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THESIS SUMMARY
Synthesis and Cytotoxicity Studies of Gold Nanoparticle Systems

The thesis entails an in-depth experimental work on modern aqueous and nonaqueous
techniques for the synthesis and characterization of colloidal gold nanoparticles of various sizes
and functionalities. Further, heterofunctional monolayer protected clusters (MPCs) of gold
were synthesized through ligand exchange reactions on gold nanoparticle surfaces. Covalent
and noncovalent biofunctionalisation techniques such as carbodiimide coupling, biotin-avidin
interactions and Ni-NTA-histidine interactions were used to further introduce proteins and
peptides on the surface of the gold nanoparticles resulting in bioconjugates. These systems
were characterized using such techniques as TEM, UV-Vis and agarose gel electrophoresis. The
three nanoparticle systems i.e. colloidal gold nanoparticles, monolayer protected clusters and
bioconjugates were investigated for their inherent biologic effects on live cells through end-
point based in vitro assays, neutral red and APOPercentage™. The cytotoxicity profiles of the
nanomaterials under investigation were elucidated and they showed benign, dose-dependent
responses, with higher doses resulting in lower cell viability. This work demonstrated protocols
for the synthesis of colloidal gold nanoparticles, MPCs and bioconjugates and subsequently the
in vitro evaluation of these systems. This work has paved the way for the use of gold
nanoparticle systems as drug delivery and diagnostic tools.
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CHAPTER 1: INTRODUCTION

1.1. INTRODUCTION
1.1.1. Aims and Approach of the Study
The objective of the study is to prepare and develop a number of gold nanoparticle
systems that possess surface chemistry that could be utilised in applications such as
targeted drug delivery and diagnostics. Specific-reactivity ligands would allow such
incorporation of a variety of molecular handles for further surface exploitation. Due to
the intended applications of these systems in addressing pharmaceutical and medical
applications, their cellular interactions and responses need to be examined. Milestones for
this work were set as follows:
a) Synthesis of different sized colloidal gold nanoparticles and monolayer protected
clusters (MPCs).
b) Custom surface functionalisation of gold nanoparticles equipped with surface
chemical recognition groups.
c) Generation of bioconjugates by surface immobilisation of biomolecules.
d) In vitro cellular interactions of the colloidal gold nanoparticles, MPCs and
bioconjugates.

The resultant systems should be stable in all environments of application.

1.1.2. Gold: A Historical Perspective

In the Middle Ages the developments in Alchemy saw a concerted effort in the art of
transmutation, whereupon base metals were supposedly converted into gold, employing
the intangible philosopher’s stone [1]. The search for the philosopher’s stone became so
much a subject for the alchemists that a foundation for modern chemistry was laid,
through the discovery of physical and chemical properties of many substances used [2].
The cultures of that day sanctified the sun and the lustre of gold was associated with the
warmth of the sun and its life-giving light. Gold was subsequently seen as the earthly
form of the sun, with its use by the magico-healers from Egypt to India, seeing it crafted
as amulets and necklaces that ostensibly protected the wearer from evil spells and spirits

that might cause illness [3].
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Perhaps the most prominent use of gold was in decorative applications such as
ruby glass and colouring ceramics with the most well-known example being the Lycurgus
Cup, which formed part of the Roman vessels known as cage cups or diatreta, that are
dated to fourth century A.D. The glass of the cup is dichroic, having a translucent ruby
red colour in transmitted light and green colour in reflected light, owing to the presence
of gold colloids [4]. Between the 13™ and 16™ century the alchemists focused on making
the gold drinkable, which could promote it to therapeutic applications; the potable gold or
aurum potabile was a resultant of the discovery of aqua regia, the much needed “royal”
solvent of gold, prepared by the addition of sal ammoniac (ammonium chloride) to aqua
fortis [5].

In the early 17" century, the drinkable gold found applications in treating
conditions such as melancholy since gold “made one’s heart happy” [6]. By the late 17"
to the early 18™ century the use of colloidal gold in highest quality colour manufacturing
for pottery and enamels had been established [7], with Purple of Cassius (a combination
of colloidal gold and stannic acid) widely exploited in glass, pottery and porcelain works
continuing to this day [8]. At that stage, new recipes for the synthesis of gold with
therapeutic properties led to the treatment of diseases such as syphilis and scrofula,
employing a double chloride of gold [3]. To this day, gold compounds such as gold
sodium thiomalate (Myochrysine) and gold thioglucose (Solgonal) are still used for the
treatment of rheumatoid arthritis [9].

1.1.3. The Nanoscale of Things

Gold in bulk form is an inert, yellowish soft metal having a face centered cubic (fcc)
structure with a melting point as high as 1064 °C. Gold has a legendary status of being
known as the “king of the metals” or the most “noble” of all the metals, owing to the
resistance of gold to surface oxidation. Contrary to the nobility of bulk gold, exciting
properties can be attributed to gold at the nanoscale. The interface between the bulk and
molecular scales has given birth to matter at the nanoscale, which has fused much
excitement to researchers and promises to transform many aspects of materials sciences

in the 21% century and beyond.
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Materials at this size range obey neither absolute quantum chemistry nor laws of
classical physics and have properties that differ markedly from those conventionally
expected. This has led to new ways of creating materials and products having a wider
range of options through which the process can be influenced. The study of these minute
entities has given more focus towards the “neglected dimension” or “fuzzy interface” in
materials research, the nanometer size regime, the transition dimension between bulk and
molecular regimes. Nanostructured materials are generally referred to as nanoparticles
and are characterised by a physical dimension of 1 - 100 nm (from a small atomic cluster
to about a single wavelength of near-UV light) [10].

It is interesting to note that metallic (gold) nanoparticles have comparable
properties to those of the semiconductor nanoparticles, which have long been studied in
detail [11-17]. Similar effects found in semiconductor nanoparticles such as their ability
to store excess electrons and positive holes [18], changes in the electronic properties due
to surface modifications [19], photoelectron emission [20], and sensitisation of
photoreactions of other solutes can also be found in metallic nanoparticles [21]. A brief
account of the size related implications of materials in the nanoscale regime is presented

in the next section.

1.1.4. Nanostructure Effects

The unique properties in the nanosize regime are due to nanoparticles having a high
surface-to-volume ratio of their constituent atoms, increased specific surface area and
their reduced size in relation to the excitonic radius of the bulk material. The specific

area-surface area relationship is given by:

2
Specific surface area = Lr?’ = S Equation 1.1
% [Irp pr

where r = radius and p = density
The surface area is three orders of magnitude larger at nanoscale as compared to
the microscale. In a solid bulk material, the intramolecular bonding energies are much

stronger than the intermolecular interactions, meaning the bulk properties can be analysed

-3-
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as the sum of the individual molecular contributions. The weak intermolecular
interactions hardly go beyond the neighbours and the electronic structure of a bulk
molecular crystal is therefore independent of the crystal size.

As the particle size is reduced, the ratio of the surface atoms in relation to those in
the volume increases, thereby increasing the significance of the surface in determining
the properties of the material. In metal nanoparticles, energy level quantization is
observed compared to the continuous band as observed in corresponding bulk materials
(Figure 1.1).

Metal Semiconductor
Bulk Nanocrystal Atom Bulk Nanocrystal Atom

TENY

-

Energy

Density of states

Figure 1.1. Representation of the transformation of the electronic density of states (DOS)
of the valence and conduction bands in metal and semiconductor nanoparticles with
comparison to their relevant bulk and atomic states respectively. In metals, the semi-
continuous density of states in valence and conduction bands splits into two discrete

electronic levels. The level spacing increases with the decrease in particle sizes [22].

This effect is as a consequence of the confinement of the charge carriers (electrons)
within the dimensions of the nanoparticle that is smaller than the bulk delocalisation
length. This effect is referred to as the quantum size effect [22-24].

The electronic properties of materials at such small sizes resemble those of a
molecule than an extended solid of the same material [25]. The quantum size effect

changes the intrinsic properties of the nanoparticles. Generally the surface atoms
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contribute to the free energy, and the changes in the thermodynamic properties of
nanoparticles such as melting point depression, solid-solid phase transition elevation and
can be traced to the quantum size effect [26]. Due to the new and unprecedented
properties of these materials, their applications have spawned many different research

areas, from molecular biology to nanoelectronics [27-29].

1.1.5. Bottom-up and Top-down Approaches

The nanoscale region can both be achieved by bottom-up (solution synthesis of
nanoparticle assemblies) and top-down (precision engineering and lithography)
approaches. A bottom-up approach is ubiquitous in nature, involving the use of small
molecular clusters as the building blocks for nanosized and macrosized shapes and
structures. Self-assembly is another form of patterned growth that employs the workings
of the bottom-up approach. This approach mimics biological systems by utilising order-
inducing factors that are immanent to the system. It therefore can be referred to as a
process of “growing” structures [30]. This approach offers simplicity which could go as
low as atomic scale, assembling of multi-dimensional structures and potential affordable
scaling-up of the materials.

The drawback in the bottom-up techniques is the near impossible prospect of
arresting growth at the same time for all the nanoparticles in solution. The top-down
fabrication approach involves scaling down of larger materials into the desired shape and
size. The order of the desired product is imposed through the preparation process. Many
commercially important techniques such as electron beam lithography, photolithography
and etching are used in the top-down fabrication of self-assembled structures [31-33].
This technique suffers because of complexity, cost and uncontrollable anisotropy in the

case of chemical etching of structures.

1.2. SYNTHESIS OF NANOPARTICLES

Synthesis methods for the preparation of nanoparticles have to be reproducible, yielding
nanoparticles of a predetermined size, structure, shape and composition [27, 34-37]. A
systematic study of synthesis and colours of gold colloids was reported in 1857, through

the work of Michael Faraday [38]. In a two-phase reaction, Faraday reported the
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formation of ruby red colloidal gold solutions by reducing a gold salt with phosphorus in
carbon disulfide. He further studied the interactions of light and the thin films of dried
colloids, observing a reversible colour change upon compression. Since this pioneering
work, many procedures have been reported for nanoparticle synthesis, reactions and
functionalisation. Commonly used methods include transition metal salt reduction, ligand
reduction and displacement from organometallics, electrochemical synthesis among
many others.

A description of a pick of the leading three methods (citrate-reduction, two-phase
Brust-Schriffin and the polyol method) is described, and an account of other techniques is

presented next.

1.2.1. Citrate Reduction Method

Possibly the most popular wet chemistry method of metal nanoparticles synthesis is the
tetrachloroaurate reduction by citrate in water, devised by Turkevitch et al. in the 1950s
[39, 40]. The experimental observation of the colour changes from pale yellow,
colourless, dark blue, purple and then ruby-red has sparked an unprecedented interest in
the studies of the citrate-capped gold nanoparticle evolution. Chow et. al. studied the
structural evolution of the gold nanoparticles under different conditions, employing lower
temperatures (50-80 °C) and different citrate-to-gold concentrations [41]. They found the
initial transition from dark blue to red on reduction of the gold(lIl) by citrate, to be
associated with the decrease in particle sizes. The large transitory particles were spherical
in shape (100 - 200 nm) and composed of smaller and well defined subunits of spherical
gold nanoparticles (5 - 15 nm).

Studies by Peng et. al. observed that the formation of gold atoms is followed by
nucleation resulting in the formation of small nanoclusters of about 5 nm. These
nanoclusters assemble in a linear-like fashion into an extensive network of nanowires
[42]. More Au atoms adsorb increasing the diameter of the nanowires, subsequently
destabilising them. The wires undergo fragmentation and cleave into spherical particles.
Aging and Ostwald ripening lead to well-defined spherical citrate-capped gold
nanoparticles [43]. The formation of the nanoparticles could be controlled, leading to the

synthesis of pre-chosen nanoparticles sizes [44]. In that account, Frens reported the
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variations of the ratio between reducing/capping agent to gold to manipulate the sizes of
the nanoparticles. The change in the citrate concentration changes both the reduction rate
and the nucleation-to-growth ratio, thus blurring the distinction between the stabilising
and reducing actions of the citrate.

A wide range of particle sizes have been synthesised using this method (~10 - 150
nm), although polydispersity and morphological variations have been observed for
nanoparticles larger than 30 nm [45]. A range of nanoparticle sizes (15 -120 nm) have
also been reported, synthesised by variations in the pH of the starting gold salt solution
[46]. Henglein et al. have reported the synthesis of citrate capped silver nanoparticles
[47]. Silver nanoparticles prepared by this method showed limited particle size control
[48]. It was further noted that various acids, which are oxidation/decarboxylation
products of citrate can be chemisorbed onto the particles and affect the particle growth.
Platinum colloids of very small sizes have been synthesized via the citrate method [49,
50]. Palladium nanoparticles can also be synthesised using this route [51]. Kumar et al.
reported a full kinetic Monte Carlo simulation model for the prediction of particle sizes

by varying the citrate-to-gold ratio [52].

1.2.2. Two-Phase Reduction: Brust-Schiffrin Method

The use of alkanethiolates of different chain lengths as capping agents for gold
nanoparticles can be traced back to 1993 in a report by Giersig et al.[53]. The method
developed by Brust et al. in 1994 has gained tremendous popularity in gold nanoparticle
synthesis [54]. This two-phase redox reaction involves dissolving AuCl, in water and
transfer of AuCl, into the toluene layer by the action of a phase-transfer reagent,
tetraoctylammonium bromide (TOABT). The addition of an alkanethiol reduced gold(lI)
to Au(l), forming as an alkylthio complex. The addition of a strong reducing agent,
sodium borohydride caused a reductive decomposition of the complex leading to
nucleation of the metal cluster, and simultaneously the formation of a thiolate monolayer
on the surface [55]. This process can be summarised in the following equations:

AuCl, (Aqueous) + N(CgH17)4" (Toluene) —»
N(CgHy7)4*AuCl, (Toluene) Equation 1.2

mAUCI, (Toluene) + nCqoH»5SH(Toluene) + 3 me” —»

4mCI(aq) + (Aup)(C12Ho5SH),(Toluene) Equation 1.3
-7 -
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A one-phase reaction has also been reported as a modification of the two-phase protocol
[56]. Since this study, a spate of research has gone into developing other suitable capping
ligands, including thiol-, amine-, silane-, phosphine and disulfide-based capping ligands
[57]. Surface ligand exchange strategies have also been widely formulated for further
exploitation of the gold core properties [58].

Particles of sizes ranging from 1 - 10 nm could be synthesised by varying the
stabiliser/gold ratio. The resultant nanoparticles synthesised by this method showed
tremendous stability. They could be dried, treated as simple chemical powders and re-
dispersed in solvents as colloids [54]. Subsequent observations on this reaction were
reported by Templeton et al., also reported that (i) larger thiol:gold mole ratios give
smaller particle sizes (ii) fast reductant addition and cooled solutions produce smaller,
more monodispersed particles, and (iii) quenching the reaction immediately following
reduction produces an abundance of very small core sizes (less than 2 nm) [59].

Thiol-functionalised platinum nanoparticles have been reported, using a
superhydride as a reducing agent. Nanoparticles with an average size of ~3 nm were
obtained capped with octanethiol [60]. Palladium nanoparticles have also been reported
to be synthesised by the action of triethylborohydride on a palladium chloride salt in
tetrahydrofuran (THF) resulting in small monodispersed nanoparticles at sizes between
1.3 - 4 nm [61]. Very small (1 - 2 nm) nanoparticles of copper have been synthesised by
this method. The particles showed remarkable structural modifications after prolonged
low temperature thermal annealing. A mixture of spheres, rods, hexagons, pentagons,

diamonds and triangles resulted, with the spheres most predominant [62].

1.2.3. Polyol Reduction Method

Another method that has gained popularity involved the reduction of a metal salt in the
presence of a protecting polymer, usually poly(vinyl pyrolidone) (PVP). This method
developed by Figlarz et al. entails refluxing the metal precursor (oxides, nitrates and
acetates) in ethylene glycol or polyols (polyethelene glycol (PEG)) in the presence of a
polymer for a specific period [63]. This method is commonly referred to as the polyol

method. Investigations into the reaction mechanism showed a solution based reduction
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pathway. This meant that the nanoparticles are formed by nucleation and growth from the
solution with the polyol acting as a solvent for the inorganic compound due to its high
dielectric constant.

The reaction mechanism involves two stages; (I) the conversion of the inorganic
precursor into the intermediate phase in a stepwise sequence, (1) progressive dissolution
of the starting inorganic precursor material, and (2) precipitation of the intermediate
phase; (I1) the conversion of the intermediate phase to the metal particles in a stepwise
reaction involving (1) the dissolution of the intermediate phase, (2) reduction in solution,
(3) evolution of the volatile products and (4) spontaneous nucleation and growth of metal
particles [63]. Tekaia-Elhsissen et al. reported the synthesis of monodispersed
nanoparticles of Au, Pt, Pd, Ru and Ir by the polyol route, in each case obtaining highly
defined nanoparticles of small sizes [64]. The effect of the PVP concentration was also
investigated, showing a decrease in average particle size of silver nanoparticles with an
increase in PVP concentration [65].

Rao et al. prepared nanoparticles of gold via the polyol method demonstrating the
effect of pH on the particle sizes observing that the particle sizes increased with the
increase in pH [66]. Generally the use of the polyol is advantageous in that the glycol is

adsorbed onto the nanoparticle surface, minimising particle surface oxidation.

1.2.4. Sonochemical Route

When substances such as water are subjected to strong ultrasound irradiation, it leads to
the formation, expansion and collapse of cavitation bubbles by the acoustic fields [67].
The result of which is the production of high-pressure fields at the centers of the bubbles,
in a process called acoustic cavitation [68]. This causes the dissociation of the interior
water vapour into H and OH radicals. These radicals initiate a sequential abstraction and
reduction reactions of dissolved molecules. The estimated temperature of the hot spot has
been estimated to be 5000 K, a temperature at which most molecules can be decomposed
or reduced [69]. Sonochemical reactions usually employ alcohols such as 2-propanol or
surfactants such as sodium dodecyl sulfate (SDS) or a combination of the two as radical

scavengers in the colloid formation. An additional polymer has also been incorporated as



Chapter 1 JIntreduction

a stabilizer. Different nanoparticle types have been synthesized this way including Au
[70, 71], Ag [72, 73] and CdS [74].

1.2.5. Synthesis in Confined Matrices

The need to manipulate both optical and electronic properties of nanoparticles requires
control over their spatial arrangement in 2D and 3D arrays [75]. Materials with distinctly
defined cavities (porous or layered) can be employed as host materials in which
nanoparticles can be synthesised with properties of the resultant nanoparticles dictated by
the microstructure of the host. Zeolites molecular sieves are examples of these matrices.
Zeolites, in their natural or synthetic forms, have a 3D aluminosilicate structure and have
long been used as hosts to synthesise nanoparticles [76, 77]. Porous alumina [78, 79] and
reverse micelles [80, 81] have also been used as hosts for the reduction of metal salts to
form nanoparticles.

Pileni et al. reported the synthesis of highly monodisperse silver nanoparticles by
using a functionalized bis(2-ethylhexyl)sulfosuccinate reverse micelle [82]. Another
surfactant that has received as much attention is cetylmethylammonium bromide (CTAB)
[83, 84]. Copper nanoparticles have been synthesised similarly [85]. Different metal
nanoparticles have been synthesised using the microemulsion method including Rh, Pd,
Ir [86], Ni [87] and Co [88]. A common observation was that the particle sizes varies
with the water content of the micelle; with larger water contents producing bigger particle

sizes.

1.2.6. Chemical Vapour Deposition (CVD) Route

CVD is an industrially important tool for the deposition of thin films on a variety of
substrates [89, 90]. There is no single universal CVD equipment, but it is individually
tailored for specific materials, and whether it is used for research and development or for
commercial production. Generally the CVD apparatus consists of three main components,
(i) the chemical vapour precursor supply system, which functions by generating the
precursor vapour and then supplying it to the reactor chamber, (ii) the CVD reactor which
conventionally contains a loadlock for the transport and placement of the substrate, a

substrate holder and a heating system with a temperature control and (iii) the effluent gas

-10 -
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handling system, serving to remove by-products and unreacted precursor material.

Formation of the nanosized film takes place in a series of steps (i) the generation
of a vapourised gaseous material source, (ii) transportation of the source into the reaction
chamber, (iii) phase reactions of the reactants leading to the formation of the intermediate
species, (iv) the adsorption of the source onto the hot substrate, (v) diffusion of the heated
deposit along the host substrate, forming crystallization centers and subsequent film
growth, (vi) the by-products are removed from the boundary layer through
diffusion/convection. The deposition temperature can be varied anywhere between 100 —
1000 °C, depending on the substrate and the target deposit. Highly monodispersed Au has
been deposited with a variant of CVD, aerosol assisted CVD (AACVD) [91], using
HAuUCI, as the metal precursor in the presence of tetraoctyl ammonium bromide
(TOABY). Other materials such as carbon nanotubes have been made using this technique
[92].

