BioXtra >98%)

Sigma-Aldrich, UK.

Syringe filters, cellulose acetate (0.45 μm) Corning®

Sigma-Aldrich, UK.

Tetraoctylammonium bromide

Sigma-Aldrich, UK.

Thiazolyl blue tetrazolium bromide

Sigma-Aldrich, UK)

Triphenylphosphine (TPP) (>98.5%)

Sigma-Aldrich, UK.

Trisodium citrate dihydrate (>98%)

Sigma-Aldrich, UK.

Triton X-100™

Sigma-Aldrich, UK.

Water sterile-filtered suitable for cell culture Whatman®

Sigma-Aldrich, UK.

Nucelpore™ track-etched polycarbonate membranes (diameter 13

Sigma-Aldrich, UK.

mm, pore size 0.2 μm)
Zeta disposable capillary cell (DTS1070)

Malvern Instrument, UK.

Zeta potential transfer standard (68 mV)

Malvern Instrument, UK.
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2.2

Methods

2.2.1 Nanoparticle synthesis

Preparation of spherical gold nanoparticles (GNPs) was achieved by direct wet
chemical synthesis procedures employing the methods of Turkevich 179 and
Brust180. Modification of nanoparticle surface-functionality was attained by postpreparative interfacial ligand exchange reactions with thiol (SH) containing
compounds according to previous reports181,182. Gold nanoparticles displaying
specific shaped morphologies were synthesised either by direct or seedmediated approaches according to previously published methods 183-185.

2.2.1.1 Synthesis of GNPs surface functionalised with ionic ligands

Preparation of triphenylphosphine GNPs:
Gold nanoparticles surface-stabilised with phosphine anions (TPP-GNPs) were
prepared

by a

modified

Brust

method186.

Using

glassware,

hydrogen

tetrachloroaurate trihydrate (0.25 g, 0.64 mmol) and tetraoctylammonium
bromide (TOAB) (0.4 g, 0.73 mmol) were dissolved in nitrogen (N2) sparged
water-toluene (13 ml/17 ml) mixture. After approximately 20 minutes under
vigorous stirring, the gold colour visually transferred from the aqueous into the
organic phase (bottom) and triphenylphosphine (0.58 g, 2.2 mmol) was added.
The reaction vessel was then purged with cycles of vacuum and flushing with
nitrogen (N2) before sealing. A freshly prepared aqueous sodium borohydride
solution was prepared by dissolving (0.35 g, 9.4 mmol) in 10 ml of distilled water.
This solution was injected directly into the organic phase triggering a rapid colour
change to dark purple and the mixture was stirred for a further 3 hours. The
organic phase was isolated with a pipette, washed with distilled water (3 × 100
ml) and dried under vacuum to yield a black solid. The product was further
washed with a series of hexane (2 × 40 ml) and (2:3) water-methanol solution
(3 × 40 ml) to remove the TOAB phase-transfer catalyst. GNPs were then
precipitated from chloroform by step-wise addition of pentane to remove any
unreacted materials.
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Ligand-exchange reactions:
Phosphine on the surface of GNPs was exchanged with the anionic 2mercaptoethanesulfonate

(MES)

or

cationic

2-(Dimethylamino)ethanethiol

(DMET) ligands according to an established method 181. Using a round-bottom
flask, TPP-GNPs (20 mg) were suspended in dichloromethane (4 ml) and the
reaction vessel was purged by cycles of vacuum and flushing with argon (Ar)
before sealing. Aqueous solutions of either MES (10 mg / 2 ml) or DMET (40 mg /
3ml) were then added at once under vigorous magnetic stirring by injecting into
the GNP suspension using a glass syringe. Reactions were then covered to
protect from light and stirred for 4 hours at room temperature, at which point the
brown colour had visually transferred from the organic into the aqueous phase
(top). The coloured fraction was isolated with a pipette, washed with
dichloromethane (× 3) and GNPs were recovered by ultracentrifugation (Thermo
Scientific, Sorvall WX90, rotor: T865) at 200,000 × g for 30 minutes. The
products were then suspended in ethanol and precipitated by step-wise addition
of hexane, repeating centrifugation and washing procedures a further three more
time to remove any unattached ligands. After drying under vacuum, GNP
powders were dispersed in deionised water at a concentration of 1 mg / ml and
stored at 4°C. For clarity, GNPs functionalised with DMET are subsequently
referred to as “positively charged gold” (PCG) and those functionalised with MES
“negatively charged gold” (NCG).
2.2.1.2 Synthesis of GNPs surface-functionalised with oligonucleotides

Preparation of citrate-stabilised GNPs:
A previously described modified Turkevich method was used to prepare ~20 nm
citrate-stabilised

GNPs187.

Using

glassware,

hydrogen

tetrachloroaurate

trihydrate (20 mmol, 0.7876 g) was dissolved in distilled water (1 L) to provide a
2 mM stock solution. An aliquot (200 ml) was heated on a mantle to near boiling
(~ 95°C) under vigorous magnetic stirring to prevent refluxing conditions.
Trisodium citrate (1.6 mmol, 0.4705 g) was dissolved in a minimal amount of
distilled water, heated on a mantle to approximately 70 °C and injected directly
into the gold solution using a glass syringe. A colour change from yellow to red
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was observed within 15 minutes at which point the mixture was cooled to room
temperature. The product was washed with 2 mM aqueous sodium citrate
solution and isolated by centrifugation at 4000 × g for 10 minutes, repeating
centrifugation and washing procedures a further three more times. Recovered
GNPs were suspended in further 2 mM sodium citrate solution and stored at 4
°C.
Commercially available ~5 nm citrate-stabilised spherical GNPs in suspension
(Sigma-Aldrich, UK) were diluted in (2 mM) sodium citrate buffer (1:1 v/v) and
stored at 4 °C before subsequent functionalisation with oligonucleotides

The approximate concentration of the prepared and commercially supplied
citrate-GNP suspensions were determined spectrophotometrically (λ =522 nm)
using estimated extinction coefficient values for GNPs of corresponding sizes
according to a previous report182. See section 2.2.3.6 for a detailed explanation
on ultraviolet-visible spectroscopy. Further dilutions were carried out as required
with 0.5 mM aqueous sodium citrate solution to provide final concentrations of 5
nM. It should be noted that approximate concentrations are sufficient for this
protocol because subsequent functionalisation of GNPs with oligonucleotides is
carried out under excess conditions.

Preparation of oligonucleotides:
Two custom-made complementary single-strand oligonucleotides (ATDBio Ltd.,
UK)

with

a

length

of

20-units

and

possessing

5’-terminus

thiohexyl

(SH-(CH2)6-oligo) modifications were supplied as lyophilised powders (5’TTTTTTTTCATGACGTCATG and 5’-TTTTTTTTGTACTGCAGTAC). To avoid
oxidation and resultant dimer formation, the thiohexyl group was supplied
protected with a disulphide linkage (R-S-S-(CH2)6-oligo). Working under aseptic
conditions in a laminar airflow cabinet, according to manufacturer instructions,
the contents of supplied vials were dissolved in distilled water to provide 200 μM
stock solutions. Solutions were then accurately divided into 100 μl aliquots in
sterile microtubes and snap-frozen by submerging in liquid nitrogen for 1 minute,
before storing at -20 °C until required. Aliquots of oligonucleotide stock solution
were thawed on the day of use in a water bath at 25 °C. To remove the
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disulphide linkage 125 μl of a 100 mM dithiothreitol (DTT) solution in 50 mM
sodium phosphate buffer (pH 8.5) was added to each aliquot and the mixtures
stirred on an orbital shaker (Elmi Sky Line Analog Orbital Shaker, Cole-Parmer,
UK) at 60 rpm for one hour. Oligonucleotides were then isolated by column
chromatography on a Sephadex® G-25 gel column (illustrata NAP-25 prepacked
columns, GE Healthcare Life Sciences, UK) with phosphate buffer (50 mM, pH
8.5) as eluent. Fractions (1 ml) were collected and combined if they contained
oligonucleotide, as identified spectrophotomerically (λ = 260 nm). The BeerLambert equation was applied to determine the resultant concentration of the
oligonucleotide using the manufactures stated molar extinction value (1.807 ×
105 M-1cm-1).

Attachment of oligonucleotides to GNPs
To prepare GNPs with a dense surface coverage of oligonucleotide (oligo-GNPs)
the reaction was carried out in excess according to a previous established
protocol182. The minimum quantity of oligonucleotide required was calculated by
multiplying its expected surface density by the average GNP surface area:
Equation 2.1. Quantity of oligonucleotide required

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑙𝑖𝑔𝑜𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒 = (𝐴𝑛 × 𝐶𝑛 × 𝐷𝑜 × 𝑉)
Where:
An = Average surface area of GNP (4 × π × particle radius2)
Cn = GNP concentration (from section 2.2.1.3) in one litre
Do = Expected oligonucleotide density per particle
V = Volume of GNP suspension in litres
The value of Do is approximated to 35 pmol/cm2 as previously reported182,
reflecting the experimentally observed density of short-chain oligonucleotides on
GNP surfaces188. The final quantity of oligonucleotide used in the attachment was
twice the minimum calculated value (2×.molar excess.)

Working in dedicated, sterilised ultracentrifuge tubes, 5 ml of synthesised (~20
nm) and commercially supplied (~5 nm) citrate-stabilised GNP suspensions (5
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nM) were combined with an excess quantity of oligonucleotide (calculated in
previous step). Protected from light, the mixtures were rotated on an orbital
shaker at 60 rpm for 16 hours. Sodium chloride (1 M) and sodium phosphate
buffer (0.1 M) were added (0.5 ml each) and the mixtures was further mixed for
24 hours. Resultant GNPs were isolated from excess oligonucleotide by
ultracentrifugation at 60,000 × g for 1 hour and then washed in sodium chloride
(0.1 M) / sodium phosphate (10 mM) buffer (1:1 v/v), repeating centrifugation and
washing procedures a further three more times. The final products were
suspended in 5 ml of buffer mixture with sodium azide (0.01%), protected from
light and stored at 4°C.

2.2.1.3 Synthesis of rod-shaped GNPs

Gold nanorods (GNRs) were prepared according to a previously reported seed
mediated

growth

method

utilising

cetyltrimethylammonium bromide (CTAB)

a

shape

directing

additive,

183

. Using glassware, 10 ml of aqueous

hydrogen tetrachloroaurate trihydrate (1mg, 0.0030 mmol) was combined with
CTAB (0.37g, 1 mmol) and 0.5 ml of freshly prepared ascorbic acid solution (8.8
mg, 0.05 mmol). Commercially available ~5 nm citrate-stabilised spherical GNPs
in suspension (50 μl) (Sigma-Aldrich, UK) were injected into the aqueous
mixture, triggering a colour change to reddish-brown within 5 minutes. The
reaction mixture was then allowed to stand at room temperature for 1 hour,
without any stirring. To isolate GNRs, the resultant suspension was centrifuged at
4,000 × g for 10 minutes. The supernatant was discarded and the pelleted
product was resuspended in 50:50 water:methanol (5 ml). before isolating by
centrifugation again to remove excess CTAB. The final product was then
suspended in distilled water at a concentration of 0.4 mg/ml.

2.2.1.4 Synthesis of triangle-shaped GNPs

Gold nanotriangles (GNTs) were prepared according to a previous report which
utilises a modification of the Turkevich method in the presence of potassium
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chloride184. Using glassware, 90 ml of aqueous hydrogen tetrachloroaurate
trihydrate (4 mg, 0.01 mmol) was combined with potassium chloride (0.8 mg,
0.01 mmol) and 10 ml of freshly prepared citric acid solution (19.2 mg, 0.0118
mmol). The reaction vessel was then protected from light and heated to 30ºC for
12 hours. To isolate GNTs, the resultant suspension was repeatedly ( × 3)
centrifuged at 4,000 × g for 10 minutes, with the solid pellet resuspended in
distilled water by sonication. The final product was then suspended in aqueous
citric acid solution (10 μM) at a concentration of 1 mg/ml.

2.2.1.5 Synthesis of star-shaped GNPs

Gold nanostars (GNSs) were prepared according to a previously reported
approach that uses silver ions as a shape directing additive185. Using glassware,
100 μl of aqueous hydrogen tetrachloroaurate trihydrate(1mg, 0.0030 mmol) was
combined with 100 μl of aqueous silver nitrate (17 μg, 0.1 μmol) and 4.8 ml of
distilled water. The mixture was sonicated for 5 minutes to achieve homogeneity
before proceeding. Whilst mixing vigorously, 100 μl of aqueous ascorbic acid (88
mg, 0.5 mmol) was added at once, triggering a colour change from yellow to
blue. After 2 minutes stirring was stopped and the reaction mixture was allowed
to stand at room temperature for one hour. To isolate GNSs, the resultant
suspension was repeatedly (× 3) centrifuged at 4,000 × g for 10 minutes, with the
solid pellet resuspended in distilled water by sonication. The final product was
then suspended in aqueous ascorbic acid solution (5 μM) at a concentration of
0.5 mg/ml.

2.2.2 Liposome formulation

Multilamellar liposomes containing encapsulated GNPs (GNP-lipo) were
prepared by a newly developed multistep strategy that exploits electrostatic
interactions between the two components (Chapter 4). Employing previously
reported methods with modifications, reverse-phase evaporation (REV)189 was
used to initially formulate crude GNP-lipos. Liposomes were subsequently
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processed by size-extrusion190 and post-formulation lipid-PEG modification191.
Un-encapsulated GNPs and excess reagents were then removed by sizeexclusion chromatography192.

Lyophilised lipids comprising anionic lipid composition 1,2-dipalmitoyl-sn-glycero3-phosphocholine

(DPPC)

and

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (DPPG(-)) (molar ratio 6.1:0.7) or cationic DPPC and 1,2-dipalmitoyl-3trimethylammonium-propane (DPTAP(+)) (molar ratio 6.1:0.8) were dissolved in 2
ml of chloroform:methanol (2:1), providing a 2.5 mg/ml total lipid content.
Aqueous suspensions of NCG and PCG (0.5 mg/ml) were then combined with
lipid solutions of opposing charge (1:1 v/v). Mixtures were sonicated for 5
minutes to afford a white/brown emulsion. The biphasic suspensions were
transferred to a rotary evaporator for gradual removal of the organic phase (1
hour at 50 °C/200 mbar). Resultant aqueous suspensions were diluted in PBS
(0.01 M, pH 7.4) to provide a total lipid content of 1 mg / ml. Aliquots (1 ml) were
sonicated for 30 seconds before heating on a mantle to 45 °C, which is above the
melting transition temperature of the main lipid component, DPPC (41 °C). Atop a
heated stage, suspensions were then passed repeatedly (× 15) through porous
(200 nm) filter membranes utilising an “Avanti mini extruder system” (Avanti Polar
Lipids, USA.) Aliquots were then either set-aside for purification or added
immediately to 0.2 ml of preheated (50 °C) aqueous 1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (DPPE-PEG5000)
solution (0.01%). The temperature was maintained for 30 minutes before allowing
liposomal suspensions to reach room temperature.

To isolate GNP-lipos, size-exclusion chromatography was performed on
Sephadex®-G50 gel with PBS (0.01 M, pH 7.4) as eluent. Fractions were
collected (1 ml) and the first five fractions identified to contain phospholipids by
spot staining with bromothymol blue (pH 6, 10% aqueous-ethanol solution), were
combined (5 ml) and stored in glass vials at room temperature whilst protected
from light. For clarity, GNP-lipos prepared using DDPG lipids and NCG are
subsequently referred to as “positively charged liposomes-negatively charged
gold” (PCL-NCG) and those prepared from DPTAP and PCG “negatively charged
liposomes-positively charged gold” (PCL-NCG).
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2.2.3 Characterisation and analytical techniques
2.2.3.1 Transmission electron microscopy

Transmission electron microscopy (TEM) was utilised to investigate the
configuration and state of dispersion of GNPs in addition to prepared GNP-lipos
and cellular specimens. A fundamental technique for characterisation and
analysis, TEM provides detailed information about morphology (i.e. size and
shape), stability and internal ultrastructure such as cellular organelles193. The
use of higher operating voltages (80 – 400 KeV) compared to other microscopy
techniques delivers superior resolution, approaching atomic-scale194. It operates
by accelerating electrons that are subsequently condensed by magnetic lenses to
produce a high-energy beam that is transmitted through an ultra-thin specimen (<
100 nm)195. Resulting electron-specimen interactions are detected to produce
magnified two-dimensional micrographs. The types of interactions that occur can
broadly be categorised as transmission (un-scattered) and diffraction (scattered),
with each being detected to produce different types of images. For the purpose of
this project differences in transmission of the electron beam were detected at
180° (below the specimen). Distinctions in transmission and resultant image
contrast arise depending on material-electron interactions, which vary depending
on specimen-thickness and atomic mass of elements present 194. Materials such
as lipids do not contain elements of high atomic number, have low electroninteraction and display low image contrast. Overcoming this, negative staining
techniques are applied to enhance the difference between material and
surrounding background196. Specimens that are too large (i.e. biological samples)
are thin-sectioned to display electron transparency. In addition, such samples
must also be preserved and stabilised to withstand the intense conditions under
the electron beam197 (see section 2.2.6.5).

Routine observations were achieved on a JEOL-JEM1400 microscope (JEOL
Ltd., Japan) with an operating voltage of 120 KeV. High-resolution (HRTEM)
imaging was performed on a JEOL-JEM2200FS microscope (JEOL Ltd., Japan)
45

at 200 KeV. Formvar carbon coated square 400 mesh copper specimen grids
were used as supplied for analysis of GNP specimens and were hydrophilised by
glow discharge using a JEOL HDT-400 hydrophilic treatment device (JEOL Ltd.,
Japan) to study GNP-lipos. Aqueous dispersions of representative samples were
pipetted directly onto grids, excess solution was wick dried after 10 minutes and
specimens were air-dried for a further 30 minutes prior to analysis. Negative
staining of samples was carried out by pipetting 50 μl of a platinum-based dye
(Pt4N8H6O24C20) directly onto specimens and wick drying excess solution after
10 minutes. Biological samples were studied on a FEI-TALOS F200X S/TEM
microscope (FEI Company, USA) operating at 80 or 200 KeV. For details on
preparation of tissue specimens see section 2.2.6.5.

2.2.3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) enabled the study of topographical features
and compositions of specimen surfaces providing pseudo three-dimensional
micrographs. A narrowly focused electron beam is applied across the surface of
a specimen in a rectangular raster fashion. Electrons interact with atoms at
varying depths throughout the sample producing various detectable emission
signals198. Secondary electron (SE) emission occurs at or just below the surface
of the specimen and can be detected to produce high-resolution images of
sample topography. Back-scattered electron detection results from beamelectrons that are reflected from greater depths within the specimen. In each
case, allocating pixels to the position and intensity of the detected signals forms
the displayed micrograph199. Specimens must be electrically conductive at least
at the surface for sufficient signal detection as well as to prevent accumulation of
electrostatic surface-charge and thermally induced damage. Samples that do not
display such properties are coated with a layer of conductive material by physical
vapour deposition (PVD)200. Similarly to TEM, the vacuum conditions of the
microscope make hydrated specimens unsuitable for analysis. To study aqueous
colloids such as the prepared GNP-lipos in this project, samples are dehydrated
by freeze-drying approaches201.
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Observations were carried out on a ZEISS-Sigma-300 field emission gun
scanning transmission electron microscope (FEG-STEM) in SEM mode (Carl
Zeiss Ltd., UK). Analysis was routinely performed operating at an accelerating
voltage of 5 KeV and using SE detection. Suspensions of GNP-lipos were
pipetted onto silicon wafers mounted on aluminium specimen stubs, snap-frozen
by submerging in liquid nitrogen and subsequently freeze-dried at 0.5 mbar, -80
°C for 30 minutes (Christ®-ALPHA 1-4). Specimens were then sputter coated
with a 5 nm thickness of platinum (Quorum Q150T ES Turbo-Pumped coater
device).

2.2.3.3 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is a supplementary technique to
electron microscopy that provides localised elemental analysis of a specimen. A
fundamental tool for studying the composition of a sample, the technique exploits
the principal that each element emits a unique and characteristic spectrum of Xrays under an electron beam. When energy is transferred from an incident
electron (beam) to an electron from a discrete low-energy orbital in an atom it is
ejected forming an “electron hole.” An electron from a higher energy orbital
simultaneously fills the hole in the electron shell and the excess energy is emitted
as characteristic X-rays. The energy (eV) and intensity (counts per second) of the
X-ray emissions detected reveal the identity and extent of elements present in
the specimen202. Similarly to SEM, the electron beam is applied in a raster
fashion, with the number of X-ray emissions generated from each location
recorded over a fixed time. Allocating emissions to pixels on a digital viewing
screen generates elemental distribution “maps”.

Analysis of GNPs and GNP-lipos was performed alongside TEM studies on the
JEOL-JEM2200FS microscope with an integrated JEOL-JED-2300 EDS detector
(JEOL Ltd., Japan). The FEI-TALOS F200X S/TEM system with Super-X silicon
drift EDS detectors (FEI Company, USA) was used to Study biological
specimens. High-angle annular dark-field (HAADF) image acquisition was
combined with EDS simultaneously on the TALOS system. Analysis was
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performed in each case with an operating voltage of 80 KeV in scanningtransmission electron microscopy (STEM) mode. The same specimens studied
using TEM were analysed without any further modification.

Figure 2.1: Schematic representation of X -ray emission during energy dispersive X ray spectroscopy. (Original image.)

2.2.3.4 Dynamic Light Scattering

Dynamic light scattering (DLS) is a technique that can measure the dispersity
and hydrodynamic size distribution of particles in suspension and was used to
characterise GNP-lipos (Chapter 4) and self-assembled GNP suprastructures
(Chapter 6). The method relies on the measure of Brownian motion of particle
diffusion as they pass through a monochromatic laser. Backscattered light
fluctuations that occur as particles move through the laser pathway are detected
by a photo-multiplier at a 90° angle. The intensity of light detected is then
recorded by a digital correlator and a computer algorithm known as the autocorrelation function is applied203. From this correlation, the equivalent
hydrodynamic sizes (dH) of particles in the specimen are calculated from the
Stokes-Einstein equation:
Equation 2.3: Stokes-Einstein Equation
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𝑑(𝐻) =

𝑘𝑇
3𝜋𝜂𝐷

Where:
D = transitional diffusion coefficient
k = Boltzmann’s constant
T = Absolute temperature
η = Viscosity of the surrounding medium

Particle size analysis was undertaken using a Malvern Zetasizer Nano ZS90
(Malvern Instruments Ltd., UK) operating at 25 °C with measurements recorded
at a 90 ° detection angle. A single drop of NIST™ polystyrene latex particles (192
nm) was diluted in distilled water (1 ml) and was used to validate instrument
calibration (control) before analysis (See appendix 2). Distilled water (0.45 μm
filtered) was used to dilute unfiltered specimens to ensure an accurate size
distribution. After dilution all specimens were capped in UV-grade cuvettes and
rested for 10 minutes prior to analysis. For GNP-lipos, (PEGylated and nonPEGylated) 100 μl of a sample batch was diluted up to 1 ml. No dilution was
carried

out

prior

to

analysis

of

individual

GNPs and

self-assembled

suprastructure (5 μg/ml total gold).
2.2.3.5 Zeta Potential Analysis
Zeta potential (ζ) is a measurement of the electrostatic potential difference
between medium (bulk fluid) and an associated ionic layer at the particle surface
when dispersed. The technique provides insight into the magnitude of surface
charge displayed by particles, signifying their degree of repulsion and potential
colloidal stability204. In the current study zeta potential analysis was used to
validate the attachment of ligands to GNP surfaces, to prepare building blocks for
electrostatic self-assembly. It was also used to confirm modification of GNP-lipo
surfaces with DPPE-PEG5000.

Based on the colloidal behaviour theory of Derjaguin and Landau, Verwey and
Overbeek (DLVO)205, two parallel ionic layers interfacing between particle
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surfaces and bulk fluid are assumed, the electrical double layer (EDL). The inner
stationary layer (Stern layer) is comprised of adsorbed ions on the particle
surface. The outer dynamic layer (diffuse layer) is formed through the attraction
of oppositely charged free ions in solution, otherwise known as the Coulomb
force. The diffuse layer electrically shields the stern layer contributing towards
electrostatic repulsion between particles. Under particle motion ions that
constitute the diffuse layer can undergo exchange with other free ions under the
influence of electric attraction and thermal motion. The position at which this
exchange occurs is termed the slipping plane and the ionic potential at this
location is where the zeta potential measurement is recorded 206 Applying laser
Doppler micro-electrophoresis, measurements of particle electrophoretic mobility
(UE) in solution are recorded under the influence of an external electric field207.
This is then used to calculate the zeta potential and its relative distribution by
applying Henry’s Equation:
Equation 2.4. Henr y’s Equation

𝑈𝐸 =

2 𝑒 𝑍 𝑓(𝑘𝑎)
3𝜂

Where:
z = zeta potential
e = dielectric constant
𝜂 = viscosity
f(ka) = Henry’s Function
Henry’s Function is the ratio of particle radius to double layer thickness (ka). For
particles with large (ka) values in aqueous suspensions containing electrolytes,
Smoluchowski Approximation value of 1.5 is applied208

Analysis was performed using a Malvern Zetasizer Nano ZS90 (Malvern
Instruments Ltd., UK) operating in zeta potential mode at 25 °C. A -42 mV zeta
potential transfer standard reference (control) was used to confirm instrument
calibration before analysis. (See appendix 3). Distilled water (0.45 μm filtered)
was used to dilute unfiltered samples to ensure measurements were inclusive of
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any larger particles or aggregates. Specimens were capped and rested for 10
minutes before injecting into DTS1070 folded zeta capillary cells for analysis.
GNPs suspensions were prepared at a total concentration of 5 μg/ml gold, whilst
for GNP-lipos, (PEGylated and non-PEGylated) 100 μl of a sample batch was
diluted up to 1 ml.

2.2.3.6 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) was used to quantify oligonucleotide
concentrations during synthesis of oligo-GNPs (as described in section 2.2.1.3)
and characterise GNPs to determine if they had undergone self-assembly
(Chapter 3). Additionally, UV-Vis was used to quantify the formation of a
molecular complex in a colorimetric assay revealing the concentration of DPPC
lipid in GNP-lipos (Chapter 4), see section 2.2.4.3 for further details.

A PerkinElmer LAMBDA-25 (PerkinElmer, USA) spectrophotometer system was
routinely used in “scanning mode” between wavelengths (λ) of 500 and 3000 nm.
Samples were diluted as required with appropriate medium (0.45 μm filtered),
with the same solvent used as a blank reference. This step ensures spectral
features arise only from the material of interest. No dilution was carried out prior
to analysis of GNPs or their self-assembled suprastructures (5 μg/ml total gold)
and measurements were recorded in “scanning mode” Colorimetric assays
measurements were recorded in “wavelength mode” at specific wavelengths
according to protocols, for sample preparation details see section 2.2.4.2. All
Specimens including blank references were measured in quartz glass cuvettes
with a standard 1 cm optical pathlength and a 3.5 ml chamber volume.

UV-visible Melting analysis
Studying the self-assembly and thermally induced dissociation of oligo-GNPs
was achieved using temperature regulated UV-Vis according to a previously
reported method209. Initial concentrations corresponding to an optical density of
0.5 A (λ = 260) were used, with complementary oligo-GNP suspensions
combined (1 ml each) at a ratio of 1:1 (v/v) immediately before experiments.
51

Analysis was performed using a water bath coupled cuvette-holder with
measurements recorded at 1 °C intervals as the temperature was increased from
30 to 70 °C at a rate of 1 °C / minute. Absorbance was measured in wavelength
mode (λ = 260 nm) and scanning mode (λ = 240 – 700 nm) consecutively after
samples had been shaken gently by hand to avoid any potential sedimentation
and a 1-minute holding time.