1.2.7. Solvothermal/ Hydrothermal Route

The synthesis of nanoparticles inside sealed vessels (steel bombs and autoclaves) can be
achieved by elevating the solvent temperature above its boiling point by increasing the
autogenous pressures through heating. This process increases the solubility and reactivity
of most inorganic complexes and salts at such critical solvent temperatures. Reactions
performed this way are referred to as solvothermal processing and hydrothermal
processing if water is used as a solvent [93 - 95]. Nanocrystalline phase-pure rutile
(TiO,), which is an important photocatalyst has been reported hydrothermally processed
by a controlled hydrolysis of Ti(OEt), in ethanol [96]. Other oxides such as CeO,, an
important catalyst in motor engine catalytic converters, [97] and y-Fe,O3 [98] have been
synthesised hydrothermally.

Nanoparticulate chalcogenides, MSe (M = Zn, Cd) have been hydrothermally
prepared by heating the metal and Se powder in an autoclave at 180 °C [99]. CdSe
nanoparticles were synthesised by incorporating trioctylphosphine oxide (TOPO) as a
capping agent [100]. MSe; and MS, (M= Ni, Co, Fe, Ni, Mo) were hydrothermally

prepared using metal chloride salts and N,S,03 or Na,SeSOs as starting materials [101].
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Other enhancements, such as microwave-hydrothermal method have been specially

developed to synthesise nanostructured mesoporous materials [102].

1.2.8. Biosynthesis Route

The “greening” of nanoparticle synthesis and assembly requires the development of
environmentally benign synthetic protocols, involving a minimum number of steps,
employing less toxic materials, involving as few reagents as possible under commonly
prevalent laboratory conditions. This has led to a plethora of biomimetic synthetic
approaches for the synthesis of nanomaterials and the subsequent growth of advanced
structures [103]. The most commonly observed instances of inorganic materials
synthesised by microorganisms include magnetite nanoparticles (magnetotactic bacteria)
[104] siliceous materials (diatoms) [105] and gypsum and calcium carbonate layers (S-
layer bacteria) [106].

Inorganic metal salt ions are generally toxic to most microorganisms, resulting in
the said microorganism activating defence mechanisms once in contact with these foreign
species. This process culminates in the change of redox states of the foreign ions inside
the cell that form the core of microorganisms being applied in areas such as
bioremediation, nanoparticle synthesis and microbial corrosion [107]. Both eukaryotic
(yeast) [108] and prokaryotic (bacteria) [109] microorganisms have been shown to
produce nanoparticles within their cell walls. Gold [103] and silver nanoparticles [103]
have been synthesised by reacting the metal salt ions with Verticullium, a genus of fungi
in the genus of Ascomycota, resulting in the intracellular deposition of nanoparticles. The
fungus Fusarium oxyporum has been reported to produce important semiconductor
nanoparticles, such as CdS [103c]. Klebsiella aerogenes bacterium has also been used to
synthesise CdS nanoparticles [110]. Lactobacillus strains, which are present in
buttermilk, have been used for large-scale production of silver and gold alloys when

exposed simultaneously to the metal salts of both metals [111].
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1.3. FORMATION OF THE NANOPARTICLE

The formation of the nanoparticles follows a simple process first investigated by LaMer
et al. in formation of the sulphur sols [112]. Considerable attention has subsequently been
afforded to the understanding of these processes. An exhaustive summary is presented

next.

1.3.1 Precipitation of Nanoparticles

The nanoparticle formation in solution occurs via a chemical reaction, forming stable
nuclei followed subsequently by growth of the nanoparticle. This process is often referred
to as precipitation. When a multicomponent material is required, co-precipitation takes
place instead in a systematic combination of materials. Special care is needed in the
conditions for the latter process if chemical homogeneity is sought. This becomes
important when the ions in solution precipitate under different conditions, such as pH and
temperature. Once the reactants (reducing agents and metal salts) are mixed together in a
solvent of a specific dielectric constant, the chemical reaction occurs and the product
supersaturates the solution, driving the chemical system far from the minimum free
energy configuration [112b].

The reaction design is generally such that the products have a reasonably low
solubility and reach supersaturation quickly. Condensation of the formed nuclei of the
product restores the thermodynamic state of the reaction system. The size of the resultant
nanoparticles is sandwiched between the kinetic factors and the competing
thermodynamics in particle growth with the Kinetic factors affected by reactant
concentration, reactant addition order, temperature, pH and stirring rate; the structure and
crystallinity of the nanoparticles is influenced by reaction rates [113]. The morphology of
the nanoparticles is controlled by supersaturation, nucleation and growth rates, colloidal
stability and secondary processes such as Ostwald ripening and aggregation [114]. Small,
well-formed nanoparticles are formed at low supersaturation, with their shape depending
on the crystal structure and surface energies. Larger particles form at higher
supersaturation, with smaller compacted agglomerated particles forming at even higher

supersaturation levels. Particle growth in solution is interface-controlled when the
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particles are small, and after reaching a certain critical size becoming diffusion-
controlled.

The conditions to achieve monodispersity can be deduced from the LaMer
diagram (Figure 1.2): (i) the nucleation process must not be lengthy, but rather an
explosion of nuclei must be formed in a short space of time, ii) the nuclei growth must be
fast enough to limit the overall number of particles forming and (iii) the growth rate must
be slow enough and drag on compared with the nucleation process, resulting in fine
particles as a consequence of the finite nucleation period [115].

2 Nucleation Period

Nucleation

Saturation Concentration

CONCETRATION
L]
1
1
+
1
S R

TIME
Figure 1.2. The LaMer diagram, showing the time dependence of the concentration
required to achieve monodispersity [112]. I. Prenucleation phase, Il. Nucleation stage
and I11. Growth step.

Tailoring the monodispersity of the nanoparticles can be engineered by controlling these

processes.

1.3.2. Stabilisation of Nanoparticles

Fine particles in the nanosize range have a tendency to approach and then separate
through Brownian motion [116]. Random agglomeration of the nanoparticles takes place,
when the particles form larger aggregates and settle due to their weight. This is further
enhanced by the large surface area of the nanoparticles, which heightens their van der
Waals interactions. Nanoparticles have only kinetic stability, and the process of
aggregation allows them to form bulk, which in turn affords them thermodynamic

stability. Chemical synthesis methods have to therefore be devised such that there is a

-14 -



Chapter 1 JIntreduction

balance between the attractive forces. The stabilisation process can be achieved in two
ways: electrostatic (or charge or inorganic) and steric (or organic) stabilisation. The
electrostatic stabilization is achieved as a result of the formation of an electrical double
layer (likely multi-) or “counterions” arising from the charged ions absorbed on the
surface of the particle. If the electrostatic repulsion is high enough, Coulombic repulsions

between the nanoparticles will prevent agglomeration [Figure 1.3].

/ 0
- M_:_— _o- (ii)

) AT

Figure 1.3. Electrostatic stabilisation (A), charged ions adsorb on the surface of the
metal nanoparticle creating an electrostatic double layer providing a Coulombic
repulsion between the nanoparticles. Steric-stabilisation (B), of the nanoparticles by

bulky ligands or polymers: (i) entropic effect and (ii) osmotic effect.

The net repulsive or attractive forces between particles are therefore the sum of
the attractive and repulsive van der Waals forces. The Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory describes attractive and repulsive forces as a function of
distance [117]. Steric stabilization can be attained by surrounding the nanoparticles with
sterically bulky materials, such as surfactants and polymers (Figure 1.3b). The adsorbates
form a steric barrier preventing contact between the particles. Two effects describe this
stabilisation mode, the volume restriction contribution (entropic contribution) and the

osmotic contribution and they both contribute to the interaction free energy, DG [118].

1.3.3. Full-Shell “Magic Number” Clusters
Nanoparticles, as an ensemble of clusters of atoms, have properties dictated by the bonds

between these atoms. Similarly to gaseous materials, held together by weak van der
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Waals forces, metallic clusters are much more strongly held together by delocalised
nondirectional bonds. Metallic clusters with a complete, regular outer shell of atoms are

assigned full-shell or “magic number” clusters [119], depicted in Figure 1.4.

“Magic Number” (@
Clusters

No. of Shells 1 2 3 4 5
No. of Atoms M3 Ms; M7 Msog Mg,
% Surface Atoms  92% 76% 63% 52% 45%

Figure 1.4. Idealised representation of hexagonal close packed full-skell ‘magic number’
clusters [119].

The shells are constructed in a succession of packed layers or shells of atoms around a
single atom. The full-shell cluster contains M = 10n* + 2 metal atoms, per nth shell,
where n is an integer (n > 0) [120]. The full-shell imparts stability and provides the

maximum possible number of metal-metal bonds [35].

1.4. APPLICATIONS OF NANOPARTICLES

A comprehensive plethora of applications have surfaced for nanosized materials. Major
strides have gone towards the development of systems based on nanoparticles, with
device prototypes already in testing phases for many areas. The promise brought by
nanotechnology has seen this area of research become one of the priority funding areas
for many governments, with applications to simplify and add improve life. A select group

of applications is presented in the next few sub-sections.

1.4.1. Biological Applications

Numerous numbers of applications of nanoparticles have appeared in molecular biology
and medicine in recent years. The governing factors for the applicability of the
nanoparticles include, particle sizes, particle surface functionalities and zeta potential,

biocompatibility, solubility in target media, cytotoxicity and fate and ability to protect the
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cargo and controlled release in case of delivery applications. Mirkin et al. developed a
“simple and quick” yet powerful colorimetric nanoparticle-DNA conjugates-based
detection device for nucleotides, proteins and metal ions; with high specificity that
allowed specific genetic sequences to be isolated in solution [121]. Gold colloids have
also been applied in biomolecular detection of single-strand DNA as fluorescent
quenchers [122].

Colloidal gold nanoparticles have been used for targeting cancerous cells in
human body motivated by its non-toxicity biocompatibility and insusceptibility to
photobleaching as compared to conventional diagnostic dyes [123]. The growth of
tumours by the formation of new blood vessels can be countered by the use of the
antiangiogenic properties of gold nanoparticles [124]. Non-invasive radiofrequency
thermal destruction of tumour cells has been demonstrated using gold nanoparticles
[124b]. Fluorescent quantum dots have been used as powerful optical contrast agents for
monitoring cellular events and imaging tumors in vivo [125]. Strategies for tumor-
targeted drug delivery of in vivo and in vitro reagents, employing gold nanoparticles
coupled with specific targeting vectors have been reported [126].

Superparamagnetic iron oxide nanoparticles (SPION), in conjunction with high
resolution magnetic resonant imaging (MRI) have been used to locate small lymph-node
metastases in prostate cancer patients [127]. Targeted delivery and imaging techniques
have been exploited using different nanoparticle systems, from colloidal gold to
polymeric micelles [128]. Many different strategies and the benefits of materials for

biological applications are reviewed elsewhere [129-131].

1.4.2. Chemical and Materials Applications

The large surface area of nanoparticles make them attractive heterogeneous catalysts,
with atoms in vertexes and edges (in addition to facial atoms), imparting properties
similar to those of supported catalysts. This availability of atoms is essential for the
chemisorption of species in heterogeneous catalysis [132]. Nanosized Rhss particles have
been reported in the hydroformylation of ethane, with high yields in solusion [133]. The
reduction of carbon dioxide by colloidal gold at room temperature has been exploited in

the removal of carbon monoxide from hydrogen feeds in fuel cells [134]. Supported gold
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nanoparticles can efficiently oxidise CO at temperatures as low as 0 °C [135]. Grisel et
al. investigated the effect of gold nanoparticle sizes and oxidic additives and the
selectivity of oxidation of CO in the presence of hydrogen. Particles of sizes smaller than
5 nm had the highest activities [136].

Metal nanoparticles play an important role in photonics as non-linear optical
materials, a favourable choice over inorganic crystals such as LiNbO3 [137]. Boron- and
posphorus-doped silicon nanowires have been fabricated for applications as building
blocks for nanoscale electronics [138]. In the quest for nanocomputing and
miniaturisation of biological sensor arrays, crossed semiconductor nanowire field-effect
transistor (c(NW-FET) arrays, have been modified at nano-/molecular levels [139].
Single-electron transistors (SET) and non-electronic digital circuits have been fabricated

using gold nanoparticles supported on a MoS; substrate [140].

1.5. PROPERTIES OF METAL NANOPARTICLES
1.5.1. Optical Properties
The d-orbital electrons of gold are free to travel through the nanoparticle. The average
free path for gold is approximately 50 nm meaning no scattering is expected for particles
smaller than this size with all the interactions occurring at the surface [141]. The
electrical field of an incoming light wave causes polarisation of the free conduction
electrons with respect to the heavier ionic core of a spherical nanoparticle [141b] (Figure
1.5).
Due to the movement of electrons under the external field, there is a general displacement
of negative charge (electrons) from the positive one, resulting in a net charge difference
at the nanoparticle boundary [141, 143]. A dipolar oscillation of all the electrons with the
same phase is created in a process called surface plasmon oscillation [141, 142]. When
the incoming electromagnetic field becomes resonant with the coherent electron motion,
a strong absorption is observed in the spectrum [143]. The frequency and the surface
plasmon absorption have been found to depend on the shape, size, dielectric constants of
the metal nanoparticle and the solvent and also the state of aggregation [143-145].

For non-spherical particles, such as nanorods and nanowires, the orientation of the

electromagnetic field determines the resonant wavelength, resulting in two distinct
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oscillations, transverse and longitudinal [142]. Changes in shape and size bring changes
in the oscillation frequency of electrons, generating different cross-sections for
absorption and scattering properties [142-145]. The vivid colour of gold colloids of
different sizes and morphology emanates from this process. It has been shown that
plasmons do exist in bulk and at the surface of large chunks of materials but are
downplayed by the mismatch between the plasmon dispersion relation and that of a
photon, meaning no plasmon excitation can be achieved by ordinary plain-wavelength
light [142].
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Figure 1.5. Origin of the surface plasmon resonance caused by the interactions of the

nanoparticle electron in the conduction band with electromagnetic radiation. (A) A
dipole is induced, oscillating in phase with the electric field of the incoming light. (B)

Transverse and longitudinal oscillation of electrons in a metal nanorod [142].

In contrast, smaller particles do not require momentum conservation and their plasmons
can be excited by ordinary light. This observation results in the shift of the plasmon
resonance towards the visible region of the electromagnetic spectrum for the noble metal
nanoparticles (gold, copper and silver) resulting in fascinating colloid colours [147]. For
smaller clusters, the surface and the bulk plasmon are coupled, and the charge density
varies everywhere in the nanoparticle [146d,e]. Generally, the majority of the transition
metals show a broad and poorly resolved absorption band in the ultraviolet (UV) region
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with the strong coupling between the plasmon transition and the interband excitation
responsible for such a difference [143]. Furthermore, the conduction-band electrons of
the noble metals can be approximated by the Drude free-electron model, which assumes
that the conduction-band electrons can be treated independently from the ionic
background and can move freely as some sort of an “electron gas”.

The “electron gas” allows higher polarisability in the noble metals, which shifts
the plasmon resonance to lower frequencies and giving a sharp bandwidth. Accordingly,
the conduction electrons in a spherical particle act as an oscillator system, whereas in
bulk materials the Drude frequency is not excited by light and the conduction electrons
are viewed as a relaxer system. The linear optical properties such as extinction and
scattering of small spherical particles accounting for the surface plasmon resonance
(SPR) were first described theoretically by Mie in 1908 [148]. This feat was achieved by
solving Maxwell’s equation for the spherical particle with appropriate boundary
conditions; postulating that the optical properties of the particle can be calculated from
the optical constants of the bulk metal, having the same macroscopic, frequency-
dependant internal dielectric constant. This is despite the particle properties varying
markedly from those of the corresponding bulk [149]. Numerous reports have surfaced
correlating the spectroscopic behaviour of gold and other noble metal nanoparticles to the
Mie theory [150].

1.6. FUNCTIONALISATION OF GOLD NANOPARTICLES

1.6.1. Monolayer Protected Clusters (MPCs)

Highly stable alkanethiolate-capped gold monolayer protected clusters (MPCs) are
generally synthesised using the Brust biphasic protocol [54]. These MPCs however, are
insoluble in water and this therefore limits their applications in biology and medicine
since they are incompatible with biomolecules. For this purpose, the incorporation of
polyethylene glycol imparts water solubility, biocompatibility as well lowering non-
specific interactions of these materials with biomolecules [151]. Wuelfing et al. reported
the synthesis of a-methoxy-m-mercapto-poly(ethylene glycol) (PEG-SH, M,, = 5 000)-
capped gold MPCs, possessing higher thermal stability compared to the alkanethiolate

-20 -



Chapter 1 JIntreduction

counterparts and not amenable to ligand place-exchange reactions due to the steric
repulsion effects of the PEG polymer [152].

Otsuka and co-workers reported the synthesis of gold MPCs functionalised with
o-acetal-o-mercapto-PEG-SH (M,, = 3 090), a heterobifunctional PEG allowing for
immobilisation of further molecules such as galactose and mannose [153]. Short-chain
ethylene glycol ligands of formula: CH3(OCH,-CH;),SH (where n = 2, 3 and 4) have
been reported as capping agents for gold MPCs, introduced through the ligand place-
exchange of the hexanethiol on the surface of the gold [154]. The lack of steric bulkiness
allowed these MPCs to undergo further ligand place-exchange reactions. Hong et al.
reported the synthesis of magnetic FePt nanoparticles with a mixture of two
heterobifunctional PEG ligands having dopamine and carboxyl groups at the secondary
terminal, named as mixed monolayer protected clusters (MMPCs) [155]. Such materials
serve as building blocks for immobilisation of a multitude of biomacromolecules on the
same cluster system yielding higher order hybrid inorganic-organic materials [155b]. An

account of the PEG ligand is presented next.

1.6.2. Poly(ethelene glycol) (PEG)

1.6.2.1 Introduction

Poly(ethelene glycol) (PEG), also known as poly(ethylene oxide) (PEO) is a tethered,
hydrophilic, non-toxic and non-ionic polymer that has established applications both in
biochemistry and industry. The benign properties of PEG have allowed applications such
as in cosmetics, pharmaceutical products and food additives, PEG is Food and Drug
Admimistration (FDA)-approved for internal ingestion [156]. PEG is a common liquid-
liquid partitioning reagent for biomolecules and has been widely used as a precipitation
reagent for protein crystallisation, a crucial step in protein studies. The use of PEG for
model investigations also extends to the study of protein-protein and protein-PEG
interactions in water ternary systems [157].

Conventionally, PEG has a linear or branched structure terminated by hydroxyl
groups at both ends: HO-(CH,CH,0),-CH,CH,-OH. PEGs are generally available with
molecular weights (M,,) of between 1 000 to 20 000 Da. PEG is well-known for rejection
of non-specific adsorption of proteins and other macromolecules on metal surfaces [151].
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The incorporation of PEG, commonly referred as PEGylation, in drug materials imparts a
stealth character in the blood stream, affording long-circulation times, biocompatibility
and reduced antigenicity and immunogenicity [158]. The attachment of the PEG moiety
enhances the delivery of parenteral agents. This process alters the pharmacokinetic
properties of the therapeutic reagents, subsequently modifying the pharmacodynamics
through a mechanism involving the change in binding properties of the native reagents
[159].

PEG reduces the renal clearance and thus increases the absorption after subcutaneous
administration (such as injections) of agents and thus restricts the distribution, and only
maintaining high drug concentrations at or near to the target area for a prolonged period.
Eventual removal of the PEG can be controlled by the molecular weight, with only M, <
50 000 Da removable through the kidneys, avoiding any long-term toxic accumulation of
the spent PEGylated delivery agents [160]. The qualifying properties of PEG in the
design of carriers in the blood system for either drug delivery, imaging systems and other

site-specific targeting entities can be summarised as follows [161-163]:

i. Itisrelatively small in size (<5 um).

ii. Biodegradability in the blood system.

iii. Ability to withstand harsh conditions without aggregation and other structural
modifications.

iv. High loading efficiency of the delivery agents (> 30%)

v. High entrapment efficiencies (> 80%)

Biomolecules such as albumin and galactose have been shown to have blood clearance
duration of less than twenty seconds, diminishing any prospective standalone applications
in delivery and imaging, but can be improved though PEGylation [162].