2.2.4 Quantification and validation approaches
2.2.4.1 Gold Quantification using Atomic Emission Spectroscopy

Atomic emission spectroscopy (AES) enables the quantitative analysis of multiple
elements of interest within a sample. The technique measures concentration
dependent light emission from a material as it passes through a high intensity
flame. The thermal energy provided breaks chemical bonds producing free atoms
that are promoted to excited electronic states. As the atoms subsequently return
to their ground state excess energy is emitted as light with resultant wavelengths
being characteristic to specific elements. Various instrumental setups are
available, throughout this project a microwave-assisted plasma flame system was
used operating at approximately 5000°C. A nebuliser was used to generate an
aerosol from a sample solution and emissions were detected by an in situ
spectrometer.

An Agilent 4100 MP-AES system (Agilent Technologies, USA) was used to
quantify the concentration of gold in GNP-lipo samples following a previously
reported protocol with modifications210 (Chapter 4). TPP-GNPs (10 mg) were
digested in 1 ml of aqua regia (HCl:HNO3 - 3:1) for 24 hours before diluting in
distilled water to provide a 100 μg/ml stock solution. Applying the method of
external standards, a series of gold solutions (0 - 20 μg/ml) for calibration were
prepared in replicate (n=6) by serial dilution. GNP-liposome specimens (200 μl)
were combined with chloroform (1 ml), sonicated for 2 minutes and the two
phases separated by centrifugation at 300 ×g for 5 minutes. The chloroform layer
was discarded and the specimens were evaporated to dryness under mild
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heating. Aqua regia was added (200 μl) and samples were digested for 24 hours
before diluting in distilled water (2 ml). Blank reference solutions were prepared
by digesting 0.1 mmol of the appropriate ligand (TPP, DMET or MES) in aqua
regia (200 μl) and diluting as required to achieve a fitting baseline. All samples
were introduced to the nebuliser using the fast pump setting (80 rpm) with a 15
second stabilisation period before measurements were recorded (λ = 267.595
nm).

Validation of gold recovery:
The method of standard additions was applied to validate the protocol. Stock
solutions of NCG and PCG at concentrations of 6.25 μg/ml and 25 μg/ml were
prepared by digesting in aqua regia and diluting in distilled water. Aliquots (10 ml)
of the 6.25 μg/ml digested GNP solutions were then serially spiked (0, 2, 4, 6, 8
ml) with the 25 μg/ml GNP stock and made up to 25 ml with distilled water. An
identical approach of analysis for three individual experiments (n=3) was
performed (see appendix 1) using the same blank reference solutions and
instrument parameters as for GNP-lipo evaluation above.

2.2.4.2 Quantification of DPPC lipid using the Stewart Assay

Quantification of the main lipid component (DPPC) in GNPs- lipos was achieved
by application of the Stewart assay211, using the method of external standards
(Chapter 4). The procedure relies on the stoichiometric formation of a
phosphorous-ammonium complex between dissolved lipids and ammonium
ferrothiocyanate. The resulting concentration of the complex is measured
spectrophotometrically revealing the amount of phospholipid present in a
specimen.

Ammonium ferrothiocyanate (AF) standard solution was prepared by dissolving
iron(III) chloride hexahydrate (27.03 g, 0.1 mol) and ammonium thiocyanate (30.4
g, 0.4 mol) in distilled water (1 litre). A stock solution of DPPC in chloroform (100
μg/ml) was serially diluted to prepare a range of lipid standards (0 – 40 μg/ml) for
calibration. An aliquot of each prepared standard (1 ml) was combined with AF (2
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ml) to afford a biphasic mixture. For analysis of GNP- lipos, 100 μl of a sample
was mixed with chloroform (2 ml) and sonicated for 5 minutes before the addition
of the AF reagent (2 ml). All mixtures were then vortexed and allowed to rest for 1
minute (2 cycles) and subsequently centrifuged at 500 ×g for 5 minutes. The
organic phase (bottom) containing the lipid-AF complex was then isolated and
the volume was corrected with chloroform to account for any evaporation (2 ml
total volume) before measuring absorbance by UV-vis spectroscopy (λ = 485
nm).

Validation of DPPC recovery:
For validation, the method of standard additions was applied. A lipid stock
solution containing DPPC (200 μg/ml), DPPG (20 μg/ml) and DPTAP (20 μg/ml)
was prepared by hydrating the lyophilised components in PBS and sonicating for
10 minutes. Portions of the lipid stock (10 ml) were then serially spiked (0, 1, 2, 3,
4 ml) with a solution of DPPC in PBS (200 μg/ml) and diluted with further buffer in
50 ml volumetric flasks. Aliquots of each standard (1 ml) were then treated in an
identical manner to the preparation of GNP-lipo specimens before analysis.

2.2.5 Protocols towards investigating self-assembly of GNPs

Self-assembly of GNPs via the electrostatic and molecular recognition
approaches was carried out within aqueous buffer conditions (PBS, pH 7.4) and
simulated biological fluids (DMEM supplemented with 5% heat inactivated FBS).
Stock solutions containing 10 μg/ml total gold in PBS were prepared and sterile
filtered (0.45 μm) on the day of application. Stock suspensions were briefly
vortexed before use and aliquots (1 ml) were set aside. Working in glass vials,
entire aliquots of NCG and PCG or 5 and 20 nm oligo-GNPs were pipetted
directly into 2 ml of either PBS or DMEM (5% FBS). Vials were then sealed and
protected from light before agitating gently by hand for 1 minute. Test mixtures
were then stored undisturbed at room temperature for one hour. For analysis,
specimens were extracted from the medium by pipette, with subsequent sample
preparation carried out according to the methods detailed in 2.2.3.1 for
microscopy evaluation and 2.2.3.4 for hydrodynamic size analysis.
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2.2.6 In vitro methods towards evaluating SANs

Biochemical assays were performed to determine the associated cytotoxicity of
individual building blocks (NCG and PCG), their corresponding self-assembled
suprastructures and GNP-lipos in parallel (Chapter 5). An established adherent
lung fibroblastic cell line derived from a male Chinese hamster (V79) was
selected as an in vitro model, employing the colorimetric MTT and LDH assays
investigate cell viability and membrane integrity. Intracellular uptake and
distribution of GNPs after exposure was investigated using TEM-EDS, with cell
specimens preserved and thin-section according to established protocols.

2.2.6.1 Culture of V79 tissue monolayer

The adherent monolayer forming cell line V79, derived from male Chinese
hamster lung fibroblast was used throughout tissue culture investigations. The
cells display a fast growth rate, high plating efficiency and have been widely used
to study reagent-induced toxicity with quantitative assays212. Cells were cultured
in growth medium consisting of high glucose Dulbecco’s modified eagle medium
(DMEM, 4.5 μg/ml glucose) supplemented with (10% v/v) heat inactivated fetal
bovine serum (FBS.) Cells were routinely cultured to a maximum of 25 passages,
between total numbers 50 to 75.

2.2.6.2 Routine cell growth and subculture

Cells were maintained in exponential growth as monolayers using a minimum
seeding density of 1.0 × 103 cells /cm3 in sterile, surface-treated polystyrene
culture flasks with an effective growth area of 75 cm 2. Cultures were incubated
under normoxic conditions in an incubator (Sanyo-MCO715) at 37°C in a
humidified, 5% CO2 atmosphere. Growth medium was exchanged every 48 hours
and cell populations were sub-cultured (passaged) after monolayers had
proceeded to reach approximately 70-80% confluence.
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Routine passage consisted of treating cells with 50 μl trypsin-EDTA (0.05% w/v)
for approximately 5 minutes under standard incubation conditions until cells had
visibly detached from the flask surface. Further growth medium (100 μl) was then
added to neutralise the trypsin. Cells were isolated from flasks and pelleted under
centrifugation at 500 ×g for 5 minutes. Recovered cells were then re-suspended
in 10 ml of growth medium and counted using a light microscope and
haemocytometer to determine the appropriate dilution required prior to seeding in
new flasks.

2.2.6.3 Cryo-storage and thawing of V79 cell stocks
Cell stocks were prepared at a density of 1.0 × 107 cells/ml at passage number
50, in a solution consisting of 95% growth medium and 5% dimethyl sulfoxide
(v/v) which acts as a cryoprotectant reagent. Aliquots (1 ml) were pipetted into
cryo-tubes (Nunc®, Fisher scientific UK) and placed into freezing-pots containing
an isolated isopropyl alcohol sleeve that acts to regulate the rate of temperature
change upon freezing (~ 1°C / 1 minute.). Cryo-tubes were stored at -80°C for 24
hours and then transferred into liquid nitrogen for long-term storage.

Cells were thawed in the original cryo-tubes at 37°C in a water bath before
removing the freezing solution and rinsing cells twice with growth medium. Cells
were re-suspended in further medium and an entire aliquot (1.0 × 10 7 cells)
seeded into culture flasks (Nunc™ T25, ThermoFisher Scientific, UK) with an
effective growth area of 25cm2. After 24 hours of incubation medium was
replaced and cells were cultured until 60-70% confluent before reverting to
routine passaging.

2.2.6.4 Cell culture and treatment in multidishes
Cells were cultured in Nunclon™ Delta hydrophilic surface treated 96 and 12-well
multidishes (Nunc® 96 / Nunc® 12 multidishes, ThermoFisher Scientific, UK) for
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cytotoxicity and uptake experiments. Each well provides an effective growth area
and working volume of 0.32 cm2 / 0.2 ml (96-wells) or 3.5 cm2 / 2 ml (24-wells).
A seeding density of 4.5×103 (96-wells) or 5.3 x 104 (12-wells) cells/ cm2 was
used to provide a 70% confluent monolayer after 24 hours of growth under
standard incubation conditions. Outermost wells were not used for cell growth but
were filled with growth medium alone to reduce the “edge effect” which
predominantly arises from differences in evaporation resulting in higher assay
variability213

2.2.6.5 Preparation of test materials in suspension for in vitro assessment

Preparation of GNP and GNP-lipo suspensions was performed on the day of
application working under aseptic conditions in a laminar airflow cabinet
throughout. Stock solutions containing equivalent concentrations of gold were
prepared for each test material (10 μg/ml) and sterile filtered (0.45 μm). Stock
suspensions were briefly vortex mixed and diluted with PBS (pH 7.4) to provide a
range of gold concentrations (10, 2 and 0.2 μg/ml).

2.2.6.6 Treatment of cells and exposure to test materials

Growth medium was aspirated from culture plates and cells were washed twice
with PBS before all investigations. For biochemical assays, wells of a 96-well
plate were treated with 100 μl of test suspensions and 100 μl of DMEM culture
medium containing heat inactivated FBS (5% v/v). To study the toxicity of in situ
self-assembling GNPs, (NCG and PCG or 5 and 20 nm oligo-GNPs) test
materials were co-administered at a concentration of 10 μg/ml, by directly adding
50 μl of the corresponding solutions (1:1 v/v) in 100 μl DMEM growth medium
containing heat inactivated FBS (5% v/v) immediately prior to use. Negative
controls consisted 200 μl of culture medium and vehicle controls contained 100 μl
each of culture medium and PBS (pH 7.4). Cells were exposed to test materials
for 24 hours under standard incubation conditions. Cell supernatant was then
removed and collected in a new 96-well cell culture plate for subsequent use in
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the LDH assay (see section 2.2.7.2). Each well was then further washed twice
with PBS and the MTT assay was immediately applied (see section 2.2.7.1). For
in vitro self-assembly studies, wells of a 12-multidish were treated with 1 ml of
test suspension and 1 ml of DMEM culture medium containing 5% heat
inactivated FBS. After 24 hours supernatant was discarded and cells were
washed twice with PBS before TEM preparation (see section 2.2.6.7).

2.2.6.7 Preparation of cells for TEM analysis

After treatment with test materials cells were processed according to a previously
reported protocol that encompasses tissue preservation (fixation), dehydration,
resin embedment and cross-sectioning214. Each well was treated with trypsinEDTA (0.05% w/v) and cells were pelleted under centrifugation at 500 ×g for 5
minutes in microtubes. Each microtube containing pelted cells was then treated
with glutaraldehyde solution (2.5 %) in 0.1 M sodium cacodylate buffer (pH 7.4)
for 2 hours and rinsed four times with further buffer. Cell pellets were then
exposed to osmium tetroxide solution (1%) in buffer for 1 hour before thoroughly
washing (× 10) with distilled water. Dehydration was achieved using a series (20
minutes each) of graded ethanol (25%, 50%, 75%, 100% v/v) and immersion in
propylene oxide. Epoxide resin (AGAR 100 resin, Agar Scientific, UK) was
prepared according to the manufacturer’s instructions and added to each tube
with fresh propylene oxide (1:1 v/v). Fresh resin was then added and exchanged
every 12 hours over 2 days before polymerising at 60 °C for 24 hours. Thinsectioning was achieved by ultramicrotomy on a Leica EM UCT device (Leica
microsystems Ltd., UK) using a Pelco® Microstar 35-degree diamond-tipped
knife with a cutting speed of 0.3 mm/s, providing sections with a thickness of 75
nm mounted on square 200 mesh gold TEM specimen grids (Agar Scientific,
UK). The reverse side of the specimen grids (where no sample was mounted)
was then coated with 5 nm of carbon using a Quorum Q150T ES Turbo-Pumped
sputter coater.
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2.2.7 Evaluation of cytotoxicity using biochemical assays
2.2.7.1 MTT assay for measurements of cell viability after exposure to test materials

Cell metabolic activity is measured by the reduction of the soluble yellow dye 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrozolium bromide (MTT) to an insoluble
purple product that precipitates215. The reduction correlates with the presence of
nicotinamide adenine dinucleotide phosphate hydrogenase (NADP-H) dependent
enzyme activity, occurring in metabolically active cell populations. The
precipitated product is subsequently solubilised and concentration measured
spectrophotometrically, with absorbance proportional to cell viability.
An MTT solution (1mg / ml) in DMEM culture medium (without FBS) was
prepared, sterile filtered (0.45 μm) and heated to 37oc in a water bath prior to
use. To each well containing cells, 200 μl of MTT solution was added before cell
culture plates were protected from light and incubated under standard conditions
for 3 hours. Assay supernatant was then carefully aspirated using a pipette to
avoid removing the precipitated products. Isopropanol (200 μl) was added to
solubilise the purple dye and the absorbance (540 nm) was recorded using a
Thermo Multiskan Ascent 354 multidish spectrophotometer (ThermoFisher
Scientific, USA). A positive control was prepared by using a 1% (v/v) solution of
Triton-X-100™, which induces cell lysis. Untreated cells in culture medium
provided a negative control (average maximum cell viability) and isopropanol was
used as a blank reference. The resultant (%) cell viability was calculated from
absorbance values using the following equation:
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Equation 2.5. Conversion of absorbance to (%) viability for MTT assay

(%) 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (

𝐴𝑠 − 𝐴𝑏)
) × 100
𝐴𝑛 − 𝐴𝑏

Where:
As = treated cell absorbance
Ab = Average blank absorbance
An = Average negative control absorbance

Calculated values are relative to cell viability without treatment (negative control).
Treatments. that induce greater than 50% cell mortality are considered to be a
toxic condition (TC50), significantly inhibiting biological activity. This criterion has
previously been applied to assess nanoparticle toxicity and was considered
analogous to a lethal dose that causes greater than 50% cell death in a given
time period216, conventionally applied to compare the toxicity of drugs in vitro217.

2.2.7.2 LDH assay for evaluation of membrane integrity after exposure to test
materials

Lactate dehydrogenase is an intracellular cytosolic enzyme found across
numerous cell species, which catalyses the conversion of lactate to pyruvic acid
through the reduction of NAD+ to NADH218. Release of LDH into the extracellular
matrix (culture supernatant) occurs upon cellular lysis, indicating a loss of
membrane integrity and consequently, biological homeostasis. The assay
selectivity measures the enzymatic activity of LDH by the reduction of NAD+, with
NADH participating in the stoichiometric conversion of a tetrazolium dye. The
concentration of the produced violet coloured dye was then detected by
measuring its absorbance spectrophotometrically.

The release of LDH was measured using the Promega CytoTox96® NonRadioactive Cytotoxicity Assay Kit (Promega UK) and was prepared according to
the manufacturer’s instructions. Aliquots of culture supernatant (50 μl) extracted
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after treatment with test materials were combined with an equal volume of LDHsubstrate mixture in 96-well plate. The enzymatic-reaction was allowed to
proceed for 30 minutes under ambient conditions whilst protected from light. A 1
M acetic acid solution (supplied in kit) was then added to each well (100 μl)
terminating the reaction process. Negative controls consisted of untreated cells in
culture medium only providing average background LDH release from healthy
cell populations. A positive control was prepared by lysing untreated cells with
1% (v/v) Triton X-100™ solution, 1 hour before analysis. A mixture of assay
culture medium and PBS (1:1 v/v) was used as a blank reference. The resultant
absorbance of each well was measured at 492 nm using a UV-vis plate reader
(Thermo Multiskan Ascent 354) and converted to (%) LDH release using the
following equation:
Equation 2.6. Conversion of absorbance to (%) release for LDH assay

(%) 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 = (

(𝐴𝑠 − 𝐴𝑏) – (𝐴𝑛 − 𝐴𝑏)
) × 100
(𝐴𝑝 − 𝐴𝑏) − (𝐴𝑛 − 𝐴𝑏)

Where:
As = treated cell absorbance
Ab = Average blank absorbance
An = Average negative control absorbance
Ap = Average positive control absorbance

Calculated results are relative to the maximum LDH release during complete cell
lysis (positive control). Values greater than 50% were considered to represent a
condition (TC50) that exhibited cytotoxicity as a consequence of significant loss of
cell membrane integrity.
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2.2.8 Statistical analysis

The sizes of a population data set (n) with each value being the average of a
number of replicates (r) are stated accordingly throughout this thesis. Values are
reported as mean averages ± standard deviation (S.D.) unless otherwise stated.

2.2.8.1 Calibration and regression

Calibration and recovery (validation) plots were prepared by applying either the
method of external standards or standard additions219. For the former approach,
a range of standards of known analyte concentration were prepared and
analysed. For the latter method, a series of standards were prepared by serially
spiking a representative sample with known concentrations of analyte. The
standards were analysed according to the described protocol to prepare a
standard addition plot.

Instrument response was then plotted against

concentration to calculate the least-squares regression line using Microsoft®
Excel 2011 (Microsoft Corporation, USA).

2.2.8.2 Student’s t-test
To compare data sets for significant difference paired two-tail student’s t-tests
were applied, using GraphPad Prism version 5.01 for Windows (GraphPad
Software, USA). Working at the 95% confidence level, values of P < 0.05 indicate
that population means are significantly different. The degree of significance is
indicated on figures where appropriate.
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3 Synthesis, Characterisation and Self-assembly of Gold
Nanoparticles
Pharmaceutically relevant gold nanoparticles220 (GNPs) were synthesised
according to the methods detailed in section 2.2.1. GNPs were subsequently
characterised following established protocols, to determine their size, shape,
surface chemistry and suitability as building blocks in the current
investigation. Utilising complementary particle functionality, GNP building
blocks were prepared to investigate electrostatic attraction and molecular
recognition as two mechanisms of nanomaterial self-assembly. Two
dissimilar NP sizes were utilised for the latter approach, to determine
whether self-assembly altered the original plasmonic properties of these
nanoparticles. The same self-assembly strategy was also further applied to
demonstrate how self-assembly can be reversible and controlled under
specific conditions, replicating findings of a previous study. Assembled
suprastructures were analysed and compared to their monodispersed
counterparts to determine the feasibility of each approach towards selfassembly of nanomaterials and provide a reference for subsequent
investigations in this project.
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3.1

Characterisation of synthesised GNPs

Morphology and physicochemical properties of GNPs were analysed after
initial preparation and subsequent functionalisation, according to the
methods described in section 2.2.3. Resultant TEM images and UV-visible
spectra were studied to determine the particle size distribution, morphology
and state of dispersion. Zeta potential analysis was utilised to confirm
attachment of ionic ligands and determine relative particle surface charge
whilst in an aqueous colloidal state.
3.1.1 Evaluation of functionalised spherical-shaped GNPs
3.1.1.1 Triphenylphosphine-stabilised precursor GNPs

Precursor particles stabilised with TPP were initially synthesised (section
2.2.1.1) for subsequent use in ligand-exchange reactions to prepare either
negatively (NCG) or positively charged (PCG) GNPs. Acquired TEM
micrographs of resultant structures and corresponding size distribution
histograms, derived from direct microscopy measurements in multiple
discrete locations within the specimen are displayed in Figure 3.1. Uniform,
spherical and dispersed particles with a diameter of 2.7 ± 0.9 nm were
observed (n=200, mean ± SD). At higher magnifications, repeating
distinctions in image contrast were observed in a single direction within the
confinements of particles (highlighted with white arrows in (Figure 3.1 B),
characteristic of GNPs with a monocrystalline lattice221.

64

Figure 3.1 (A-B): TEM micrographs of individually dispersed triphenylphosphine
stabilised precursor gold nanoparticles that display a spher ical morphology and
monocrystalline lattices (white arrows highlight uniform crystalline lattice of
particles). (C): corresponding size distribution histogram of GNPs measured to
have an average diameter of 2.7 ± 0.9 nm (n = 200, mean ± SD).

3.1.1.2 Analysis of DMET and MES functionalised GNPs

Triphenylphosphine was exchanged on GNP surfaces with either cationic
DMET or anionic MES ligands to prepare the building blocks NCG and PCG,
respectively (section 2.2.1.1). Resultant TEM micrographs of GNP structures
are displayed in Figure 3.2 alongside their corresponding size distribution
histograms, derived from direct microscopy measurements in multiple
discrete locations within the specimen. Individual, monodispersed and
spherical particles were again observed with diameters of 2.8 nm ± 1.2 nm
for PCG and 2.6 nm ± 1.2 for NCG (n=200, mean ± SD). From UV-visible
spectra (Figure 3.3), distinctive size-dependent LSPR peaks (plasmonic
properties) were not observed for either NCG or PCG, characteristic of GNPs
with diameters below 2 nm222. Verifying the successful attachment of either
DMET or MES to GNP surfaces, values obtained from zeta potential
measurements were compared for NCG and PCG (Figure 3.4) As expected,
a positive zeta potential of +15.1 ± 1.2 mV was revealed for PCG, signifying
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the attachment of the cationic ligand DMET to GNP surfaces. In contrast, a
negative zeta potential value of -17.5 mV ± 1.4 mV was recorded for NCG,
also confirming the effective attachment of the anionic ligand MES to particle

Diameter (nm)

surfaces.

NCG

PCG

Figure 3.2. TEM micrographs with corresponding size distribution histograms,
revealing a spherical morphology and average diameters of individual GNP
building blocks (A): NCG ( 2.6 nm ± 1.2) and (B): PCG (2.8 nm ± 1.2 nm), at a
concentration of 0.5 mg/ml in PBS (n = 200, mean ± SD). Insert :(A, top right):
graph displaying average particle size for NCG and PCG with error bars
displaying mean ± SD.
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Figure 3.3 Ultraviolet-visible spectra obtained for GNP building blocks (red):
NCG and (blue): PCG when dispersed in PBS (with PBS used as a blank
reference). Broad optical adsorption peaks seen between 500 and 600 nm
corresponds to a lack of LSPR properties, which is indicative of GNPs with
222
diameter sizes below 2 nm .

Figure 3.4. Comparison of zeta potential of (red): NCG and (blue): PCG
nanoparticles when suspended in PBS at a concentration of 0.5 mg/ml. (n = 6, r
= 10, with error bars displaying mean ± SD).
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3.1.1.3 Analysis of oligonucleotide functionalised GNPs

Two

dissimilar

oligonucleotides

sized

GNPs,

functionalised

with

(5’-TTTTTTTTCATGACGTCATG

complementary
and

5’-

TTTTTTTTGTACTGCAGTAC) were prepared (section 2.2.1.2) from 5 nm
(commercially supplied, Sigma Aldrich, UK) and 20 nm (synthesised, section
2.2.1.2) precursor GNPs stabilised with citrate (section 2.2.1.2). Resultant
oligo-GNPs are revealed in TEM micrographs displayed in Figure 3.5
alongside their corresponding size distribution histograms, derived from
direct microscopy measurements in multiple discrete locations within the
specimen. Uniform and monodispersed GNPs were observed displaying a
spherical morphology with average particle sizes of 4.9 ± 1.4 nm and 18.2 ±
2.0 nm (n=100, mean ± SD), respectively. In agreement, UV-visible
spectroscopy (Figure 3.6) showed size-dependent SPR peaks for the two
dissimilar sized GNPs with the larger particles displaying a minor increase in
the maximum absorption wavelength (red-shift) (λ = 526 nm), compared to
the smaller particles (λ=524 nm), consistent with previous reports223. The
identification of size-dependent LSPR peaks also further confirms that GNPs
are stable colloidal dispersions with no particle-particle agglomeration or
aggregation. For clarity, these nanoparticles are hereafter referred to as “5
nm oligo-GNPs” and “20 nm oligo-GNPs”.
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Figure.3.5 TEM micrographs with corresponding size distribution histograms for
spherical oligo-GNPs with an approximate size of (A): 4.9 ± 1.4 nm and (B):
18.2 ± 2.0 nm, at a concentr ation equating to 0.1 O.D. (n = 100, mean ± SD). ).
Insert :(B, top right): graph displaying average particle size for 5 nm and 20 nm
oligo-GNPs with error bars representing SD .

Figure 3.6 UV-visible spectra obtained for GNP building blocks (red): 5 nm and
(blue): 20 nm oligo-GNPs when dispersed in PBS at a concentration of 0.5
mg/ml.
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3.1.2 Evaluation of different shaped GNPs
3.1.2.1 Analysis of rod-shaped GNPs

GNRs were synthesised using spherical 5 nm GNPs stabilised with citrate
(commercially supplied, Sigma Aldrich, UK) as precursors for seed mediated
growth, with CTAB used as a shape directing additive (section 2.2.1.3).
Synthesised particles seen in micrographs presented in Figure 3.7
predominantly display a cylindrical, elongated shape morphology and appear
dispersed (Figure 3.7A). After repeated purification attempts, irregular
spherical and cubic shaped particles could not be completely removed
(Figure 3.7B). Measurements from four discrete locations within the
specimen revealed average particle edge lengths of 25.5 ± 6.1 nm and
widths of 14.4 ± 8.4 nm, with corresponding aspect ratios (ratio of width to
length) of 2.1 ± 0.8 (n=50, mean ± SD).

Figure 3.7 TEM micrographs of CTAB stabilised GNRs suspended in distilled
water at a concentration of 0.4 mg/ml. Particles display variabl y elongated
shape morphologies and corresponding average aspect ratios (ratio of length to
width) of 2.1 ± 0.8 (n=50, mean ± SD).

3.1.2.2 Analysis of triangle-shaped GNPs

Attempts to synthesis GNTs using a direct approach employing a modified
Turkevich method (section 2.2.1.4) were unsuccessful, as revealed in
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micrographs shown in Figure 3.8. After multiple purification attempts
resultant

particles

regularly

displayed

multifaceted

spherical

shape

morphologies, representative of polyhedrons. Measuring from four discrete
locations within the specimen, particle dimensions were revealed to be
between 4 and 40 nm. Infrequently, GNPs were observed to display the
desired triangular shape configuration, with average edge lengths measured
to be 21.4 ± 7.7 (n=60, mean ± SD).

Figure 3.8 TEM micrographs of citric acid stabilised gold particles suspended
in aqueous citric acid solution at a concentration of 1mg/ml. Irregular shape
morphologies are seen with those displaying triangular morphologies having
average edge lengths of 21.4 ± 7.7 nm (n=60, mean ±SD).

3.1.2.3 Analysis of star-shaped GNPs

GNSs were prepared using a direct approach that utilises silver ions as a
shape directing additive (section 2.2.1.5). Synthesised particles seen in
micrographs presented in Figure 3.9 appear uniform and display highly
branched star-like shape morphologies. Particles appear to display dense
cores, becoming increasingly porous towards the peripheries where
individual well-defined branches can be seen. Measurements recorded from
multiple discrete locations within the specimen revealed these particles to
display a large size distribution, ranging from approximately 500 nm and
exceeding beyond 1 µm in diameter (n=10).
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Figure 3.9 TEM micrographs of ascorbic acid stabilised GNSs suspended in
aqueous ascorbic acid solution at a concentration of 0.5 mg/ml. Particles
consistently display a highly branched morphology with a large size distribution
ranging from approximately 500 nm and exceeding above 1 µm in diameter
(n=10).
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3.2

Investigating the self-assembly activity of GNPs

Self-assembly activity of GNPs facilitated either by electrostatic interactions
or molecular recognition was investigated. Within aqueous conditions,
oppositely charged NCG and PCG were utilised to investigate the former
strategy and 5 nm and 20 nm oligo-GNPs to study the latter. Using the same
approach as for characterisation, microscopy and UV-visible spectroscopy
were employed to determine the state of particle dispersion and ensuing selfassembled suprastructure morphology and size.

3.2.1 Self-assembly of GNPs facilitated by electrostatic attraction

Functionalised GNP building blocks that displayed either negative (NCG) or
positive (PCG) surfaces (section 3.1.2) were utilised to investigate
electrostatic attraction as a mechanism of facilitating self-assembly. Upon
combining colloidal suspensions of NCG and PCG in equal proportion (1:1
v/v), extensive nanoparticle assemblage was observed within one-hour
(Figure 3.7) Resultant GNP suprastructures were seen to display variable
and irregular morphologies, comprised of densely amassed particles with
multiple interconnecting branch-like structures. Frequently, GNPs were also
observed to be overlapping within planar micrographs, indicating that
suprastructures could potentially be three-dimensional configurations. Overall
sizes of GNP suprastructures were consistently measured in at least one
dimension to exceed several microns (μm), multiple orders of magnitude
larger in comparison to individual GNP building blocks (control) observed in
section 3.1.1.2. At higher magnification (Figure 3.7 C) discrete GNPs were
identified

within

assembled

suprastructures

with

distances

between

neighbouring particles measured to be approximately 1 nm, characteristic of
structural-agglomerates. Additionally, no evidence of larger particle formation
or particle-particle aggregation was seen, indicating that the assembled
GNPs had retained their original building block morphologies. Resultant
plasmonic properties of assembled GNP structures determined by UV-visible
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spectroscopy were also compared to NCG and PCG individually, presented
in Figure 3.8. Minor differences in the optical profiles were noted between
individual GNP building blocks of NCG and PCG, compared to their
assembled counterparts, with an increase in absorption intensity at λ ~450
nm and a decrease in adsorption intensity between λ ~500 - 650 nm.
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Figure 3.7 Series of TEM micrographs with increasing magnification revealing self -assembled GNP suprastructures, obtained one hour
after combining colloidal suspensions of NCG and PCG at a concentration of 0.5 mg/ml (1:1 v/v). Dashed red boxes indicate areas
where successive images were acquired at higher magnification with corresponding micrographs highlighted with red borders.

Figure 3.8 Comparison of UV-visible spectra obtained for individual building blocks (red: NCG, blue: PCG) and assembled
suprastructures (green) when dispersed in PBS at a concentration of 0.5 mg/ml..
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3.2.2 Self-assembly of GNPs facilitated by molecular recognition

Synthesised GNPs with approximate diameters of 5 and 20 nm (section
3.1.2), functionalised with complementary oligonucleotides, were utilised as
building blocks to investigate molecular recognition as a mechanism of selfassembly. Comparable to observations after electrostatic self-assembly of
GNPs, oligo-GNP suprastructures consistently formed within one hour of
combining colloidal suspensions of 5 and 20 nm oligo-GNPs (Figure 3.9) in
equal proportion (1:1 v/v). Interpretation of micrographs revealed these
suprastructures to display variable and irregular morphologies comprising of
tightly packed, discrete GNPs, representative of structural agglomerates. to
the electrostatic derived suprastructures, GNPs frequently appeared to
overlap within the planar micrographs, indicative of a three-dimensional
configuration. It was further noted that oligo-GNPs appeared more compact
and lacked distinctive branch-like features, which were seen after selfassembly of NCG and PCG. At higher magnification (Figure 3.9 C), inclusion
of both 5 and 20 nm oligo-GNPs within assembled structures was also
clearly evidenced. Overall suprastructure sizes were again revealed to
exceed beyond several microns (μm) in at least one-dimension, multiple
orders of magnitude larger than individual oligo-GNP building blocks (control)
observed in section 3.1.1.3. In further support of this observation, obtained
UV-visible spectra displayed in Figure 3.10 showed that the characteristic
size-dependent LSPR peaks for both 5 and 20 nm oligo-GNPs had
noticeably diminished. Plasmonic activity for assembled GNPs were instead
markedly broader and had experienced red shift, with increased adsorption
intensity between λ ~ 600 - 700 nm compared to the original dispersed GNP
building blocks.
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Figure 3.10: Series of TEM micrographs with increasi ng magnification revealing assembled GNP structures, obtained one hour after
combining suspensions of 5 and 20 nm oligo-GNPs at a concentration of 0.5 mg/ml (1:1 v/v). Dashed red boxes indicate areas where
successive images were acquired at higher magnification with corresponding micrographs highlighted with red boarders.

Figure 3.11: Comparison of UV-visible spectra obtained for individual building blocks (red: 5 nm, blue: 20 nm) and assembled
suprastructures (green) when dispersed in PBS with an initial concentration corresponding to an optical density of 0.5 A ( λ = 260).
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3.2.3 Thermally triggered dissociation of self-assembled of GNPs

Thermal dissociation activity of self-assembled oligo-GNPs was analysed using a
protocol that monitors absorbance as a function of temperature, as described in
section 2.2.3.6, replicating a previously published study224. By monitoring
absorbance over a range of temperatures it is possible to determine the “melting
transition temperature” (Tm), which can be described as a critical point where
hybridised oligonucleotides (double stranded) become thermodynamically
unstable and dissociate (single stranded). Considering self-assembly of oligoGNPs is thought to be entirely dependent on oligonucleotide hybridisation, above
this critical temperature suprastructures were expected to also dissociate back
into individual oligo-GNP building blocks. A thermal dissociation curve was
plotted at 1°C intervals by measuring absorbance at λ=260 nm (Figure 3.11).
When complementary oligonucleotides hybridise to form double strands, they are
known to show a notable reduction in absorbance at this particular wavelength.
Results revealed that oligonucleotides attached to GNP surfaces were in a
hybridised state below 57°C. Above this temperature an increase in absorbance
was recorded at 260 nm, signifying that oligonucleotides have dissociated back
into individual sequences. To confirm that oligonucleotide dissociation resulted in
the disassembly of oligo-GNPs, optical absorbance was monitored between λ=
240 – 700 nm (Figure 3.12). From obtained spectra it can be seen that below
57°C oligo-GNPs display broad plasmonic activity between λ = 600 – 700 nm,
corresponding to results obtained in 3.2.2 for self-assembled oligo-GNP
suprastructures. Above this melting transition temperature, a distinctive peak
emerges at λ~ 525 nm, characteristic of individual 5 and 20 nm GNPs, as
confirmed in section 3.1.3. It was concluded from these results that
oligonucleotides dissociation, evidenced at 57°C, initiates the disassembly of
oligo-GNP suprastructures back into individual building blocks. Furthermore, the
experimentally derived Tm in this investigation corresponds to the manufacturers
(ATDBio Ltd., UK) specified Tm for the utilised oligonucleotides (57°C),
theoretically calculated using the method of nearest neighbour226. Retention of
the manufacturers stated Tm for self-assembling GNPs suggests that attachment
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of oligonucleotides to building surfaces does not influence their characteristic
thermodynamic properties in this study.

Figure 3.12: Thermal dissociation curve of assembled oligo -GNP suprastructures
with a concentration corresponding to an initial optical density of 0.5 A ( λ = 260).
obtained m y monitoring absorbance (λ= 260 nm) as a function of temperature (1°C
increments), revealing the melting transition temperature of hybridised
oligonucleotides to be 57°C.

79

Figure 3.13: UV-visible spectra indicating the dissociation of hybridised oligonucleotide and resultant state of oligo -GNP dispersion,
with a concentration corresponding to an initial optical density of 0.5 A ( λ = 260). Data obtained by thermally regulated UV-visible
spectroscopy analysis with curves in blue represent ing self-assembled oligo-GNP suprastructures (below 57°C) and curves in green
represent dispersed oligo-GNP building blocks (above 57°C) and curves in r ed highlight the melting transition temperature where
noticeable changes in LSPR properties occur.

80

3.3

Discussion

Self-assembly of individual building blocks into organised structures is a
strategy

currently

nanosystems

being

applied

for

the

bottom-up

fabrication

of

226

, with examples including self-assembled monolayers (SAMs)

and multi-layered nanostructures227,228. In situ self-assembly with respect to
application, however, is a more recent development that could be utilised to
provide further functionality and novel manufacturing opportunities 229,230. This
approach is envisaged as being advantageous within the fields of biology
and medicine by potentially enabling non-invasive, responsive medical
procedures231.

In view of the intentions of the current work, which aims to provide further
understanding of how SANs might perform within biological systems,
rudimentary approaches towards self-assembly were initially established for
subsequent investigations. Synthesised GNP building blocks and resultant
suprastructures assembled using either the electrostatic attraction or
molecular recognition approach are evaluated and compared.

3.3.1 Preparation and analysis of spherical GNPs as building blocks

Methods used to prepare precursor NPs, followed by post-preparative
interfacial ligand exchange reactions with thiol containing compounds
afforded surface functionalised spherical GNPs (section 3.1.1). Introducing
complementary SAMs to GNP surfaces provided building blocks that selfassembled (section 3.2), providing suitable models for subsequent
investigations. Synthetic routes were relatively quick and straightforward,
utilised widely available reagents and produced sufficient yields for the
current study. Adopting a two-step approach enabled easy control of NP size
and shape with subsequent introduction of the desired surface functionality
whilst ensuring retention of the original morphology, in agreement with earlier
reports232. A decision to exclusively use thiol (SH) containing ligands was
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based on previous findings that these functionalised NPs remain stable in the
presence of electrolytes and pH ranges encountered within biological
environments233. DMET and MES specifically were chosen as ligands to
provide building blocks with either cationic or anionic SAMs because they are
small monoionic molecules that provide a dense surface-coverage to GNPs,
displaying the desired charge at neutral pH (pH 7.4)181. Oligonucleotides with
5’-terminal thiol modification (SH) were used to prepare building blocks for
the intermolecular bonding approach, owing to widely reported success in
literature182. Oligonucleotides were combined with GNPs in excess during
synthesis (section 2.2.1.2), to ensure a consistent high ligand density on
particle surfaces, according to previous reprots182. Whilst no attempts were
made to control surface ligand or charge density, a range of synthesis
strategies are under development234,235 along with methods of quantification
such as x-ray photon spectroscopy236, which could be used in future enable
further investigations into how these parameters influence self-assembly
activity. Furthermore, separation techniques such as gel-electrophoresis
have been used to isolate nanoparticles based on their corresponding charge
density237,238, which could be applied to obtain necessary control over critical
design parameters. Regarding characterisation, TEM was an invaluable
technique that enabled direct visualisation of GNPs and effectual evaluation
of their size and morphology. Additionally, zeta potential measurements for
NCG and PCG offered a suitable and reliable approach towards confirming
ligand attachment whilst evidencing the desired building block surface
functionality under aqueous buffer conditions. For oligo-GNPs, particle sizes
calculated from TEM micrographs correlated with results of UV-visible
spectroscopy, where size-dependent LSPR properties were revealed for both
~5 and ~20 nm particles. Attachment of oligonucleotides onto GNP surfaces
was also conveniently verified using this approach, by detecting the resultant
absorbance for these ligands at λ= 260nm. Although approaches used to
confirm ligand attachment onto GNPs to form SAMs in this study did not
directly confirm the formation of characteristic thiol-gold bonds (SH-Au), this
could have been achieved using alternative techniques such as inductively
coupled

plasma–mass

spectrometry239.

However,

considering

that

representative surface charges were observed for NCG and PCG (arising
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from DMET and MES) and characteristic optical absorbance was detected
for 5 nm and 20 nm oligo-GNPs at λ= 260nm (arising from oligonucleotides),
this was considered as sufficient evidence to confirm ligand attachment.
Furthermore, it was anticipated that subsequent self-assembly investigations
would ultimately determine whether the prepared GNPs were effective
building blocks as a result of successfully attaching the desired ligands.

3.3.2 Preparation and analysis of GNPs with specific shape morphologies

Direct and seed-mediated approaches described in section 2.2.1.3 to 2.2.1.5
to control the shape morphology of GNPs resulted in varied success (section
3.1.2). For instance, whilst rod-shaped GNP formation was observed, efforts
to isolate these particles could not remove dissimilar shaped particles of a
similar size (section 2.2.1.3). These results were supported by previous
observations, which revealed that this approach produced rod-shaped
particles mixed with spherical GNPs183. An average aspect ratio of 2.1 ± 0.8
nm was calculated for GNRs, compared to previous reports of 4.6 ± 1.2 nm
using the same method183. This difference was attributed to the dissimilar
precursor GNP size used in the seed-mediated synthesis, resulting in
divergent width to length ratios for GNRs. Similarly for GNTs, particles
displaying the desired morphology were mixed amongst a diverse range of
multifaceted polyhedron-like spherical GNPs after purification attempts
(section 2.2.1.4), in agreement with previous findings184. Extensive shape
control was achieved however for star-shaped GNPs, in support of earlier
reports185. Particles appeared highly uniform, exclusively displaying the
desired branched morphology (section 2.2.1.5). Effective control of the
resulting shape in this instance can be related to the highly anisotropic
characteristics of these particles and high concentration of shape-directing
additives used during synthesis240.

Considering physiochemical and structural properties of nanomaterials have
been identified as critical design parameters for self-assembly110; uniform
GNP shape morphology was considered fundamentally important for
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subsequent
required

to

investigations.
facilitate

morphology remains

Additionally,

self-assembly,

introducing

whilst

particularly challenging,

functional

retaining

specific

particularly

surfactants such as CTAB are utilised in the synthesis

SAMs,
shape

when

ionic
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. It was noted that,

there is considerable interest towards the design of specifically shaped
nanoparticles242, although underpinning mechanisms that govern shape
control are still not fully understood242. Nevertheless, empirical trends are
being reported, which inevitably will result in further optimisation in future.
Consequently, it was decided that at present, spherical GNPs would be most
suited for further investigation as rudimentary building blocks for selfassembly under biological conditions. Furthermore, it is anticipated that
experimental designs and approaches developed in the current work could
be subsequently applied to different shaped nanoparticle building blocks in
future.

3.3.3 Evaluation of electrostatic attraction as a mechanism of self-assembly

Electrostatic interactions between oppositely charged nanomaterials have
previously been utilised as a mechanism to facilitate self-assembly for the
fabrication of nano-clusters, solid thin-films and hybrid colloids, via direct
mixing and sequential addition243. Whilst ionic interactions of this nature have
been extensively studied in many fields of chemistry, influence on
nanomaterial behaviour is arguably less understood and often does not
compare to microscopic or bulk equivalents244. Nevertheless, there has been
notable progress towards understanding how electrostatically regulated
nanosystems behave and how their properties can be controlled, modified
and utilised245-247. Highlighting this, in 2013 Liu et al reported the first in situ
visualisation of electrostatically driven self-assembling GNPs in real-time,
using a fluid-cell to contain and observe aqueous specimens within an
electron microscope248. In the current study, GNPs surface functionalised
with oppositely charged mono-ionic ligands were combined (1:1 v/v) within
aqueous buffer solution (pH 7.4) for one hour (section 3.2.1). In agreement
with previous reports, simple mixing of the two complementary GNP building
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blocks was seen to trigger the extensive formation of three-dimensional
assembled suprastructures, multiple orders of magnitude larger than the
original NPs (section 3.2.1)244,245. Underpinning this behaviour, it has been
proposed that oppositely charged nanoparticles in suspension self-organise
into repeating core-shell formations244, as depicted in Figure 3.13.
Additionally, it has been suggested by Kalsin et al that repulsive forces
between nanoparticles of the same charge are overcome in this structural
arrangement as a consequence of electrostatic screening, resulting in tightly
packed particle clusters244, as observed in this study. Supporting this notion
further, Gellner et al evidenced multiple negatively charged 20 nm “satellite”
GNPs self-assembling onto the surface of individual positively charged 80
nm “core” GNPs249. In addition to structural characteristics, self-assembly of
nanoparticles is also understood to directly influence corresponding
plasmonic properties245,249. However, results of the current work showed that
plasmonic properties for self-assembled suprastructures had remained
relatively unchanged, with minimal activity displayed within optical and near
infrared regions of the electromagnetic spectrum (λ = 400 -700 nm),
comparable to individual GNP building blocks, NCG and PCG (Figure 3.8)
This was not unexpected, considering that wavelength specific coupling of
photons with electrons via LSPR is determined by the nanoscale dimensions
of the GNPs249, with plasmonic properties known to be almost entirely
diminished when particle diameters are comparable in size to the Fermi
wavelength of electrons, as with NCG and PCG222,250. Instead, it is thought
that nanoparticles displaying such small dimensions behave similar to
“molecular species” with discrete electron excitations, according to the freeelectron model250, rather than the classical electrodynamic model according
to

Mie

theory,

which

describes

plasmonic

behaviour

for

larger

nanoparticles251. In summary, negatively and positively charged GNP
building blocks, NCG and PCG, effectively self-assembled under aqueous
conditions and offered a straightforward electrostatically-driven system for
subsequent investigations under biological conditions.
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Figure 3.14 Schematic representation displayi ng the proposed self -organisation
of oppositely charged GNPs as they self -assemble into larger nano structures
(black arrows indicate subsequent GNP interactions and assembly). Molecular
structures of functional ligands DME T and MES on the surface of GNPs are
provided with their relative complementary charges highlighted in red . (Original
image.)

3.3.4 Evaluation of molecular recognition as a mechanism of self-assembly
Intermolecular bonding, broadly defined as attraction between neighbouring
molecules, may arise as a result of any combination of van der Waals forces.
More

precisely,

when

specific

interactions

between

complementary

molecules are exploited, such as oligonucleotide hybridisation, the process is
often referred to as “molecular recognition”252. This strategy, which has been
utilised throughout macromolecular chemistry, has also previously been
applied to prepare SANs252,253. Oligonucleotides in particular have attracted
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considerable attention owing to the fact that they can be both naturally and
synthetically obtained, providing an extensive range of sequence-specific
molecules that can be used to implement programmed self-assembly and
architectural control of nanomaterials253. In the current study, GNPs with
diameters of either 5 or 20 nm were surface functionalised with
complementary linear short-chain oligonucleotides to provide building blocks.
To investigate their subsequent self-assembly, oligo-GNPs were simply
mixed (1:1 v/v) under aqueous conditions (pH 7.4) for one hour (section
3.2.2). In agreement with previous findings224, combining corresponding
oligo-GNPs resulted in the formation of three-dimensional suprastructures,
that displayed size dimensions in multiple orders of magnitude larger than
when compared to the original GNP building blocks (section 3.2.2).
Evaluation of TEM micrographs also confirmed the consistent inclusion of
both 5 and 20 nm oligo-GNPs, supporting the notion that self-assembly was
facilitated by oligonucleotide hybridisation between the dissimilar sized
GNPs. In consideration of results of another study, further increasing the
difference between particle sizes for complementary oligo-GNPs would have
been

advantageous

with

respect

to

structural

characterisation

via

microscopy249. Regarding plasmonic properties, considerable distinctions
were identified between the spectral profiles of individual oligo-GNPs
compared to their assembled counterparts. Distinctive particle sizedependent SPR peaks at 524 nm (5 nm oligo-GNPs) and 526 nm (20 nm
oligo-GNPs) were observed to entirely diminish, with plasmonic activity for
suprastructures experiencing notable red shift and broadening between 500
– 700 nm, with a maximum absorbance at 605 nm. This behaviour, which is
considered characteristic of GNP clustering, is known to arise as a result of
interparticle plasmonic coupling245,249 and is often described as a hybrid
nano-property.

Although

there

is

still

some

debate

regarding

the

underpinning mechanisms, models based on the work of Maxwell and
Garnett are often applied to explain this phenomenon 254. According to their
theory, resultant optical profiles are determined both by the discrete
individual building blocks and the collective properties of the assembled
structures255. Furthermore, it has been demonstrated that when neighbouring
GNPs which are sufficiently close to each other are irradiated with light, an
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extremely intensified, localised electric field is produced around the NPs.
Interactions between photons and surface atoms are typically amplified as a
result, producing surface-enhanced optical phenomena256. This effect has
been exploited most notably for SERS applications, although more recently
biomolecular imaging techniques have also emerged257-261.
Regarding the design of oligonucleotides used in this study, general structure
and specific sequences are represented in Figure 3.14. A 5’-terminus
modified thiohexyl functional group (1) was utilised to graft oligonucleotides
to the surface of GNPs, following a well-established route of attachment114.
The characteristic negatively charged phosphate backbone (2) is then
followed by an 8-nucleobase poly-thymine “spacer” and the specific 12nucleobase complementary sequences (3). The decision to incorporate a
spacer region was based on suggestions by Hurst et al that moving the
“recognition sequence” further away from the surface of nanoparticles can
reduce steric crowding262, which can obstruct subsequent oligonucleotide
hybridisation,

potentially

reducing

self-assembly

activity.

Additionally,

nucleobases are known to interact with gold through van der Walls forces,
which can result in oligonucleotides “laying down” on the surface of GNPs,
reducing their overall surface density and potentially further increasing steric
crowding263. According to numerous studies, this effect is least notable for
thymine nucleobases, as a result of lower affinity displayed towards
gold262,264. In summary, 5 and 20 nm oligo-GNP building blocks effectively
self-assembled under aqueous conditions, providing a system facilitated by
molecular recognition for subsequent investigations under biological
conditions.
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Figure 3.15 Graphical representation of modified oligonucleotides and specific
“recognition sites” used to investigate self -assembly of GNPs via molecular
recognition. Highlighted, (1) thiohex yl functional gr oup, (2) phosphate
backbone, (3) complementary oligonucleotide sequence with an 8 -nucleobase
poly-thymine spacer. (Original image.)

3.3.5 Thermally regulated dissociation of self-assembled oligo-GNPs
Replicating a previously published study222, thermal dissociation of oligoGNP superstructures was employed to demonstrate how self-assembly can
be reversible and regulated (section 3.2.3). In principle, there are numerous
ways that reversible self-assembly could be achieved, including the use of
parameters such as pH and temperature as well as enzymatic activity, lightto-heat conversion and application of magnetic and electrical fields for
example247,265,266. In the present study, nucleic acid thermodynamic melting
properties were exploited to trigger the disassembly process. Hybridised
oligonucleotide sequences, referred to as double strand complexes undergo
a process of “melting transition” at a specific temperature (Tm), as briefly
described in section 3.2.3. Above this temperature, hybridisation becomes
unstable, dissociation ensues and single-stranded oligonucleotides are
reformed. Conveniently, single-strand oligonucleotides absorb twice as much
light compared to their double-stranded counterparts at a characteristic
wavelength (λ=260 nm)222. Furthermore, as evidenced in section 3.2.2
individual monodispersed oligo-GNPs also display considerably different
optical properties compared to their self-assembled counterparts. Correlating
these two events, using a programmed heating regime in conjunction with
UV-visible spectroscopy, enabled the state of oligo-GNP dispersion to be
determined as a consequence of oligonucleotide conformation. As revealed,
utilised oligonucleotides in this investigation displayed a definitive Tm at 57 °C
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(Figure 3.11). Below this temperature, optical properties of oligo-GNPs
remained unchanged (Figure 3.12), consistent with the plasmonic profile of
self-assembled oligo-GNPs and indicative that superstructures remained
intact. At 57 °C, a sudden shift in plasmonic properties were seen, with the
reappearance of a definitive peak corresponding to the SPR of individual
monodispersed oligo-GNPs above this temperature. These findings were
considered conclusive evidence that self-assembly activity of oligo-GNP
building blocks was dependent on oligonucleotide hybridisation and could be
thermally regulated, as depicted in Figure 3.15. Significantly, the Tm of
oligonucleotides, which determines the temperature at which SANs will either
self-assemble or dissociate, can be tailored by changing the length of
recognition sequence and content of nucleobases267. In theory, several
dissimilar oligonucleotides could therefore, be attached to multiple building
blocks, permitting temperature controlled, multi-stage programmed selfassembly and disassembly, although this does not appear to have been
demonstrated at present.
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Figure 3.16 Schematic representation displaying the spontaneous self -assembly of GNPs functionalised with complementary
oligonucleotides and thermally triggered disassembly and recovery of individual “building blocks” above ( T m ) 57 °C (experimentally
derived). (Original image.)
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3.4

Conclusion

Two-step synthetic routes employed enabled preparation of uniform spherical
GNPs with narrow size distributions and functional surfaces. Methods
investigated for the synthesis of GNPs with specific shape morphologies
were not suitable however, owing to a lack of shape uniformity.
Consequently, spherical GNPs were selected for subsequent self-assembly
investigations. Investigating the self-assembly of spherical GNPs under
buffered aqueous conditions; both electrostatic attraction and molecular
recognition were found to be effective mechanisms that facilitate the selfassembly of individual GNPs into suprastructures. It was concluded that
modification of GNPs with functional SAMs is an effective method for the
preparation of complementary “building blocks”. Furthermore, electrostatic
interaction and molecular recognition are appropriate strategies for further
investigation under biological conditions. Assembled suprastructures were
revealed to be considerably larger in size than their individual GNP
counterparts and were characteristic of structural agglomerates. The
morphology and size of suprastructures was considered representative,
providing a reference for evaluation of self-assembled structures formed
under biological conditions in subsequent investigations. In agreement with
previous studies, plasmonic properties of individually dispersed GNP building
blocks with diameters of 5 and 20 nm were revealed to be different in
comparison to their suprastructure counterparts. Although plasmonic
properties were not utilised to implement further functionality in this study,
extensive literature is available which describes how these properties could
be applied within medicine and biology. Lastly, replicating the findings of a
previously published study, thermal regulation was successfully applied to
disassemble oligo-GNPs, demonstrating how individual building blocks can
be designed to implement reversibility and further control over the processes
of self-assembly activity.
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4 Encapsulation of Gold Nanoparticles in Liposomes
Complementary building blocks NCG and PCG developed in chapter 3 were
encapsulated in separate PEGylated liposome formulations (GNP-lipo)
providing a proof-of-concept for the use of drug delivery vehicles to
potentially control self-assembly activity. An alternative method of synthesis
(section 2.2.2) based on “lipofection” technology268 was investigated in an
attempt to overcome current limitations associated with non-systematic
encapsulation of hydrophilic nanoparticles that occurs using currently
established methods. Lipid compositions of opposite charge relative to GNPs
were employed with resultant electrostatic interactions between the two
components exploited to facilitate their amalgamation. Physicochemical
characterisation and morphological assessment of the prepared GNP-lipo
systems was described to verify the successful inclusion of GNPs within
these lipid vesicles with quantification of the lipid and internalised gold
content attained using validated approaches. The loading content of each
formulation was then derived from the measured ratio of gold to lipid to
evaluate the influence of variable lipid and nanoparticle functionalities on the
electrostatically driven encapsulation process.
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4.1

Characterisation of GNP-liposomes

GNP-lipo systems were analysed using zeta potential, hydrodynamic particle
size and microscopy studies as described in section 2.2.3, which follows the
standard approach to liposome characterisation. Inclusion of the PEG moiety
after post-formulation modification was evidenced and short-term (48 hour)
colloidal stability was evaluated. SEM was utilised to evaluate the surface of
liposomes and determine whether GNPs were present on the exterior of
structures, with TEM applied to visualise internalised GNPs as a result of the
electron density difference between gold and lipids. Specimens negatively
stained with an electron-dense dye revealed whether vesicles were
comprised of intact lipid bilayers with STEM-EDS mapping used to precisely
locate the distribution of gold and identify additional elements within
representative structures. This approach was also used to verify the
successful removal of un-encapsulated GNPs.