1.6.2.2. Synthesis of PEG
The synthesis of PEG and its derivatives have been investigated by Huang et al. by
synthesising a thiol-monofunctionalised PEG (PEG-SH) by a series of polymerisation

steps [164]. Methacryloyl-functionalised PEG has been prepared by anionic
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photopolymerisation of ethylene oxide with amino functional initiators and termination of
the functional ends with methacryloyl chloride [165]. Different functionalities can be
incorporated onto the PEG chain resulting in monofunctional (with a nonreactive
methoxy group and a reactive group such as amine on one end), homobifunctional (two
similar reactive groups on both termini) and heterobifunctional (two different reactive
groups on both ends) [166].

Apart from the incorporation of common functional groups such as amine,
hydroxyl, carboxyl among others, higher molecular weight groups have been
incorporated, such as maleimide, vinylsulfone and many more have been grafted onto the
PEG [167]. PEG has extensively found use in the synthesis of copolymers as the
hydrophilic block in association with other hydrophobic polymeric blocks [168-170].
PEG has been successfully conjugated to many biological macromolecules such as

proteins, polypeptides, lipids, carbohydrates, drugs and other bioactive molecules [171].

1.6.3. Monolayer Protected Nanoparticle Reactions

The introduction, replacement and modifications of surface functionalities on monolayer
protected clusters can be achieved by the ligand place-exchange or simply organic or
inorganic reaction of the o-terminal ligand. A selection of the most common methods is

presented next.

1.6.3.1. Ligand Place-Exchange Reactions

Nanoparticles with a thiolated monolayer surface coverage can be functionalised into
materials with electrochemical and catalytic properties via ligand place-exchange
reactions. This is useful in the formation of poly-homo and -hetero-functionalised MPCs
[59]. A typical example is given in the equation below for the functionalisation of the
MPCs with R'S thiolate group.

X(R'SH) + (RS)mMPC = x(RSH) + (R'S)x(RS)mxMPC Equation 1.4

The rate and extent of the ligand-exchange is dependent on the chain-length and steric

bulkiness of the original ligand on the MPCs [172]. Subsequent investigations into the

-23-



Chapter 1 JIntreduction

mechanism of this reaction has shown that: (i) a 1:1 stoichiometric replacement, with
each incoming ligand replacing only molecule on the surface, liberated as a free thiol, (ii)
there is no participation of disulfides or oxidised thiolated species, (iii) the rate is much
more pronounced on the vertexes and edges compared to the terraces, (iv) it is
thermodynamically and kinetically responsive to positively charged cores and (V) it is an
associative mechanism [58a,d, 173, 174]. Many functional groups have been incorporated
onto monolayer-protected clusters via the ligand place-exchange, such as anthraquinone
[175], galvinol [176] and ferrocene [177].

1.6.3.2. Acid-Amine Coupling Reactions

Monolayers containing a w-carboxylic acid group can react with an amine moiety in the
presence of coupling reagents. Generally, a combination of N-hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylamino propyl)-carbodiimide (EDC) is employed as the
coupling reagents for the covalent linkage of entities on the particle surface. The w-
amino-functionalised nanoparticles have been shown to attach -COOH-derivatised carbon
nanotubes [178]. The carbon nanotubes were functionalised through acid washing, which
oxidised and created an open end termini of the nanotube stabilised with -COOH.
Ferrocene has also been introduced onto the surface of magnetite particles this way [179].
This method is advantageous in that: (i) amide and ester formation is versatile and well-
known, (ii) there is limitless variety in the choice of targets for amine and carboxylic

acids, (iii) the activating agents are both powerful and readily available [180].

1.6.3.3. Polymerisation Reactions

Nanoparticles functionalised with polymeric ligands can be used as building blocks for
the fabrication of highly functional materials. Crooks et al. reported the use of
poly(amido-amine) (PAMM), a dendrimer possessing a thiol terminal group, as a
stabilising agent for the synthesis of higher order dendritic gold MPCs. Dendritic gold
particles containing ferrocene moieties have also been synthesised this way [181]. The
dendronised system was shown to possess both the properties of the metallic gold core

and dendrimers in sensing for the selective recognition and titration of H,PO,” and ATP*
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anions [182]. Other thiolated polymeric stabilisers can be incorporated onto the surface as

a means of fusing their properties with those of the metallic particles core.

1.6.3.4. Acid-Base Reactions

Acid-base reactions of the monolayer protected clusters demonstrate a very simple and
efficient application of these entities in molecular and chemical recognition. Boal et al.
demonstrated the recognition and redox properties of acid-base mono- and multivalent
host-guest interactions [183]. Specific recognition by MPCs stabilised with carboxylic
acid react with other materials containing a base functionality at their terminus [184].
Layer-by-layer growth of polymers, poly(allyamine hydrochloride) (PAH) and
poly(sodium 4-styrene sulfonate) (PSS), has been reported through the acid-base based
electrostatic interactions between the w-functionality and acid-containing organic species
[185].

1.6.3.5. Other Reactions of the @-Functionalities

The o-functionalities of the monolayer protected clusters can undergo numerous organic
and inorganic reactions as a way of introducing and eliminating specific functionalities
and properties. A nucleophillic addition of Cg fullerene onto the surface of gold and its
subsequent layer-by-layer growth on a planar surface has been reported [186].
Immobilisation of mixed monolayer protected clusters functionalised with carboxylic
groups onto the surface of an aminooxy-functionalised gold substrate through the keto
group [187].

1.7. BIOMOLECULAR FUNCTIONALISATION OF MPCs

Generally, the synthesis of inorganic nanoparticles has been achieved by many different
approaches, whereas their subsequent coupling with biomolecules has thus far been
limited to a handful of protocols [27-29]. The immobilisation of biomolecules onto the
inorganic surfaces has been well documented and achieved in different ways, namely (i)
physical or chemical adsorption at a solid surface, (ii) covalent surface binding, and (iii)
entrapment within a membrane, polymer or surface matrix and cross-linking between

membranes [188]. Each of these approaches has its own advantages and disadvantages,
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with the common interest in the preservation of the structural integrity, activity and
specificity of the biomolecules.

The general approach in achieving this is to minimise harsh working conditions
and also to use the non-essential part of such a protein or enzyme as a binding site. The
interactions and effects resulting in the interactions between the nanoparticles and
biomolecules have been investigated in detail [189]. Three of the most common methods

for immobilisation of macromolecules onto nanosized entities are briefly discussed.

1.7.1. Electrostatic (Charge) Attachment

Electrostatic immobilisation of biomolecules on the surface of nanoparticles offers one of
the simplest biofunctionalisation methods that can be performed under mild conditions.
In the case of nanoparticles stabilised with anionic carboxylic derivative ligands such as
lipoic acid, citrate and tartate, positively charged biomolecules can be attached via
noncovalent electrostatic interactions [28]. 1gG and IgE antibodies have been
successfully attached on the citrate-capped Au and Ag nanoparticles. This was achieved
by adjusting the pH to above the isoelectric point (pl) of the citrate ligand. A 3D network
of nanoparticles was formed through the antibody-antigen cross-links leading to metallic
or bimetallic aggregates [190].

The most favourable coupling ratio can be investigated by flocculation assays,
through the incremental additions of a strong electrolyte to the solutions of the
nanoparticle conjugated with known amounts of the biomolecules [28]. Citrate-capped
silver nanoparticles have also been attached with a non-heme iron enzyme through
electrostatic adsorption [191]. A Surface-Enhanced Resonance Raman Spectroscopy
(SERRS) study indicated that the metalloenzyme retained the biological activity as an
adsorbate on the nanoparticles. Cytochrome ¢ has also been immobilised onto the citrate-
capped Ag nanoparticles, with the surface orientation, activity and the presence of citrate
probed with the SERRS. Cytochrome ¢ was observed to have two areas of positive
charge, upon which the citrate can bind at neutral pH; the lysine rich surface and another
surface containing residues of histidine and lysine [192].

Smaller biomolecules such as ascorbic acid have also been electrostatically

immobilised on the nanoparticle surface in the study of charge separation properties of
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TiO, nanoparticles [193]. The attachment of BSA onto Ag,S has also been reported, with
the qualitatively reversible protein-nanoparticle assembly and disassembly dependent on
the pH, driven by the isomeric conversion of the protein [194]. Other examples of
electrostatic immobilisation of biomolecules include the grafting of helical peptides on
gold nanoparticles [195], layer-by-layer (LbL) adsorption of charged macromolecules on
gold nanoparticles [196], assembly of oligonucleotides on semiconductor quantum dots
[197] and temperature-dependent DNA assembly on CdS semiconductor quantum dots
[197D].

1.7.2. Specific Affinity Immobilisation

Nanoparticles functionalised with ligands that have high specific affinity for certain
biomolecules present a facile method for the introduction of biofunctionalities. The
streptavidin-biotin system has served as an essential biorecognition tool for protein-
ligand interaction with a large affinity of 10> M™, the largest noncovalent ligand-protein
interaction known [198]. Caswell et al. reported an end-to-end assembly of biotin
functionalised gold nanorods upon the introduction of streptavidin [199]. Streptavidin has
been introduced onto the strongly emitting biotinylated CdS/CdSe core-shell quantum
dots, applied in site-specific labelling of F-actin filaments of 3T3 fibroblast cells [200].
Streptavidin has also been introduced into biotin functionalised gold nanoparticles and
could be aggregated in a reversible fashion, which confirmed the process to only be
specific to the biotin-streptavidin recognition [201].

Nitrilotriacetic acid (NTA), specifically bound to Ni(ll) has a high specific
affinity for hexahistidine-tagged biomolecules and is commonly used in purification of
recombinant His-tagged proteins as a component of immobilised metal-affinity
chromatography (IMAC) [202, 203]. From a theoretical perspective, the three NTAs will
form three coordination pairs with hexahistideine tag, allowing for a strong NTA-
biomolecule complex. Phosphorylated peptides a- and p-casein were successfully
immobilised onto Ni-NTA-derivatised Fe;O,4 superparamagnetic nanoparticles, from a
complex mixture contained in cow milk, with high specificity [204]. Ancillary studies
were also conducted for the immobilisation of protein C192S, showing high trapping

performances of the Ni-NTA-functionalised nanoparticles.
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Another affinity based biomolecular immobilisation entails an antibody-antigen
(lock and key) based attachment [205]. Monoclonal antibodies are generally highly
specific in recognition of their target antigens. Sondi et al. have demonstrated an
antibody-antigen based model for the recognition of dextran-functionalised CdS
nanoparticles and antidextran-functionalised CdS quantum dots [206]. Lectin-
carbohydrate interactions, in the immobilisation of glycoproteins, have also been
exploited in this fashion [207].

1.7.3. Covalent Attachment

Another approach for the introduction of biomolecules can be done by the covalent
attachment of the target functionalities onto the surface of the nanoparticles. DNA-
directed immobilisation of proteins onto 5'-thiol-modified oligonucleotides-
functionalised nanoparticles has been demonstrated by Niemeyer et al. [208]. Thiolated
ssDNA has also been incorporated onto gold nanoparticle surfaces, forming unique
particle groupings investigated with agarose gel electrophoresis [209]. Calix[4]arene has
also been introduced onto the surface of gold nanoparticles, by the covalent attachment of
the thiol group onto the nanoparticle surface [210]. A solid phase reaction using
9-fluorenylmethoxy-carbonyl (Fmoc) as a protecting agent was used in the sequential
peptide growth onto the surface of gold nanoparticles [211].

Another oligopeptide, Phe-Ala-Ala-Ala-Ala peptide (FAAAA) was also
immobilised via the solid-phase elongation approach on the gold surface, with each
residue attachment confirmed by its proton Nuclear Magnetic Resonance (*H-NMR)
signal [212]. Cysteine-containing proteins such as serum albumin have also been reported
to covalently anchor on the surface of gold nanoparticles via the thiol group of the
cysteine residue on the gold surface [213, 214].

1.8. INTERFACING NANOPARTICLES WITH CELLS

The size comparability of nanoparticles (1 -100 nm) with those of most biomolecules and
subcellular components makes it logical for interfacing of nanotechnology and molecular
biology. Nanoparticles have received a lot of attention recently in the development of

imaging, targeting, diagnostic and drug delivery and discovery in both in vivo and in vitro
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systems [129-131]. Numerous formulations of these entities have raced into the forefront
including, dendrimers, nanocages, micelles, molecular conjugates, liposomes, quantum
dots and nanoshells [215]. The design of stealth, multiplexed drug delivery and imaging
systems have started to benefit immensely from the unique versatility of nanoparticles in
terms of functionalities and impressive optical properties [216]. In vitro and in vivo
labelling using quantum dots have been reported as demonstrated in Figure 1.6 [217,
218].

Figure 1.6. Some examples of nanoparticles in biological applications: (A) in vitro
labelling of HEK cells by CdS/zZnS core-shell quantum dots [217] and (B) in vitro

imaging using a quantum dot-encoded multicolour bead of a live rat [218].

Intracellular delivery of cargoes into the nucleus of the cells can be manipulated by
conforming the nanoparticle systems to a few guidelines: (i) the nanoparticles must enter
the cell via receptor-mediated endocytocytosis (RME), (ii) they must evade the
endosomal/lysosomal pathways, (iii) they must possess a nuclear localisation signal
(NLS) for successful internalisation and (iv) they must be small enough to cross the
nuclear membrane [219]. Attention has also been given to the toxicity effects of these
entities inside a living organism. For slightly larger particles (> 200 nm), clearance has
been reported through opsonisation, with the large size assisting in recognition of the
nanoparticles by macrophages [215].

The incorporation of surface functionalities via a PEG polymer renders these
nanoparticles highly biocompatible and lowers their cytotoxicity. Noble metal particles,

such as gold, are generally non-toxic due to their inert nature; this has also been seen with
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their LD50 in toxicity assays, high enough up to 1 mg/mL [220]. The subject of toxicity
is still receiving a lot of attention, because of the accumulative effects of nanoparticles

are not yet understood.

1.8.1. Nanoparticle-Based Targeting Strategies
Poor pharmacokinetics and biopharmaceutical properties of the majority of potential
therapeutics have given a need for the development of delivery, biolabeling and
diagnostic systems with improved efficacy and efficiency [221]. The non-invasive
manner through which preliminary findings have indicated nanoparticles interact with
biomolecules on the surface of cells and inside, leaving all biochemical behaviour intact
has strengthened the case of a nanoparticle-based therapeutic “tool-box™ [222]. A careful
understanding of the processes involved in the interactions of nanoparticles with cells
leading to their uptake (or rejection) and their subsequent release is of crucial importance.
Nanoparticles offer a rare opportunity to develop multifunctional therapeutics,
integrating diagnostics and therapeutic functions in one “tool-box”; simultaneously
labelling, monitoring and delivering drug materials, controlling both spatial and temporal
release and monitoring [223]. Factors to consider in the use of nanoparticles, especially
noble metals, include surface composition, size, shape, structural control and the exciting
tunability of the SPR absorption with certain shapes of materials possessing better cross-
sectional photon capture abilities compared to conventional dyes, in the optical

monitoring of diseases and cell tracking [224].

1.8.2. Mechanism of Uptake

Normally the uptake of particulate matter into cells is either by phagocytosis or
endocytosis [216]. Phagocytosis is usually involved in the uptake of particles larger than
500 nm, a pathway observed in macrophages, dendritic cells, monosites and basophils
[224]. Most inorganic nanoparticles are synthesised to within the 1 — 100 nm range and
are thought to be endocytosed into the cell, since the size remains at less than 200 nm
regardless of the surface modifications. Endocytosis can either be receptor-mediated or

non-receptor-mediated, which either enhances or retards the uptake [225, 226]. The
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uptake can be viewed as a result of the contest between the thermodynamic driving force
for wrapping, which refers to the amount of free energy needed to drive the nanoparticles
into the cell, and the receptor diffusion kinetics, which refers to the kinetics of
recruitment of receptors to the binding cell [227].

Targeting of cellular diseases such as cancer in cells by nanoparticle-based
systems is subdivided into two pathways: (i) passive and (ii) active targeting. Passive
targeting employs pharmacokinetic manipulation and nanoparticle size reduction,
whereas active targeting involves specifically targeting areas on a disease cell by surface
modifications of the nanoparticles. This targeting seeks to address the current shortfalls
such as those observed with conventional drugs that show less than desired

accumulations on the target or disease area.

1.8.2.1. Passive Targeting

This approach occurs via the extravasation of the nanoparticles at the disease site where
the fast-growing tumor microvasculature is leaky with defective architecture, which is
highly permeable to macromolecules relative to a normal tissue [128]. The dysfunctional
lymphatic drainage system of the disease cell allows for the enhanced permeation and
retention (EPR) effect [228], as a result of which nanoparticles accumulate at the tumor
site. For this mechanism to take place, the size and surface of the nanoparticles should be
engineered such that they circumvent uptake by the reticuloendothelial system (RES)
[161]. One way of achieving passive targeting is the use of direct local delivery of the
agents into the affected cell.

This method is advantageous since it preserves the drug from systemic circulation
but is also very invasive since it involves injections and surgical procedures. The size of
open interendothelial gap junctions and trans-endothelial channels determines the extent
of the nanoparticle extravasation, with a cutoff of between 400-600 nm reported
elsewhere [229]. One of the biggest challenges for passive targeting is the inability to
accumulate large enough amounts of the nanoparticles on the tumor cells resulting in low
therapeutic efficacy and drawing unwanted systemic adverse effects [230]. Extended
circulation time is also required for passive targeting to allow the drug loaded

nanoparticles to pass the disease site repeatedly to deposit effectively.
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1.8.2.2. Active Targeting

Localised diseases such as cancer and inflammation overexpress some epitopes or
receptors which can be used as specific targets [128]. The use of nanoparticles involves
the conjugation of the targeting molecules on the surface that recognises and attaches to
specific receptors that are unique to a particular disease cell. This targeting approach is
based on interactions such as lectin-carbohydrate, ligand-receptor, and antibody-antigen.
Active targeting, which is ligand dependant, is particularly invaluable to therapeutics that
are not taken up easily by cells. It has also been demonstrated that active targeting
improves the distribution of nanomedicines within the tumor interstitium [231]. A factor
to be considered when selecting the targeting ligand is its immunogenicity. If, for
example, antibodies expose their constant regions on the liposomal surface, they become
more susceptible to Fc-receptor-mediated phagocytosis by the mononuclear phagocytic
system (MPS) [232].

This method is particularly useful for primary tumors that have not yet
metastasised. One of the major issues in chemotherapy is multiple drug resistance
(MDR), which often starts from the overexpression of the plasma membrane P-
glycoprotein (Pgp) in cancer cells [233]. Pgp acts as an efflux pump to extrude positively
charged xenobiotics, which include many anticancer drugs, out of the cells.
Glycoproteins are known to be unable to remove polymer-drug conjugates that enter the
cell via endocytosis, and this renders the active targeting mechanism to be an alternative

route to overcoming MDR [234].

1.8.3. Fate of Nanoparticles in the Body

The use of modified nanoparticles for drug delivery systems maximises the localisation
of the delivery agents and their subsequent accumulation only to the target site [235]. The
EPR effect (for passive targeting) and the surface derivatisation (for active targeting) are
important in the specificity of the delivery systems [128, 230]. Nanoparticle-based
delivery systems are a good method for the circumvention of adverse effects due to the
migration of the nanoparticles to other sensitive parts of the body [236]. The exact

mechanism and pathways of how the body rids itself of the nanoparticles is still subject
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of intense investigation, with the liver most likely the destination of the spent
nanoparticles; with their design such that they pass freely in other organs but can be
retained in the liver and spleen [215].

1.9. CHARACTERISATION TECHNIQUES

1.9.1. UV-vis Spectroscopy

UV-vis spectroscopy deals with electron transitions due to interactions with
electromagnetic light photons. Optical properties of semiconductor nanoparticles and
those of metal particles whose band gap or surface plasmon resonance absorption are in
the visible range have been studied intensively by UV-vis spectroscopy. Optical
properties of semiconductor nanoparticles are dependent on their sizes, with blue shifts in
band gap energy observed with the decrease in particle sizes, allowing for the
determination of particle sizes from UV-vis measurements [26, 237]. The manipulation
of optical properties by the movement of electrons and holes in materials is especially
important in the development of low dimension optonics and electronics [238]. For the
metal nanoparticles, the optical properties can be correlated with the particles size; for
larger particle sizes the Mie theory can explain their optical properties [148]. For smaller
colloidal metal particles, the shape, size and interparticle distances dictate the optical

absorption and hence the state of aggregation in solution [239].