4.1.1 Analysis of zeta potential displayed by liposomes

Table 4.1 summarises the zeta potential analysis of six independent batches
of both NCL-PCG and PCL-NCG, respectively (n=6, mean ± S.D.).
Measurements

were

performed

before

and

after

post-formulation

modification with DPPE-PEG5000 (PEGylation). As depicted in Figure 4.1,
NCL-PCG initially displayed a negative zeta potential of -20.1 ± 0.2 mV,
which decreased in magnitude to -5.11 ± 0.59 mV after incorporation of the
PEG-grafted lipid moiety. By contrast, PCL-NCG displayed a positive zeta
potential of +2.9 ± 0.3 mV, which subsequently shifted to a negative value of
-3.61 ± 0.32 mV after PEGylation. These observations reveal a characteristic
charge-shielding effect taking place, consistent with previous reports for the
insertion of PEG-grafter lipids into the exterior lamellar of liposomes269.
Validating the accuracy of acquired measurements, analysis of a -42 mV
zeta potential transfer standard gave a result of -38.8 mV, within the
manufacturers specified variation limits (± 4.2 mV). (See appendix 3.)
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Figure 4.1: Comparison of zeta potential measurements recorded for NCL -PCG
and PCL-NCG before and after (n=6, r=10) post-formulation modification with
the PEG-grafted lipid, DPPE-PEG5000.

4.1.2 Analysis of liposomal hydrodynamic particle sizes

Table 4.1 summarises the intensity weighted (Z-average) hydrodynamic
diameter of liposomes for the same six independent batches of NCL-PCG
and PCL-NCG analysed in section 4.1.2 (n=6, mean ± S.D.). Size
measurements for each GNP-lipo system were performed after initial
preparation (T0) and after 48 hours of storage in glass vials at room
temperature whilst protecting from light (T48). Observed in size distribution
graphs (Figure 4.2), initial liposome hydrodynamic diameters were measured
to be 183.0 ± 12.3 nm for NCL-PCG and 175.9 ± 8.1 nm for PCL-NCG with
corresponding dispersity values of 0.08 ± 0.02 and 0.17 ± 0.06, respectively.
By comparison, analysis of the same specimens after 48 hours revealed
average liposome hydrodynamic diameters of 148 ± 2.3 nm for NCL-PCG
and 147 ± 1.2 nm for PCL-NCG with dispersity values of 0.08 ± 0.02 and
0.08 ± 0.05, respectively. Statistical comparison using a paired two-tail
student t-test shows the observed decreases in particle size for T48 to be
significant from T0 for both NCL-PCG (p < 0.01) and PCL-NCG (p < 0.001).
Dispersity values for T48 and T0, however, remain statistically identical (p >
0.5) for both GNP-lipo systems, indicating that the decreasing size of
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colloidal particles is a universal trend. Validating the accuracy of acquired
measurements, analysis of a polystyrene latex standard with a particle
diameter of 192 nm gave a result of 200.7 nm, within the manufacturers
specified variation limits (± 11 nm). (See appendix 2.)
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Figure 4.2. DLS hydrodynamic particle size distribution by intensity for six ind ependent batches (n=6, r=20) of each GNP-liposome
system (A): NCL-PCG, (B) PCL-NCG after preparation (T0) and (C): NCL -PCG, (D): PCL-NCG 48 hours after preparation (T48).
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Table 4.1 Data obtained from the zeta potential evaluation of NCL -PCG and PCL-NCG before and after PEG-modification and
hydrodynamic size analysis after initial preparation (T0) and after 48 hours of storage (T48). (n=6, mean ± S.D.).

Initial DLS measurements

DLS measurements after 48 hours

Zeta potential measurements

(T0)

(T48)

(mV)
Without

Size (d.nm)

Dispersity

Size (d.nm)

Dispersity

PEGylation

After PEGylation

NCL-PCG

183 ± 12

0.08 ± 0.02

148 ± 2

0.08 ± 0.02

-20.1 ± 0.20

-5.11 ± 0.59

PCL-NCG

176 ± 8

0.13 ± 0.05

147 ± 1

0.08 ± 0.05

+2.94 ± 0.30

-3.61 ± 0.32
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4.1.3 Microscopy studies and elemental analysis

Micrographs of SEM, TEM and corresponding EDS maps for NCL-PCG and
PCL-NCG are presented in Figure 4.3 and Figure 4.4, respectively. From
SEM images (Figure 4.3 A and Figure 4.4 A) spherical and well-dispersed
structures were seen that display uniform, smooth surface morphologies with
no features that can be ascribed to surface-exposed GNPs. Micrographs of
negatively stained specimens (Figure 4.3 D, E and Figure 4.4 D, E) further
reveal that these structures exhibit well-defined boundaries with the interior
domain remaining unstained relative to the darkly contrasted background.
Features characteristic of GNPs can be located within the confinements of
these structures and appear as densely contrasted regions relative to the
unstained background. To verify GNP encapsulation, a single representative
structure for NCL-PCG and PCL-NCG were selected for elemental analysis.
Resultant STEM micrographs and EDS elemental mappings of gold are
presented in Figure 4.3 (B, C) and Figure 4.4 (B, C) with the corresponding
interpreted EDS spectra displayed in Figure 4.5 Comparing STEM images
with elemental maps confirmed features previously ascribed to GNPs
correlated with the detection of gold, appearing confined within the
boundaries of the selected vesicular structures with a clear distinction
compared to the background. Other elements identified from EDS spectra
include carbon, oxygen and phosphorus which can be assigned to the
presence of lipids, sulphur which is indicative of ligands on GNP surfaces
and

copper

from

TEM

specimen

grids

used

in

the

analysis.
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Figure 4.3.Representative images of NCL-PCG (A): SEM micrograph (B): STEM micrograph of an individual vesicular structure with
(C): corresponding EDS map for gold. (D, E) : TEM micrographs of negatively stained specimens.
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A

B

D

C

E

Figure 4.4. Representative images of PCL-NCG (A): SEM micrograph (B): STEM micrograph of an individual vesicular structure with
(C): corresponding EDS map for gold. (D, E): TEM micrographs of negatively stained specimens.
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Figure 4.5. Interpreted EDS spectra corresponding to STEM images displayed in Figures 3B and 4B (A): NCL -PCG and (B): PCL-NCG.
Identified elements include carbon, ox ygen and phosphorus which can be ascribed to the presence of lipids, gold and sulphur
attributed to gold nanoparticles with thiol -containing surface ligands and copper, which was present in the TEM specimen grid utilized
in the analysis. Elements are labelled with the corresponding principal energy level (electron shell) from which the cha racteristic X-ra y
emission was detected (Ka, L1, Mz, Kb and La).
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4.2

Evaluation of GNP encapsulation in liposomes

Evaluating GNP-lipo formulations, atomic emission spectroscopy (section
2.2.4.1) was used to quantify the encapsulation of gold and a colourimetric
assay (section 2.2.4.2) was applied to measure the inclusion of the main lipid
component (DPPC). A calibration curve was prepared for each approach by
employing the method of external standards with percentage recovery
determined in validation by adding known concentrations of analyte (spiking)
to

representative

samples

under

identical

experimental

conditions.

Corresponding concentrations of gold and lipid were calculated in parallel on
the same samples for each independent batch of NCL-PCG and PCL-NCG,
using the derived equations of the least squares regression lines obtained
from calibrations. The resolved ratios of gold to lipid were then calculated to
determine the corresponding loading content percentage of each formulation.

4.2.1 Quantification of gold in liposomal formulations
Concentrations of encapsulated gold calculated for each independent batch
of NCL-PCG and PCL-NCG, as determined by AES are displayed in Table
4.2. A calibration curve was initially plotted from the analysis of prepared
standards in replicate (n=5), ranging from 0 – 20 µg/ml of acid digested TPPGNPs (Figure 4.6 A), from which the equation of least squares regression
line was derived (y= 8507.5x + 204.02). Subsequent analysis of GNP-lipo
specimens revealed NCL-PCG to contain an average of 14.9 ± 6.1 μg/ml of
gold and PCL-NCG 6.2 ± 2.9 μg/ml (n=6, mean ± S.D.). To validate the
procedure, average recovery of gold from samples containing known
concentrations of either acid digested NCG or PCG in three separate
experiments (n=3) was determined and calculated to be 93.6 ± 4.6% and
98.8 ± 7.4%, respectively. Figure 4.6 (B) shows statistical comparison using
a paired two-tail student t-test and it was observed that there was no
significant difference (p>0.05) in recovery and detection of gold from
specimens containing either NCG or PCG, which were utilised in the
preparation of GNP-lipo systems.
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Figure 4.6 Quantification of gold encapsulation by AES (A): Calibration plot of
digested TPP-GNPs with (insert) highlighting lower concentrations (n=6). (B):
Bar graph comparing the relative (%) recovery of DMET -GNPs and MES-GNPs
(n=3). Values are expressed as mean with error bars representing standard
deviation.

4.2.2 Quantification of DPPC lipid in liposomal formulations

Concentrations of DPPC lipid calculated for each independent batch (n=6) of
GNP-lipo systems as determined using the colorimetric Stewart assay are
displayed in Table 4.2. A calibration curve was initially plotted from the
analysis of prepared standards, ranging from 0 – 40 µg/ml of DPPC in
chloroform to determine the assay response (Figure 4.7 A), from which the
equation of least squares regression line was derived (y= 0.0103x + 0.0291).
Specimens from the same batches of each GNP-lipo system used for gold
quantification were then analysed, with NCL-PCG revealed to contain an
average of 202.4 ± 39.7 μg/ml and PCL-NCG 148.0 ± 30.4 µg/ml of DPPC
lipid (mean ± S.D.). To validate the procedure and confirm selectivity of the
ammonium ferrothiocyanate reagent, average recovery and detection of
DPPC from samples containing known concentrations of analyte in the
presence of additional lipids included in formulations, PCL and NCL, (DPPG
and DPTAP) in three separate experiments (n=3) was calculated to be 103.7
± 7.3% (Figure 4.7 B).
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Figure 4.7 Quantification of DPPC lipid using the colorimetric Stewart Assay
(A): Calibration plot for the detection of DPPC lipid (B): standard additions
curve (validation, n=3) for DPPC recovery with (red marker) extrapolated value
representing an average recovery of 103.7 ± 7.3% of the original concentration
of DPPC (20 µg/ml) from the sample matrix

4.2.3 Loading content of encapsulated gold for GNP-liposomes

In an attempt towards standardising the evaluation of nanoparticle
encapsulation, concentrations of gold and the main lipid component (DPPC)
have been determined in parallel on the same samples. Applying the ratio of
the two components, loading content percentage was calculated (Equation
4.1), providing assessable values for the concentration of encapsulated gold
relative to lipid in each formulation. Derived loading content percentages for
each independent batch (n=6) of NCL-PCG and PCL-NCG are displayed in
Table 4.2.

Equation 4.1. Loading content percentage

Loading content (%) =

Concentration of gold encapsulated
concentration of DPPC lipid

×100

From the measured concentrations of gold and DPPC in each batch, average
loading content values were calculated to be 7.3 ± 2.6 % for NCL-PCG and
3.1 ± 1.5 % for PCL-NCG (mean ± S.D.). Statistical comparison using an
unpaired student t-test revealed that the loading content for the two systems
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was significantly different (p<0.05), indicating that the encapsulation of gold
relative to the inclusion of DPPC lipid is dissimilar for the two GNP-lipo
systems investigated.
Table 4.2. Values obtained from the quantification of gold and DPPC lipid for
individual batches of NCL-PCG and PCL-NCG

Batch number
1
2
3
NCL-PCG
4
5
6
Mean ±
S.D.
%RSD
1
2
3
PCL-NCG
4
5
6
Mean ±
S.D.
%RSD

Gold
(μg/ml)
17.4
17.2
16.8
7.8
22.8
7.2
14.9
± 6.1
41.2
5.3
7.5
7.1
10.7
2.6
3.8
6.2
± 2.9
47.2

DPPC
(μg/ml)
170.7
240.6
225.0
213.4
227.0
137.7
202.4
± 39.7
19.6
159.0
162.9
151.3
182.3
139.6
93.0
148.0
± 30.4
20.5

Loading content
(%)
10.2
7.2
7.5
3.7
10.0
5.2
7.3
± 2.6
35.3
3.3
4.6
4.7
5.9
1.8
4.1
4.1
± 1.4
34.4
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4.3

Discussion

Various strategies towards controlling the self-assembly of nanomaterials are
currently under investigation99, which could be utilised to regulate in situ
performance. At present, these strategies typically utilise external stimuli,
including light
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and magnetic fields86, or changes within the localised

environment such as pH72. Alternatively, it might be possible to control selfassembly activity by physically separating complementary building blocks
until activity is desired. Working towards providing a proof-of-concept, a
synthetic strategy was developed to prepare liposomes and encapsulate
NCG and PCG separately.

4.3.1 Synthesis of GNP-liposomes

Two distinct GNP-liposome systems were prepared using a developed
synthesis

strategy

that

exploits

electrostatic

interactions

between

functionalised GNPs and lipids of opposing charge, as detailed in section
2.2.2. The proposed configuration of the formulated GNP-lipo systems is
illustrated in Figure 4.8, displaying a regular nanoparticle distribution at the
aqueous-bilayer interface, located at the peripheral of the central aqueous
core and in-between adjacent lamellae. It is conceived that the liposomal
systems prepared in this study are dissimilar from the three general
categories of metallic nanoparticle-liposome configurations previously
reported: nanoparticles distributed amongst lipid tails that constitute
bilayers270, within the liposomal aqueous core271,272 or physically absorbed
onto the exterior surfaces of liposomes273. Additionally, it is hypothesised that
the presented synthetic strategy overcomes current limitations identified from
current methods of encapsulating nanoparticles in the aqueous core, which
rely on a spontaneous process that results in low numbers of particles per
liposome272.
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Figure 4.8 Proposed structure of a multilamellar liposome with encapsulated
GNPs at the bilayer -aqueous interface, with lipid structures. Molecular
structures of lipids utili sed in the preparation of NCL-PCG and PCL-NCG are
presented (A): DPPC, (B): DPTAP, (C): DPPG. (Original image.)

The multistep strategy presented in Figure 4.9 initially utilises the widely
reported reverse-phase evaporation method (REV)274 to formulate GNP-lipos
whilst exploiting electrostatic interactions between lipid “headgroups” and
ligands on GNP surfaces. The attraction between oppositely charged GNPs
and lipids is proposed as a facilitating mechanism that brings the two
components into close proximity at the interface of a biphasic mixture (white
arrows, Figure 4.9 A, B). As the REV procedure progresses the organic
solvent is gradually depleted, lipids progressively transfer into the aqueous
phase triggering spontaneous self-organisation of the lipid molecules to form
closed lipid-bilayers275, entrapping associated GNPs throughout their
liposomal structures. Crude GNP-lipos are then processed via “size
extrusion”, a technique that repeatedly forces the vesicles through 200 nm
porous filter membranes to achieve a homogenous colloidal particle size
distribution276. Starting extrusion at an elevated temperature and working
towards room temperature was found to assist the process, avoiding fouling
of the extrusion filter membrane. The resultant suspensions were then
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immediately subjected to PEGylation, using the PEG grafted lipid DPPEPEG-5000. This was performed whilst passing through the melting-transition
temperature (Tm) of the main lipid component, DPPC (41°C), which supports
insertion into the outermost lamella of liposomes277. The decision to
incorporate PEG exclusively into the exterior surface of vesicles using a postformulation approach was based on previous reports that it prevents
reduction of the internal aqueous volume of liposomes compared to preformulation methods277, which could potentially hinder the encapsulation of
GNPs. Post-formulation methods also avoid the use of excessive quantities
of PEG which is known to make size-extrusion processing challenging269,278.
In the final stage, excess nanoparticles and reagents are separated from
GNP-lipos by size-exclusion gel chromatography, which exploits the differing
mobility of particles and molecules as they pass through a porous matrix, a
technique

previously

nanomaterials

employed

to

separate

liposomes and

excess

272

. Although visually a band of nanoparticles was seen to

retain within the chromatography column, as a precautionary measure the
recovery of liposomes was restricted to a total of five 1 ml aliquots. This step
was taken to ensure that subsequent characterisation and quantification was
representative of GNP-lipos and encapsulated gold exclusively.
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Figure 4.9: Simplified representation of the processes involved in the
preparation of GNP-liposomes. (A) Lipid molecules interacting with GNPs
(white arrow) at the aqueous -organic interface (B) GNP-liposome formation as
the organic phase is depleted during reverse-phase evaporation, (C) size
extrusion “resizes” crude liposomes to afford uniform colloidal particles, (D)
post-formulation PEG insertion into the outer lamella of liposomes and (E)
resultant PEG-grafted GNP-liposomes after removal of un-encapsulated GNPs
and excess reagents via size exclusion chromatography. (Original image.)

4.3.2 Physicochemical properties of GNP-liposomes

Effective application of liposomes as delivery vehicles depends on their
physicochemical characteristics, with parameters such as size, surface
charge and composition having a profound influence on their stability and
pharmacokinetic profile. In-turn, these properties dictate the ability of
liposomes to retain encapsulated therapeutic reagents and also influence
their behaviour within biological environments279. Consequently, when
designing

liposome-based

technologies

for

medical

applications,

comprehensive evaluation reflecting the intended application is of paramount
importance. Typically, this is achieved by using a range of complementary
techniques, for instance, direct imaging by electron microscopy techniques
provides qualitative information about the shape and internal architecture of
liposomes but is not considered a reliable method to determine their size
distribution. Instead, DLS is used to measure the hydrodynamic diameter of
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liposomes whilst in a hydrated colloidal state, taking into account particle
dispersion and the deposition of ions from solution that form the electrical
double layer, appropriately replicating exposure conditions272. Additionally,
this method provides insight into colloidal stability and homogeneity in a
particular medium which can be monitored over time, which is not possible
by microscopy280.

Adopting this approach in the present study, colloidal particle size analysis of
GNP-lipos via DLS (section 4.1.2) shows NCL-PCG and PCL-NCG to be
well-dispersed suspensions consisting of vesicles that initially display narrow
size distributions after preparation. Subsequent analysis on the same
specimens after 48 hours however, reveals a statistically significant decrease
in liposomal size for both systems, although dispersity values remain
consistent indicating this to be a universal trend. In agreement with these
observations, previous reports have demonstrated that interactions between
ionic

nanoparticles

and

phospholipid

membranes

can

trigger

lipid

reorganisation, resulting in a decrease in vesicle size equivalent to
approximately 20 % by volume281. This was suggested to occur as a
consequence of the alteration of the tilt-angle of lipid head groups, facilitating
an increase in lipid-tail density, characteristic of solid phase lipid bilayer
fluidity282. Typically, solid phase behaviour results in increased order, tighter
packing of lipids and a reduction in associated volume per molecule,
contributing towards the overall liposomal size283. With regards to colloidal
stability, liposomes must remain dispersed in solution at equilibrium to avoid
well-known phenomena such as Ostwald ripening and flocculation, which can
result in agglomeration, aggregation and phase separation. This can be
achieved by introducing electrostatic properties to particle surfaces, or as in
the present study, by steric stabilisation. The latter approach, attained in this
investigation by insertion of a PEG-grafted lipid, was chosen based on
previous observations that using PEG with the same average molecular
weight (~5000 g/mol) provided liposomes with a 5 nm thick “coating”
shielding the liposomal surface284. On this notion, it was hypothesised that
PEG modification would provide a covering for GNPs bound to the exterior
surface

preventing

them

from

subsequently

“bridging”

neighbouring
111

liposomes,

demonstrated

previously

as

a

mechanism

of

colloidal

destabilisation285. It was concluded from DLS observations that this approach
had been effective, with no evidence of liposome-liposome interactions that
would result in significantly larger size distribution profiles over time.

Further evidence of PEG inclusion into the exterior surface of liposomes was
provided by Zeta potential analysis (section 4.1.1), with a reduction in the
magnitude of surface charge displayed by NCL-PCG and a shift from a
positive to a negative potential for PCL-NCG after PEGylation (section 4.1.1).
These observations were considered to be characteristic of charge-shielding
effects, where the ionic lipid headgroups are consequently positioned below
a PEG stratum, effectively sheltering their contribution towards net surface
charge, in-turn diminishing the electrical potential of the double-layer269. The
low magnitude, negative zeta potential resultantly displayed by both GNPlipo systems after insertion of DPPE-PEG5000 can be ascribed to the PEG
structure itself269. Liposomal surface properties are known to significantly
contribute towards toxicity and performance under biological conditions286,
with PEGylation typically associated with a range of technological and
biological

advantages

including

increased

colloidal

stability

and

biocompatibility287. Additionally, modification of liposomes with PEG is known
to influence cellular uptake as a result of changes to long-range liposome-cell
electrostatic interactions that determine the extent of cell membrane
adhesion and internalisation288. Depending on cell type, it is suggested that
liposomes with optimised PEG layer thickness and electrostatic properties
could be designed to improve cell uptake and target specific cell
populations288, providing scope for future optimisation and development of
analogous systems using the presented synthetic strategy.

4.3.3 Morphological assessment of GNP-liposomes
Electron microscopy techniques are routinely applied to visualise liposomes
and study encapsulation of therapeutic agents, bilayer characteristics,
structural

integrity

and

surface

topography289.

Effective

analysis

is

considered to be highly dependent on the use of appropriate sample
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preparation methods so as to avoid undesired specimen changes that can
produce

unrepresentative

artefacts

making

interpretation

of

results

challenging290. For TEM analysis, carbon-coated specimen grids were
chosen to ensure specimen stability under the electron beam, by providing
an electron-transparent supporting substrate. Carbon support films however
are typically hydrophobic which prevents uniform spreading and adhesion of
the specimen, often referred to as drying effects. Overcoming this, a method
of glow discharge was employed as described in section 2.2.3.1 to render the
specimen grid hydrophilic before analysis, an approach that has been
applied to optimise imaging of liposomes in previous studies 291. Furthermore,
as lipids are comprised of low mass elements that interact poorly with
electrons, liposomes consequently display low contrast towards the electron
beam and resulting micrographs. To enhance image contrast and the
resolution of structural features for qualitative analysis, negative staining was
attained utilising an electron-dense dye as detailed in section 2.2.3.1. By
applying an electron-dense dye that is impenetrable to intact lipid bilayers,
only the background becomes stained leaving the interior of liposome
structures unchanged292,293, as seen in micrographs presented in section
4.1.3. Similarly for SEM, sample preparation techniques were selected to
preserve the physical characteristics of liposomes and optimise imaging
(section 2.2.3.2) Snap-freezing and subsequent lyophilisation, a method
widely used to preserve the structures of lipid-based vesicles and extend
their

shelf

life

was employed for this purpose294,295.

Typically,

a

cryoprotectant agent such as trehalose or sucrose is added to colloidal
suspensions before lyophilisation, binding to lipid headgroups to further
preserve their structure and facilitate their reconstitution. The liposome
systems investigated in this study however were not required for
reconstitution and were also found to be sufficiently stable upon examination
without addition of a cryoprotectant. Specimens were finally sputter coated
before analysis to increase their conductivity, enhancing secondary electron
detection and reducing beam penetration, which improves edge resolution
required for topographical studies.
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It was concluded from microscopy studies (section 4.1.3) that both NCL-PCG
and PCL-NCG are representative of stable colloidal systems comprised of
dispersed, spherical vesicular structures. Negative staining of the same
specimens confirmed these structures to be intact with their internal aqueous
domains remaining unstained relative to the background, as a result of their
impermeable lipid bilayers296. The internal architecture of liposomes appears
to be characteristic of multilamellar structures, with an “onion-like”
appearance indicating the presence of concentric lipid bilayers that are
separated by layers of water297. It is hypothesis that these separating layers
of water between adjacent lipid headgroups are the primary location of GNP
encapsulation, arising as a result of electrostatic interactions. However, it is
noted that the distribution and extent of nanoparticle encapsulation appears
to be variable between liposomes for both systems with occurrences of
liposomes without any features that can be ascribed to GNPs. Smooth and
uniform liposomal topography indicates the inclusion of a PEG-grafted lipid
provides an additional coating to liposomal surfaces, effectively shielding
otherwise exposed GNPs, in agreement with observations of DLS and zeta
potential evaluation. Elemental analysis further confirms that the distribution
of gold is primarily concentrated within the confinements of vesicle
structures. A clear distinction in the detection of gold relative to the exterior of
structures suggests the successful removal of excess GNPs via size
exclusion chromatography, verifying subsequent quantification of gold to be
exclusively from encapsulated nanoparticles. These observations indicate
the developed synthetic strategy to be a promising route for the preparation
of stable liposomes with internalised small (<4 nm) metallic nanoparticles.

4.3.4 Nanoparticle encapsulation efficacy
At present the evaluation of nanoparticle encapsulation within liposomes
primarily involves qualitative and visual elucidation alone, which can be
subjective298. Even instances investigating how the concentrations of
nanoparticles in liposomal systems influence resultant performance provide
no direct quantification in support299. As a matter of safety, it is of the opinion
that newly developed nanosystems for therapeutic applications are prepared
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with absolute precision. Further, as highlighted above, the encapsulation and
distribution of nanoparticles in liposomes can influence resultant physical and
chemical properties making the gold to lipid ratio a critical design parameter.
In an attempt to standardise the evaluation of nanoparticle encapsulation in
liposomes, the concentration of gold (section 4.2.1) and the main lipid
component (DPPC) (section 4.2.2) were determined in parallel on the same
samples and subsequently evaluated using conventional criteria (section
4.2.3). Established protocols utilised for quantification purposes in this study
(section 2.2.4) were selected based on previous successful studies; with acid
digestion and subsequent detection of gold via AES having been applied to
measure GNP uptake in cellular studies300 and the colorimetric Stewart
assay to detect sub-micromolar concentrations of phosphatidylcholine lipids
in the presence of phosphate buffers utilised in this investigation301,302. Whilst
measuring only the main lipid component in the developed liposomal
systems provides insight into the relationship between different lipid
compositions and GNPs and what influence this has on nanoparticle
encapsulation, it is noted that this approach is limited. Alternative techniques
under investigation have been demonstrated to provide comprehensive
analysis of the concentration of individual lipids in liposome formulations
simultaneously, which may provide additional understanding in future
investigations303. Validating method performance, the recovery of known
quantities of analyte in representative matrices was calculated to be within
10% of the original concentration for both GNPs (NCG and PCG) and DPPC
lipid (sections 4.2.1 and 4.2.2). Additionally, statistical comparison revealed
no difference in the recovery and detection of gold from specimens of NCG
and PCG, demonstrating that a single calibration can be used to quantify a
range of functionalised GNPs, if their metal composition and nanoparticle
core-sizes are not dissimilar (section 4.2.1). For the Stewart assay, which
relies on the stoichiometric formation of a complex between the ammonium
ferrothiocyanate reagent and phosphatidylcholine head group of lipids, the
assay response is confirmed to be selective towards DPPC in the presence
of supplementary lipids and phosphate buffer used in this investigation
(section 4.2.2).
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Assessing the efficacy of GNP encapsulation in liposomes for the two
developed systems, loading content (%) was calculated to reveal the ratio of
nanoparticles relative to lipid, providing a quantitative metric that can be
compared, criterion previously applied to evaluate the encapsulation of drugs
in nanosystems304,305. Considering the two developed GNP-lipo systems
differ by inclusion of mono-ionic lipid (DPPG or DPTAP) and GNP
functionality, it was hypothesised that ensuing variable electrostatic
interactions thought to facilitate the entrapment process would result in
different GNP entrapment capabilities. This notion is in agreement with
experimental observations of this study with derived loading content values
for NCL-PCG and PCL-NCG revealed to be significantly different (section
4.2.3). These results indicate that the selection of GNPs and lipids and their
consequential interactions significantly influence the extent of nanoparticle
encapsulation within liposomes. In view of earlier studies, parameters
thought to be contributing towards this electrostatic process include the
ligand density on GNP surfaces and the relative charge distribution of both
the ligands and lipid structures306,307 Comparably, electrostatic attractions
have previously been recognised as an essential mechanism for the
encapsulation of macromolecules in liposomes308, including lipofection
systems from which the presented synthetic strategy was based on309.
Further studies have highlighted that the electrostatic attraction between
lipids and macromolecules are the primary factor determining encapsulation
potential310, with experimental conditions that diminish the interaction
significantly and reducing efficacy311. Additional parameters identified from
these studies that have not been investigated in the current study but could
be examined in future to provide optimal conditions to increase the loading
content of analogous GNP-lipo systems including buffer composition, pH,
ionic strength and liposomal size310.
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4.4

Conclusion

A novel synthetic strategy of encapsulating GNPs within multilamellar
liposomes has been developed exploiting electrostatic interactions between
ionic lipid compositions and particle surfaces. Evaluation of GNP-lipo
morphology reveals particle distribution at the bilayer-aqueous interface,
differing from previous reports of nanoparticles in bilayers or within the
aqueous core of liposomes. The prepared GNP-lipo systems remain as well
dispersed and uniform populations of colloidal particles for at least 48 hours
but experience a universal reduction in particle size. Determining the ratio of
gold to hydrated lipid and calculating corresponding loading content provides
a quantitative metric that can be compared between different formulations,
demonstrating

a

standardised

approach

of

evaluating

nanoparticle

encapsulation efficacy. In the current work, a combination of variable lipid
compositions and GNP functionalities was revealed to influence the
encapsulation process and could be exploited for further control and
optimisation. The reported strategy of utilising electrostatic interactions for
the encapsulation of metallic nanoparticles is envisaged as a platform for the
future development and study of analogous nanosystems.
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5 Comparative toxicity studies of in situ SANs
GNP building blocks PCG and NCG (Chapter 3) and corresponding GNP-lipo
systems NCL-PCG and PCL-NCG (Chapter 4) were tested using in vitro
biochemical assays to determine whether they display any cytotoxic effects.
Assessment was carried out on individual SANs and as they undergo in situ
self-assembly to form suprastructures. Evaluation of individual and cotreatments with both GNP-lipo systems provides further information about the
influence of liposomal surface coating on SANs, which could potentially
prevent their self-assembly activity. It was anticipated that cytotoxicity could
possibly be related to nanomaterial size312, with different biological
responses arising from in situ self-assembled suprastructures compared to
their dispersed counterparts.

Evaluation of test material cytotoxicity was determined using MTT cell
viability and LDH release assay following protocols described in section
2.2.7. An adherent, monolayer forming, male Chinese hamster lung fibroblast
cell line (V79) was utilised in all experiments and routinely cultured to
maintain exponential growth as detailed in section 2.2.6. Light microscopy
was utilised to examine cell morphology and health after 24 hours of
treatment time to supplement assay results.
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5.1

MTT cell viability assay results

MTT assay results displayed in Figure 5.1 to Figure 5.3 show cell viability of
male Chinese hamster lung fibroblast (V79) cell populations after 24 hours of
exposure to a range of test material concentrations; 5, 1 and 0.1 μg/ml total
gold with equivalent DPPC lipid concentrations of either 67.9, 13.6 and 1.4
(NCL-PCG) or 119.2, 23.8 and 2.4 μg/ml (PCL-NCG) respectively. Values
are reported as % MTT metabolised relative to a healthy cell population
(negative control), with less than 50% cell viability indicating a toxic treatment
condition as defined by the TC50 criteria313 Triton X-100™ (1%) induced cell
lysis was applied as a positive control with PBS (pH 7.4) used as a vehicle
control.

Figure 5.1: Viability of male Chinese hamster lung fibroblast cells (V7 9) after
24 hours of treatment with test materials. Concentrations range from 5 to 0.1
μg/ml of gold (PCG and NCL-PCG) with corresponding DPPC lipid
concentrations of 67.9, 13.6 and 1.4 μg/ ml (NCL and NCL-PCG), (n=6, r=6,
Mean ± SD). Data was compared using two-way ANOVA and analysed using
Bonferroni post-hoc test. Level of significance between data sets is indicated
by ** = p<0.01 and *** = p<0.001.
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Figure 5.1 shows the viability of male Chinese hamster lung fibroblast cells
(V79) after 24 hours of treatment with positively charged building blocks
(PCG) the corresponding lipo-GNP system (NCL-PCG) and negatively
charged liposomes without gold (NCL). Statistical comparisons were made
using two-way ANOVA and Bonferroni post-hoc analysis. TC50 criteria, where
a test material concentration reduces assay activity by >50% relative to the
negative control, was used to determine whether treatments were
representative of a cytotoxic condition. Validating the assay sensitivity, cells
treated with the positive control material (1% Triton X100™) produced a
cytotoxic response, representative of total cell death. Additionally, no
significant difference was revealed between the negative control and vehicle
control (p> 0.05) confirming that the observed differences in cell viability arise
as a result of cellular exposure to test materials.

Treatment with PCG was revealed to be non-cytotoxic at all concentrations
investigated, with cell viability measured to be above the TC50 threshold.
Treatment with NCL-PCG and NCL however, produced a cytotoxic response
at the highest concentration investigated (5 μg/ml gold) with cell viability
measured to be below the TC50 threshold. Comparison to the negative
control (healthy cells) for all treatments shows that exposure to NCL-PCG at
≥1 μg/ml gold and the equivalent concentrations of NCL significantly reduce
cell viability (p< 0.05). No significant difference was revealed between the
negative control and cells exposed to GNP building blocks (PCG) at all
concentrations (p>0.05). Treatment with the positive control material (1%
Triton X100™) was also revealed to significantly reduce cell viability
compared to each test materials at all concentrations investigated.

To evaluate potential dose-dependent cytotoxicity, statistical analysis was
used to compare treatments at the highest and lowest concentration for each
test material. Whilst no significant difference was observed between
treatment concentrations for PCG (p> 0.05), NCL-PCG and NCL displayed
significant dose-dependent cytotoxicity trends (p< 0.001). Analysis between
test materials also shows that cellular response post treatment with NCLPCG is statistically comparable to NCL at all concentrations (p>0.05). In
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contrast, treatment with NCG results in significantly higher cell viability than
NCL-PCG at 5 μg/ml (p< 0.001) and 1 μg/ml gold (p< 0.01).

Figure 5.2: Viability of male Chinese hamster lung fibroblast cells (V79) after
24 hours of treatment with test materials. Concentrations range from 5 to 0.1
μg/ml of gold (NCG and PCL-NCG) with corresponding DPPC lipid
concentrations of 119.2, 23.8 and 2.4 μg/ ml (NCL and NCL-PCG), (n=6, r=6,
mean ± SD). Data was compared using two-way ANOVA and analysed using
Bonferroni post-hoc test. Level of significance between data sets is indicated
by ** = p<0.01 and *** = p<0.001.

Figure 5.2 shows the viability of male Chinese hamster lung fibroblast cells
(V79) after 24 hours of treatment with negatively charged building blocks
(NCG) the corresponding lipo-GNP system (PCL-NCG) and positively
charged liposomes without gold (PCL). As before, statistical comparisons
were made using two-way ANOVA and Bonferroni post-hoc analysis with
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TC50 criteria used to determine whether treatments were representative of a
cytotoxic condition (>50% reduction in assay activity compared to negative
control). Validating the assay sensitivity, cells treated with the positive control
material (1% Triton X100™) produced a cytotoxic response, representative
of total cell death. No significant difference was revealed between the
negative control and vehicle control (p> 0.05) confirming that any observed
differences in cell viability arise as a result of cellular exposure to test
materials.

Comparable to results post treatment with PCG, cellular exposure to NCG
did not produce a cytotoxic response at all concentrations investigated, with
cell viability above the TC50 threshold. PCL-NCG at a concentration ≥1 μg/ml
gold and the equivalent concentrations of PCL were observed to produce a
cytotoxic response according to TC50. Furthermore, treatment with the
highest concentrations of PCL-NCG (5 μg/ml gold) and PCL resulted in cell
viability that was statistically equivalent (p>0.05) to the positive control
(Triton-X100 1%). Comparison to the negative control also revealed a
significant reduction in cell viability after treatment with PCL-NCG at ≥1 μg/ml
gold (p<0.001) and PCL at all concentrations (p<0.001). However, a
significant difference was not observed between the negative control and
after cells had been exposed to NCG at all concentrations (p>0.05).

To evaluate potential dose-dependent cytotoxicity, statistical analysis was
used again to compare treatments at the highest and lowest concentrations
for each test material. No significant difference was observed between
treatment concentrations for NCG (p> 0.05), revealing that these GNP
building blocks did not display a dose-dependent cytotoxicity trend. A
significant dose-dependent response (p< 0.001) was exhibited by PCL-NCG
and PCL however. Additionally, comparison between test materials at
equivalent concentrations showed that cell viability post treatment with PCLNCG was statistically comparable to PCL at ≥1 μg/ml gold (p>0.05). In
contrast, treatment with NCG resulted in significantly higher cell viability than
PCL-NCG at ≥1 μg/ml gold (p<0.001).
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Figure 5.3 Viability of male Chinese hamster lung fibroblast cells (V79) after 24
hours of treatment with NCG, PCG and co-treatment with NCG:PCG (1:1 v/v)
each at a concentration of 5 μg/ml gold and NCL-PCG, PCL-NCG and cotreatment with NCL-PCG:PCL-NCG (1:1 v/v) each at a concentration of 1 μg/ml
gold, (n=6, r=6, mean ± SD). Data was compared using two-way ANOVA and
analysed using Bonferroni post-hoc test. Level of s ignificance between data
sets is indicated by ** = p<0.01 and *** = p<0.001.

Figure 5.3 compares the viability of male Chinese hamster lung fibroblast
cells (V79) after 24 hours of individual and co-treatments (1:1 v/v) with NCG
and PCG (5 μg/ml total gold) or NCL-PCG and PCL-NCG (1 μg/ml total gold).
Co-treatment with NCG and PCG represents in situ self-assembly of SANs
into suprastructures. Using the same approach of analysis as previously,
statistical comparisons were made using two-way ANOVA and Bonferroni
post-hoc analysis with TC50 criteria used to determine whether treatments
were representative of a cytotoxic condition (>50% reduction in assay activity
compared to negative control). Validating the assay sensitivity, cells treated
with the positive control material (1% Triton X100™) produced a cytotoxic
response, representative of total cell death. No significant difference was
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revealed between the negative control and vehicle control (p> 0.05)
confirming that any observed differences in cell viability arise as a result of
cellular exposure to test materials.

From the figure it can be seen that co-treatment with NCG and PCG did not
induce a cytotoxic response according to the TC50 criteria, with cell viability
remaining above 50%. Comparison to the negative control however revealed
a significant reduction in cell viability (p< 0.01), which was not observed after
treatment with individual GNP building blocks (NCG or PCG). Co-treatment
with NCG and PCG (in situ self-assembly) also significantly reduced cell
viability compared to treatment with either NCG (p< 0.001) or PCG (p<0.01)
individually. Additionally, no significance difference was seen in cell viability
post treatment with NCG or PCG separately (p>0.05).

For lipo-GNP systems, co-treatment with NCL-PCG and PCL-NCG was seen
to induce a cytotoxic response with cell viability below the TC50 threshold. A
significant reduction in cell viability was also revealed compared to the
negative control (p<0.001), analogous to treatment with NCL-PCG and PCLNCG individually. Comparing between treatments, exposure to NCL-PCG
and PCL-NCG simultaneously (co-treatment) was seen to result in cell
viability that was significantly higher than PCL-NCG (p< 0.001) but lower than
NCL-PCG (p< 0.001). A comparable difference in cell viability was also
observed between treatments with NCL-PCG and PCL-NCG separately (p<
0.001).
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5.2

LDH release assay results

LDH assay results displayed in Figure 5.4 to Figure 5.6 show the LDH
release from the same populations (used for MTT assay) of male Chinese
hamster lung fibroblast (V79) after 24 hours of exposure to a range of test
material concentrations (5, 1 and 0.1 μg/ml total gold). Values are reported
as a % of LDH released relative to a lysed cell population (positive control),
by treating with Triton X-100™ (1%), with >50% LDH release indicating a
toxic treatment condition as defined by the TC50 criteria313. A negative control
was obtained by providing no treatment (healthy cells), with PBS (pH 7.4)
used as a vehicle control.

Figure 5.4 LDH release (%) from male Chinese hamster lung fibroblast cells
(V79) after 24 hours of treatment with test materials. Concentrations range
from 5 to 0.1 μg/ml of gold (PCG and NCL-PCG) with corresponding DPPC lipid
concentrations of 67.9, 13.6 and 1.4 μg/ml (NCL and NCL-PCG), (n=6, r=6,
mean ± SD). Data was compared using two -way ANOVA and analysed using
Bonferroni post-hoc test. Level of significance between data sets is indicated
by * = p<0.05 and *** = p<0.001.
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Figure 5.4 shows the LDH release from male Chinese hamster lung fibroblast
cells (V79) after 24 hours of treatment with positively charged building blocks
(PCG) the corresponding lipo-GNP system (NCL-PCG) and negatively
charged liposomes without gold (NCL). Statistical comparisons were made
using two-way ANOVA and Bonferroni post-hoc analysis. TC50 criteria, where
a test material concentration produces assay activity >50% relative to the
positive control, was used to determine whether treatments were
representative of a cytotoxic condition. Validating the assay sensitivity, the
negative control (untreated cells) did not produce a cytotoxic response,
representative of background LDH release from healthy cells. Additionally, no
significant difference was observed between the negative control and vehicle
control (p> 0.05) confirming that the differences observed in LDH release
arise as a result of cellular exposure to test materials.

From the figure, it can be seen that exposure to each test material at all
concentrations investigated resulted in non-cytotoxic treatment conditions,
with LDH release below the TC50 threshold. In comparison to the negative
control (healthy cells), a significant increase in LDH release was revealed
after treatment with all concentrations of PCG (P< 0.001) and NCL-PCG (0.1
μg/ml gold, p< 0.01 and ≥1 μg/ml gold, p< 0.001). A significant increase in
LDH release was also observed for NCL (no gold) but only at concentrations
equivalent to 5 μg/ml gold (p< 0.001) and 1 μg/ml gold (p<0.05).

To evaluate potential dose-dependent cytotoxicity, statistical analysis was
used to compare treatments at the highest and lowest concentrations for
each test material. Significant dose-dependent LDH release was observed
between treatment concentrations for NCL-PCG and NCL (p< 0.001) but a
trend was not observed for the PCG building blocks (p>0.05), in agreement
with the MTT assay. Comparison between test materials also revealed that
the release of LDH after exposure to NCL-PCG was statistically comparable
to NCL at ≥1 μg/ml gold but differed at the lowest concentration (p<0.05). In
contrast, the opposite was seen between treatment with NCG and PCL-NCG,
where LDH release was seen to be significantly different at ≥1 μg/ml gold
(p<0.05).
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Figure 5.5 LDH release (%) from male Chinese hamster lung fibroblast cells
(V79) after 24 hours of treatment with test materials. Concentrations range
from 5 to 0.1 μg/ml of gold (NCG and PCL-NCG) with corresponding DPPC lipid
concentrations of 119.2, 23.8 and 2.4 μg/ ml (NCL and NCL-PCG), (n=6,r=6,
mean ± SD) Data was compared using two -way ANOVA and analysed using
Bonferroni post-hoc test. Level of significance between data sets is indicated
by * = p<0.05 and *** = p<0.001.

Figure 5.5 shows the LDH release from male Chinese hamster lung fibroblast
cells (V79) after 24 hours of treatment with negatively charged building
blocks (NCG), the corresponding lipo-GNP system (PCL-NCG) and positively
charged liposomes without gold (PCL). As before, statistical comparisons
were made using two-way ANOVA and Bonferroni post-hoc analysis with
TC50 criteria used to determine whether treatments were representative of a
cytotoxic condition (>50% assay activity relative to the positive control).
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Validating the assay sensitivity, the negative control (untreated cells) did not
produce a cytotoxic response, representative of background LDH release
from healthy cells. Additionally, no significant difference was observed
between the negative control and vehicle control (p> 0.05) confirming that the
differences observed in LDH release arise as a result of cellular exposure to
test materials.

From the figure it can be seen that each test material resulted in LDH release
that was not representative of a cytotoxic condition, according to TC50
criteria; excluding the highest concentration of PCL-NCG and PCL (5 μg/ml
gold), where LDH release was above 50% relative to the positive control. In
comparison to the negative control however, a significant increase in LDH
release was observed for all treatments (p<0.001) apart from PCL (no gold)
at the corresponding concentration of 0.1 μg/ml gold.

To evaluate potential dose-dependent cytotoxicity, statistical analysis was
used again to compare treatments at the highest and lowest concentrations
for each test material. A dose-dependent trend was observed for PCL-NCG
and PCL (p<0.001), with a correlation between higher concentrations and an
increase in LDH release. In Agreement with the MTT assay, a dosedependent toxicity trend was not observed after treatment with the NCG
building blocks. Comparison between test materials showed that post
treatment to PCL-NCG, LDH release was significantly higher compared to
the LDH release with NCG at 5 μg/ml gold (p<0.001), but it was comparable
at lower concentrations. In contrast, treatment with PCL resulted in
significantly less LDH release compared to PCL-NCG at concentrations of
0.1 μg/ml gold (p<0.001) and 5 μg/ml gold (p<0.05).
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Figure 5.6 Comparison of LDH (%) release from male Chinese hamster lung
fibroblast cells (V79) after 24 hours of treatment with NCG, PCG and cotreatment with NCG:PCG (1:1 v/v) at a concentration of 5 μg/ml gold and NCLPCG, PCL-NCG and co-treatment with NCL-PCG:PCL-NCG (1:1 v/v) at a
concentration of 1 μg/ml gold, (n=6, r=6 mean ± SD). Data was compared
using two-way ANOVA and analysed using Bonferroni post -hoc test. Level of
significance between data sets is indicated by * = p<0.05, and ** = p<0.01.

Figure 5.6 compares the LDH release from male Chinese hamster lung
fibroblast cells (V79) after 24 hours of individual and co-treatments (1:1 v/v)
with NCG and PCG (5 μg/ml total gold) or NCL-PCG and PCL-NCG (1 μg/ml
total gold). Co-treatment with NCG and PCG represents in situ self-assembly
of SANs into suprastructures. Using the same approach of analysis as
previously, statistical comparisons were made using two-way ANOVA and
Bonferroni post-hoc analysis with TC50 criteria used to determine whether
treatments were representative of a cytotoxic condition (>50% assay activity
relative to the positive control). Validating the assay sensitivity, the negative
control (untreated cells) did not produce a cytotoxic response, representative
of background LDH release from healthy cells. Additionally, no significant
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difference was observed between the negative control and vehicle control
(p> 0.05) confirming that the differences observed in LDH release arise as a
result of cellular exposure to test materials.

In agreement with MTT assay, it can be seen from the figure that cotreatment with NCG and PCG did not induce a cytotoxic response according
to the TC50 criteria, with LDH release <50% relative to the positive control
(lysed cells). When comparing against the negative control, a significant
increase in LDH release was observed after co-treatment (p<0.001), which is
analogous to LDH release after treatment with individual building blocks
(NCG and PCG). Co-treatment with NCG and PCG (in situ self-assembly)
however, showed LDH release was significantly lower than for either NCG or
PCG individually (p<0.01). Interestingly, the decrease in LDH release
observed after in situ self-assembly of GNP building blocks does not
correlate with a reduction in cell viability revealed by the MTT assay.
Additionally, no significant difference in LDH release was seen after
treatment with NCG or PCG separately (p>0.05).

For GNP-lipo systems, LDH release after co-treatment with NCL-PCG and
PCL-NCG was below the TC50 threshold and was not representative of a
cytotoxic condition. Comparison to the negative control revealed a significant
increase in LDH release, which is analogous to LDH release after treatment
with NCL-PCG and PCL-NCG individually. Comparing between treatments
revealed that co-treatment with NCL-PCG and PCL-NCG resulted in LDH
release that was significantly higher than that observed for NCL-PCG
(p<0.05) but comparable to PCL-NCG (p>0.05). Correspondingly, a
significant difference in LDH release was also seen after treatment with PCLNCG and NCL-PCG separately (p<0.05).
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5.3

Microscopy analysis of V79 cells after treatment

Optical microscopy images presented in Figures 5.7 to 5.9 show the
corresponding (used for assays) male Chinese hamster lung fibroblast cells
(V79) after 24 hours of individual treatment with test materials. The low
magnification images depict the general health, morphology and density of
cells that could be associated with cytotoxicity observed from biochemical
assays.

Figure 5.7 Optical microscope images ( ×250 magnification) of male Chinese
hamster lung fibroblast cells (V79) exposed to control conditions for 24 hours ,
incubated at 37°C and 5% CO 2 in DMEM high glucose ( 4.5 μg/ml)
supplemented with 10% FBS. (A) Negative control (no treatment), cells appear
uniform and clustered displaying clear membrane structures. (B) Vehicle
control treated with medium and PBS pH 7.4 (1:1 v/v), with no notable
difference in morphology f rom negative control. (C) Positive control treated
with 1% Triton-X100™, where cells appearing to be non-adherent with a
complete absence of cell structure.
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Figure 5.8 Optical microscope images (×250 magnification) of male Chinese hamster lung fibroblast cells (V79) cells after exposure to
(A) PCG building blocks, (B) NCL -PCG and (C) NCL (without gold) for 24 hours, incubated at 37°C and 5% CO2 in DMEM high glucose
(4.5 μg/ml) supplemented with 10% FBS. Concentrations of each test material are (left) 5, 1 and 0.1 μg/ml gold. (A) Cell morpholog y is
comparable to the negative control for A2 and A3 but irregular clustering was seen at the highest concentration, A1. (B) No n otable
difference in morphology was observed compared to negative control for B2 and B3 but cell density appeared to be lower and wi th an
absence of cell clustering exhibited for B3. (C) Cells were seen to lack basic membrane structures, which noticeably i ncreased with
concentration, appearing increasingly comparable to the positive control.
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Figure 5.9 Optical microscope images (×250 magnification) of male Chinese hamster lung fibroblast cells (V79) cells af ter exposure to
(A) NCG building blocks, (B) PCL -NCG (C) PCL (without gold) for 24 hours, incubated at 37°C and 5% CO2 in DMEM high glucose (4.5
μg/ml) supplemented with 10% FBS. Concentrations of each test material are (left) 5, 1 and 0.1 μg/ml gold. (A) No notable difference
was seen in cell morphology compared to the negative control at all concentrations investigated. (B, C) At the highest concentrations
(B1 and C1), no obvious membrane structures were seen with cells appearing as non -uniform, densely aggregated clusters, dissimilar
from both the negative and positive control. For B2 and C2 cell morphology was comparable to the negative control, but cell c lusters
appeared smaller in size. No difference was seen between the lowest concentration B3 and C3 and the negative control.
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Micrographs of male Chinese hamster lung fibroblast cells (V79) cells
exposed to negative (no treatment) and positive control (1% Triton-X100™)
treatments (Figure 5.7) provides a reference to healthy and fully lysed cell
populations. It can be seen that the negative control and vehicle control cells
(Figure 5.7 A, B), display a consistent morphology that is characteristic of a
fibroblasts monolayer with elongated cell structures. In contrast, the positive
control cells (Figure 5.7 C) appear to be non-adherent and spherical in shape
with an absence of cell clustering and monolayer formation.

Micrographs of cells treated with positively charged building blocks (PCG)
the corresponding lipo-GNP system (NCL-PCG) and negatively charged
liposomes without gold (NCL). at each concentration are displayed in Figure
5.8. No distinction was observed between treatments with test materials at
the

lowest

concentration

(A3-C3)

with

cell

morphology

appearing

characteristic of fibroblasts with monolayer formation comparable to the
negative control. Cells densities after treatment with PCG building blocks
were seen to be comparable to the negative control at all concentrations. A
minor change in cell morphology was noticed however at 5 μg/ml gold (A1),
with cells appearing as tightly packed clusters that display raised surfaces. In
contrast, after treatment with NCL-PCG at the same concentration (B1), cells
displayed a normal morphology but overall numbers were noticeably lower
with an absence of cell-cell adhesion and intact monolayer formation.
Treatment with NCL (no gold) (C1, C2) resulted in cells that appeared to be
non-adherent and lacking a fibroblastic structure. These cells resembled the
positive control, with an increasing number of non-adherent cells correlating
with increasing concentration. A clear disparity between cellular health for
treatment with the highest and lowest concentrations of NCL-PCG and NCL
supports the results of MTT and LDH assays in sections 5.1 and 5.2, which
identified dose-dependent cytotoxicity for these test materials.

Figure 5.9 depicts cells after treatment with negatively charged building
blocks (NCG) the corresponding lipo-GNP system (PCL-NCG) and positively
charged liposomes without gold (PCL). Akin to treatment with PCG, NCLPCG and NCL (Figure 5.8) there was no difference in cell morphology and
134

density when compared to the negative control after exposure to each test
material at the lowest concentrations (A3-C3). In agreement with assay
results, treatment with PCL-NCG and PCL was seen to produce a
comparable cellular response. At 1 μg/ml gold concentration (B2, C2) the
formation of isolated clusters was revealed rather than characteristic
monolayers, with significantly lower overall cell numbers. At the highest
concentrations of PCL-NCG and PCL (B1, C1), cells appeared as densely
aggregated three-dimensional clusters after treatment with no obvious
features that could be compared to either the negative or positive control.
Noticeable differences in cell numbers and general cellular health after
treatment with the highest and lowest concentrations of PCL-NCG and PCL
correlate with the results of MTT and LDH assays, indicating a significant
dose-dependent cytotoxic trend for these test materials. In contrast, there
was no difference in cell morphology and density after exposure to NCG at
each concentration. Accordingly, cellular response to NCG was considered
to be analogous to PCG and in agreement with results of the MTT assay,
which revealed viability to be above 80% for treatments with GNP building
blocks at all concentrations.