1.9.2. Transmission Electron Microscopy (TEM)

The TEM uses a beam of high energy electrons that are focussed and transmitted through
a thin sample allowing measurements of parameters including nanoparticle core
dimensions such as size, morphology, crystallography, elemental composition, state of
aggregation and particle size distribution [39, 54, 240]. With the development of the
High Resolution TEM (HRTEM), atomic-resolution lattice images of nanoparticles can
be obtained from this technique, with spatial resolution of 1 nm or better. The TEM can
be focused on a single nanoparticle, thus allowing for the identification and subsequent
quantification of its chemical and electronic structure, which governs its unique physical
and chemical properties. The TEM can give both electron microscope images and also
the diffraction pattern for a specific region on a sample by adjusting the magnetic lenses

that control the electron beam strength passing through the sample [241].
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The crystal structure can be obtained when the images are formed due to
differences in phase of electron waves scattered through a thin specimen. Due to the
wealth of information and simplicity of operation, the TEM and HRTEM to an extent,
has become the first stop in the elucidation of the properties of nanosized materials.
Semiconductors, metals and many other macro-/nanosized materials have been elucidated
using TEM [27, 30, 34, 242].

1.9.3. Agarose Gel Electrophoresis

Agarose gel electrophoresis (AGE) is a relatively simple and straightforward technique to
perform, yet it possesses enormous resolving power and is routinely employed in
molecular biology for the separation of biomolecules such as DNA, RNA and proteins.
AGE separates molecules based on charge, size, conformation and shape, as they migrate
in an electric field. Electrophoresis is conducted by loading the samples into wells on a
thin slab of agarose, a polysaccharide derivative of agar, immersed in a relevant buffer
inside the electrophoresis setup. A direct power supply is connected and current is
applied. Positively charged molecules migrate towards the cathode and negatively
charged molecules migrate to the anode; however nucleic acids possess a negative charge
owing to their phosphate backbone and therefore migrate towards the anode, with size
and conformation the only variables.

The gel contains sieve-like microscopic pores and smaller molecules migrate
faster than larger ones. Gerion et al. demonstrated the use of agarose gel electrophoresis
for the investigation of pH- and salt-stability of silica-coated CdSe/ZnS quantum dots
[209]. Isolation of gold nanoparticle-DNA conjugate probes has been achieved using
agarose gel electrophoresis [209b]. Surface events on monolayers of gold nanoparticles
possessing biomolecular binding moieties have been monitored using agarose gel

electrophoresis technique [243].

1.9.4. Flow Cytometry
Flow cytometry is a special tool for the quantification of cells, achieved by either using
the physical or chemical properties of the cells or any other biological reagent that is

internalised into the cells. Processes such as apoptosis, necrosis and cell division can be
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monitored using flow cytometry measurements. Flow cytometry has become an
indispensable tool in analyses of haematological malignancies in clinical diagnosis [244].
Recent applications have included disease monitoring and the evaluation of tumor
response to therapeutics [245]. This technique can provide immunophenotypic data and
cellular morphology information. Cytometry-based detection techniques can provide an
analytical sensitivity of one disease cell in 10* to 10™ healthy normal cells. A
Fluorescence-Activated Cell Sorter (FACS) spectrophotometer is a specialised
instrumentation based on the flow cytometry principles.

FACS is used for the sorting and quantification of cells based on their
fluorescence absorbance from the internalised fluorescence dye; translated according to
the granularity and size of the cells. Compromised or cells undergoing apoptosis are
known to shrink and can therefore be distinguished from the live cells. Mitochondrial
events during apoptosis have been reported using FACS [246]. FACS-based cell
proliferation assays have been conducted on cancer cells treated with gold nanoparticles
[124b]. Cell selective viability as a response to the treatment by gold nanoparticles has
been probed using the FACS technique [247].

1.10. THESIS LAYOUT
The thesis is divided into four chapters; of which a brief synopsis is outlined.

Chapter 1: Introduction

As described in the preceding pages, chapter one delivers the introduction of a variety of
aspects in nanomaterials and biomaterials and biological implications of these
nanomaterials. A brief review on the history, synthesis techniques, properties, conversion
to monolayer protected clusters (MPCs), general applications and characterisation

strtegies for optical and structural properties.

Chapter 2: Synthesis of Colloidal Gold Nanoparticles and MPCs

In this chapter, aqueous and nonaqueous synthetic protocols are employed to synthesise
nanoparticles of average sizes varying from 4-119 nm. Thiolated ligands comprising a
multitude of functional groups (-OH, -NH,, -COOH), as handles for further
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immobilisation of specific moieties, and molecules of biological significance such as L-
cysteine and L-glutathione were used as capping agents. Nanoparticle size variations as a

function of gold:ligand ratio and differing alkanethiolate chain lengths was investigated.

Chapter 3: Synthesis of PEGylated Gold MPCs and Biomolecular Functionalisation
Heterobifunctional thioalkylated PEG ligands as capping agents for gold MPCs are
reported in this chapter. Further immobilisations of biomolecules on the surfaces of the
MPCs using standard protocols are presented.

Chapter 4: Cytotoxicicity Studies of Colloidal Gold Nanoparticles, MPCs and
Bioconjugates
Studies on the cytotoxicicity of colloidal gold nanoparticles, MPCs and bioconjugates

will be presented. Effects of surface functionalities, size and dose are described.

Chapter 5: Conclusions and Future Outlook
Conclusions and further outlook are presented in this final chapter.
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Chapter 2 Synthesis Of Qu NPs and MPCs

CHAPTER 2: SYNTHESIS OF COLLOIDAL GOLD NANOPARTICLES
AND MONOLAYER PROTECTED CLUSTERS IN
AQUEOUS AND NONAQUEOUS MEDIA

2.1. INTRODUCTION

Due to the interdisciplinary implications of nanosized materials, their synthesis requires
considerable control over their composition, size, shape, stability and dispersion
properties owing to applications in various scientific fields. This has led to a plethora of
investigations relating to the property exploitation of these entities as biomolecular
conjugates, metallics, thin films and semiconductors [1-6]. Many different synthesis
protocols have been devised for the synthesis of gold and other noble metal nanoparticles,
with the bulk-precipitation-based Turkevitch method [7] and the biphasic Brust [8]
method at the forefront of this aproach.

The preparative methods are devised such that there is a capping agent that binds
to the surface atoms of the nanoparticle, thus controlling the particle sizes and preventing
particle aggregation, which tends to reverse the unique nanoparticle properties back to the
bulk. A simplified scheme of the methods is presented in Figure 2.1. As illustrated, three
approaches are followed namely, the citrate reduction and capping method, the Brust
biphasic method and the direct reduction in the presence of a ligand. The choice of ligand
can also introduce a secondary functionality to the nanoparticle surface. Bifunctional
ligands are usually equipped with a thiol head-group (-SH) which attaches to the gold
surface and a secondary group, either carboxyl (-COOH), amine (-NH>), hydroxyl (-OH)
or others depending on the desired purpose of the exercise.
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Figure 2.1. Synthesis of gold nanoparticles by the reduction of the gold(l11) salt; by (i)
citrate reduction/capping, (ii) the Brust biphasic method and (iii) the direct reduction

route in the presence of a bi-/multifunctional capping ligand.

One of the new areas of interest involves the study of the properties of nanoparticles not
only as single entities, but also as superstructures collectively termed as nanotectonics
[9,10]. This dictates that the final properties depend on whether nanoparticles are
comprised in organized monolayers or multilayer films or in solutions of organized or
randomly dispersed entities. The choice of the synthesis protocol controls the design to

produce nanoparticles in a tunable fashion both the chemical and physical properties. The
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challenge has been the design of simple, low hazard methods using a minimum number
of reagents to achieve this purpose. The useful nature of sulphur based ligands as
effective capping agents for metal nanoparticles is well known [8,11]. It is therefore
relevant to exploit this feature in the design protocols for highly functional
nanostructures. The three most common ways for the synthesis of the gold nanoparticles
by the chemical reduction of the gold(lll) salt are shown in Figure 2.1. Before probing
into the fundamentals of this investigation, an introduction to the nature of the attachment
of the sulphur head group to the surface of gold is presented next.

2.2. THE GOLD-SULPHUR BOND

The formation and structure of self-assembled monolayers (SAMSs) on a gold (substrate)
is an aspect of materials research which has found many applications ranging from
sensing, nanolithography and nanotechnology [12].The formation of the SAMs by the
layering of the adsorbate on the surface of the substrate occurs at the reactive interface
and therefore there are expected alterations in both the adsorbate and the substrate. In the
case of a gold (substrate) and alkylthiolate adsorbate (SAMSs), the ambiguous nature and
extent of the interactions of the sulphur and gold is of great interest [13]. The interactions
and subsequent binding of sulphur on the surface of gold is assumed for a straightforward
process, motivated by the resistance of gold to form surface oxides as compared to other
related metals such as silver. A schematic representation is given in Figure 2.2 illustrating
the various proposed modes of binding of sulphur on gold surfaces.

The gold-sulphur bond has, for the most part, eluded any clear-cut explanations
overriding the thriving advancements in the characterisation techniques over the years.
X-ray crystallography, as the main characterisation technique of atomic structures,
commonly suffers from multiple scattering effects in surface diffraction, and is hindered
by the lack of reproducibility in synthesising single crystals of monolayer protected
clusters (MPCs) [16].
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Figure 2.2. A: Various proposed modes of binding of sulphur on gold surfaces [14], B:
gold-sulphur binding modes of a 102 gold-atom cluster system [15] and C: well-

characterised gold(l) thiolate complex.

The composition of the common thiolates employed in forming SAMs on gold
surfaces usually contain an organic group (R) linked to the sulphur head group which
anchors onto the surface of the gold. The sulphur head group is essentially buried and its
structure relative to the substrate can only be deduced through the presumption leading to
propositions as depicted in Figure 2.2A [14]. This however has not gone without any
challenges because these models do not strictly interrogate the different contributions as a
result of the different chain lengths of the R group [17].
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Attempting to solve this, large nanoclusters have instead been used as the
substrate for the attachment of the alkanethiolates leading to the formation of the SAMs
[18]. These large crystals show high stability and their chemical and electrical properties
strongly mimic those of the corresponding SAMs. For a long time, no single crystal has
been successfully grown and isolated until the pioneering work of Jadzinsky et al. [15.].
In their work, a single crystal of Auio(p-MBA)14 was isolated and its crystal structure
analysed. The findings were unprecedented in that it was found that the commonly
accepted theory of free thienyl groups attaching to the close-packed gold atoms of the
substrate (Figure 2.2A) was not observed. Instead the binding group interacts in a similar
manner such that the gold(l) thiolates interact weakly with the surface atoms of the
“grand core” (Figure 2.2B), which is a truncated 79-atom cluster having gold-gold bonds
resembling those of a bulk metal.

This finding of gold-sulphur bond agrees with the previously reported suggestion
that the gold forms a homolytic bond with bond strength in the order of ca. 50 kcal/mol
[19]. The one burning question also has been the whereabouts of the hydrogen of the —SH
group during this process. Two possibilities have emerged; the reductive loss as
dihydrogen (Hy) and with the presence of oxygen promoting the hydrogen loss in the
form of water [20, 21].

2.2.1. Chapter Strategy

The following section details the synthesis of gold nanoparticles of different sizes and
functionalities using different protocols. The protocols have been designed and selected
to present a simplified method of synthesising “bare” nanoparticles, multifunctionalized,
as well as highly stable Alkylthiol-capped gold nanoparticles. Further investigations
encompass the effects of ligand amounts, ligand chain lengths and in some instances, the
effects of pH and temperatures. For clarity purposes, nanoparticles possessing non-
thiolated ligands (citrate and borohydride-capped) will be referred to as colloidal
nanoparticles whereas those containing thiolates on the surface (alkylthiolates, amino
acids, glutathione or bifunctional ligands) are referred as monolayer protected clusters [1,
22].
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2.3. EXPERIMENTAL MATERIALS AND METHODS

2.3.1. Materials

Trisodium citrate (ACE AR, 99+%), hydrogen tetrachloroaurate trihydrate (Sigma-
Aldrich, 99.9%), sodium borohydride (Aldrich, 99%), potassium carbonate (Sigma-
Aldrich, >99.0%), 3-thiopheneacetic acid (Aldrich, 98%), 4-aminothiophenol (Aldrich,
97%), 2-mercaptoethanol (Sigma, 99.0%), L-cysteine (Aldrich, 97%), L-glutathione
(Sigma-Aldrich, >99%), methanol (Sigma-Aldrich, 99.9%), ethanol (Sigma-Aldrich,
99.5%), hydrochloric acid (Sigma-Aldrich, 37%), toluene (Sigma-Aldrich, 99.5%),
tetraoctylammonium bromide (Aldrich, 98%), octanethiol (Aldrich, >98.5%), hexanethiol
(Aldrich, 95%) and dodecanethiol (Aldrich, 98+%) were purchased as indicated. High
purity double-distilled water was used in the experimentation. Chemicals were either
ordered from Sigma-Aldrich (Germany) or ACE (Germany) and were used without

further purification.

2.3.2. Instrumentation

UV-vis Optical Spectroscopy.
The UV-vis absorption measurements were conducted using a Perkin Elmer Lambda 20
UV-vis spectrophotometer. The spectra were recorded by measuring dilute samples in a
quartz cell with a path length of 1 cm.

Trasmission Electron Microscopy (TEM).
TEM images were obtained with a Phillips CM120 Biotwin transmission electron
microscope equipped with an EDAX detector and Gatan Crystorage. The specimens were
prepared by dropping a dilute solution of the sample containing the nanoparticles on a
carbon-coated copper grid (400 mesh) and allowing the solvent to dry out at room
temperature. The images were captured using the embedded self-imaging system using a

Megaview Il1 digital camera.
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2.3.3. Synthesis of Citrate-Capped Colloidal Nanoparticles (SM1-10)

A 10 mL of an aqueous solution of trisodium citrate (17 mM; 0.17 mmol) was added into
180 mL of boiling aqueous solution of tetrachloroaurate (0.3 mM; 0.05 mmol). The
mixture was boiled under reflux for 30 minutes and the resultant solution was allowed to
cool to room temperature. The solution was further stirred overnight followed by
filtration before use. The same experimental procedure was follwed to influence the
nanoparticle sizes by changing the stabilizer/reducing agent-to-gold salt ratio. Table 2.1
shows the list of quantities used to produce nanoparticles of different sizes (SM1-10).

Table 2.1. Reagents and quantities used for the investigation of the citrate-capped gold

nanoparticles.

Sample Code 0.25 mM HAuCl, 1% Trisodium citrate

Volume Volume

SM2 250 mL SmL

SM3 250 mL 4 mL

SM4 250 mL 3.75mL

SM5 250 mL 3mL

SM6 250 mL 2.5mL

SM7 250 mL 1.5mL

SM8 250 mL 1.08 mL

SM9 250 mL 0.8 mL

2.3.4. Synthesis of Borohydride-Capped Colloidal Nanoparticles (SM10)

A 375 uL aqueous tetrachloroaurate solution (0.1 M, 0.04 mmol) was mixed with 500 uL
of an aqueous solution of potassium carbonate (0.2 M, 0.1 mmol) and the mixture was
added into 100 mL of water. The contents were stirred in an ice bath for 5 minutes, then 5

mL of an aqueous solution of sodium borohydride (13 mM, 0.07 mmol) was added
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dropwise. The reaction was allowed to continue for a further 60 minutes. The resultant

gold nanoparticles were filtered through the Whatman 40 filter paper before use.

2.3.5. Synthesis of 3-Thiopheneacetic Acid-Capped MPCs (SM11)

Typically, 25 mL of an aqueous solution of 5 mM tetrachloroaurate (0.2 mmol) was
mixed with a 10 mL aqueous solution of 3-thiopheneacetic acid (60 mM, 0.6 mmol) at
room temperature. Following this, 10 mL of a freshly prepared sodium borohydride
(0.01 g) solution was added quickly with vigorous stirring. The stirring was continued for
10 minutes and the resulting grape-red gold MPCs solution was centrifuged and washed

twice with water.

2.3.6. Synthesis of 4-Aminothiophenol-Capped MPCs (SM12)

The 4-aminothiophenol-capped gold nanoparticles were synthesised in a simple one-pot
reaction. Into 30 mL of an aqueous solution of tetrachloroaurate (20 mM, 0.6 mmol), 4-
aminothiophenol (0.375 g, 3 mmol) was added. This was followed by a dropwise addition
of 25 mL of an aqueous sodium borohydride solution (0.2 mM, 5.5 mmol) under
vigorous stirring conditions. The stirring was maintained for a further 60 minutes
followed by filtration. In a separate procedure, the 4-aminothiophenol-capped gold

nanoparticles were synthesised at a regulated pH of 1.5.

2.3.7. Synthesis of 2-Mercaptoethanol-Capped MPCs (SM13)

In a typical experiment, 2-mercaptoethanol (1 mmol) was quickly added into 10 mL of an
aqueous tetrachloroaurate (20 mM, 0.2 mmol) solution under stirring. This was followed
by a drop-wise addition of 5 mL aqueous sodium borohydride (0.3 mM; 1.5 mmol)
solution. The stirring was continued for a further 60 minutes and the resultant

nanoparticles were analysed.

2.3.8. Synthesis of L-Cysteine-Capped MPCs (SM14)
To a 50 mL aqueous solution of tetrachloroaurate (12 mM, 0.6 mmol), 10 mL aqueous
solution of L-cysteine (0.1 M, 0.1 mmol) was added. A 20 mL aqueous solution of

sodium borohydride was slowly added with vigorous stirring. The mixture was further
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stirred for 1 hour and the solution was allowed to stand overnight. This was followed by
centrifugation (8000 rpm, 10 minutes) and the resulting pellet was washed twice with
water to remove excess unreacted L-cysteine ligands. The resultant brown-red precipitate

was redispersed in water.

2.3.9. Synthesis of L-Glutathione-Capped MPCs (SM15)

An 80 % methanol solution of L-glutathione (6.5 mM, 0.2 mmol, 25 mL) was added into
20 mL of a 50 % methanol solution of tetrachloroaurate (6 mM, 0.12 mmol) under
constant stirring conditions. The stirring was continued for a further 30 minutes and 15
mL of freshly prepared sodium borohydride (0.18 mM, 2.6 mmol) dissolved in 60 %
methanol was slowly added. The stirring was continued for a further one hour at room
temperature. The resulting solution was evaporated to near dryness and excess methanol
was used to wash the precipitate repeatedly. The nanoparticles in water were stored at 4
°C.

2.3.10. Synthesis of Alkylthiol-Capped MPCs (SM16-18)

A 30 mL of an aqueous tetrachloroaurate solution (30 mM, 0.9 mmol) was mixed with
80 mL toluene solution of tetraoctylammonium bromide (TOABTr) (50 mM, 4 mmol). The
mixture was stirred until all the tetrachloroaurate was transferred to the organic layer. An
amount of 0.2 g of hexanethiol (1.7 mmol) was added to the organic layer and mixed
thoroughly, followed by the slow addition of 25 mL of freshly prepared sodium
borohydride (0.2 mM, 5 mmol) under vigorous stirring. The mixture was stirred for a
further 4 hours and separated in a dropping funnel. The organic layer was reduced in a
rotovapor to 15 mL and excess ethanol (400 mL) was added and the mixture was
refrigerated at -18 °C for 12 hours, the precipitate was filtered and washed twice with
ethanol. The nanoparticles (SM16) were redissolved in toluene for storage and further

use.
Using a longer alkyl-chain ligand, octanethiol, the same experimental procedure for the

synthesis of SM16 was followed, using the quantities as follows: tetrachloroaurate (30
mM, 0.9 mmol, 30 mL water), octanethiol (0.2g, 1mmol), sodium borohydride (0.2 mM,
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5 mmol, 25 mL water) and tetraoctylammonium bromide (50 mM, 4 mmol, 80 mL

toluene) to produce SM17.

Dodecanethiol-capped gold nanoparticles were also synthesised following the
experimental procedure discussed for the synthesis of SM16 using tetrachloroaurate (30
mM, 0.9 mmol, 30 mL water), dodecanethiol (0.202 g, 1 mmol), sodium borohydride (0.2
mM, 5 mmol, 25 mL water) and tetraoctylammonium bromide (50 mM, 4 mmol, 80 mL
toluene) to produce SM18.