5.4

Discussion

Pre-clinical toxicity testing is essential for the development and design of new
nanomaterials, which can display unique and complex physicochemical
properties that could generate hazardous biological consequences 314. Initial
testing of the nanomaterials developed in this current study was achieved by
observing toxicity in vitro on an established cell line, reflecting potential cell
interactions that could arise from the intended applications for these
materials. Tetrazolium-based assays such as MTT used in this study (section
5.1), provide a broad-spectrum analysis of cell viability by measuring
mitochondrial function and are routinely applied to evaluate nanomaterial
cytotoxicity315. Combined with the measurement of LDH (section 5.2), a
biomarker that is released from cells which experience membrane disruption
(cytolysis), it was possible to identify whether material-induced necrosis was
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responsible for observed cytotoxicity316. Differences between controls and
treated cells seen from cell imaging were then used to compliment
biochemical assays results and hypothesise the mechanism of cytotoxicity.

Results were initially compared between GNP building blocks (NCG and
PCG, prepared in chapter 3) the corresponding developed GNP-lipo systems
(PCL-NCG and NCL-PCG, prepared in chapter 4) and liposomes without
gold (PCL and NCL) to elucidate any specific cytotoxicity responses. Assay
results after co-treatment with GNP building blocks (in situ self-assembly)
were then evaluated against individual SANs to determine whether the
process of self-assembly and the formation of larger suprastructures
(Evidenced in Chapter 3) influenced cytotoxicity. The same approach was
also applied to GNP-lipos, to investigate whether comparable effects were
observed when a liposomal coating was provided to GNPs, which could
potentially inhibit self-assembly.

5.4.1 Evaluation of GNP cytotoxicity

Assessment of cellular viability post treatment with PCG and NCG using the
MTT assay revealed that these individual GNP building blocks are not
cytotoxic and are well tolerated by the V79 cell line (section 5.1). There was
no evidence of a dose-dependent response with cell viability above 80%
relative to the negative control at all concentrations investigated. The release
of LDH measured after treatments also inversely correlated with results of
the MTT assay (section 5.2), with the extent of material-induced cytolysis not
characteristic of a cytotoxic response. Microscopy images seen in Figure 5.8
and Figure 5.9 support these observations, with no notable difference in cell
numbers when comparing to the negative control and between treatment
concentrations (section 5.3). These findings agree with multiple studies that
have shown dispersed GNPs of various sizes and surface functionalities to
be non-toxic towards a range of cell lines at concentrations up to 1 mg/ml, a
magnitude 200× higher than in the present study315,317,318. There are however
numerous conflicting studies, for example 2 nm GNPs with cationic SAMs
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have been revealed to be cytotoxic when tested on fibroblastic kidney cells in
vitro, but their equivalent anionic counterparts were not at the same
concentration319. It was hypothesised that the difference in displayed
cytotoxicity was as a result of the cationic GNPs interacting and disrupting
negatively charged cellular membranes319. This concept could explain the
irregular cell morphology observed for the highest concentration of PCG
investigated. However, measured LDH release after treatment with PCG and
NCG revealed no significant difference in cytolysis. Conversely, it has been
demonstrated that plasma proteins from culture media can spontaneously
absorb onto nanoparticle surfaces, resulting in a negative surface charge that
reflects their physiochemical properties320,321. It has been further proposed
that

the

absorption

of

such

proteins

can

increase

nanomaterial

biocompatibility and either increase or decrease their cellular uptake322-324.
Furthermore, protein adsorption has also been suggested as an artificial
mechanism of cytotoxicity specific to in vitro studies, triggered when a
depletion of available nutrients results in

cell starvation325. Whilst

nanomaterial-protein interactions were not evaluated in the current work, a
lack of dose-dependent cytotoxicity displayed by the investigated GNPs
suggests that cell starvation did not occur in these experiments.

To determine if in situ self-assembly influences the toxicity displayed by
SANs, the same cell model was used to investigate co-treatment with PCG
and NCG (1:1 v/v) at a concentration of 5 μg/ml gold. As revealed by both the
MTT and LDH assay, co-treatment with complementary building blocks,
where they are expected to self-assemble into suprastructures, was also well
tolerated by the V79 fibroblastic cells and did not produce a cellular response
which could be considered cytotoxic (sections 5.1 and 5.2). Cell viability
however was significantly lower compared to treatment with either PCG or
NCG alone, indicating that the process of in situ self-assembly or resultant
suprastructures induced cell death. Surprisingly, the release of LDH was also
seen to significantly decrease for co-treatment compared to individual
treatments, which does not inversely correlate with findings of the MTT assay
as expected for necrotic cell death. Disparity between assay results indicates
that in situ self-assembly of the investigated GNPs had a significant effect on
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their

displayed

toxicity

and

additionally

the

potential

underpinning

mechanisms responsible. Whilst currently there are no studies elucidating
the performance or toxicity of in situ self-assembling nanomaterials within
biological systems, aggregation of nanomaterials which can occur under
physiological conditions326, could potentially result in similar outcomes. With
numerous studies identifying that physical properties of nanomaterials affect
their cellular uptake, intracellular transport and subsequent cell functions,
including cell death327,328, it has been suggested by Oberdörster et al that
assessment of in situ aggregation should be an essential component of
toxicity testing strategies329. Crucially, it has also been highlighted that the
size of formed aggregates can determine the cellular uptake pathway330, with
endocytosis and pinocytosis proposed as the primary mechanisms of cell
entry for nanomaterials with dimensions up to 200 nm 331,332 and phagocytosis
for larger structures333,334. Although the route of GNP uptake was not
investigated in the current study, it is possible that the same hypothesis could
explain the observed differences in cell viability and material-induced
membrane

disruption

seen

between

individual

and

co-treatments.

Additionally relevant to this study, it has been suggested that aggregation
and thus potentially also the assembly of nanoparticles could influence the
“effective dose.” To put this into context, the exposed and often reactive
particle surface area of individual GNPs could be effectively reduced as selfassembly occurs, although at present a standardised approach for
assessment has yet to be developed to evidence such affects335.

5.4.2 Evaluation of GNP-lipo toxicity

Cellular viability as determined by the MTT assay after individual treatment
with NCL-PCG and PCL-NCG and the equivalent liposomes without gold
(NCL and PCL) showed that these test materials display significant dosedependent cytotoxicity (section 5.1). Representative of material induced
necrosis, the release of LDH also increased with a reduction in cell viability in
a dose-dependent trend (section 5.2). Whilst conventional liposomes
prepared from natural phospholipids are often considered to exhibit minimal
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toxic effects336, the current findings are supported by studies that have
demonstrated liposomes which incorporate cationic or anionic lipids can
display dose-dependent toxicity337,338 PCL-NCG and PCL were revealed to
be the least tolerated test materials producing a cytotoxic response at 1
μg/ml gold and above, whereas treatment with NCL-PCG and NCL was only
cytotoxic at the highest concentration investigated. Increased toxicity
displayed by these cationic formulations was also in agreement with other
studies, where cellular tolerance was found to be dependent on the lipid
structure with those possessing tertiary amine functional groups, such as
DPTAP used in this study, displaying significant cytotoxicity339. Additionally,
correlation between assay results after treatment with GNP-lipos and the
equivalent liposomes without gold, but not GNP building blocks, revealed the
lipid compositions utilised are primarily responsible for observed cytotoxic
responses on the V79 cell line. This is further highlighted by the MTT assay
when comparing against the negative control, where significant reductions in
cell viability occurred after treatment at a concentration of 1 μg/ml gold and
above for GNP-lipos and the equivalent liposomes but not for treatments with
GNPs alone. Cell images shown in Figure 5.7 and Figure 5.8 also support
this hypothesis (section 5.3), with comparable variations in cell density and
changes to cell morphology seen between treatments with GNP-lipos and
liposomes without gold. Considerable changes to cell morphology identified
after exposure to PCL-NCG and PCL at the highest concentration
investigated are also consistent with earlier reports that liposomes prepared
from cationic lipids cause cell shrinkage, increased cluster density and
reduce cell replication339. Owing to the considerable cytotoxicity displayed by
the lipid compositions utilised, elucidation of the effects of

GNP

encapsulation within liposomes on their displayed cytotoxicity is limited in this
investigation. Previous reports however have shown that liposomes can
increases the cellular uptake of GNPs with a similar size to those used in this
study, up to 1000-fold340. This significant increase in cellular internalisation
occurs as a result of increasing the overall size of the nanomaterials, which
favours the thermodynamically driven process of membrane engulfment that
underpins endocytotic uptake341. Experimental data indicates nanomaterials
with dimensions of approximately 50 nm to be optimal for cell uptake, which
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decreases 18-fold at 6 nm and was predicted to be effectively zero for the
size of GNPs used in the present study342,343,340

To determine whether the encapsulation of complementary GNP building
blocks in separate liposome formulations influences cytotoxicity displayed
towards the V79 cell line, NCL-PCG and PCL-NCG were administered
simultaneously (1:1 v/v). Results of the MTT and LDH assays showed that
co-treatment with both GNP-lipo systems did not produce a unique cytotoxic
cellular response, with cell viability significantly lower than individual
treatment with NCL-PCG but higher than the effects of PCL-NCG (sections
5.1 and 5.2). These results are however clearly different in comparison to cotreatment with PCG and NCG (in situ self-assembly), where there was a
unanimous decrease in cell viability compared to the individual treatments.
Additionally, the release of LDH was inversely proportional to cell viability for
combined treatment with GNP-lipos, indicating that observed cell death
occurs via necrosis. This is comparable to individual treatment with GNPlipos but again differs from co-treatment with NCG and PCG building blocks.
Disparity between cellular response towards co-treatment with SANs and
GNP-lipos indicates that the use of therapeutic delivery could be an effective
method of controlling self-assembly activity within biological environments. In
turn, this could potentially alter the pharmacokinetics, toxicity and
subsequent biodistribution of SANs, although further study is required to
elucidate this hypothesis. Encapsulating nanomaterials within therapeutic
delivery vehicles including liposomes is a method that has been utilised
before, to protect, preserve and isolate functionality under biological
conditions344, although no previous attempts appear to have been made to
apply this to SANs. Additionally, with stimuli-responsive delivery systems
now established345, it could be possible to target and trigger the selfassembly process when desired. This could then provide spatial and
temporal control, offering scope for future development of nanosystems that
could eventually enable targeted or responsive in situ self-assembly.
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5.5

Conclusion

Cytotoxicity displayed by GNP building blocks and the underpinning
mechanisms responsible appear to be dependent upon the state of particle
dispersion. In situ self-assembly and the formation of suprastructures
resultantly influences cell viability and cytolysis compared to the original NCG
and PCG counterparts in this investigation. Encapsulation of GNPs within
therapeutic delivery systems offers a potential strategy to further control the
self-assembly process and the resultant properties displayed by these
nanomaterials, although careful consideration should be given to the
selection of suitable, non-toxic excipients. Results in this chapter offer
preliminary insight into potential approaches towards achieving predictable in
situ self-assembly, the affects likely to be encountered and suitable
experimental designs towards evaluation. Owing to inconsistent toxicology
data generated for nanomaterials at present, as a result of using variable cell
models, toxicity assays, culture media composition and materials with
considerably different properties346-348, it is recommended that preliminary
findings are replicated independently by multiple laboratories, expanding to
encompass a range of relevant cell lines and biochemical assays349. Whilst in
vitro

modelling

does

not

appropriately

mimic

complex

biological

environments that reflect real-life applications, an obvious limitation to the
current approach350, testing is standardised and has provided initial
identification of toxicity and a fundamental understanding of cellular response
in this study. The approach undertaken, to assess a range of nanomaterial
concentrations using widely reported biochemical assays forms the basis for
further robust biological screening and follows current experimental trends for
new

entities

that

precede

in

vivo

and

pre-clinical

investigations.
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6 Self-assembly within Biological Environments
The self-assembly of complementary GNP building blocks facilitated by
electrostatic attraction and intermolecular bonding (chapter 3) was studied
under biological conditions. Initial investigations were carried out within a
biologically relevant medium under representative physiological conditions,
simulating potential exposure environments (section 2.2.5). After identifying
the formation of assembled nanostructures via the electrostatic approach,
further in vitro assessment was performed on the adherent, monolayer
forming male Chinese hamster lung fibroblast cell line (V79) (section 2.2.6.4).
Replicating the experimental design used for cytotoxicity studies, cells were
treated separately with GNPs and as they undergo in situ self-assembly.
Tissue specimens were preserved, imbedded in resin and thin-sectioned
after 24 hours of exposure according to protocols described in section
2.2.6.7. Resultant cellular uptake, intracellular distribution and self-assembly
activity of GNPs was then evaluated using high-resolution TEM (section
2.2.3.1) and elemental analysis (section 2.2.3.3).
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6.1

Interactions of GNPs within cell culture medium

Nanoparticle interactions and extent of bio-complex formation was evaluated
for NCG, PCG and oligo-GNPs within DMEM-CCM containing 10% foetal
bovine serum. Investigations were carried out under physiological conditions
(37°C / 5% CO2) with analysis performed after one hour of incubation.
Resultant complexes were studied using TEM to determine their general size
and morphology and evidence interactions between GNPs and components
of the utilised cell culture media (CCM). Hydrodynamic size distribution
profiles of complexes in suspension were resolved following procedures
described in section 2.2.3.4 for DLS analysis, to supplement microscopy
observations.

6.1.1 Characterisation of a biologically relevant medium

Results obtained from the analysis of DMEM supplemented with 10% FBS
alone (CCM control) are presented in Figure 6.1. Micrographs reveal the
presence of densely contrasted structures that appear dispersed and
globular in shape, ranging in size from approximately 10 nm and not
exceeding 200 nm (Figure 6.1 A-C). The corresponding size distribution
curve (Figure 6.1 D) correlates with these findings, with multiple definitive
peaks observed below 300 nm, a Z-average particle size of 100.9 nm and a
dispersity value of 0.631, indicating structure sizes to be heterogeneous.

6.1.2 Ionic-ligand functionalised GNPs in CCM

Micrographs and size distribution profiles resolved for NCG and PCG after
incubation in CCM are displayed in Figure 6.2 and Figure 6.3, respectively.
The lowest magnification images provide an overview of CCM-GNP
interaction with higher magnification providing detailed resolution of
nanoparticle distribution within complexes. After incubation of NCG, large
structures were revealed to have formed relative to the CCM-control,
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displaying a diverse size distribution spanning the nanometre range and in
excess of several microns. Morphology of complexes was seen to be
consistent, with features ascribed to GNPs frequently clustered within
globular-like structures that appear to have agglomerated, such as those
displayed in Figure 6.2 (B). DLS analysis presented in Figure 6.2 (D)
supports these observations, revealing a broad size distribution curve
comprising multiple peaks that range from several nanometres and greater
than 5 μm. A corresponding Z-average hydrodynamic particle size of 70.4 nm
was revealed with a dispersity value of 0.750, indicating complex sizes to be
further heterogeneous compared to the CCM-control. In contrast, structures
formed after incubation of PCG were noticeably smaller in micrographs,
typically ranging in size from a few nanometres and not more than 500 nm.
From Figure 6.3 (C) it appeared that GNPs had again clustered within formed
complexes

that

had

subsequently

agglomerated,

although

overall

morphology appeared less consistent, lacking a globular appearance, as
observed for NCG-CCM and the CCM-control. Comparing size distribution
curves further supports the perceived difference in formed complex size, with
all peaks observed to be within a narrower range below 1 μm for PCG-CCM
(Figure 6.3 D). A corresponding Z-average hydrodynamic particle size of
118.1 nm was revealed with a dispersity value of 0.456, indicating that
structure sizes were more uniform compared to either NCG-CCM or the
CCM-control. Interactions between both NCG and PCG with components of
CCM showed a consistent behaviour, resulting in GNP-bio complex
formation, with no evidence of GNP-GNP aggregation observed.
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Figure 6.1 (A-C): Bright-field TEM micrographs of structures revealed from DMEM high glucose (4.5 μg/ml) culture media
supplemented with 10% FBS after one hour of incubation at 37°C and 5% CO 2 , (magnification left to right) 10,000, 20,000 and
30,000. (D): Corresponding mean average (n=3) size distribution curve of complexes in suspension, determined by DLS
analysis.
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Figure 6.2 (A-C): Bright-field TEM micrographs of structures formed from incubation of NCG in DMEM high glucose (4.5 μg/ml)
culture media supplemented with 10% FBS after o ne hour at 37°C and 5% CO 2 , (magnification left to right) 20,000, 50,000 and
200,000. (D): Corresponding mean average (n=3) size distribution curve of suspended complexes in DMEM, determined by DLS
analysis.
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Figure 6.3 (A-C): Bright-field TEM micrographs of structures formed from incubation of PCG in DMEM high glucose ( 4.5 μg/ml)
culture media supplemented with 10% FBS after one hour at 37 °C and 5% CO 2 , (magnification left to right) 20,000, 50,000 and
200,000. (D): Corresponding mean average (n=3) size distribution curve of suspended complexes in DMEM, determined by DLS
analysis.
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6.1.3 Oligonucleotide functionalised GNPs in CCM

Micrographs and size distribution profiles resolved after incubation of 5 nm oligoGNPs in CCM are displayed in Figure 6.4. The same approach was taken using
lower magnification images to provide an overview of GNP-CCM interactions
with higher magnification providing the required resolution to determine the
distribution of nanoparticles within complexes. Uniform globular-like complexes
were revealed to have formed between oligo-GNPs and components of CCM,
with structure sizes spanning the low nanometre range and typically not in
excess of 200 nm. Compared to formed complexes of NCG and PCG in CCM
respectively, resulting structures of oligo-GNP in CCM were further dispersed
with less observed complex-complex agglomeration. GNPs again appeared to
be associated with densely contrasted regions of micrographs (Figure 6.4 C),
although a clear difference was seen compared to either NCG or PCG in CCM,
with

oligo-GNPs

appearing

sparsely

distributed

rather

than

clustered

predominantly within complexes. Results of DLS analysis presented in Figure
6.4 (D) correlate with these observations, revealing a narrow size distribution
curve that displays definitive peaks below 100 nm, with a Z-average of 49.65
nm. A corresponding dispersity value of 0.412 was also determined, indicating
that complex sizes were further homogenous compared to the CCM-control.
Similarly to NCG and PCG, interactions between oligo-GNPs and components
of CCM appear to result in GNP-bio complex formation, with no evidence of
GNP-GNP aggregation observed.
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Figure 6.4 (A-C): Bright-field TEM micrographs of structures formed from incubat ion of 5 nm oligo-GNP in DMEM high glucose ( 4.5
μg/ml) culture media supplemented with 10% FBS after one hour at 37 °C and 5% CO 2 , (magnification left to right) 10,000, 20,000 and
80,000. (D): Corresponding mean average (n=3) size distribution curve of susp ended complexes in DMEM, determined by DLS analysis
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6.1.4 Self-assembly of GNPs in a biologically relevant medium

Self-assembly activity of GNPs under simulated biological conditions,
facilitated by either electrostatic interaction or intermolecular bonding was
studied. Micrographs revealing structures formed after incubation of
complementary nanoparticles, NCG and PCG (1:1 v/v) or 5 nm oligo-GNP
(1:1 v/v) in CCM are presented in Figure 6.5 and Figure 6.6 respectively.
Hydrodynamic size distribution profiles determined by DLS are also
displayed and were compared to results after self-assembly of identical
GNPs in PBS. Investigating the electrostatic approach, the formation of
irregular GNP clusters was seen (Figure 6.5 A-C), which was not observed
after incubation of NCG or PCG individually in CCM (Figure 6.2 and Figure
6.3). These assembled GNP structures were measured to display size
dimensions spanning the sub-micron range and were consistently associated
with further contrasted features of micrographs. Contrasted regions displayed
globular-like appearances, similar to those observed after incubation of NCG
in CCM (Figure 6.2). Additionally, densely contrasted structures that
appeared roughly spherical and range in size between 5 and 20 nm were
identified. These features were detected exclusively amongst GNP clusters
and were not observed after incubation of either NCG or PCG individually.
Results of DLS analysis (Figure 6.5 D) agree with these findings, revealing
suspended structures displaying a broad size distribution, a Z-average size
of 73.2 nm and a dispersity value of 0.629. In contrast, incubation of NCG
and PCG in PBS resulted in structure sizes of several orders of magnitude
higher, with a voluminous Z-average hydrodynamic size of 3.3 μm and a high
dispersity value of 0.988. This was considered indicative that self-assembly
between NCG and PCG within CCM had been reduced compared to a
simple aqueous environment. Investigating the intermolecular bonding
approach, TEM analysis revealed an absence of nanoparticle clustering in
CCM that could be associated with self-assembly activity (Figure 6.6 A-C).
Observations were considered analogous to those after incubation of noncomplimentary oligo-GNPs (Figure 6.4), with large globular-like complexes
appearing as densely contrasted regions frequented with localised GNPs.
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Results of DLS analysis further highlight these similarities, with an equivalent
Z-average hydrodynamic size of 37.2 nm, a dispersity value of 0.498 and a
size distribution curve of comparable appearance (Figure 6.6 D and Figure
6.4 D). In comparison, incubation of complementary oligo-GNPs in distilled
water resulted in the formation of structures that were twenty times larger,
with a Z-average hydrodynamic size of 802.8 nm and a dispersity value of
0.902. In summary, it was concluded that self-assembly activity of GNPs
facilitated by electrostatic interactions was persistent within the utilised
biological medium, although overall nanoparticle cluster sizes are smaller
and appear increasingly heterogeneous. Self-assembly activity via the
intermolecular bonding approach however appears to be entirely obstructed
within the biological environment investigated, with no evidence of
nanoparticle clustering or assemblage observed.
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Figure 6.5 (A-C): Bright-field TEM micrographs of structures formed between complementary PCG and NCG in DMEM high glucose (4.5
μg/ml) culture media supplemented with 10% FBS after one hour at 37°C and 5% CO 2 , (magnification left to right) 25,000, 80,000 a nd
200,000. (D): Corresponding mean average (n=3) size distribution curve of suspended complexes in DMEM (red) and distilled wat er
(green), determined by DLS analysis.
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Figure 6.6 A-C: Bright-field TEM micrographs of structures formed between complementar y 5 nm oligo-GNPs in DMEM high glucose
(4.5 μg/ml) culture media supplemented with 10% FBS after one hour at 37°C and 5% CO 2 , (magnification left to right) 12,000, 25,000
and 60,000. (D): Corresponding mean average (n=3) size distribution curve of suspende d complexes in DMEM (red) and distilled water
(green), determined by DLS analysi s.
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6.2

Cellular studies and evaluation of in situ self-assembly activity of GNPs

Electron microscopy and elemental analysis was used to study the
intracellular uptake and distribution of NCG and PCG when administered
individually (monodispersed) and simultaneously (in situ self-assembly). After
24 hours of treatment, V79 hamster lung fibroblast cells were isolated and
prepared for evaluation. Results were compared to determine whether in situ
self-assembly of GNPs facilitated via electrostatic interactions had influenced
their intracellular fate. A control specimen consisting of an untreated tissue
sample was examined to provide a reference to healthy cell populations,
optimise microscope parameters and confirm the validity of analytical
approaches.

6.2.1 Morphological evaluation of thin-sectioned cell specimens

Tissue samples were initially studied using bright-field imaging via STEM to
determine general ultrastructure morphology of cells and confirm the
suitability of applied sample preparation techniques. Micrographs of an
untreated specimen (control) are presented in Figure 6.8 (A-C) with cells
treated either simultaneously or individually with NCG and PCG displayed
respectively in Figure 6.8 (D-F) and Figure 6.9 (A-F). For each specimen, a
series of images were acquired at increasing magnification to identify
features of interest for further analytical study. Intact cellular cross-sections
were observed for each specimen with distinguishable extracellular and
intracellular features, evidencing effective preservation and processing.
Specimen-sections were also revealed to display appropriate electron
transparency and contrast, enabling detailed identification of nanoscale
structures and cellular organelles. At lower magnification, untreated cells and
those treated with GNPs were seen to display definitive cell membranes,
intracellular cytoplasmic domains, nuclei and mitochondria. A noticeable
increase was observed in the extent of filament-like structures on the surface
of cells exposed to GNPs, relative to untreated cells. These features, clearly
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seen in Figure 6.8 (D) protruding into the interstitial space were identified as
filopodia. This observed difference was also shown to correlate with
increased interstitial space between cells. Furthermore, cells treated with
GNPs appeared to be spherical in shape rather than tightly packed and
elongated as observed for untreated cells (Figure 6.8 A). At higher
magnification, intracellular vacuoles were revealed within each specimen,
such as those highlighted in Figure 6.8 (E, F) and Figure 6.9 (B, C). The
general size and shape of vacuoles appeared to be highly variable with no
definitive difference observed between cells treated with GNPs and the
untreated control. Moreover, vacuoles were frequently observed to contain a
multitude of densely contrasted features that had predominantly amassed at
their peripheries. These internalised deposits, which can be seen to range in
size from approximately 200 to 500 nm, appear to be decorated with darkly
contrasted features, comprised of what was assumed to be high atomic mass
elements. In addition to these reoccurring sites of interest, structures
displaying nanoscale dimensions were also widely revealed within the cell
cytoplasm and extracellular matrix of the untreated control and specimens
treated with GNPs. Considering that features characteristic of the GNPs
under investigation were revealed in both the untreated control specimen and
those treated both individual and simultaneously with NCG and PCG, no
definitive conclusion was reached at this stage. Consequently, it was decided
that further elemental analysis was warranted to elucidate whether features
of interest were GNPs, biological matter or potential artefacts produced from
sample preparation.
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Figure 6.7: Bright-field TEM micrographs displaying an overview of thin -sectioned (60 nm) male Chinese hamster lung fibroblast (V79)
cells after 24 hours of treatment. (A-C): (control) cell culture medium only, (magnification left to right) 3,000, 10,000, and 40,000. (D F): simultaneous exposure to NCG and PCG (1:1 v/v) at a total concentration of 5 μg/ml (gold). Dashed red boxes indicate areas of
interest with corresponding micrograph at higher magnification highlighted with red boarders.
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Figure 6.8: Bright-field TEM micrographs displaying an overview of thin -sectioned (60 nm) male Chinese hamster lung fibrob last (V79)
cells after 24 hours of treatment. (A -C): exposure to NCG at a concentration of 5 μg/ml (gold). (D-F): exposure to PCG at a
concentration of 5 μg/ml (gold), (magnification left to right) 1,200, 30,000 and 320,000. Dashed red boxes indicate areas of interest
with corresponding micrograph at higher magnificatio n highlighted with red boarders
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6.2.2 STEM-EDS analysis of untreated cellular specimens

An untreated tissue specimen (control) was evaluated using high-resolution
STEM and EDS, providing a reference for comparison against cells treated
with GNPs. A representative intracellular vacuole was initially identified from
HAADF micrographs and a series of increasing magnification images were
then acquired to reveal internalised features, presented in Figure 6.10 (A-C).
Subsequent EDS analysis was then employed to reveal the identify and
distribution of elements within the defined region of the specimen, with
elemental maps of gold and osmium displayed alongside their corresponding
HAADF micrograph in Figure 6.10 (D-F). From the acquired maps, a
definitive correlation was seen between structures of interest (Figure 6.10 B)
and the detection and distribution of osmium (Figure 6.10 C). As expected,
no observable detection of gold was seen throughout the studied region
(Figure 6.10 A). To further confirm these observations, two comprehensive
EDS spectra were attained (Figure 6.11), Initially the whole region of interest
was analysed, subsequently focusing specifically on structures displaying
nanoscale dimensions contained within the intracellular vacuole (see
highlighted areas in Figure 6.11 A). Interpretation of spectra (Figure 6.11 B)
revealed the presence of osmium, which was used for sample preparation,
copper which was present in the sample grid used for analysis and oxygen,
lead and chlorine. Notably, the intensity of osmium detection increased when
the analysis focused specifically on structures of interest within the vacuolic
space. Crucially, no gold was detected from either EDS attempt (circled in
Figure 6.11 C), confirming that structures identified within cellular vacuoles
did not contain GNPs.
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Figure 6.9: Micrographs of an untreated cellular specimen (control) after 24 hours of incubation (A -C): Successive series of STEMHAADF images of an identified intracellular site of interest containing features displaying nanoscale dimensions, (D -F): EDS maps
revealing the distribution of elemental gold and osmium with the corresponding HAADF image. Dashed red boxes in dicate areas where
successive images were acquired at higher magnification with corresponding micrographs highlighted with red boarders.
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Figure 6.10: EDS spectra obtained from the analysis of an untreated cellular specimen (A): HAADF image of an identifi ed intracellular
site of interest displaying the areas selected for evaluation, (B): corresponding interpreted comprehensive EDS spectra with (C):
highlight the peaks for gold and osmium. From HAADF image, EDS spectra for area (1) is displayed in blue and area (2) is displayed in
green for comparison.
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6.2.3 Microscopy optimisation

Optimal image acquisition was attained experimentally using a range of
STEM electron-beam accelerating voltages on un-coated specimens.
Resultant micrographs were compared to reveal operating parameters that
provided sufficient sample-stability, image contrast and resolution. As seen in
Figure 6.7 (A-C), resolution and contrast were sufficient to identify cellular
organelles and features with nanoscale dimensions at each accelerating
voltage investigated. An increase in artificial image contrast, a product of
radiation damage, was noticeable at higher accelerating voltages (highlighted
with white arrows in Figure 6.7 A-C). This was considered indicative of
increasing excessive energy deposition into the specimen 351. Attempting to
further improve specimen stability, a STEM sample grid was coated with
carbon on the reverse-side (underneath the specimen) and reanalysed at 80
keV (Figure 6.7 D). Image acquisition after applying this technique appeared
superior with less occurrences of radiation damage in micrographs and
retention of sufficient resolution. Based on these preliminary findings it was
concluded that subsequent analysis would be performed whilst operating at
an accelerating voltage of 80 keV on specimens with a carbon coating on the
reverse-side of specimen grids.
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Figure 6.11: Bright-field micrographs of untreated thin -sectioned (60 nm) male
Chinese hamster lung fibroblast cells (V79) demonstrating the process of
image acquisition optimisation. Micrographs of specimens (Un -coated) were
examined operating at accelerating voltages of (A): 200 keV, (B): 120 keV, (C):
80 keV and (D): a specimen sputter -coated with carbon on the reverse side at
80 keV. W hite arrows highlight areas of radiation damage identified in
micrographs.

6.2.4 STEM-EDS analysis of cellular specimens treated with NCG

A tissue specimen was evaluated after treatment with NCG employing the
same approach for untreated cells (control). A series of HAADF images were
initially acquired via STEM to reveal sites of interest with subsequent EDS
analysis used to determine identity and distribution of elements. Resultant
micrographs

presented

in

Figure

6.12

(A-C)

depict

an

individual

representative cellular vacuole identified to contain brightly contrasted
material. Structures characteristic of endocytic vesicles were frequently seen
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to be “budding” from the periphery of vacuoles into the intravacuolic space
(Figure 6.12 B), indicative of the formation and maturation of lateendosomes352,353. At higher magnification (Figure 6.12 C), individual
structures characteristic of the GNPs under investigation were noticeable
amongst larger accumulations of internalised matter. It was noted however
that the general appearance of these features was not distinctively different
from observations derived from analysis of the untreated (control) tissue
specimen. Elucidating further, elemental maps of gold and osmium are
presented alongside their equivalent HAADF micrograph in Figure 6.12 (DF). Similarly to the untreated specimen, internalised structures clearly
correlated with the detection of osmium against the background void of the
vacuolic domain (Figure 6.12 F). Significantly, gold was also detected within
the analysed region, with a positive correlation observed between both
structures of interest and distribution of osmium (Figure 6.12 D). Brightly
contrasted structures that appeared to have amassed towards the centre of
the vacuole displayed the greatest intensity of gold. Further gold detection
was noticeable within the identified endocytotic vesicle near the perimeter.
Supplementing these findings, EDS spectra obtained from analysing the
whole region of interest and subsequently focusing on structures identified to
contain gold were compared (see highlighted areas in Figure 6.13 A). As
expected, osmium and copper were identified within the analysed specimen
regions, as were elements previously detected from analysis of untreated
specimen (control); oxygen, chlorine and lead (Figure 6.13 B). Additionally,
sulphur and gold were detected, with a 3-fold increase in the observed
intensity for gold (circled in Figure 6.13 C) when focusing on structures
characteristic of GNPs. It was concluded from these findings that
administration of NCG in a monodispersed state had resulted in GNP
accumulation within vacuolic compartments of V79 lung fibroblastic cells,
within the 24-hour period investigated.
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Figure 6.12 Micrographs of a cellular specimen after 24 hours of treatment with NCG (5 μg / ml total gold concentration). (A-C):
Successive series of STEM-HAADF images of an intracellular vacuole containing features of interest, (D -F): EDS maps revealing the
distribution of element al gold and osmium with the corresponding HAADF image. Dashed red boxes indicate areas where successive
images were acquired at higher magnification with corresponding micrographs highlighted with red boarders.
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Figure 6.13: EDS spectra obtained from the analysis of a cellular specimen after 24 hours of treatment with NCG (5 μg / ml total gold
concentration). (A): HAADF image of an identified intracellular site of interest displaying the areas selected for evaluation, (B):
corresponding interpreted compreh ensive EDS spectra with (C): highlighting the peaks for gold and osmium. From HAADF image, EDS
spectra for area (1) is displayed in blue and area (2) is displayed in green for comparison.
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6.2.5 STEM-EDS analysis of cellular specimens treated with PCG

Applying the same approach of evaluation, tissue specimens were studied
after treatment with positively charged GNP building blocks (PCG) at 5 μg/ml
total gold concentration, which was previously revealed to be a non-cytotoxic
treatment (Chapter 5). Presented in Figure 6.14 (A-C), a representative
cellular vacuole was identified from micrographs to contain internalised
features, appearing similar to observations from untreated specimens
(control) and those exposed to NCG. Accumulations of matter were regularly
observed at the peripheries of vacuoles, with structures characteristic of
endocytic vesicles protruding within the vacuolic space (Figure 6.14 A).
Irregular isolated clusters of brightly contrasted features, ranging in size from
20 nm to 400 nm and decorated with structures characteristic of the GNPs
under investigation were selected for further analysis (Figure 6.14 B, C).
Acquired maps of gold and osmium are presented alongside their equivalent
HAADF micrograph in Figure 6.14. (D-F). Surprisingly, no detection of gold
(Figure 6.14 D) was revealed for structures initially thought to be GNPs
(Figure 6.14 C). A considerable accumulation of gold was however detected
elsewhere within the intravacuolic space, correlating with features observed
in the HAADF micrograph (Figure 6.14 E). Furthermore, a noticeable
detection of gold was revealed at the cytoplasm-vacuole interface, relative to
vacant regions of the vacuolic domain. Detection of osmium appeared
analogous to results obtained in sections 6.2.3 and 6.2.4, with a positive
correlation seen for cytoplasm surrounding the vacuole and internalised
matter (Figure 6.14 F). Comprehensive EDS spectra obtained by initially
analysing the whole region of interest and subsequently focusing on
structures identified to contain gold from elemental maps are displayed in
Figure 6.15. Comparable to evaluation of untreated cells (control), elements
detected included copper from the sample grid used in the analysis, osmium
used for sample preparation and oxygen, chlorine and arsenic (Figure 6.15
B). Furthermore, in agreement with previous results gold and sulphur were
identified from the spectra, indicative of the GNPs under investigation with
their thiol (SH) containing functional groups. Comparison of spectra obtained
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from the two regions (see highlighted areas in Figure 6.15 A) indicate that the
distribution of gold is limited to isolated regions within the selected vacuole;
no definitive peak for gold was observed when initially analysing the region of
interest, with a 4-fold increase when the analysis was focused on features of
the micrograph previously identified to contain gold (circled in Figure 6.15 C).
Comparable to conclusions derived from analysis of cells treated with NCG,
administration of PCG in a monodispersed state had resulted in GNP
accumulation within vacuolic compartments of V79 lung fibroblastic cells
within the 24-hour period investigated.
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Figure 6.14. Micrographs of a cellular specimen after 24 hours of treatment w ith PCG (5 μg / ml total gold concentration). (A-C):
Successive series of STEM-HAADF images of an intracellular vacuole containing features of interest, (D -F): EDS maps revealing the
distribution of elemental gold and osmium with the corresponding HAADF image. Dashed red boxes indicate areas where successive
images were acquired at higher magnification with corresponding micrographs highlighted with red boarders.
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Figure 6.15 EDS spectra obtained from the analysis of a cellular specimen after 24 hours of treatment with PCG (5 μg / ml total gold
concentration). (A): HAADF image of an identified intracellular site of interest displaying the areas selected for evaluation, (B):
corresponding interpreted comprehensive EDS spectra with (C): highlighting the pea ks for gold and osmium. From HAADF image, EDS
spectra for area (1) is displayed in blue and area (2) is displayed in green for comparison.
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6.2.6 STEM-EDS analysis of cellular specimens co-treated with NCG and PCG

Tissue specimens were evaluated after simultaneous treatment with NCG
and PCG (1:1) to determine if intracellular self-assembly had occurred.
Additionally, the intracellular fate of these GNPs relative to their
monodispersed counterparts was compared to elucidate any effects of in situ
self-assembly activity as evidenced in section 6.1.3. Utilising the same
approach as previously, a series of HAADF images were studied to identify
sites of interest with subsequent EDS analysis revealing the identity and
distribution of elements. Representative cellular vacuoles were identified
from micrographs (Figure 6.16 A-C) containing a multitude of internalised
features, varying in size below 500 nm. Amongst intravacuolic material,
brightly contrasted structures characteristic of the GNPs under investigation
were consistently observed. It was concluded that the distribution and
morphology of structures within the studied vacuoles were analogous to
those evaluated from specimens treated with either NCG or PCG individually.
Additionally, well-defined structures characteristic of endocytic vesicles were
regularly identified protruding within the intravacuolic space (Figure 6.16 B),
further comparable to observations after exposure to monodispersed NCG
and PCG in sections 6.2.4 and 6.2.5. Crucially, it was determined that there
was no definitive evidence from current results to suggest that in situ selfassembly activity had influenced the intracellular fate of the GNPs under
investigation. To clarify further, a vacuole containing structures characteristic
of the GNPs under investigation was selected for EDS analysis. Acquired
elemental maps for gold and osmium are presented alongside their
equivalent HAADF micrograph in Figure 6.16. (D-F). Comparable to
individual treatments, distribution of gold (Figure 6.16 D) appeared to
correlate with structures expected to be GNPs (Figure 6.16 E). Detection of
gold however was noticeably lower and appeared further spread out within
the selected specimen region compared to those studied after treatment with
NCG and PCG individually. A definitive correlation was also seen between
the detection and distribution of osmium (Figure 6.16 F) and features of the
HAADF micrograph, comparable to results obtained from analysis of
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untreated cells (control) and individual treatments. Unfortunately, owing to
inadequate specimen stability an alternative cellular vacuole had to be
selected for further elemental analysis, with resultant spectra presented in
Figure 6.17. Utilising the same approach as previously, a region of interest
was initially evaluated with analysis subsequently focusing on structures
appearing characteristic of GNPs (see highlighted areas in Figure 6.17 A). As
expected, interpretation of EDS spectra (Figure 6.17 B) revealed the
presence of copper from the sample grid used in the analysis and osmium
from sample preparation. Additional elements detected within the specimen
region included oxygen, chlorine, arsenic and lead, consistent with prior
results. Crucially, gold and sulphur were not detected in the analysed region
(circled in Figure 6.17 C), even when focusing on features of the micrograph
that appeared representative of GNPs. Although results of elemental maps
appear to contradict with an absence of gold detection in EDS spectra, it was
considered conceivable that the distribution of gold was variable between the
two intravacuolic sites studied for this specimen. Taking into consideration
the difficulty in detecting gold in this instance, no further evidence was
obtained supporting the notion that in situ self-assembly activity had
influenced the intracellular fate of GNPs. Furthermore, the internalisation,
distribution and morphology of structures that did appear to correlate with the
detection of gold provided no assertive evidence for intracellular selfassembly.
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Figure 6.16: Micrographs of a cellular specimen after 24 hours of treatment with NCG and PCG simultaneously (1:1, 5 μg / ml total gold
concentration). (A-C): Successive series of STEM -HAADF images of an intracellular vacuole containing features of interest, (D -F): EDS
maps revealing the distribution of elemental gold and osmium with the corresponding HAADF image. Dashed red boxes indicate areas
where successive images were acquired at higher magnification with corresponding micrographs highlighted with red boarders.
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Figure 6.17: EDS spectra obtained from the analysis of a cellular specimen after 24 hours of treatment with NCG and PCG
simultaneously (5 μg / ml total gold concentration). (A): HAADF image of an identified intracellular site of interest displaying the areas
selected for evaluation, (B): corresponding interpreted comprehensive EDS spectra with (C): highlighting the peaks for gold and
osmium. From HAADF image, EDS spectra for area (1) is displayed in blue and area (2) is displayed in green for comparison.
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6.3

Discussion

Physicochemical properties of nanomaterials are known to influence their
biological interaction and responses which can ultimately determine their
behaviour in such environments354. However, at present numerous studies
concerning the fate of nanomaterials in vitro and in vivo lack emphasis with
respect to the properties of these materials after they have been introduced
into a biological system. One aspect of nanoparticle behaviour identified in
particular that has been overlooked, is the state of particle dispersion,
whether as a result of uncontrolled aggregation or intentional selfassembly355. Consequently, understanding the in situ behaviour of the GNPs
under investigation in this project was considered crucial to the interpretation
of results obtained from toxicological assays and cellular evaluation.

Characterisation of GNPs within a biologically relevant medium as attained in
this study are considered to provide a general overview of nanomaterialbiological interactions. Analysis in this study is used to compare the
behaviour of GNPs when administered individually (monodispersed) and
simultaneously as a complementary pair (in situ self-assembly). Resultant
uptake and distribution of GNPs by V79 lung fibroblast cells is discussed and
compared to recent literature to determine the feasibility of utilising
electrostatic interactions for in situ self-assembly under biological conditions.
Utilised methodology is reviewed, encompassing findings of this work with
current literature to suggest approaches to overcome current limitations.

6.3.1 Evaluation of a biologically relevant medium
Dulbecco’s modified eagle medium (DMEM) supplemented with 10 % fetal
bovine serum (FBS) was selected as a biological medium to simulate
potential exposure conditions. This decision to use this medium was based
on the necessity to retain consistency between toxicity studies in Chapter 5
and appropriately mimic the complex aqueous environment presented in
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vivo. Displayed in Table 6.1, the main components of the utilised medium
and human plasma were compared. Notably, pH of the utilised medium and
the electrolyte composition and concentration are comparable to that of
human plasma, two fundamental parameters that influence nanoparticle
stability and behaviour355. Equally important, protein composition of the
utilised medium is comprised of bovine serum albumins (BSA), which are
typically analogous in terms of size, shape and functionality to human serum
albumins
plasma

(HSA)

that

constitute

the

major

components

of

human

355,356

. Micrographs and the corresponding size distribution curve from

the analysis of CCM revealed globular-shaped structures with an average
hydrodynamic diameter of 100.9 nm. According to previous reports,
individual globulin and albumin proteins that constitute the utilised medium
display a similar globular domain but are typically sized between 5 -10
nm357,358. The observed difference in size correlates with the higher than
expected dispersity value obtained (section 6.1.1) indicating that proteins are
not exclusively in free form. Furthermore, protein configuration is retained as
a result of a balance of hydrodynamic and hydrophobic forces, which were
not maintained during microscopy analysis. Nevertheless, experimental
conditions remained identical for subsequent analysis and micrographs of
CCM were considered as a suitable control reference for comparison.
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Table 6.1. Main components of utilised medium compared to human blood
plasma

* Tabulated data obtained from Moore, T. L. et al 2015

355.
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6.3.2 Evidencing interactions between GNPs and biological constituents

Nanomaterials are well documented interacting with a range of biomolecules
when introduced into a physiological environment359. Whilst numerous
studies have focused on the properties of nanoparticles and how their
interfaces with biological constituents influence cellular responses in
vitro360,361, consideration is not always given to the colloidal state of materials
suspended in biological fluids355. Consequently, it was decided that the
dispersion of GNPs in CCM when administered in a monodispersed state
should be investigated. Incubation of NCG, PCG (section 6.1.2) and oligoGNPs (section 6.1.3) individually (monodispersed) in CCM were found to
result in extensive complex formation. In agreement, numerous studies have
demonstrated the adsorption of proteins including BSA onto the surface of
nanoparticles, resulting in the formation of a “protein corona”362,363. There are
two main hypotheses proposed that explain GNP-protein corona formation;
“hard corona” arising from high affinity protein binding directly to the GNP
surfaces by displacing surface-ligands, and “soft corona” where proteins
interact with GNPs and their surface-bound ligands via a range of
interactions, undergoing dynamic exchange overtime 364,365. The process of
nanoparticle-biomolecule structure formation is evidently complex and a
combination of coordination, hydrogen bonding, van der Waals forces,
electrostatic and hydrophobic interactions between proteins, electrolytes,
nanoparticle

surfaces

and

their

bound-ligands

and

considered

to

contribute364-367. Furthermore, as a consequence of these interactions,
conformational changes can occur in the protein structures, resulting in
unfolding, aggregation and nanoparticle-protein assemblies368, as observed
in the present study. Typically, the overall sum of these attractive and
repulsive forces will dictate the extent and type of nanoparticle-protein
complexation, which could explain observed differences seen for NCG, PCG
and oligo-GNPs. For example, cationic amine-functionalised nanoparticles
were previously demonstrated to adsorb fewer proteins than their anionic
carboxylate-functionalised

counterparts369.

Additionally,

studies

have

revealed that plasma proteins bind more efficiently to larger nanoparticles as
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a result of nanoparticle-curvature dependant binding constants370. This was
not observed however for 5 nm oligo-GNPs compared to either 2 nm NCG or
PCG in this study, possibly due to a predominant influence arising from
differing surface properties for these nanoparticles. It was concluded that
interactions

between

the

GNPs

under

investigation

and

biological

constituents of the utilised CCM had ensued. Resultantly, nanoparticlebiomolecule complexes formed, with their variable morphology thought to be
dependent on the types of interactions taking place. Furthermore, no
occurrences of GNP-GNP aggregation were observed, suggesting the
functionalised GNPs were stable under the physiological conditions
investigated.

6.3.3 Evaluation of GNP self-assembly within a biological medium

Investigations regarding the self-assembly of nanomaterial building blocks
into complex nanostructures for diagnostic and therapeutic purposes have
progressively increased. However, at present the majority of studies have
assembled structures before their introduction into biological systems11,12.
Accordingly, the aims of the current project were directed towards
demonstrating a proof-of-concept, evidencing in situ assembly of GNPs
under physiological conditions. Two different strategies of self-assembly
demonstrated in Chapter 3 were investigated within CCM, revealing whether
nanoparticle-biomolecule interactions discussed in section 6.3.2 influenced
their activity.

6.3.3.1 Utilising electrostatic interactions

Exploiting electrostatic attractions between NCG and PCG, effective selfassembly was evidenced by the formation of GNP clusters after their
simultaneous incubation in CCM (section 6.1.4). Morphology of the
assembled GNPs appeared to correspond with results of self-assembly in
Chapter 3, which was not observed after incubation of either NCG or PCG
individually (sections 6.1.2 and 6.1.3). Bio-complex formation was further
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revealed with assembled nanoparticles consistently distributed amongst
globular-like structures comparable to protein structures identified in section
6.1.1. DLS analysis showed that resultant structures were similar in size to
nanoparticle-biomolecule complexes formed after incubation of NCG
individually, but larger than observed for PCG. It was noted however that
these observations reflected the overall hydrodynamic dimensions of
nanoparticle-biomolecule complexes and could not be related directly to the
assembled GNP clusters. Interestingly, previous studies have also shown
that regardless of the original particle size, GNPs form nanoparticlebiomolecule complexes of comparable magnitude in DMEM culture media371.
Comparing the hydrodynamic size of structures arising from incubation of
NCG and PCG in PBS however, revealed at least a 46-fold decrease in the
size of assembled GNP constructs within CCM (Figure 6.5 D). This
suggested that whilst self-assembly facilitated via electrostatic attraction had
occurred; interactions between GNPs and constituents of the biological
medium discussed in section 6.3.2 had noticeably reduced this activity. To
elucidate, there are several key factors considered likely to be influencing
overall self-assembly activity; firstly, electrolytes, proteins and other charged
species in the utilised CCM could be contributing towards long-range
interactions, whereby the sum of cohesive and depletion forces would dictate
the overall attraction between NCG and PCG372 and secondly, protein
adsorption onto GNP surfaces could induce steric hindrance preventing
interparticle contact, a mechanism previously demonstrated to enhance
nanoparticle colloidal stability under certain conditions 371. Lastly, when
proteins form coronas on nanoparticles they are believed to act like “complex
surfactants”, ultimately sheltering intrinsic nanoparticle surface properties
and providing altered characteristics373. In regard to the surface charge of
GNPs, this effect could be considered analogous to the PEGylation of
liposomes in Chapter 4; where an additional PEG coating induces chargeshielding and provides altered surface properties that reflect the PEG
structure itself. If an equivalent process was to result in NCG and PCG
displaying similar surface charges, electrostatic induced self-assembly would
be reduced or entirely averted374. Since self-assembly activity appears to
have been diminished but not prevented in this investigation, it is proposed
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that the opposite surface charge displayed by NCG and PCG could promote
interactions with oppositely charged counter-ions and functional groups
expressed on proteins375. Consequently, a range of complex interactions
between neighbouring GNPs and surface-bound components of varying
iconicity could have prompted the observed self-assembly,372,374,376 as
portrayed in the schematic presented in Figure 6.18.

Figure 6.18 Schematic displaying NCG and PCG with adsorbed protein electrolyte coronas and their subsequent attraction, a proposed mechanism for
the self-assembly of oppositely charged GNPs under physiological conditions .
(Original image.)

6.3.3.2 Utilising intermolecular bonding

Utilising

the

intermolecular

bonding

approach

via

oligonucleotide

hybridisation, characteristic assemblage of GNPs as seen in Chapter 3 was
not evidenced under physiological conditions investigated (section 6.1.4).
Resultantly, structures after incubation of complementary oligo-GNPs in
CCM appeared analogous to those after incubation of their monodispersed
counterparts in section 6.1.3. Accordingly, oligo-GNPs were observed to be
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sparsely

distributed

and

interacting

with

globular-like

biomolecules,

characteristic of protein structures identified from the CCM control in section
6.1.1. These findings were further supported by DLS studies, where
comparable values were derived for the average hydrodynamic size and
dispersity

of

complementary

structures

arising

oligo-GNPs.

As

from

incubation

previously,

of

individual

average

and

hydrodynamic

dimensions obtained after incubation of GNPs in CCM were considered
representative of the overall size of nanoparticle-biomolecule complexes.
Accordingly, incubation of complimentary oligo-GNPs in PBS resulted in
GNP cluster formation displaying a 22-fold increase in size relative to those
formed in CCM (Figure 6.6 D). It was therefore concluded that within the
utilised CCM, complementary oligonucleotides on the surface of GNPs had
not hybridised and intermolecular bonding was not an effective approach in
the present study for the self-assembly of GNPs under biological conditions.
Owing to the formation of irregular oligo-GNP biomolecular complexes
revealed (section 6.1.3) it is suggested that influential factors discussed for
electrostatic self-assembly (section 6.3.3.1) could inhibit hydrogen bonding
required for Watson-Crick nucleobase-pairing (hybridisation). In agreement,
short-chain oligonucleotides have previously been shown to rapidly interact
with biological constituents including albumin-proteins and electrolytes377,378,
which can hinder subsequent hybridisation with intended targets. Whilst
oligonucleotides have widely been applied as probes for detecting
complementary DNA-sequences ex vivo379, they often only effectively
hybridise with a substrate if base-pair sequences entirely match380. In
addition to this concept, the equivalent surface properties and molecular
structures of complementary oligonucleotides on discrete GNPs were also
considered. At physiological pH (7.4) the phosphodiester bond of
oligonucleotides that covalently links the deoxyribose-backbone of individual
nucleotides exists as an anion, with the overall molecule negatively charged.
Under in vitro conditions this plays an important role in the formation of threedimensional DNA structures and their packing within protein complexes381. In
this investigation however, oligonucleotides are in free molecular form,
providing each of the complementary GNPs with an equivalent negatively
charged

surface382.

Consequently,

complementary

oligo-GNPs

are
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suggested to form bio-complexes that also display similar properties,
contrary to NCG and PCG, as represented in Figure 6.19. Resultantly, the
sum of attractive and repulsive forces between these particles may not
favour their assembly372. Interestingly however, whilst oligonucleotidefunctionalised nanoparticles have not previously been demonstrated to selfassemble under biological conditions, their pre-assembled nanostructures
have been shown to remain intact within CCM after 8 hours383. Whilst
oligonucleotide hybridisation was not able to demonstrate the feasibility of
intermolecular bonding for self-assembly of nanoparticles under biological
conditions, a range of alternative methods utilising the same principle could
be investigated in future. In particular, “click-chemistry” and “host-guest”
approaches appear to be fields with heightened interest and progress384-386,
with the potential to develop specific intermolecular bonding approaches that
may prove resilient under physiological conditions.

Figure 6.19 Schematic displaying adsorbed protein-electrolyte coronas on
complementar y oligo-GNPs (A and B) and their subsequent repulsion, a
proposed mechanism of hindrance for the self -assembly of GNPs using
oligonucleotide hybridisation under physiological conditions . (Original image.)

182

6.3.3.3 Investigating intracellular fate of GNPs and in situ self-assembly activity

Despite increasing interest and recent progress in nanotechnology,
understanding the effects and behaviour of nanomaterials within living
tissues and organisms remains incredibly challenging. Development of in
vitro approaches and analytical techniques has only further highlighted the
significance of understanding the complex responses involved, including
uptake, localisation and subsequent interactions and consequences both at a
cellular and sub-cellular level387. In this study the intracellular fate of NCG
and

PCG

when

administered

individually

(monodispersed)

and

simultaneously (in situ self-assembly) are evaluated (section 6.2). Results
are compared to determine whether self-assembly activity via electrostatic
interactions evidenced under simulated physiological conditions (section
6.3.3.1) occur intracellularly within culturing V79 lung fibroblasts. Current
literature was utilised to explain findings of this study with a review of
techniques and current approaches providing scope for future investigations
and development that could advance the work in the current project.