2.4. RESULTS AND DISCUSSION

A schematic representation of the reactions and the relevant ligand structures used for the
synthesis of colloidal gold nanoparticles and monolayer protected clusters is presented in
Figure 2.3 below. As depicted in Figure 2.3 four routes were followed for the synthesis.
The direct reduction and capping by the citrate (SM1-SM9) and the borohydride
reduction method (SM10) for the synthesis of colloidal nanoparticles was used. Another
procedure involved the use of thiolated multifunctional ligands for the synthesis of gold
MPCs (SM11-SM15) and lastly the Brust biphasic protocol was followed for the
synthesis of alkylthiolate-capped gold nanoparticles of smaller sizes (SM16-SM18).
Discussion on the results for each of these reactions is presented next.
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Reaction Scheme
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Figure 2.3. A schematic representation of the various colloidal gold nanoparticles and MPCs synthesised in this work
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Citrate capped colloidal nanoparticles [SM1-SM9].

On addition of the citrate into the boiling tetrachloroaurate solution, the colour changed
from pale yellow to colourless to dark blue within the first two minutes, and then ruby-
red after three minutes of reaction time. This colour transition confirms the formation of
the citrate-capped gold nanoparticles [7]. When the pale yellow colour (AuCly’) fades, it
signifies the formation of the gold atoms, which nucleate and linearly assemble to form
the dark-blue nanowires. The nanowires subsequently destabilise with an increase in size,
followed by fragmentation and cleavage to form the citrate-capped gold nanoparticles
[23].

The nanoparticle yields were observed to be higher at high citrate:gold ratios and
very low at smaller citrate amounts. The time taken for the complete formation of the
nanoparticles was dependent on the amount of the citrate added, ranging from 2-4
minutes (SM1) to about 12-15 minutes (SM9) for the larger particles. Unique colour
changes of the colloidal gold nanoparticles were observed with changes in the citrate:gold
ratios the largest citrate amount yielded deep red coloured nanoparticles and slightly blue
colour at smaller volumes. The smaller nanoparticles (14-40 nm) showed no scattering,
with the red colour observed using both transmitted and reflected light. The larger
nanoparticles (60-120 nm) showed a brownish-blue colour in reflected light and a blue
colour in transmitted light. This is due to the 50 nm average free delocalisation path of
gold, dictating that all the interactions be at the surface for particle diameters smaller than
this [24-27].

Figure 2.4 shows the UV-vis absorption spectra of the citrate-capped colloidal
nanoparticles synthesised at different citrate:gold ratios. The SPR absorption of the
nanoparticles was observed at 520 nm, in agreement with the expected SPR aborption of
the nanosized gold particles at this size range [7]. The nanoparticles at higher citrate
amounts showed a relatively narrow absorption peak (SM1-5), evidence of the narrow
size distribution of the nanoparticles. The nanoparticles with larger diameters
(73-120 nm) (SM7-9) showed broader tailing peaks, due to the polydispersity of the

nanoparticles.
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Figure 2.3. Optical absorption spectra of the citrate-capped colloidal gold nanoparticles

synthesised at different citrate-to-gold ratios.

The TEM micrographs of the citrate-capped colloidal gold nanoparticles are presented in
Figures 2.4, 2.5 and 2.6 below. For smaller particles (SM1-SM6), there is a noticeable
dominance of the spherical nanoparticles over any other shapes. As the citrate:gold ratio
decreases further, there is an onset of non-spherical particles (SM7-SM9); these pod-
shaped nanoparticles have very poor size distribution patterns. As shown in Figure 2.6,
at the lowest citrate:gold ratio (SM9), only smaller sized nanoparticles have spherical
shapes. These nanoparticle systems showed no aggregation signs even after three months

of storage. The observations are summarised in Table 2.2.
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Figure 2.4. TEM micrographs and the corresponding size distribution analysis of the
citrate-capped colloidal nanoparticles: A) SM1, B) SM2, C) SM3 and D) SM4.
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Figure 2.6. TEM micrograph of the citrate-capped colloidal nanoparticles (SM9).

Table 2.2. Summary of the results in the citrate-capped gold nanoparticles investigation.

sample Code Citrate : HAuCl, SPR Average
Mole Ratio Absorption Particle Size
SM1 3.15 520 nm 14 + 1.3 nm
SM2 2.72 522 nm 15+1.5nm
SM3 2.24 524 nm 21 +2.7nm
SM4 2.05 526 nm 23+3.3nm
SM5 1.63 530 nm 34+4.1nm
SM6 1.36 531 nm 38+4.4nm
SM7 0.82 537 nm 62 +10.2 nm
SM8 0.59 545 nm 73 +15.4nm
SM9 0.44 547 nm 119 £ 25.3 nm

Subsequent observations, showed no structural modifications and absorption changes for
the smaller nanoparticles (SM1-SM6) after months of room temperature storage. This
was not observed for the larger particles (SM8 and SM9), with the colloidal nanoparticles
both sticking on the storage bottles and also settling out of solution in less than a week of
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storage at room temperature. This process can be attributed to the reduced surface charge
of the particles thus permitting irreversible aggregation. These results offer a simple and
useful way of manipulating the size and subsequently the properties of the nanoparticles
for different applications.

Borohydride-Capped Colloidal Nanoparticles [SM10].

An addition of sodium borohydride saw an immediate change in the solution colour from
yellow to purple and then pink-red, signifying the formation of small core colloidal gold
nanoparticles. The formation of the colloidal gold nanoparticles was investigated using
UV-vis absorption, with the nanoparticles showing the plasmon resonance absorption the
expected region at 519 nm (Figure 2.7A). This absorption is a typical gold surface
plasmon vibration excitation for colloidal gold nanoparticles when they interact with
electromagnetic radiation [24-27].

The reasonable narrow absorption peak indicated that the particles were not
aggregated and the capping was effective. This was further revealed by the TEM images
shown in Figure 2.7B, which showed dispersed particles. The particle sizes were obtained
from the TEM micrograph showed an average particle size of 5.5 + 1.6 nm (Figure
2.7C).
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Figure 2.7. A) Optical absorption spectrum, B) a TEM micrograph and C) the size

distribution analysis of the borohydride-capped colloidal nanoparticles.

The “bare” nature of these nanoparticles offers a possibility of introducing further
functionalities on the surface through ligand place-exchange reactions. The nature of the
borohydride capping on the surface of the gold only allowed for a limited stability with
time. No broadening or shifts were observed in absorption and structural properties of
these nanoparticles after a week of storage at room temperature. On long term storage, for

three months, minor precipitates were formed, requiring particle filtration before use.

3-Thiopheneacetic Acid-Capped MPCs (SM11).

A facile one-step, room temperature synthesis of the 3-thiopheneacetic acid-capped gold
MPCs was achieved by the action of the strong reducing agent, sodium borohydride, on
the gold (111) salt in the presence of acid. The 3-thiopheneacetic acid (3-TA) is a useful
heterocyclic compound which can be polymerised to form poly(3-thiopheneacetic acid)

[28], which has interesting bioelectrochemical and photochemical properties in
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homogeneous competitive immunoassays [29]. The use of 3-TA as a capping and
reducing agent for the preparation of gold nanoparticles has been reported in the literature
[30], citing reaction temperatures as high as 80 °C.

Here, the synthesis was conducted at room temperature by employing a strong
reducing agent. The synthesis and formation of the 3-TA-capped gold MPCs was
confirmed by the immediate colour change from yellow to red on addition of the reducing
agent. The formation of the MPCs was probed using UV-vis spectroscopy with the
optical absorption peak observed at 530 nm, concurring with the expected surface

plasmon resonance region for gold nanoparticles (Figure 2.8A) [24-27].
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Figure 2.8. An A) absorption spectrum, B) TEM micrograph and C) the particle size
distribution graph of the 3-TA-capped gold MPCs.

The absorption peak was fairly broad owing to the polydipersity of the
nanoparticles. The TEM measurementes of the 3-TA-capped gold MPCs showed
predominantly spherical particles (Figure 2.8B). The MPCs showed partial linkages
(semi-linear superstructures) that can be attributed to the secondary acid functional group

(-COOH), which can anchor onto the gold surface. An evidence of some disordered
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structures showed that the assembly of these patterns is relatively poor which might be
due to the short chain of the 3-TA capping agent. The particle sizes range between 9-22
nm, with an average particle size of 15 £ 5.2 nm. Similar linkage patterns have been
reported for gold MPCs by the usage of controlled conditions and multi-capping agents
[31]. The MPCs tended to settle into precipitates after three months of storage due to

aggregation.

4-Aminothiophenol-Capped Nanoparticles (SM12).

A structural analogue of phenol, 4-aminothiphenol contains both an amine (-NH,) and
hydroxyl (-OH) functional groups, with the thiol group anchoring preferably on the gold
particles. The loss of the hydrogen of the 4-aminothiophenol produces thiophenolate
anions, which can also be embedded on the surface of the nanoparticle. The ability of the
amine group to attach to the gold nanoparticle surface enhances the possibility of forming
networks of particles in one, two and three dimensions of the nanoparticles leading to the
formation of superstructures. There are also numerous sites for hydrogen bonding which
further enhances the possibility of superstructure formation.

Here, the addition of the 4-aminothiophenol changed the colour of the
tetrachloroaurate solution from yellow to white. This significant change in colour can be
attributed to the reduction of gold(I1I) to gold(l) by the thiol. Following this, the addition
of NaBHj, solution changed the colour from white to violet and then red, signifying the
formation of the gold MPCs.

The optical absorption spectrum of the resultant nanoparticles is presented in
Figure 2.9A, the absorption wavelength maximum was observed at 590 nm. This value
was in agreement with the expected plasmon absorbance of the gold nanoparticles. The
broadness and red-shift of the absorption peak indicate a severe degree of aggregation of
the MPCs. This was confirmed by the TEM measurements (Figure 2.9B) with the
nanoparticles showing major aggregation. This phenomenon is also enhanced by the
likelihood of the ligands forming hydrogen bonds in solution. These MPCs however,

were redispersible in acidic media (Figure 2.9C), with sizes ranging from 1 to 10 nm.
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Figure 2.9. The A) optical absorption spectrum, B) TEM micrograph of the as-prepared
gold MPCs and C) a TEM micrograph of the MPCs dispersed in water at pH 2.0.

Guided by the possibility of dispersing these nanoparticles in acidic media,
synthesis at lower pH (2.0) was investigated. The optical absorption is presented in
Figure 2.10A, the plasmon absorption was observed typically at 536 nm. The shoulder on

the peak showed a possible indication of MPCs with small average sizes.
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Figure 2.10. Optical absorption spectrum (A), B) TEM micrograph and C) size
distribution analysis of the 4-aminothiophenol-capped gold MPCs synthesised at pH 1.5.

The particle sizes acquired from the TEM measurements are presented in Figure 2.10B
along with the corresponding size distribution analysis (Figure 2.10C). Very small

monodispersed MPCs were obtained, with an average size of 3.2 £ 1.9 nm.

2-Mercaptoethanol-Capped Gold MPCs (SM13).

The ability of 2-mercaptoethanol to reduce and disrupt the intra- and intermolecular
disulfide (S-S) bonds in proteins is a well known phenomenon [32]. This is possible in
both tertiary and quaternary protein structures of; and 2-mercaptoethanol has thus been
applied in many protein studies. When 2-mercaptoethanol was added into the yellow
tetrachloroaurate solution, the colour changed to milky-white, signifying the reduction of
Au** to Au*. On addition of the strong reducing agent (sodium borohydride), the colour
changed to violet-red, confirming the formation of the gold MPCs. To substantiate this,
optical absorption properties were measured and the spectra are presented in Figure
2.11A.
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Figure 2.11. Optical absorption (A) and B) TEM micrograph of 2-mercaptoethanol-
capped gold MPCs.

The absorption peak was red-shifted from the typical plasmon absorbance, and observed
at 620 nm. The peak was very broad, typical to the aggregation of the particles and
formation of other superstructures. This was further proved from the TEM measurements,
which shows severely aggregated MPCs (Figure 2.11B). The MPCs showed low

stabilities, settling out of solution after a months of storage.
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The L-Cysteine-Capped MPCs (SM14).

L-Cysteine is an acidic amino acid abundantly employed in biochemical and
electrochemical studies [34]. An in depth study of the behaviour of this amino acid on
solid surfaces has been reported elsewhere [35,36]. The synthesis of the L-cysteine-
capped gold MPCs relies on the attachment of the sulfhydryl end of the amino acid to the
nanoparticle surface. L-Cysteine is one of the common component residues of most
proteins, and therefore it plays an important role in many protein studies. It also imparts
water-solubility and stability to the MPCs. The formation of the gold MPCs was observed
by the immediate appearance of a red colour on addition of the reducing agent with the
final colour being brown-red. The optical and structural analysis of the L-cysteine-capped

MPCs is presented in Figure 2.12.
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Figure 2.12. Optical absorption spectrum A), B) TEM micrograph and C) the particle
size distribution graph of L-cysteine-capped gold MPCs.

The formation of the MPCs was probed using UV-vis absorption measurements (Figure

2.12A). A broad absorption peak centred at 550 nm was observed, signifying relative
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aggregation of the nanoparticles. This can be attributed to the attachment of a
considerable number of gold nanoparticles onto the amine and carboxyl groups of the
amino acid and the relative small size of the capping ligand (L-cysteine). This
observation was in agreement with the absorption peak at 560 nm observed in previous
studies of capping gold MPCs with L-tryptophan amino acid [35]. The TEM was used to
study the particle size and distribution as presented in Figures 2.12B and C. In agreement
with the broad absorption patterns, the L-cysteine-capped gold nanoparticles showed a
considerable degree of aggregation.

Semi-linear linkage arrangements were observed, which were attributed to the
secondary functional groups of the amino acid enabling cross-linking between
neighbouring MPCs. The MPCs had an average size of 7.6 + 1.9 nm. The MPCs showed
high levels of water solubility even at the noticeable aggregation levels. They also
showed good stability after three months of storage at room temperature, further

strengthening the case for L-cysteine as an effective capping agent.

The L-Glutathione-Capped MPCs (SM15).
Glutathione (GSH) is a short tripeptide N-y-glutamyl-cystenyl-glycine (y-Glu-Cys-Gly),
highly water soluble and is an essential component of the glutathione transferase which is
a well known detoxification enzyme and also functions in prostaglandin, steroid hormone
synthesis and fusion protein synthesis [37]. GSH has been seen to share similar stability
and robustness as its hydrophobic n-alkyl analogues but is also conveniently water
soluble [39]. The Au:SG (SG refers to the bound glutathione layer) clusters provide
enhanced catalytic and electrolytic activities of the metal cores. The enhanced optical
properties also form the basis of their applications in areas such as colorimetric probes
and sensors.
The redox reaction that occurs between the GSH and gold in the presence of the capping
agent is a stoichiometric process that can be summarised in the following reaction [39]:
3GSH + Au** « Au’ + % GSSG + 3H"
Au(0) is the metallic centre covered by a layer of GS (reduced GSH) or GSSG (oxidised
GSH) adsorbate groups. On addition of the GSH to the gold salt, the solution colour
changed from light brown to milky white on continued stirring. The milky colour
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signified the formation of the polymeric Au(l)SG. The addition of sodium borohydride
caused the immediate decomposition of this polymer and the subsequent formation of the
Au(0) cores. The use of mixed solvents was necessary to prevent any uncontrolled
reduction of the polymer by the strong reducing agent. Figure 2.13A shows the

absorption spectrum of the Au:SG clusters.
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Figure 2.13. Optical absorption spectrum(A), B) TEM micrograph and C) size
distribution analysis graph of the GSH capped MPCs.

The strong absorption at lower wavelengths is as a result of the fully reduced metallic
Au(0) compound and a many electron system [38]. The TEM micrograph (Figure 2.13B)
of the Au:SG clusters showed spherical particles with an average particle size of
22.6 £ 1.9 nm. This observation showed that the steric bulkiness of the tripeptide
successfully limited any uncontrolled growth and kept the particle size range fairly low.

The particles were observed to be completely soluble in water, which is necessary in the
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biological applications for these materials. These nanoparticles showed no signs of
aggregation on long term storage at 4°C and under room temperature conditions. The L-
glutathione was heated at 80 °C for an hour and both absorption and structural
measurements were conducted, as presented in Figure 2.14. On visual inspection, no
major changes were observed during this process.

The absorption spectra (Figure 2.14A) showed a plasmon absorption peak at 570
nm. The peak was broad, signifying a non-uniform pattern of the nanoparticles. The
nanoparticles showed severe aggregation patterns on the TEM analysis (Figure 2.14B).
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Figure 2.14. Optical absorption (A) and (B) TEM micrograph of the GSH capped MPCs
after heating at 80 °C.
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These observations are unprecedented and can be credited to the complete
decomposition of the Au:SG clusters at elevated reaction temperature conditions
indicating that this type of cluster lacks thermal stability.

Alkylthiol-Capped MPCs (SM16, SM17 and SM18).

The synthesis of alkylthiolated gold MPCs represents one of the most dependable and
reproducible ways of making small clusters of gold. This method was pioneered by Brust
et al. in the synthesis of dodecanethiol-capped gold MPCs [8]. The general synthetic
protocol involved a two-phase water/toluene system, whereupon the tetrachloroaurate
ions were transferred from the aqueous phase to the organic phase by the action of the
TOABTr surfactant, and the subsequent reduction by a strong reducing agent in the
presence of the capping agent. Here, a similar protocol was followed with three
alkanethiolate ligands of different chain lengths, hexanethiol (C¢SH), octanethiol (CgSH)
and dodecanethiol (C1,SH).

The process through which the AuCly, is transferred into the organic phase is
mediated by the surfactant TOABT, turning the colour of the gold salt from yellow to
deep orange. This colour is due to the gold-TOABr complex N(CgH17)4"AuCl, (CsHsMe)
[8]. On addition of the relevant thiol ligand, the colour quickly faded into dark milky
white, signifying the reduction of gold(l1l) to gold(l) by the thiol. On addition of sodium
borohydride, the colour changed within the first few seconds from deep orange to deep
brown, indicating the formation of gold MPCs. The optical absorption spectra of the
alkylthiol-capped gold nanoparticles are presented in Figure 2.15. All the absorption
wavelengths of the nanoparticles were in the region of the expected gold SPR absorption.
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Figure 2.15. Optical absorption spectra of the alkylthiol-capped gold MPCs.

The nanoparticles showed absorptions with diminished peak intensities, suggested a
decrease in the cluster sizes [39]. The surrounding optical solvent dielectric interactions
also contribute somewhat to this unique observation in small nanoparticles [40]. The
dodecanethiol-capped (C1,SH) nanoparticles show a plasmon band (510 nm) that is
almost undetectable, which is an indication of the total loss of the bulk character [41].
Both the octanethiol- (CgSH, 518 nm) and hexanethiol-capped (CsSH, 520 nm) gold
MPCs showed weak peaks, but slightly more pronounced for the short-thiol, compared
with the longer counterparts.

The TEM micrographs of the alkylthiol-capped gold MPCs are presented in
Figure 2.16A1, B1 and C1. Particle size analysis from the TEM vyielded generally small
diameters; with the hexanethiol-capped MPCs showing an average particle size of

5.6 + 2.4 nm, this was comparable with the octanethiol-capped MPCs with an average
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size of 5.2 = 1.8 nm. As for the dodecanethiol-capped gold MPCs, the average particle
diameter was 4.3 + 1.1 nm. These findings are in line with the observed absorption

patterns.
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Figure 2.16. TEM micrographs of the alkylthiol-capped gold MPCs, hexanethiol (Al),
octanethiol (B1) and dodecanethiol; and the corresponding size distribution
quantifications, for hexanethiol- (A2), octanethiol- (B2) and dodecanethiol-capped gold
MPCs.
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A general comparison among these nanoparticles showed that the longer chain
alkythiol ligand yielded smaller MPCs that were also more monodispersed. Such an
observation can be attributed to the steric bulkiness of the dodecanethiol, which allowed
limited or no immediate interactions among the growing particle nuclei. These MPCs
have remarkable stability, lasting for periods of months without any obvious signs of
decomposition or irreversible aggregation [42]. Moreover they could be dried into
powders and can thus be handled as simple chemicals with the ability of being

redissolved in nonpolar solvents such as toluene.

2.5. SUMMARY AND CONCLUSIONS

In this chapter, the aqueous and non-aqueous synthesis of colloidal gold nanoparticles
and MPCs using different synthetic protocols and capping agents was investigated. The
particle dispersity, sizes, morphologies and growth patterns were explored by the use of
different functionalised ligands. In the Turkevitch protocol, the average particle sizes
were shown to be affected by the ratio of the gold salt-to-citrate ratio in solution. To a
lesser extent, the shapes of the particles were also controllable in the same manner, with
relatively monodisperse spheres dominating at higher citrate amounts and low aspect
ratio rod-like particles with poor dispersity found at low citrate amounts.

It can be seen that the size of the particle surface charge, a function of the citrate
ions on the nanoparticle surface, controls the electrostatic energy barrier between the
particles and therefore modulates the likelihood that the nanoparticles will interact. The
introduction of secondary functionalities was achieved by the use of bifunctional ligands,
providing simple handles to attach further biomolecular moieties or for creation of self-
assembled structures on the surfaces of the MPCs. The introduction of a carboxylic
functional group was achieved using the 3-thiopheneacetic acid; this caused the particles
to interact resulting in an atypical semi-linear growth pattern.

Simultaneous introduction of a double functionality (-NH, and -OH) was
evaluated in the use of 4-aminothiophenol though this showed a high propensity for
aggregation, the MPCs were dispersible in acidic solutions. Uncontrolled aggregation
was observed in the use of 2-mercaptoethanol, which can also be attributed to the short

alkyl spacer that cannot impose the necessary barrier among interacting MPCs. The direct
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attachment of biologically important molecules, L-cysteine and L-glutathione represents
a facile means of introducing bioactive molecules onto the MPCs. Not only can these
particle-embedded biomolecules be useful for their functions, but other biomolecules can
be anchored on them using standard protocols.

The synthesis in non-polar solvents was achieved by following the Brust two-
phase protocol. For the three alkylthiols employed as capping agents, hexanethiol,
octanethiol and dodecanethiol, it was observed that the resultant particle sizes and their
dispersion were governed by the ligand chain lengths. The longer chain (dodecanethiol)
gave in smaller more monodispersed MPCs. This can be correlated to the steric bulkiness

of the ligand that forms an effective shell around the MPCs.
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CHAPTER 3: SYNTHESIS OF GOLD MONOLAYER PROTECTED
CLUSTERS AND THEIR BIOMOLECULAR
FUNCTIONALISATION

3.1. INTRODUCTION

Protocols for the preparation of both hydrophobic and hydrophilic gold and other noble
metal monolayer protected clusters (MPCs) have been developed over the years [1-6].
The sensitivity of the surface plasmon resonance (SPR) of these materials to their
environment changes, renders them responsive optical detection tools for monitoring and
identifying bio-recognition events [7]. The size similarity of MPCs and biological
molecules such as proteins, nucleic acids and other intracellular components has led to a
vast number of their applications in biology, including bio-diagnostics and targeted drug
delivery [8]. Robust multifunctional MPCs containing specific targeting ligands are
essential tools needed to address various biological applications.

The synthesis of highly stable alkanethiolate-passivated gold MPCs by Brust and
co-workers presented a simplified reproducible route for the production of small core
gold clusters [1]. These MPCs displayed air stability, were isolable and could be dried
and handled as simple powdered chemicals; they could be re-dissolved in nonpolar
solvents without any irreversible aggregation or decomposition. The incorporation of the
PEG-SH by Wuelfing et al. via the ligand place-exchange reaction endowed the MPCs
with stability, water solubility and thus expanded potential applications in life sciences
[9]. A development to this method allowing for further immobilisation of biomolecules
was the incorporation of multivalent functionality to the MPCs by the use of hetero-
bifunctional PEG-SH ligands by Foos et al. [10]. The use of mixed PEG-SH
functionalities (MMPCs) on the same gold core facilitates the immobilisation of different

possible biomolecules [11].
3.1.1. Chapter Strategy

A series of PEGylated ligands were employed in the fabrication of the gold monolayer

protected clusters as graphically illustrated in Figure 3.1 and charted in Table 3.1. The
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approach used for the synthesis and biofunctionalisation techniques are briefly introduced

in the next four sub-sections.

RV
TN,

Gold core

i’ Thicalkylated PEG

Recognition Group

Hydrophilic group

HS FG
O n

PEG-SH

Figure 3.1. A generic design of functional PEGylated AUMPCs.

Table 3.1. PEGylated ligands for the synthesis of gold monolayer protected clusters.

FG Abbreviation n
1 OH PEG-OH 4
2 OCH,-COOH PEG-COOH 6
3 Biotin PEG-biotin 3
4 N(COOH); PEG-NTA 3

3.1.1.1. Surface PEGylation: MPC Synthesis

Strategies for the incorporation of various PEGylated ligands offering stabilisation of
gold nanoparticles are presented. These MPCs serve as molecular handles for the
attachment of various biomolecules onto the MPC surface using different protocols. The
incorporation of monofunctional o-functionalised PEG-SH (OH and COOH) on the
surface of the nanoparticles has been achieved by the ligand place-exchange reaction or
direct reduction synthesis, resulting in the covalent attachment of the PEG-SH ligand on

the gold core surface [12-14]. The ligand place-exchange strategy will be presented here.
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3.1.1.2. Carbodiimide Coupling Strategy

This process involves the activation of the carboxylic end group by the N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC) in the presence of N-
hydroxysuccinimide (NHS). The NHS functions to improve the carbodiimide-mediated
amide-forming reaction by producing hydrolysis-resistant active ester reaction
intermediates [15]. The NHS can therefore be regarded as a catalyst required for an
effective biomolecular conjugation through the amide bond formation by the

carbodiimide through the activation of the carboxyl group [16].

3.1.1.3. Biofunctionalisation via the biotin-avidin-biotin (BAB) Protocol

The streptavidin-biotin interaction is a well-known phenomenon and has been applied in
many areas, from competitive binding assays to commercial diagnostics [17]
Streptavidin, a crystalline protein isolated from culture broth of Streptomyces avidinii, is
a tryptophan-rich protein possessing no carbohydrates and having a pl value of 5-6 [18].
The low pl value of streptavidin can be credited with the low nonspecific binding of
streptavidin at common working pH ranges. The four binding sites for biotin have been
suggested to occur at specific groups in the protein that show some structural relationship
to the cyclic ureido group of biotin, giving optimal van der Waals contacts [18].
Crystallographic analyses suggests that this binding site, in addition to structural
complementarity to biotin, has a network of hydrogen bonds that form a rigid lattice

when the biotin molecule docks into the site [19].

3.1.1.4. Hexahistidine-tagged Protein Immobilisation

The affinity of specifically-tagged biomolecules for metal chelated solid resins has long
been exploited in metal ion-affinity chromatography (IMAC) [20]. The improvement in
the selection of chelating agents and the ability to engineer specific tags has given a boost
in the development of such protocols for protein purification in areas such as proteomics
[21]. Among these protocols is the chelating moiety nitrilotriacetic acid (NTA) chelated
with a bivalent cationic Ni** ion (Ni-NTA-conjugate) for the specific attachment of

hexahistidine-tagged (6xHis) recombinant proteins [22]. The chelation of the
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quadridentate NTA with the Ni** possessing a coordination number of six, allowing two
vacant attachment positions on the Ni?* for the incoming 6xHis-tagged biomolecule [23].
The Ni-NTA resins have been shown to have an affinity as high as Kp = 10 for the
6xHis-tagged proteins, allowing for simple purification by washing with either highly
salty (<1 M), organic (ethanol or glycerol <30%), non-ionic detergents (Tween 20 <1%)
or reducing agents (p-mercaptoethanol <1 mM) without reversing the process when

immobilisation experiments are conducted [24].

3.2. EXPERIMENTAL MATERIALS AND METHODS

3.2.1. Materials

Phosphate  buffered saline  (Sigma-Aldrich),  N-(3-dimethylaminopropyl)-N"-
ethylcarbodiimide hydrochloride (Sigma-Aldrich), TRIS borate-EDTA buffer dry blend
(Fluka), N-hydroxysuccinimide, 98% (Sigma-Aldrich), Agarose SFR™, AMRESCO
(Sigma-Aldrich), Biotin-TAT (AnaSpec Inc.), FAM-TAT (AnaSpec), Caliber™ glycerol
(Sigma-Aldrich), Sephadex G-25, bead diam. 20-50 um (Sigma-Aldrich), Sephacryl 100-
HR (Sigma-Aldrich) and high purity double-distilled water were used in the experiments.
All chemicals were ordered from Sigma-Aldrich (Germany) and were used without

further purification.

3.2.2 Instrumentation

Agarose Gel Electrophoresis
Agarose gel electrophoresis experiments were conducted using the Centipede™ Wide
Gel Electrophoresis System. Typically, the MPCs were supplemented with 1% glycerol
(10% v/v of the total MPC volume) and loaded at 10 pL per well of 1% agarose gel. The
experiments were run in 1X TBE (0.89M Tris, 0.89M Boric Acid, 0.002M EDTA) at
60V constant voltage for 0.5-2 hours.

Centrifugation
Samples were centrifuged using the Hettich MIKRO 22R cooling centrifuge. The
samples were generally centrifuged in 1.5 mL Eppendorf tubes.
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3.2.3. Synthesis of Gold Nanoparticles

The syntheses of gold nanoparticles was conducted following the literature protocols and
the resultant citrate-capped gold nanoparticles of average size 14 + 1.3 nm [25] (referred
to as 14 nm, SM1) and borohydride-capped gold nanoparticle of average size 5.5 + 1.6

nm [26] (referred to as 5.5 nm, SM10) were used for various preparations presented next.

3.2.4. PEG-OH Gold MPCs

Into the filtered solution of the citrate-capped gold nanoparticles [14 nm] (2 nM, 20 mL),
a methanolic solution of PEG-OH (2 mg) was added at room temperature under stirring
conditions. The reaction was allowed to proceed for a further three hours and the
resultant PEG-OH gold MPCs were centrifuged (22 000 rpm, 20 minutes, 22°C) and
washed three times with double distilled water. The MPCs were further purified by
running the size-exclusion chromatography column using Sephadex® G-25 as a
stationery phase and water as the eluent to produce PEG-OH gold MPCs [MEL1]. The
functionalisation of smaller particles [5.5 nm] was conducted similarly; starting with the
borohydride-capped nanoparticles (30 nM, 20 mL). The purification was conducted
through centrifugation (18 000 rpm, 30 minutes, 22 °C) and the size-selective column was
run similar to the procedure used for larger particles to produce smaller PEG-OH gold
MPCs [MEZ2].

3.2.5. PEG-COOH Gold MPCs

3.3.5.1. Part I: Synthesis

Different percentages of PEG-COOH gold MPCs were synthesised co-stabilised with
PEG-OH. For 1 % PEG-COOH, two methanolic solutions of PEG-COOH (0.02 mg) and
PEG-OH (1.98 mg) were thoroughly mixed by inverting the mixture vigorously several
times. The mixture was added into 20 mL of the citrate—capped gold nanoparticles [14
nm] (2 nM) and the mixture was stirred continuously for three hours. The resultant gold
MPCs were washed and purified as laid out in section 3.3.4 above to produce ME3A
MPCs. Similarly, 10 % (0.2 mg PEG-COOH and 1.80 mg PEG-OH) [ME3B], 50 % (1
mg PEG-COOH and 1 mg PEG-OH) [ME3C] and 100 % PEG-COOH (2 mg) [ME3D]

were synthesised and purified following the same experimental procedures. Following a
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similar experimental procedure in section 3.3.4 smaller MPCs [5.5 nm] were synthesised
and purified, employing 100 % PEG-COOH (2 mg) [ME4] using the borohydride-capped
colloidal nanoparticles (30 nM, 20 mL).

3.2.5.2. Part Il: Biofunctionalisation with Streptavidin

Following the synthesis of the different percentages of PEG-COOH-functionalised
MPCs; 1 % [M3A, 14 nm] and 10 % [M3B, 14 nm], the carbodiimide coupling of the
biotin-binding streptavidin protein was conducted. Aqueous solutions of EDC (0.6 M, 0.3
mmol) and NHS (0.2 M, 0.09 mmol) were mixed into 0.5 mL methanol. The reaction was
thoroughly mixed by inverting gently several times, and the solution added into the 1 %
PEG-COOH gold MPCs [M3A] (2 nM, 20 mL). The reaction mixture was gently swirled
at room temperature for 30 minutes followed by the addition of an aqueous solution of
streptavidin (1 ug). The reaction mixture was swirled gently for 5 — 10 minutes. The
reaction was allowed to proceed undisturbed for 16 hours at 4 °C [ME5A]. A similar
experimental procedure was conducted employing the 10% PEG-COOH MPCs M3B [14
nm], using EDC (0.6 M, 0.3 mmol), NHS (0.2 M, 0.09 mmol) and introducing 120 ng of
streptavidin. The resultant streptavidin conjugates were washed twice with water through
centrifugation (12 000 rpm, 20 minutes, 22 °C). Further purification was conducted by
running the size-exclusion chromatography column using Sephacryl® as the stationery
phase and PBS buffer (0.01 M phosphate buffer, 0.0027 M KCI and 0.137 M NaCl) as
the eluent [ME5SB].

3.2.6. PEG-biotin MPCs

3.2.6.1. Part I: Synthesis

PEG-biotin gold MPCs were synthesised in varied amounts (1 % and 10 %), and the co-
stabilised with PEG-OH. Into 20 mL of citrate-capped nanoparticles [14 nm, 2 nM],
methanolic solutions of PEG-biotin (0.02 mg) and PEG-OH (1.98 mg) were mixed and
added simultaneously. The reaction was stirred for a further 3 hours and the resultant 1 %
PEG-biotin MPCs were centrifuged (12 000 rpm, 20 minutes, 22 °C) and washed three
times with water [ME6A]. A similar experimental procedure for the synthesis of MEGA
was followed as used for the synthesis of 10 % PEG-biotin gold MPCs [ME6B, 14 nm],
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1% PEG-biotin [ME7A, 5.5 nm] and 10 % PEG-biotin [ME7B, 5.5 nm]. MPCs with
smaller sizes were washed three times with water (18 000 rpm, 30 minutes, 22°C) and

purified similarly as done for MEGA.

3.2.6.2. Part I1: Biofunctionalisation with Streptavidin

Following the successful synthesis of PEG-biotin-functionalised gold MPCs [MEGA and
MET7A], streptavidin was introduced via the BAB interaction. An aqueous solution of
streptavidin (179 pg) was introduced into the concentrated PEG-biotin gold MPCs (800
pL, 16 nM). The volume was made up to 2 mL by adding PBS buffer (0.01 M phosphate
buffer, 0.0027 M KCI and 0.137 M NaCl). The reaction mixture was mixed thoroughly
by swirling following refrigeration at 4 °C for 48 hours. Similar washing and purification
as used for MEGA was conducted on the resultant conjugates [ME8, 14 nm] and [ME9,
5.5 nm].

3.2.6.3. Part I11: Biomolecular Immobilisation with Biotin-TAT

The immobilisation of the biotinylated cell-penetrating peptide (CPP), TAT was
conducted on the streptavidin conjugates, ME8 and MEO9. Into the streptavidin conjugate,
MES8 (850 ug, 1.5 nM, 14 nm), a PBS (0.01 M phosphate buffer, 0.0027 M KCI and
0.137 M NaCl) solution of biotin-TAT (3.57 pg, 560 nM) was added. The mixture was
gently swirled to mix and refrigerated at 4 °C for 48 hours. The resultant TAT
bioconjugates were washed with water through centrifugation (12 000 rpm, 20 minutes,
22 °C) [ME10, 14 nm]. A similar treatment was conducted on the streptavidin conjugate
MES8 [5.5 nm] (30 nM) yielding the smaller TAT bioconjugates ME11 [5.5 nm] that were
washed correspondingly (18 000 rpm, 20 minutes, 22 °C). Both the TAT conjugates were
purified following similar procedures as MEGA.

3.2.6.4. Part 1V: Biomolecular Immobilisation with FAM-TAT

The introduction of the fluorescent-marked TAT peptide was conducted on the
streptavidin conjugates ME8 [14 nm] (1.5 nM) and ME9 [5.5 nm] (30 nM) using similar
carbodiimide coupling experimental procedures as used for MESA to synthesise and
purify the FAM-TAT conjugates, ME12 [14 nm] and ME13 [5.5 nm]. The reactant
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quantities used were EDC (0.6 M, 0.3 mmol), NHS (0.2 M, 0.09 mmol), and aqueous
solution of FAM-TAT (4 ng) peptide.

3.2.7. PEG-NTA Gold MPCs

3.2.7.1. Part I: Synthesis

A 20 mL solution of citrate-capped colloidal gold nanoparticles (2 nM) was used to
conduct a similar experimental procedure as used for ME3A for different percentages of
PEG-NTA MPCs co-stabilised with PEG-OH. For ME14A (14 nm), PEG-NTA (0.02 g)
and PEG-OH (1.98 g) were used. Similarly 10% PEG-NTA (0.2 PEG-NTA and 1.8 mg
PEG-OH) [ME14B] (14 nm) and 50% PEG-NTA (1 mg PEG-NTA and 1 mg PEG-OH)
[ME14C] (14 nm) were synthesised. This method was further extended to PEG-COOH
co-stabilised PEG-NTA gold MPCs, using reactant quantities of 0.02 mg PEG-NTA and
1.98 mg PEG-COOH for ME15A (1%, 14 nm), 0.2 mg PEG-NTA and 1.8 mg PEG-
COOH for ME15B (10%, 14 nm) and 1 mg PEG-NTA and 1 mg PEG-COOH for
ME15C (50%, 14 nm). Smaller gold core PEG-NTA MPCs, 1% [M16A, 5.5 nm] and
50% [M16B, 5.5 nm] PEG-NTA MPCs co-stabilised with PEG-OH using the
borohydride-capped colloidal nanoparticles (30 nM, 20 mL) were synthesised following

the same experimental procedure.

3.2.7.2. Part I1: Synthesis of PEG-NTA-Ni Conjugates

Following the successful synthesis and purification of 1% PEG-NTA gold MPCs
[ME14A] (16 nM, 1 mL), PEG-NTA-Ni gold conjugates were synthesised by reacting
1 mL of the 1% PEG-NTA gold MPCs with an excess of NiCl,.6H,O (65 pumol). After
the addition of the nickel salt, the solution was swirled and allowed to react for a further
three hour at room temeperature. The resultant conjugate was washed with water through
centrifugation three times (10 000 rpm, 10 minutes, 22°C), made up to 1 mL with water
and stored at room temperature until further use [ME17, 14 nm].

3.2.7.3. Part I11: Immobilisation of Hexahistidine-Tagged MAP kinase

The N-terminal histidine-tagged MAP kinase was introduced onto the surface of the
PEG-NTA-NIi conjugates ME17 (14 nm) by exploiting the high affinity binding of the
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histidine-tag onto the Ni?* chelate. An experimental procedure similar to that used for
ME10 was conducted using 200 nmol of MAP kinase protein and PEG-NTA-Ni (ME17)
conjugate (1.2 nM, 1 mL) both dissolved in PBS (0.01 M phosphate buffer, 0.0027 M
KCl and 0.137 M NacCl) followed by washing with water and purification.

3.3. RESULTS AND DISCUSSION

For reference, the sample codes are presented in Table 3.2 along with their

functionalities.

Table 3.2. Sample codes and their short descriptions.

SAMPLE Au CORE SURFACE STARTING
CODE SIZE FUNCTIONALITIES MATERIAL
ME1 14 nm 100% PEG-OH Citrate NPs
ME2 5.5nm 100% PEG-OH Borohydride NPs
1,10, 50% PEG-COOH (PEG- )
ME3A, Band C 14 nm N Citrate NPs
OH costabilised)
ME4 5.5nm 100% PEG-COOH Borohydride NPs
Streptavidin immobilised via ME3A and
MES5A and B 14 nm
EDC/NHS protocol ME3B
1, 10% PEG-biotin (PEG-OH )
MEGA and B 14 nm N Citrate NPs
costabilised)
1, 10% PEG-biotin (PEG-OH ]
ME7A and B 5.5nm . Citrate NPs
costabilised)
Streptavidin immobilised via
MES8 14 nm o _ MEGA
biotin interactions
Streptavidin immobilised via
ME9 55nm o _ ME7A
biotin interactions
Biotin-TAT immobilised via
ME10 14 nm biotin-(strept)avidin (BAB) MEGA
route
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Biotin-TAT immobilised via the
ME11 55nm ME7A
BAB route
FAM-TAT immobilised via the
ME12 14 nm MEGA
EDC/NHS protocol
FAM-TAT immobilised via the
ME13 5.5nm ME7A
EDC/NHS protocol
ME14A, B and 1,10, 50% PEG-NTA (PEG- ]
14 nm . Citrate NPs
C OH costabilised)
ME15A, B and 1, 10, 50% PEG-NTA (PEG- )
14 nm . Citrate NPs
C COOH costabilised)
1,50% PEG-NTA (PEG-OH )
ME16A and B 55nm N Borohydride NPs
costabilised)
ME17 14 nm PEG-NTA-Ni Conjugates ME14A
PEG-NTA-Ni-MAP Kinase
MES8 14 nm _ ) ME17
bioconjugate

3.3.1. PEG-OH Gold MPCs: Synthesis and Characterisation

The synthesis of PEG-OH gold MPCs occurred via the ligand place-exchange
reaction of the labile citrate ligand [14 nm] and the loosely bound borohydride anions of
the smaller sized nanoparticles [5.5 nm]. On addition of the PEG-OH into the
nanoparticles, the colour changed from red to purple-red signifying the attachment of the
sulphur headgroup on the surface of the nanoparticles. Such a process occurred
immediately on addition, signifying the effectiveness of the capping by PEG-OH ligand.
The optical absorption peaks for ME1 [14 nm] and ME2 [5.5 nm] are shown in Figure
3.2Al and B1. The sharp peaks indicated that the MPCs remained dispersed in solution.
From the structural analysis of the MPCs showed no signs of aggregation and were
completely soluble in water.