6.3.3.4 Techniques for the intracellular evaluation of nanomaterials

Well-established imaging techniques are available that provide the resolution
required for the visualisation of materials with nanoscale dimensions, each
with their merits and limitations387. At present, there is a clear lack of
standardised or accepted protocols for the characterisation or detection of
nanomaterials intended for biomedical applications, reflecting the challenging
nature of this field388. In the current work, a combination of bright field (BF)
and high-angle annular dark field (HAADF) imaging was acquired by
operating a TEM instrument, as detailed in section 2.2.3. According to
available literature, TEM is the most frequently used technique for the study
of nanomaterials owing to its superior spatial resolution compared to other
electron

microscopy

techniques,

providing

enhanced

structural

and

morphological analysis388. The decision to use this technique in combination
with STEM in the current work reflected the size of GNPs (~ 2 nm) under
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investigation (section 3.1.2) and the desire to couple microscopy work with
elemental techniques, which have known limitations when integrated with
other approaches such as SEM389,390. However, there are certain drawbacks
associated with TEM, namely high vacuum conditions of the microscope and
ultra-thin specimen sections required for electron-beam penetration390.
Owing to the risk of damaging samples and generating artificial artefacts
during the extensive specimen preparation process, well-established
protocols that have been traditionally utilised to study biological specimens
were employed214 (section 2.2.6.7) This approach was found to sufficiently
preserve samples, providing sections of the desired thickness, electron
transparency and exceptional image contrast (section 6.2.1). Further
optimisation of sample stability and microscope parameters were determined
experimentally, with observations resulting in the decision to carbon-coat the
reverse side of specimen grids and utilise a lower operating voltage of 80
KeV (section 6.2.1). Interestingly, reverse coating of specimens does not
appear to be a widely used method but there are earlier reports which
suggest that its application for samples containing inorganic materials can
reduce temperature induced damage and electrostatic-charging391. In
agreement, intensified radiation damage was observed in this study at higher
accelerating voltages on un-coated specimens, possibly owing to excessive
energy deposition into the specimen. This was markedly reduced by the
application of the conductive carbon coating, with the suggested mechanism
portrayed in Figure 6.20. Furthermore, this strategy avoids directly coating
the specimens, which would limit the optical resolution required for the GNPs
under investigation and make subsequent elemental analysis difficult owing
to excessive carbon content.
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Figure 6.20 A representation showing the deposition of excess electrons and
phonons onto a conductive carbon coating on the reverse side of a sample grid
(left) reducing the radiative damage other wise caused to specimens (right).
(Original image.)

6.3.3.5 Cellular internalisation and distribution of GNPs

Cellular uptake of nanoparticles has been demonstrated to be variable owing
to the diversity of physicochemical properties displayed by these materials
and various functions of different cell types392,393. In the current study a lung
fibroblast cell line derived from hamster (V79) undergoing exponential growth
was treated for 24 hours with NCG and PCG in a monodispersed state and
as they underwent in situ self-assembly (section 6.2). Analysis revealed
features characteristic of the GNPs under investigation within intracellular
vacuoles characteristic of endosomes after exposure to both NCG (section
6.2.4) and PCG (section 6.2.5) individually and simultaneously (section
6.2.6). Cluster-like structures observed from microscopy studies were
subsequently confirmed by EDS to be comprised of gold, surrounded by
material that had been labelled with osmium as a consequence of sample
preparation (Figures 6.12 to 6.17). These findings agree with numerous other
studies, where nanoparticles of a similar size have been internalised by cells
and localised within cytoplasmic vesicles393-395. Owing to the small size of
nanoparticles it is understood that they interact with cells in a similar way to
endogenous macromolecules, actively incorporated into cells via a vesicular
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transport system broadly defined as endocytosis396. Two key pathways have
been shown to be responsible for the uptake of nanoparticles with
dimensions below several hundred nanometres; pinocytosis, which is a nonspecific fluid phase mechanism and clathrin-mediated endocytosis, which
occurs when proteins adsorbed onto the surface of nanoparticles activate
receptors on cell membranes397. In each case, these mechanisms follow a
general progression of material-cell binding, invagination (membrane
wrapping), vesicle formation and subsequent fusion of vesicles to form
vacuolic endosomes, as portrayed in Figure 6.21 At this stage endosomes
are either trafficked back to the cell surface for exocytosis or undergo further
fusion events eventually proceeding to lysosomes, where a diverse range of
proteins and enzymes attempt to degrade the nanoparticles 398. Whilst the
specific pathways responsible for the internalisation and intracellular
trafficking of NCG and PCG were not studied in the current work, definitive
structures characteristic of vesicle and endosome formation were observed
(sections 6.2.4 and 6.2.5). Consequently, it was concluded that cellular
uptake of NCG and PCG had occurred when administered individually, with
their intracellular fate likely to be consistent with the processes explained
above. When NCG and PCG were administered simultaneously (section
6.2.6), no conclusive detection of gold was revealed intracellularly from EDS
analysis. Structures appearing similar to clusters of GNPs seen for individual
treatments were still observed within cellular vacuoles, with elemental
mapping revealing a correlation with gold and osmium detection. It was
further noted that these structures were similar to features seen in the
analysis of the untreated control specimen (section 6.2.3), which were also
confirmed to be osmium deposits. Although not evidenced in the current
work, based on previous studies it was considered conceivable that the
increased size of assembled GNP clusters evidenced within CCM could have
limited cellular uptake and altered subsequent intracellular trafficking400,401. It
must be emphasised however that attempts to detect gold in all specimens
was both challenging and time consuming, which limited overall analysis. An
absence of gold detection from EDS spectra was consequently considered
as inconclusive evidence to suggest the uptake of gold had been limited.
Further highlighting the inherent sensitivity of this work, EDS spectra
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obtained after treatment with NCG (Figure 6.9) and PCG (Figure 6.11)
individually only display definitive peaks for gold detection when the analysis
focused specifically on structures previously confirmed to be GNPs.
Accordingly, GNPs could have been present in other nearby regions of the
specimen after simultaneous treatment, but not successfully detected. It is
suggested that further examination is required to assert these findings and
confirm whether in situ self-assembly of GNPs via electrostatic interactions
as discussed in section 6.3.3.1 inhibits particle internalisation within the lung
fibroblast cell line investigated.
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Figure 6.21: Schematic of major endoc ytosis and exoc ytosis pathways of
nanoparticles within cells, including pinocytosis and clathrin-mediated
endocytosis, two proposed entry-mechanisms for the GNPs investigated in the
402
present study. (Image obtained from N. Oh Ji. Park, 2014)

6.3.3.6 Electrostatic interactions towards self-assembly of GNPs under biological
conditions

Whilst electrostatic attraction provides a relatively straightforward and rapid
approach towards the self-assembly of nanoparticles, a lack of control with
respect to the timing of this activity and the overall structure formation are
clear drawbacks that will need to be overcome. Whilst no definitive evidence
of intracellular self-assembly was obtained in the current study, Yang et al
recently reported the formation of GNP clusters within a human breast
cancer

cell

line

when

exposed

to

cationic

and

anionic

particles

sequentially403. Their method of exposing cells to complementary GNPs
consecutively rather than simultaneously as in the current study appears to
be an interesting strategy that could potentially limit the extent of GNP selfassembly before the particles are internalised. Indeed, the basis for
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undertaking this approach was founded on their reasoning that intracellular
assembly of GNPs would avoid the necessity for cells to internalise larger
nanostructures, which can be limited403. However, no attempt was made to
characterise the GNPs within the utilised biological media, making it difficult
to conclude whether their experimental design prevented uncontrolled
aggregation of particles within CCM and whether this influenced their
subsequent internalisation and intracellular assembly. It was also noted that
their approach to detecting GNP internalisation relied exclusively on darkfield imaging via TEM whilst self-assembly was indirectly measured by
detecting differences in the production of reactive oxygen species (ROS) and
cell viability403. An alternative approach investigated by Nam et al
functionalised GNPs with pH responsive surface ligands, providing particles
with complementary electrostatic charges only under acidic environments404.
Interestingly, they further confirmed the ability to “trigger” the pH induced
self-assembly within CCM, concluding that their electrostatic approach would
prevail

under

biological

conditions

and

resist

interference

from

biomolecules404. A marked increase in the detection of these GNPs was then
confirmed intracellularly relative to a control GNP that was not designed to
assemble using bright-filed imaging via TEM. Furthermore, the formation of
intracellular GNP clusters was found to increase with longer exposure times,
leading to the hypothesis that intracellular self-assembly of nanoparticles
prevented their subsequent exocytosis within the range of fibroblastic cell
lines investigated404. Limiting this study however, the detection of gold relied
exclusively on the differing ability of individual and assembled GNPs to
interact with electrons within TEM analysis, providing varying image contrast
within micrographs from which their conclusions were founded. If this
approach had be utilised in the present study, structures comprised of
osmium could have been mistaken as internalised GNPs. In the present
study, EDS analysis was found to be the only technique able to differentiate
between similarly appearing nano-scale features and confirm the presence or
absence of gold with confidence.

In principle, the fundamentals of utilising electrostatic interactions for the selfassembly of nanomaterials within biological environments have recently been
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established. Ongoing research in this area appears to already be attempting
to

overcome

identified

limitations.

However,

whilst

this

area

of

nanotechnology holds great promise, care must be taken to fully understand
the mechanisms involved both before and after cellular internalisation of
nanomaterials and guarantee the validity of experimental interpretation. It is
suggested that whilst self-assembly was not definitively evidenced in this
project, development of analytical approaches and further understanding of
the inherent sensitivity involved will support future efforts in this field. In
hindsight of the work undertaken, utilising different sized and shaped
nanoparticles may assist the identification of intracellular self-assembly and
provide a viable route towards further architectural control. Furthermore,
whilst microscopy and elemental analysis has provided an outstanding
qualitative approach towards determining the localisation of GNPs,
quantification methods would be beneficial to understanding the influence of
in situ self-assembly. This could be achieved by blocking specific endocytotic
pathways with known inhibitors and quantitatively evaluating the resultant
uptake of particles using established methods such as flow cytometry, mass
spectrometry or emission spectrometry393,397,399.
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6.4

Conclusion

Utilising intermolecular bonding via oligonucleotide hybridisation was not an
effective approach towards the in situ self-assembly of GNPs under
physiological conditions in the current study. By contrast, self-assembly
facilitated by electrostatic attraction appears to prevail under the same
conditions, although overall sizes of assembled structures are reduced
compared to within a simple aqueous environment. It is hypothesised that
this persistent self-assembly activity arises from differing biological identities
adsorbed onto the surface of the oppositely charged particles, NCG and
PCG, which indirectly maintains the attractive forces between them. These
results highlight the importance of understanding nanoparticle-biomolecule
interactions that appear to interfere with the process of in situ self-assembly
under biological conditions. Whilst cellular uptake and localisation of NCG
and PCG within cytoplasmic vacuoles was confirmed when administered
individually, no evidence was obtained to suggest that intracellular selfassembly activity had occurred via the electrostatic approach when the same
GNPs were administered simultaneously. Utilised microscopy and elemental
analysis approaches have provided further understanding of the complex
nanomaterial-biological interactions that occur and the importance of
interpreting results confidently by application of supplementary techniques. It
is concluded that whilst self-assembly was not evidenced in the current
study, further control of the processes involved and the development of
specific complementary chemistry will provide promising avenues for future
research.
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7 General Discussion and Conclusions
The current work set out to evaluate the feasibility, associated risk and
current limitations of utilising SANs for in situ activity within biological
environments. Ascertaining how self-assembly of individual SANs translates
from pre-defined conditions to within biological environments was considered
fundamental to addressing current gaps in knowledge regarding the
behaviour of these functional nanomaterials355,405,406. For this reason and
considering an absence of standardised protocols to assess nanomaterial
bio-performance406,407,

a

step-wise

approach

towards

evaluating

nanomaterial self-assembly was undertaken in the present study. Initially in
chapter

3,

individual

building

blocks

and

resultant

self-assembled

suprastructures were characterised within simple aqueous conditions.
Demonstrating how conventional therapeutic delivery methods could be
applied to isolate and potentially deliver functional SANs, chapter 4 focused
on encapsulating individual building blocks within liposomes, a wellestablished lipid-based technology, using a newly developed synthesis
strategy. Potential toxicity was then assessed in chapter 5 for SANs
individually and as they underwent self-assembly in vitro, using a lung
fibroblast cell model. Subsequent studies in chapter 6 focused on evidencing
self-assembly using different mechanisms within a relevant biological fluid
and in vitro cell model. This experimental design was adopted to provide a
facile route of evaluation that would identify potential risks and limitations at a
preliminary stage. It was envisaged that this approach would enable future
efforts to routinely assess critical design parameters, permitting optimisation
and further understanding of nanomaterial-biological interactions that could
potentially influence self-assembly activity. With ongoing progress in the field
of self-assembling nanosystems, it appears inevitable that this technology
will develop in tandem to the continuous demand for innovation regarding
effective and non-invasive medical procedures. It is anticipated that the
research and conclusions presented in this project will contribute and
facilitate

future

development

of

associated

in

situ

self-assembling

nanotechnologies and their application in healthcare.
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7.1

Investigative conclusions

Conclusions of this study are derived from the outcomes of experimental
work, having considered available literature and current research directives.
The study can be described as having been successful in fulfilling research
objectives and contributing towards knowledge concerning the key research
questions stated in the aims. The main conclusions from investigations are
summarised below:

I.

As

established

in

chapter

3,

electrostatic

interactions

and

intermolecular recognition are effective mechanisms in the current
study that facilitate self-assembly of individual GNPs into threedimensional

suprastructures.

Characterisation

showed

that

suprastructures were representative of structural agglomerates, which
were multiple orders of magnitude larger than the original individual
building blocks. Reversible self-assembly was achieved by thermally
triggering dissociation of complementary hybridised oligonucleotides
between assembled GNPs, demonstrating how external parameters
could be used to implement further control and functionality.

II.

Chapter 4 evidenced how individual SANs could be incorporated into
PEGylated multilamellar liposomes, using a novel strategy that
exploits electrostatic interactions between oppositely charged GNPs
and lipids. Elemental analysis revealed a regular distribution of GNPs
between adjacent bilayers, which appears to be different to previous
reports of encapsulating hydrophobic particles directly within bilayers
or hydrophilic particles within the central aqueous core of liposomes.
Additionally, ensuing attractions between GNPs and lipids when using
this approach were shown to significantly influence the loading content
(ratio of gold to lipid) of the final formulations and could be exploited
for further optimisation.
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III.

In vitro assessments applied in chapter 5 revealed that in situ selfassembly of GNPs significantly influenced cell viability and cytolysis
relative

to

treatment

with

individual

building

blocks.

It

was

hypothesised that the formation of self-assembled suprastructures
with larger size dimensions could have altered the underpinning
mechanisms of cytotoxicity, which resulted in a different biological
response. Significant dose-dependent toxicity was also seen for GNPliposome formulations, highlighting the importance of assessing all
aspects of novel nanosystems in addition to the primary functional
components.

IV.

Nanoparticle-biomolecule aggregation seen in chapter 6 revealed that
individual building blocks undergo extensive interactions with a range
of

biomolecules

under

the

simulated

physiological

conditions

investigated. Subsequent in situ self-assembly of complementary
GNPs was evidenced to prevail via the electrostatic approach but
intermolecular bonding was revealed to be an ineffective mechanism
in the current study. It was hypothesised that the difference in selfassembly activity displayed by the two approaches was dependent on
the biological identities adsorbed onto the surface of individual
building blocks. Furthermore, definitive evidence of intracellular selfassembly of GNPs was not obtained in the current study, although
internalisation

and

subsequent

accumulation

of

GNPs

within

cytoplasmic vesicles was clearly revealed. It was concluded that
intracellular evaluation and interpretation was challenging because
differentiating between individual building blocks and self-assembled
suprastructures relied on visual elucidation alone.

Investigations of the current project have contributed towards further
understanding of how the activity of in situ self-assembling nanomaterials
translates from simple aqueous conditions to within complex biological
environments. The developed step-wise approach towards evaluation is
proposed as an appropriate strategy that will enable assessment of bioperformance for alternative self-assembling nanosystems in the future.
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Results highlight the importance of designing suitable building blocks, which
ideally should retain their complementary functionality and resist biological
interactions. Insight into the differing potential for toxicity between individual
building blocks and their assembled counterparts raises an important
consideration. Consequently, suitable assessment should be included in the
experimental design of future studies to ascertain associated toxic effects.
Whilst definitive evidence of intracellular self-assembly was not obtained in
the current study, there are no obvious limitations at present that should
inhibit future attempts given that experimental designs are well considered
and optimised accordingly.
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7.2

Experimental limitations

Despite careful consideration and planning, difficulties related to some
aspects of applied research were encountered in the project. Limitations
identified throughout that could be overcome in future are discussed with
supporting literature.

7.2.1 Characterisation of Nanomaterials and Tissue Specimens

Nanomaterials are well known for their size-dependent properties and
physicochemical attributes that contribute to their displayed behaviour. These
phenomena collectively make characterisation vitally important, often
requiring unequalled levels of structural analysis. Similarly, their meticulous
evaluation within biological samples and tissue specimens is crucial towards
understanding nanomaterial-biological interactions, associated toxicity and
performance of functional materials. Paralleling this challenge, there have
been numerous advances in techniques available to researchers, including
electron microscopy. Notably, resolution acquired by TEM can now reach
atomic levels and integrated spectroscopic techniques that enable elemental
and chemical analysis have become widely available408,409. However, there
are well-documented drawbacks when using electron microscopy, relating to
the analysis of small data sets compared to other techniques and the
extensive sample preparation and requirements to make specimens suitable
for analysis410. Relating to the current work, cellular specimens were fixed and
dehydrated – and therefore deceased – according to a well-established
protocol that utilises osmium tetroxide. Whilst osmium application can be
advantageous in comparison to alternative reagents, acting as a contrast
enhancing fixative towards membrane lipids and proteins, numerous
mechanisms of specimen distortion and artefact formation have been
catalogued410,411. Alternatively, cryogenic sample preparation techniques are
being increasingly developed and applied, whereby samples are rapidly
frozen under high-pressure, effectively stopping biological processes whilst

196

retaining their viability. This can often enable a better reflection of their nativesate compared to chemical fixation methods, additionally avoiding subsequent
embedding of samples in resin or plastics to acquire thin-section specimens
for analysis412,413. Although cryo-techniques have been demonstrated in
certain circumstances to enhance microscopy analysis of sub-cellular
structures and intracellular features, unique challenges and limitations
persist412,414. Therefore, selection from available methods for a particular
investigation should ultimately be decided through optimisation studies,
similar to those carried out in the present study.

Furthermore, considering the focus of the current work towards in situ selfassembly of nanomaterials, an inability to provide “real-time” analysis is
considered a significant drawback. Since interactions between nanomaterials,
biological components and subsequent self-assembly activity is a dynamic
process, an understanding of how and when these processes occur would be
highly advantageous. At present, there is significant motivation to develop in
situ electron microscopy approaches, to meet novel scientific challenges,
particularly regarding nanomaterial characterisation and activity415. Foremost,
suitable specimen-holders must be designed and specialised to particular
investigations, such as the liquid-cell utilised by Liu et al to evaluate selfassembly of oppositely charged GNPs within an aqueous suspension 416.
Coupled with ongoing development of other aspects of electron microscopy,
such as variable vacuum conditions417, improved time-resolution acquired
from new camera technology and data collection capabilities 418,419, in situ
microscopy will become an increasingly powerful and available tool that will
eventually progress from specific custom-designs to commercial availability.

7.2.2 In vitro models and toxicity studies

Equally important to the characterisation of novel SANs, predictive toxicity and
hazard capabilities should be assessed at a preliminary stage. This
requirement reflects the unpredictable outcomes that could arise from
potential human exposure to new nanomaterials and ethical issues
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surrounding in vivo testing420. Accordingly, a comprehensive set of
standardised tests designed to characterise risks and underpinning
mechanisms should be applied similar to traditional toxicology approaches 421.
This would enable any specific biological responses to be identified and
evaluation of potential dose-dependent toxicity. By using various levels of
physiological modelling (molecular, cellular, tissue and organ)421 experimental
framework could be designed to reflect and predict any subsequent in vivo
studies, which could provide justification and alleviate ethical issues.

Owing to the extensive array of physicochemical properties displayed by
nanomaterials, biological responses and impact are highly variable.
Consequently, nanomaterials must be evaluated individually on a case-bycase basis and testing should encompass a range of tests and cell lines that
reflect potential exposure and application422. Recently, comprehensive
“intelligent testing strategies” have been developed, with appropriate
validation, standardisation and inclusion of nanomaterial controls422,423. These
approaches for example, include as many as 10 biochemical assays to
evaluate cytotoxicity through changes in cell viability and metabolism (MTT,
WST-8, Reazurin and neutral red assays), membrane integrity (LDH assay)
and oxidative stress (dichlorofluorescein assay)423,424. Tests are performed on
multiple cell models, representing major systems and organs including
immune,

respiratory,

gastrointestinal,

heart,

lung,

kidney,

liver

and

spleen422,424. In the present study however, only a single lung fibroblast cell
model was utilised (V79) in conjunction with biochemical assays MTT and
LDH. Whilst the V79 model is well established in toxicology studies and has
been applied to broadly identify biological responses and general toxicity in a
dose-dependent manner425, collected data is known to be highly variable
between cell-types426,347. Accordingly, use of a single cell model is considered
a significant limitation and cannot be considered representative of overall
toxicity. Similarly, whilst the coupling of MTT and LDH assays enables a
reliable

measure

of

material-induced

necrosis,

this

wide-spectrum

assessment of cytotoxicity will not differentiate between contributing,
underpinning mechanism. Although these limitations are relatively broad, they
were foreseen, with experimental designs purposely excluded further robust
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toxicity testing, to enable a focus on the key aims of the current project.
Instead, the rudimentary toxicity studies applied affords a predictive basis for
future studies, providing general insight into the potential for variable toxicity
between building blocks and their self-assembled suprastructures, which will
inevitably be different for each developed nanosystem.

7.2.3 Three-dimensional in vitro experiments

Three-dimensional in vitro models are increasingly being utilised of recent
because they provide unique opportunities to study specific biological
microenvironments, which often cannot be replicated using traditional twodimensional models427. It is well-understood that extracellular matrix plays a
significant

role

in

cell

behaviour

and

nanomaterial-cell

interactions,

consequently, three-dimensional models more appropriately represent in vivo
environments428. Considering the current study focused on evidencing
intracellular self-assembly, three-dimensional cellular models would have
been further advantageous in determining whether self-assembly occurred
before cellular internalisation (chapter 6). Furthermore, with a suitable threedimensional experimental cell model it could be possible to study mechanisms
towards optimising in situ extracellular or intracellular self-assembly activity
and how these different approaches influence resultant toxicity (chapter 4).
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7.3

Future perspectives

Reflecting on experimental conclusions, identified limitations and further
understanding acquired regarding the in situ self-assembly of nanomaterials
within biological systems, residual and original questions are considered.
These questions can be utilised to formulate research aims, directing future
research.


What approaches towards the self-assembly of nanomaterials will
enable further control and implement programmability, and how will this
be demonstrated through applied research?

The current project focused on two fundamental approaches, electrostatic
interactions and molecular recognition. Whilst only the former approach was
successful in facilitating the assembly of GNPs under biological conditions in
the present work, it has become apparent that with careful designing and
rational chemistry the latter approach could offer the greatest potential for
further manipulation and control. From a basic perspective, electrostatic
interactions as a mechanism of facilitating self-assembly are restricted
because fundamentally there are only two possible charges, positive and
negative. As a result, the number of “encoded” building blocks is also limited,
although sequential deliver of SANs and layer-by-layer assembly approaches
could potentially be applied to overcome this.

As evidenced in this work, nanomaterials displaying ionic surfaces also
interact

extensively

with

biological

entities,

yet

exposure

of

their

complementary charged surfaces is required to facilitate self-assembly. By
contrast, molecular recognition provides endless opportunities. Complex
nanoscale “DNA origami” macromolecular designs are a key example of how
further programmability can be achieved if similar chemistry was applied to
nanomaterials429. As revealed in the current project, however, effective bioperformance will not be readily achieved by functionalising nanomaterials with
existing analogues of DNA. Alternatively, synthetic macromolecules, including
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arrangements utilised for “click chemistry”430 and those inspired by DNA itself,
such as peptide nucleic acid431 appear as promising candidates. They offer
high levels of specificity and could be precision-engineered to encode multiple
building blocks whilst avoiding unintended biological interactions that may
otherwise hinder their functionality. To demonstrate this, a proof-of-concept
could be achieved by introducing complementary surfaces to nanoparticles
with

different

shapes,

sizes

and

composition,

which

would

assist

characterisation and evaluation. This has become an increasingly attractive
opportunity as these nanoparticles have become commercially available and
cheaper in recent years.


How can in situ self-assembling nanomaterials function for applications
in healthcare?

Similar to nanomaterials in general, properties of self-assembled structures
are governed by the size, shape, chemistry and other parameters native to
the original building blocks. Similarly, the composition, arrangement and
proportions of these individual building blocks within an assembled structure
as a whole will provide endless means to modify resultant characteristics. This
in turn provides broad opportunities to enhance existing technologies and
discover unique functionalities that can be utilised. Interestingly, known
properties and applications of discrete nanomaterials appear to be retained
and even enhanced in some circumstances by their assembled counterparts,
which has already been demonstrated for assembled GNPs and photothermal
therapy432. Therefore, it would be highly advantageous if nanomaterials could
be delivered to a site of interest, assembled for effective treatment and then
subsequently dissociated for clearance from the body. A proof-of-concept
could be achieved using simplified in vitro models, applying similar techniques
and a step-wise approach towards evaluation as demonstrated in the current
work. Furthermore, sequential administration of building blocks for defined
“stages” of self-assembly may facilitate multifunctional approaches to
treatment, where a medical condition is first identified, diagnosed, treated and
later monitored; these concepts are already being investigated and
realised433,434.
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7.4

Contribution to knowledge

At present there is a clear gap in knowledge concerning the behaviour and
performance of SANs within biological systems and suitable experimental
framework for evaluation. Specifically, this relates to the effectiveness of
different mechanism towards achieving predictable self-assembly, potential
toxicity arising from the process of in situ self-assembly and methods of
assessing in vitro outcomes. The current work has contributed towards further
understanding of how the activity of self-assembling nanomaterials translates
from predefined laboratory settings to within complex biological environments.
In particular, several aspects of this project can be described as novel and
having made a contribution towards knowledge.

I.

A synthetic strategy was developed for the preparation of PEGylated
liposomes containing encapsulated metallic nanoparticles that display
ionic

surfaces.

Additionally,

demonstrating

how

complementary

building blocks for self-assembly can be isolated within traditional drug
delivery technologies.

II.

Preliminary toxicity studies have identified that there could be
differences in the associated toxicity of individual building blocks
compared to their self-assembled suprastructures, a phenomenon that
is supported by toxicity studies regarding the state of dispersion of
nanomaterials and their aggregates.

III.

A comparison between two discrete mechanisms towards selfassembly of nanomaterials under biological conditions reveals that
extensive bio-complex formation can impair activity; electrostatic
interactions appear to prevail whilst molecular recognition using
oligonucleotides was ineffective.

IV.

Evaluation of intracellular self-assembly and the ability to differentiate
between individual building blocks and assembled structures is
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inherently difficult when elucidating from visual interpretation alone.
However, based on the findings of the current study it appears that
considerate experimental planning and optimisation of microscopy and
further supplementary techniques will expedite further research efforts.
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9 Appendices
Appendix 1 - Standard addition plots for the recovery and validation of gold
using atomic emission spectroscopy.

Standard addition plots for the recovery of gold using atomic emission
spectroscopy. (A): PCG and (B): NCG. Extrapolated values (red markers)
correspond to the original concentration of gold utili sed (2.5 μg / ml).

Appendix 2 – Validation of hydrodynamic size analysis

Analysis

of

polystyrene

latex

standard

reference

material

with

a

hydrodynamic diameter of 192 ± 11 nm. A corresponding Z-average size of
200.7 nm was recorded, within the manufacturer’s specified limits.
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Appendix 3 – Validation of zeta potential analysis

Analysis of a zeta potential transfer standard reference with a value of -42 ±
4.2 mV. A corresponding mean value of -38.8 mV was recorded, within the
manufacturer’s specified limits.
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