The long chain (Ci;) hydrophobic alkyl imparts stability to the cluster by
promoting the S-Au interactions. This effect is expected to decrease with a decrease in
spacer length. The MPCs are known to withstand aggregation under extreme pH
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conditions, high ionic strength conditions [12-14]. The agarose gel electrophoresis of the

PEG-OH functionalised gold MPCs is presented in Figure 3.3.
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Figure 3.2. Absorption and structural analysis of the PEG-OH functionalised gold MPCs.
UV-Vis absorption spectra (Al) [ME1, 14 nm], (A2) [ME2, 55 nm] and TEM
micrographs, (B1) [MEL, 14 nm] and (B2) [ME2, 5.5 nm].

+

Figure 3.3. Agarose gel electrophoresis of PEG-OH functionalised AUMPCs; lane 1:
ME1 [14 nm] and lane 2: ME2 [5.5 nm].

The two MPC systems possess similar surface ligands, and thus the change in

mobility can be attributed to the gold core size. Clearly, the smaller sized core (MEZ2, lane

2) showed faster mobility towards the anode due to the larger MPCs under the current

compared to the bigger counterparts (ME1, lane 1). These gold MPCs showed remarkable
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stability, showing no signs of aggregation on long term storage. They could also be

completely re-dispersed in water after centrifugation during the purification stages.

3.3.2. PEG-COOH Gold MPCs: Synthesis and Functionalisation.

Part I: Synthesis.

The strategy for the simultaneous introduction of multiple functionalities, -OH and -
COOH, on the surface of the gold nanoparticle is illustrated schematically in Figure 3.4.
The indication of the attachment of the PEG-SH ligand on the surface of gold was

observed in terms of colour changes on the introduction of the ligand.

H

.;,00*\
\LO&

@)
%

SH SH
Au Core
o\
T

Figure 3.4. A schematic representation of the simultaneous incorporation of multiple

functionalities on the surface of the gold core.

The resultant multiple functional MPCs represent a unique prospect for the
immobilisation of multiple targets on the surface of the gold MPCs. The carboxyl content
on the surface of the MPCs could be regulated by variations in the ratios of the ligand
mixture. The optical and structural analysis for the synthesis of 1, 10 and 50% PEG-
COOH, PEG-OH co-stabilised MPCs is presented in Figure 3.5.

-94 -



Chapter 3 PECylated MPC Synthesis and Biemolecular Functionalisation

02 - Al
526 nm

0.15
0.1 1

0.05

Absorbance (a.u.)

0 T T T T T 1
300 400 500 600 700 800 900

Wavelength (nm)

0.16 - B1
~ 524 nm
E 012
3
£ 008
£
§ 0.04 -
<

0 T T T T T 1
300 400 500 600 700 800 900
Wavelength (nm)

034 C1l
é 0.5 524 nm
3 0.2 1
£ 015
2
§ 0.1
< 0.05 {

0

300 400 500 600 700 800 900
Wavelength (nm)

Figure 3.5. Optical and structural analysis of PEG-COOH and PEG-OH mixed
monolayer functionalised gold MPCs; Al) and A2) 1% PEG-COOH [ME3A, 14 nm], B1)
and B2) 10% PEG-COOH [ME3B, 14 nm] and C1) and C2) 50% PEG-COOH [ME3C,
14 nm] functionalised MPCs.

The optical absorption of MPCs containing different percentages of PEG-COOH is
presented in Figures 3.5A1 (1%, ME3A), B1 (10%, ME3B) and C1 (50%, ME3C). The
sharp peaks indicated that the dispersity of the MPCs was maintained after the
incorporation of the ligands on the surface. The high concentration of the PEG-OH on the

surface also enhances the stability, and thus limits a large increase in the absorption
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wavelengths. The TEM micrographs representing the distribution of the MPCs are
presented in Figure 3.5A2 (1%, ME3A), B2 (10%, ME3B) and C2 (50%, ME3C). The
increase in the PEG-COOH content showed an onset of the formation of clustered
patterns of the nanoparticles, increasing with the increase of the ligand. This can be
attributed to the high affinity of the carboxyl group for the gold clusters. The presence of
the carboxyl terminal group in many ligands enhances the tendency of ligand
intermolecular hydrogen bonding, leading to aggregation and broadening of the SPR
absorption peak [32]. Such an effect is however only nominally observed since the bulky
PEG imposes a steric barrier on the surface of the gold core. The use of PEG-COOH as a
solitary capping agent is presented in Figure 3.6, showing a typical absorption and

particle distribution.

524 nm

Absorbance (a.u.)
o o
S 8

=)
8

0

Figure 3.6. Optical absorption (A) and the EM micrograph (B) of the 100% PEG-COOH
functionalised MPCs [ME3D, 14 nm].

The assessment of the attachment of the ligand in different proportions was investigated

using the horizontal agarose gel electrophoresis presented in Figure 3.7. The differences
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in the surface charges relative to the -COOH surface are expected to show different

degrees of mobility on the gel.

+

Figure 3.7. Agarose gel electrophoresis of PEG-COOH functionalised AUMPCs [14 nm]
(lanes 1 = 1% (ME3A), 2 = 10% (ME3B), 3= 50% (ME3C) and 4= 100% (ME3D)).

This trend can be predicted from the differences in dielectric friction of the -OH
and -COOH functionalities in solution as the necessary exertion for the orientation of the
solvent dipoles in response to the ligand charge under the electromagnetic field. In
addition to the dependence of mobility on the charge-to-size ratio, the dissociation
constant (pKa), as a measure of the charge distribution, also determines the intrinsic
mobility [33]. There was a distinct change in mobility with the increase in the PEG-
COOH content on the surface of the MPCs, as shown by the gradual increase in
mobilities can be observed from lane 1 (lowest -COOH content, ME3A) through to lane
4 (highest -COOH content, ME3D). These gel electrophoresis results represent a simple
yet powerful method for the confirmation of the quantitative and qualitative assaying of
the immobilisation of the ligands on the surface of the gold core.

Similarly, PEG-COOH could be used as the only stabilising agent for smaller
gold clusters (5.5 nm), as presented in Figure 3.8.
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Figure 3.8. Optical absorption (A) and the TEM micrograph (B) of the 100% PEG-
COOH functionalised gold MPCs [ME4, 5.5 nm].

The successful synthesis of the PEG-COOH MPC systems presented a versatile route for

the introduction of further biomolecules using protocols such as carbodiimide coupling.

Part I1: Biofunctionalisation.

One method for introducing biomolecules onto the surface of MPCs is by the covalent
coupling of the carboxylic end of the ligand shell with amine groups of the incoming
biomolecule, depicted in Figure 3.9 [34]. The interaction of the -COOH on the surface of
the MPCs with the EDC in the presence of NHS vyields the ester intermediate. The
presence of NHS significantly enhances the coupling efficiency in this reaction. The
probability of the hydrolysis of the ester intermediates can be countered by the use of
higher molar ratios of the EDC and the immediate conjugation of the protein before the
onset of the hydrolysis process. This is then followed by the amine containing

biomolecule, which anchors on the MPC through the amide bond.
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Figure 3.9. A generic strategy for the introduction of biomolecules by employing the
EDC/NHS coupling route.

Following the addition of the EDC/NHS mixture and reaction with 1% and 10% PEG-
COOH gold MPCs [ME3A, 14 nm and MEB, 5.5 nm], the reaction mixture showed a low
solubility which was an indication of the formation of the gold MPC-amide ester
intermediates. The low solubility demonstrated the resistance of the ester to hydrolysis,
limiting any regeneration of the gold PEG-COOH MPCs in solution. The addition of the
streptavidin showed a marked improvement in the solubility of the conjugates readily
dispersible in solution. The UV-vis measurements and structural analysis is presented in
Figure 3.10. The optical absorption of the streptavidin conjugates showed narrow peaks

signifying the dispersity of the MPCs. There was no apparent broadening of the spectrum
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indicating that there was no aggregation of the MPCs upon the attachment of the
streptavidin.

The TEM analysis showed no aggregation of the MPCs on the incorporation of
the streptavidin. Coupling of the streptavidin onto the 1% PEG-COOH MPCs showed a
lower yields compared to that immobilised on 10% PEG-COOH MPCs signifying the
dependence of the attachment on the availability of the -COOH on the MPC surface.
More conjugate particles were therefore attained for ME5B, thus the TEM image (Figure
3.10). The attachment of the streptavidin was monitored using agarose gel electrophoresis
(Figure 3.11). The migration of the unbound PEG-COOH MPCs was expected to differ
from the streptavidin conjugates as a consequence of the presence of the streptavidin on
the MPC surface. This was confirmed experimentally, with the streptavidin conjugates,
lane 1 (ME5A) showing slower migration speeds compared with the precursor 1% PEG-
COOH MPCs (ME3A) in lane 2. This was also observed to be true for the 10% PEG-
COOH MPCs (lane 4, ME3B) migrating faster than the corresponding bulky streptavidin
conjugates (lane 3, M35B).
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Figure 3.10. UV-vis optical absorption of the streptavidin conjugates, A1) ME5A, B1)
ME5B and the TEM micrographs, A2) ME5A and B2) MESB.
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Figure 3.11. Agarose gel electrophoresis of PEG-COOH functionalised MPCs and the
corresponding streptavidin conjugates; lane 1: streptavidin conjugates (ME5A), lane 2:
1% PEG-COOH (ME3A), lane 3: streptavidin conjugates (ME5B) and lane 4: 10% PEG-
COOCH (MES3B).

Single migration lines were also observed indicating the homogeneity of the resultant
conjugates. The EDC/NHS represents a simple multiple-step introduction of
biomolecules to the surface of gold MPCs. The conjugates were stable at 4 °C and
dependent on the stability of incorporated protein. Higher storage temperatures are

expected to disrupt the function of the biomolecules.

3.3.3. PEG-biotin AuUMPCs: Synthesis and Biofunctionalisation.

Part I: Synthesis.

The introduction of the PEG-biotin on the gold core surface was conducted as depicted in
Figure 3.12. This MPC system is amenable to the attachment of streptavidin on the
surface. This immobilisation of streptavidin can be achieved through the biotin-
streptavidin (BA) interactions on the surface of the gold MPCs.
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Figure 3.12. A schematic represnteation of the introduction of PEG-biotin on the gold
core.

Synthesis of 100% PEG-biotin MPCs proved unsuccessful, with particles showing
irreversible aggregation and the particles were not redispersible after centrifugation. This
can be attributed to the binding of the biotin sulphur group on the MPCs. This was
addressed by the use of PEG-OH as the co-stabiliser. This imparted higher hydrophilicity
onto the MPCs, this fact emanating from the insolubility of the biotin as a unit.

The optical absorption of both the PEG-biotin MPCs showed plasmon peaks at
typical gold absorption ranges, albeit with a slight increase due to the ligand contributions
on the surface of the absorbing gold core (Figure 3.13A1 and B1). The absorption peaks
were narrow, signifying the retention of dispersity of the MPCs. This was further shown
from the TEM measurements depicted in Figure 3.13A2 and B2, with the core size
remaining the same as the citrate-capped nanoparticles. The attachment of the PEG-biotin
was qualitatively investigated using the agarose gel electrophoresis presented in Figure

3.14. The higher biotin (lane 2, ME6B) loading showed faster migration on the gel.
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Figure 3.13. Absorption and structural analysis of PEG-biotin functionalised AUMPCs.

Al) and A2) 1% [ME6A,14 nm] and B1) and B2) 10% [ME6B, 14 nm] PEG-biotin

MPCs.

Figure 3.14. Agarose gel electrophoresis of 14 nm PEG-biotin functionalised AUMPCs;
lane 1 = 1% (MEBA) and 2 = 10% (ME6B).

Similarly, the introduction of PEG-biotin was achieved for the smaller MPCs, depicted in
Figure 3.15 and 3.16. Narrow absorption peaks were observed signifying the dispersity of
the particles. The agarose gel electrophoresis further proved the attachment of the
different PEG-biotin amounts. Lane 1 (1%) showed less mobility compared with the
higher PEG-biotin content (lane 2, circled) due to the higher surface negative charge.
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Figure 3.15. Optical absorption and structural analysis of the 5.5 nm PEG-biotin
functionalised AuMPCs. Al) and A2) 1% [ME7A, 5.5 nm] and B1) and B2) 10% [ME7B,
5.5 nm] PEG-biotin MPCs.
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Figure 3.16. Agarose gel electrophoresis of PEG-biotin gold MPCs; lane 1: 1% (ME7A)
and lane 2: 10% PEG-biotin (ME7B).

These results represent a facile molecular tool for the introduction of streptavidin protein

onto the surface of these particles.
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Part I1: Biofunctionalisation with Streptavidin.

Streptavidin binds four moles of biotin per one mole of the protein corresponding to 16.5-
18 mg of biotin bound per gram of streptavidin [35] (Figure 3.17). The biotin-binding
sites in streptavidin are known to be “buried”, as indicated by 1 to 4 in Figure 3.17 and
therefore long-chain biotinylation reagents are required for such immobilisation [36]. A

one-step facile introduction of streptavidin onto the MPCs is depicted in Figure 3.18.

Figure 3.17. The streptavidin molecule (Protein Data Bank code 1SWE), showing the
four biotin-binding sites [37]. The image was generated using the Accelrys® Discovery

Studio Visualizer 2.0, Accelrys Software Inc.
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Figure 3.18. Biomolecular immobilisation of streptavidin onto biotiylated gold MPCs via

the biotin-streptavidin interaction.

Due to the known high affinity of biotin-streptavidin interactions, the effect of collision
frequency between the biotinylated gold MPCs and the streptavidin was expected to
feature strongly in the final properties of the conjugates. Optical and structural
characterisation of the streptavidin conjugates is presented in Figure 3.19.

There was also no broadness of the absorption peak, indicating the preservation of
particle dispersity (Figure 3.19A1 and B1). Due to the availability of further biotin-
binding sites on the streptavidin, the concentration of the surface biotin on the MPCs as a
ratio of the incoming streptavidin proved crucial. An excess of streptavidin was used to
saturate all the biotin molecules on the surface of the MPCs and thus minimising the
disposition of the conjugates to aggregation. The excess protein was removed during the
purification steps to avoid interference during further immobilisation of biomolecules on
the streptavidin conjugates.

The particle dispersity was further demonstrated in the TEM measurements
(Figure 3.19A2 and B2) of the streptavidin bioconjugates, that showed no aggregation,
which would have been as a result of cross-linkages caused by the bioconjugates
interacting through the biotin of one MPC and the streptavidin of the second MPC,

forming a biotin-avidin-biotin network. A qualitative analysis of the successful
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introduction of the streptavidin on the MPCs by 1% agarose gel electrophoresis was
conducted (Figure 3.20A (14 nm) and Figure 3.20B (5.5 nm)).
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Figure 3.19. Optical absorption and structural analysis of streptavidin-AuMPC
bioconjugates formed through the BA method. A1) and B1) ME8 (14 nm) and B1) and

B2) ME9 (5.5 nm).
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Figure 3.20. Agarose gel electrophoresis of streptavidin-AuMPC bioconjugates. (A) lane
1: STV bioconjugates (ME8, 5.5 nm)and lane 2: corresponding PEG-biotin MPCs
(MEGA, 1%, 14 nm; (B) lane 1: streptavidin bioconjugates (ME9, 5.5 nm) and lane 2:
corresponding PEG-biotin MPCs (ME7A, 1%, 5.5 nm).
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The additional bulky tetrameric streptavidin conjugates (lanes 1 (ME8 and MED9))
showed slower mobility compared with the corresponding PEG-biotin MPCs (lanes 2
(MEBA and ME7A). The highly conformational bulky nature (60 kDa) of streptavidin
could be responsible for such an observation. This is in contrast to the highly mobile
carboxylate derivatised MPCs, although for 1% PEG-COOH, the migration was also
observed to be slower.

Part I1l1. Immobilisation of Biotin-TAT peptide via the biotin-(strept)avidin-biotin
protocol (BAB).

The introduction of the TAT peptide, a small basic cell-penetrating peptide was
conducted by the BAB protocol, as depicted in Figure 3.21. TAT peptide is a short
arginine-rich protein transduction domain, which has found applications in the delivery of
biologically active therapeutic cargoes, namely peptides, proteins and antisense

oligonucleotides [38-40].

\

C?g N

o

Biotin-TAT

Figure 3.21. The BAB strategy for the introduction of the TAT CPP onto the surface of
streptavidin-MPC conjugates.

The structural diversity and high variability in their nature makes the mechanism of
internalisation of the CPPs to be generally inconclusive. Recent studies have shown that
the TAT translocates via the lipid raft-dependent macropinocytosis, although a possible

unknown co-mechanism is still feasible [39, 41]. This specialised form of fluid phase

- 108 -



Chapter 3 PECylated MPC Synthesis and Biemolecular Functionalisation

endocytosis is both temperature-dependent and energy-dependent (ATP) [42]. A series of
investigations into the factors affecting the TAT CPP-based delivery techniques have
been investigated elsewhere, including the influence of the cargo (TAT peptide exposure,
hydrophobicity, chemical linkage type of the cargo to the TAT sequence and TAT
peptide density) [43-49], cell surface interactions [50-52] and possible mechanisms of
uptake [53-54] to name a few. The generic sequence of the TAT peptide is composed of
a YGRKKRRQRRR amino sequence although the C- and N- termini have been extended
using a wide range of sequences or coupled with other moieties [55].

The conjugation strategy was conducted both on large (MES8, 14 nm) and smaller (ME9,
5.5 nm) nanoparticles. Optical and structural analysis was conducted as presented in
Figure 3.22. The immobilisation of the TAT peptide was shown to be a quick process,
with an immediate change in the solution colour from blue-tinted red to red. The optical
absorption spectra showed the expected SPR with sharp peaks. Particle distribution was
observed to be unaffected by the addition of peptide as observed from the narrow peaks
and confirmed in the TEM measurements (Figure 3.22A and B).
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Figure 3.22. Structural analysis of the TAT-immobilised bioconjugates. A1 ME10 (14
nm), and B: ME11 (5.5 nm).

The agarose gel electrophoresis of the TAT bioconjugates was conducted in order to
ascertain the attachment events on the streptavidin conjugates. Figure 3.23 shows the

comparisons with the corresponding streptavidin conjugates.

A B

" ;

Figure 3.23. Agarose gel electrophoresis of TAT-immobilised bioconjugates, (A) lane 1:

streptavidin conjugates [MES8, 14 nm], lane 2: corresponding TAT bioconjuagates
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(ME10) and (B) lane 1: streptavidin conjugates [ME9, 5.5 nm] and lane 2: the
corresponding TAT bioconjugates (ME11).

The highly cationic nature of the TAT sequences, owing to the contributions by the
preponderant basic residues arginine and lysine, was observed to retard the migration of
the conjugates in the gel. This was also coupled with the additional peptide size on the
surface of the MPCs. This result presents a facile, yet immensely indispensable route for
the introduction of a CPP onto the surface of gold MPCs. This tool kit is specifically
designed for applications in the areas of biolabeling and targeted drug delivery
whereupon the microscopically visible gold cores will be used for visualization and

tracking purposes.

Part IV. Immobilisation of FAM-TAT peptide via the EDC/NHS coupling route.

A second strategy for the introduction of the TAT peptide was devised employing the
carbodiimide coupling route on the streptavidin conjugates. The availability of the
terminal amine rich arginine residue on the TAT sequence was exploited in this
technique. The -COOH functionality of the streptavidin was used to form the amide bond
with the amine functionality of the TAT peptide. The FAM (6-carboxyfluorescein)
fluorescent tag on the TAT peptide was however not exploitable since the gold is well-
known for charge-transfer efficiency, which quenches the fluorescence [56].
Furthermore, the FAM absorbs (492 nm) and emits (517 nm) in the gold SPR range and
therefore cannot be directly quantified without the interfering contributions from the gold
core [57].

The introduction of the FAM-TAT via the carbodiimide coupling reaction was
conducted. The UV-vis absorption spectra of the FAM-TAT bioconjugates are presented
in Figures 3.24A1 (ME12, 14 nm) and B1 (ME13, 5.5 nm). The expected SPR range
absorption is observed as indicated. The sharp peaks also signified the dispersity of the
conjugates. The lack of the FAM label absorption peak at 492 nm was further proof of
the quenching ability of the gold MPC core. Such observations have been exploited
elsewhere for labeling applications [58]. The TEM micrographs (Figure 3.24A2, ME13
and Figure 3.24B2, ME14) confirmed the size dispersity as observed in the absorption
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spectra. There were no signs of aggregation with the MPCs remaining monodisperse. The

conjugation was investigated using agarose gel electrophoresis (Figure 3.25).
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Figure 3.24. Optical and structural analysis of the FAM-TAT gold bioconjugates; Al)
and A2) ME12 (14 nm) and B1) and B2) ME13 (5.5 nm).

Figure 3.25. Agarose gel electrophoresis of the FAM-TAT gold bioconjugates; A) lane 1:
streptavidin conjugates (MES8, 14 nm), lane 2: corresponding FAM-TAT bioconjugates
(ME12); B) lane 1: streptavidin conjugates (ME9, 5.5 nm) and lane 2: corresponding
FAM-TAT bioconjugates (ME13).
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The FAM-TAT conjugates (Figure 3.25, ME12 and ME13 — lanes 2) were observed to
migrate slower than the free streptavidin conjugates (Figure 3.25, ME8 and ME9
-lanes 1), due to the size and cationic contribution of the TAT peptide; increasing the size
and importantly lowering the negative charge on the surface of the conjugates. Gold
MPCs bearing fluorescent tags have been employed in nucleotide sensing applications, in
a mechanism involving the cleavage of the fluorescent tag from the gold core allowing

the reestablishment of fluorescence [56].

3.3.4. PEG-NTA Gold MPCs: Synthesis and Biofunctionalisation [59]

Part I: Synthesis.

The incorporation of the NTA moiety on nanosized magnetic particles has been reported
by Xu et al. demonstrating the ability of these nanoparticles to chelate to the bidentate
Ni?* cation [60]. Chen et al further exploited this technique by incorporating the Ni-NTA
onto superparamagnetic particles for the enrichment of 6xHis-tagged proteins and other
phosphorylated peptides [61]. In the current approach, the PEG-NTA was introduced
onto the nanoparticles via the ligand place-exchange approach of the loosely-bound
citrate-capped gold nanoparticles, in a one-step reaction. The first attempt was conducted
with PEG-OH as the co-stabiliser for the 14 nm particles.

The lucrative applications of the NTA-based materials in the purification,
enrichment and separation of 6xHis-tagged proteins are unparalleled. The ease of the
synthesis and control of the surface loading of the NTA governs this possibility. Using
the co-stabilisation strategy with PEG-OH, the PEG-NTA was introduced onto the gold
surface and the NTA loading was controlled by the variations in stoichiometric amounts
of NTA ligand. Optical properties and TEM analysis (Figure 3.26) as well the agarose gel
electrophoresis analysis (Figure 3.27) were conducted. Figures 3.25A1, Bl and C1
illustrate the optical absorption of the purified NTA-derivatised gold MPCs. The
absorption peaks were narrow owing to the dispersity of the MPCs. The TEM results in
Figures 3.25A2, B2 and C2 showed the lack of aggregation of the MPCs.
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Figure 3.26. Analysis of PEG-NTA functionalised gold MPCs (14 nm). A1, B1 and C1,
optical absorption of 1% [ME14A, 14 nm], 10% [ME14B, 14 nm] and 50% [ME14C, 14
nm] and A2, B2 and C2, corresponding TEM micrographs of 1%, 10% and 50% PEG-
NTA gold MPCs.
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Figure 3.27. Agarose gel electrophoresis of PEG-NTA functionalised MPCs; lane 1:
ME14A (1%), lane 2: ME14B (10%) and lane 3: ME14C (50%).

The formation of patterned assemblies of the MPCs is observed with the increase in the
PEG-NTA surface loading. This effect can be attributed to the hydrogen bonding by the
three carboxyl groups of the NTA moiety; representing six possible hydrogen bonding
sites between neighbouring NTA moieties of the two particles [62]. This is however not
strictly followed in solution due to the ionisation of the carboxyl groups. Also, there is a
propensity for hydrogen bonding to occur between the carboxyl groups of the same NTA
moiety. Previous studies for the determination of the surface pKa of the NTA determined
concluded a value centred around 5.8 [63,64]. The synthesis protocol in this approach
was conducted at pH of 5-6 and therefore a reasonable proportion of the NTA is expected
to be ionised in solution due to the low dissociation constant.

The formation of the close-packed MPC dispersions was thus concluded to be due
to interparticle hydrogen bonding. Due to this effect, 100% PEG-NTA surface coverage
proved unsuccessful, with the MPCs aggregating and settling out of solution. Agarose gel
electrophoresis was conducted to investigate the binding events of the PEG-NTA on the
surface (Figure 3.26). A systematic increase in mobility was observed with the increase
in the PEG-NTA content, signify an increase in surface negative charge. Lane 3,
representing the highest PEG-NTA content (ME14C) migrated substantially faster than
ME14C (lane 2, 10%) as well as ME14A (lane 1, 1%).

The synthesis of PEG-NTA gold MPCs costabilised with PEG-COOH was also
attempted. Measurements such as UV-vis, TEM (Figure 3.28) and agarose gel
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electrophoresis (Figure 3.29) were done. The absorption UV-vis absorption
measurements showed narrow peaks in the absorption spectra due to the lack of
aggregation of the MPCs, as also demonstrated in the TEM measurements (Figure 3.27A,
B and C).

Figure 3.28. Analysis of PEG-NTA, PEG-COOH costabilised gold MPCs (14 nm). Al, B1
and C1, optical absorption of 1% [ME15A, 14 nm], 10% [ME15B, 14 nm] and 50%
[ME15C, 14 nm] and A2, B2 and C2, corresponding TEM micrographs of 1%, 10% and
50% PEG-NTA gold MPCs.
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+

Figure 3.29. Agarose gel electrophoresis of PEG-NTA functionalised MPCs costabilised
with PEG-COOH; lane 1: ME15A (1%), lane 2: ME15B (10%) and lane 3: ME15C
(50%).

The agarose gel electrophoresis analysis was conducted and is presented in Figure 3.28.
The migration rate for all the samples (1% - lane 1, 10% - lane 2 and 50% - lane3) was
shown to be similar under TBE buffer environment (pH 8). This was due to the
uniformity of the surface charge from both the contributions of the -COOH and NTA
functionalities. This result demonstrated the resolving ability of agarose gel
electrophoresis in probing ligand-place exchange reactions on the surface of the gold
core.

The synthesis of PEG-NTA MPCs co-stabilised with PEG-OH was also
conducted for the smaller gold core MPCs. Figure 3.20 depicts the TEM results.
Similarly, the higher PEG-NTA loading showed patterned growth due to hydrogen
bonding effects. The reaction was also investigated with agarose gel electrophoresis
(Figure 3.31). The higher concentrations of the PEG-NTA (lane 2, ME16B) showed
higher mobility as the response to the addition of negative -COOH moieties on the

surface.
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Figure 3.30. TEM micrograph of PEG-NTA MPCs, costabilised with PEG-OH (A)
ME16A and (B) ME16B.

+

Figure 3.31. Agarose gel electrophoresis; lane 1: 1% [ME16A, 5.5 nm] and lane 2: 10%
PEG-NTA MPCs [ME16B, 5.5 nm].
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The NTA-containing MPCs present a versatile possibility of incorporating histidine-
tagged biomolecules via the nickel chelation procedure. This reaction was also

investigated in this work.

Part I1: Incorporation of Ni** Cations.

The incorporation of the bivalent hexadentate Ni(ll) into the NTA matrix was conducted
as depicted in Figure 3.31. The quadridentate NTA occupies four coordination positions
on the hexadentate central nickel cation allowing for the availability of the two vacant
binding sites for a 6xHis-tagged biomolecules to attach. This approach seeks to address
the simplicity in the Ni-NTA protein purification and enrichment techniques, by
employing a versatile liquid phase probe as opposed to the conventional solid phase

resin-based immobilisation techniques.
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Figure 3.32. The introduction of the Ni** cations into the NTA of the PEG-NTA gold
MPCs.
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Following the reaction of the 1% PEG-NTA MPCs [ME14A, 14 nm] with excess NiCly,
there was a distinct change in the colour and behaviour of the resultant PEG-NTA-NI
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conjugates [ME17, 14 nm]. The optical absorption measurements are presented in Figure
3.33.
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)

o 0.3

S B PEG-NTA-Ni

2 0.2~

o

3

< 01 -

O T T T T 1
400 500 600 700 800 900

Wavelength (nm)

Figure 3.33. UV-Vis absorption spectrum for the PEG-NTA-Ni (B, ME17) compared with
the 1% PEG-NTA MPCs (B, ME14A) from which it was synthesised. Inset: the distinct
physical changes on addition of the Nickel (11).

The optical absorption of the PEG-NTA-Ni gold conjugates presented in Figure 3.32 (B)
showed a broad SPR absorption peak with low intensity located at 543 nm, a large red-
shift (15 nm) from 528 nm of the PEG-NTA MPCs. The addition of the highly cationic
nickel (1) diminishes the negative charge on the surface of the MPCs thus lowering the
Coulombic repulsions among the MPCs. This lowering of electrostatic repulsions
promotes the dominant effective van der Waals attractive interactions and therefore lead
to particle aggregation [64,65]. The MPCs were observed to stick onto the sample tubes
and were poorly dispersible in the solvent of choice, and thus the yield dropped
considerably during centrifugation (inset, Figure 3.32), signifying high nonspecific

binding.
Part I11: Immobilisation of 6xHis-tagged MAP kinase.

Mitogen-activated protein kinase (MAP Kinase) belongs to a family of proteins activated

as a response to cellular stresses as well as to inflammatory cytokines [67]. This response
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is both effected by chemical and physical property changes altering cellular functions
such as survival, proliferation potential and other cellular processes engaged in the
homeostasis and health of the organism. Changes in the nutrients, growth factors,
osmolarity and cytokines lead to the dual phosphorylation of tyrosine and threonine
residues in a conserved Thr-Xaa-Tyr (Xaa representing any other amino acid residue)
sequence in the activation loop of kinase subdomain VIII [68,69]. The MAP kinase
transduction pathway presents a rapid method for the study of intricate systems by
tracking the critical housekeeping molecular activities of MAP kinase [70]. The MAP
kinase activities have been applied in tracking and identifying human diseases such as
Alzheimer’s disease, a progressive neuronal degeneration commonly responsible for the
dementia syndrome [71].

The strategy for the introduction of the MAP kinase was conducted through the
Ni-NTA affinity strategy employing a histidine-tagged fusion version of MAP Kkinase.
The attachment of the 6xHis-tagged proteins onto the Ni-NTA derivatised materials
occurs at the nitrogen of two separate imidazole rings of the histidine amino acids
(Figure 3.34).
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Figure 3.33. The attachment strategy of 6xHis-tagged MAP kinase onto the surface of the
Ni(Il) bound gold MPCs.

The histidine imidazole side chain with a pKa value of 6.0 requires the histidine to
possess a near neutral charge at neutral pH and by so doing allows histidine to play a
major role as a proton donor and acceptor in many enzyme reactions [72].

The immobilisation of the hexahistidine-tagged MAP kinase was achieved by the
direct reaction of the PEG-NTA-Ni conjugates [ME16, 14 nm] with the protein. On
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visual inspection, the formation of the soluble MAP kinase showed a marked physical
change on formation (Figure 3.35 inset). The resultant MAP kinase bioconjugates were
readily soluble in water and showed the typical red colour of gold clusters. Optical
absorption measurements showed a sharp peak in the expected gold SPR region of 520
nm. Optical absorption comparisons of the PEG-NTA MPCs with PEG-NTA-Ni
conjugates and MAP Kinase conjugates (Figure 3.35) showed that the peak sharpness is
restored after the addition of the MAP Kinase protein. The immobilisation of the protein
was also studied through the agarose gel electrophoresis experiment as presented in
Figure 3.36.
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Figure 3.35. Optical absorption measurements for the 6xHis-tagged MAP kinase

bioconjugates (ME18, 14 nm). Inset: Visual comparison of (A) PEG-NTA conjugates, (B)
PEG-NTA-NI gold conjugates (ME17) and (C) the MAP kinase gold bioconjugates.
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Figure 3.36. Agarose gel electrophoresis analysis of the 6xHis-tagged MAP kinase
bioconjugates. Lane 1: MAP kinase bioconjugates (ME18, 14 nm) and lane 2: 1% PEG-
NTA gold MPCs (ME14A, 14 nm).

The additional highly conformational bulky protein showed a slower mobility in the gel
electrophoresis (lane 1, ME18) compared with the precursor 1% PEG-NTA gold MPCs
(lane 2, ME14A). The TEM micrograph of the MAP kinase bioconjuagates is presented
in Figure 3.37. No apparent aggregation was observed although there was some degree of
self-assembly. This can be attributed to interparticle interactions between PEG-NTA-Ni

MPCs and those containing the 6xHis-tagged MAP kinase.

o 100 nm

Figure 3.37. TEM structural analysis micrograph of the 6xHis-tagged MAP kinase
bioconjugates (ME18, 14 nm).

In principle since each bivalent nickel accepts two electron densities from the two

imidazole rings, a total of three binding events can occur on one MAP kinase conjugate.
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This result adds to the arsenal of high-affinity protein immobilisation strategies on the

surface of gold monolayer protected clusters.

3.4. SUMMARY AND CONCLUSIONS

The synthesis of monolayer protected clusters was achieved via the direct ligand place-
exchange reactions. The MPCs revealed high water solubility and good resistant to
aggregation under the vigorous purification conditions. This was followed by the
introduction of various biomolecules using four protocols, (i) the carbodiimide coupling
method, (ii) the biotin-streptavidin interaction method, (iii) the biotin-streptavidin-biotin
(BAB) method and (iv) the Ni-NTA based immobilisation of 6xHis-tagged proteins. An
illustration of the various entities introduced on the gold core is presented in Figure 3.38.

s ;

o Nitrilotriacetic
PEG-SH Biotin Acid (NTA)

o o e &

6xHis-tagged

Biotinylated MAP Kinase

Streptavidin FAM-TAT TAT peptide

Figure 3.38. A schematic demonstration of the different functionalities that have been

successfully incorporated onto the gold core, using various protocols.
The MPCs present facile molecular handles for the immobilisation of biomolecules,

whilst possessing interesting properties such as non-specific binding, hydrophilicity and

biocompatibility as a consequence of the incorporation of the PEG polymer. Through this

- 124 -



Chapter 3 PECylated MPC Synthesis and Biemolecular Functionalisation

investigation a foundation for applications ranging from targeted drug delivery (TAT

peptide), biorecognition and biodiagnostics (BAB and Ni-NTA systems) was laid. MPC-

based bioconjugates of the different biomolecules showed significant stabilities through

the purification experiments. Charge distribution, size and conformation was used as a

mode of following the binding effects on the surface of the MPCs through the agarose gel

electrophoresis.
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CHAPTER 4: CYTOTOXICITY EVALUATION OF COLLOIDAL GOLD
NANOPARTICLES, MONOLAYER PROTECTED
CLUSTERS AND BIOMOLECULAR CONJUGATES

4.1. INTRODUCTION

The application of nanosized inorganic materials in chemical, biomedical and diagnostics
among others has spawned a multidisciplinary effort in the design and fabrication of
smart and stealth hybrid materials [1]. The power of these nanomaterials lies in their
exploitable physico-chemical properties through structural design, which greatly
improves and fine-tunes their electronic, diagnostic and therapeutic functions and
performances [2]. Due to the intended applications of nanomaterials, coupled with the ill-
defined fundamental cause-effect relationships to suggested toxicological effects of these
entities, their interactions with biological systems such as living cells has become an

urgent area of collaborative research in biology and materials [3].

The induction abilities of metabolic and immunogenic responses by nanomaterials
are currently poorly understood. This is in contrast to common chemical compounds
(drugs and therapeutics) that are routinely subjected to well-established toxicological
testing prior to public release, a scenario missing for nanomaterials [4]. In light of these
shortfalls and the sporadic conflicting reports of similar nanomaterials reported as both
toxic [5] and non-toxic [6], concerted efforts have therefore been dedicated in the
elucidation of toxicity of nanomaterials. This toxicity has been approached in a three-

pronged strategy [7]:

Composition of the nanoparticles: the nanomaterials can be composed of toxic
materials such as CdSe, which can release toxic cadmium ions inside a live organism
that will eventually poison the cell by competing with zinc for binding sites on
metallothionein, which is important for storage and transport of zinc during
development [8]. Compared to the corresponding bulk materials, partial decomposition
and release of ions is highly likely for nanosized CdSe due to the large surface-to-

volume ratio.
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Chemical properties of the nanoparticles: nanoparticles have been shown to adhere to
cell membranes [9] and also be ingested by cells [10]. The breaching of the cell
membrane and the intracellular storage may have a negative effect on the cells

regardless of the toxicity of the particles and their subsequent functionality.

Nanoparticle morphology: distinctly shaped materials such as carbon nanotubes can rip
cells like needles [11]. This in turn suggests that nanomaterials of the same composition
would have different biologic responses for different morphologies.

The use of conventional in vivo techniques in the study of biologic effects and
cytotoxicity caused by nanomaterials is highly informative but also inherently costly and
labour-intensive [12]. This has rendered in vivo techniques ill-suited for systematic and
routine biologic investigations in light of the sheer number of diverse nanomaterials
currently in development. Various mammalian cell culture models have long been
considered as a simpler, cost-effective and convenient alternative in the assessment of
nanomaterial toxicity as compared to the use of live animal models [13]. Advantages of
the in vitro approach include simplicity, consistency of the experimental setup and the

reproducibility of the experimental results [14].

The in vitro approach encompasses the testing of viability or fluctuations in a
designated inherent biological pathway selected against the nanomaterials of interest.
Such testing is also motivated by the ever increasing scope of applications of engineered
nanomaterials requiring the design and development of effective and reliable in vitro
assays [15, 16]. Common assays for toxicity studies use the measurements of triozonium
salt cellular metabolic activities such as the 3-(4,4-dimethylthiozol-2-yl)-2,5 diphenyl
tetrazonium bromide test (MTT), cellular plasma membranes such as lactate-
dehydrogenase (LDH) release assay or the activities of glucose-6-phosphate
dehydroginase [17]. In vitro assays are robust in nature and have been used extensively in
the elucidation of mechanisms of toxicity as well as demonstrating the relevant biological

processes that are involved in the response to specific test materials.
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In vitro measurements of apoptosis as a form of toxicity elucidation has been
reported in literature [18]. The approach was based on the measurements of DNA
fragmentation occurring in apoptotic cells. Alternatively, the distinct morphological
changes accompanying the process of apoptosis (decrease in cell size and membrane
phosphotidylserine externalisation) can be used to measure apoptosis as a function of the
light scattering properties of the cells (flow cytometry). Information such as the changes
in cell size and granularity can be elucidated in this way. Due to the overall loss of size
for apoptotic cells through water loss and nuclear fragmentation, apoptotic cells give
lower forward scatter and higher side scatter values compared to viable and necrotic cells
(loss of cell membrane intergrity), indicating the smaller size as well as different nucleus/
cytoplasm consistency [19].

The neutral red assay procedure is another method for the identification of
surviving/ viable cells after treatment with the materials of choice. The assay is based on
the ability of viable cells to incorporate and bind neutral red (3-amino-m-dimethylamino-
2-methyl-phenazine hydrochloride), a weakly cationic supravital dye that penetrates the
cell membrane through a non-ionic diffusion process and then subsequently accumulates
in the lysosomes [20]. Changes in the cell surface and lysosomal membrane lead to
decreased neutral red uptake and binding thus making it possible to distinguish between
damaged and viable cells through spectrophotometric measurements [21]. The
quantification of dye extracted from the treated cells has been shown to be linear with
cell numbers; with cytotoxicity expressed as a concentration dependent reduction of the
neutral red uptake, giving a robust, sensitive signal for both cell integrity and growth
inhibition [22].

Staining techniques have also been shown to effectively quantify the DNA loss as
a function of apoptosis, for instance the use of intercalating DNA dyes such as propidium
iodide (PI) and 7-aminoactinomycin D (7-AAD) [23]. Hypotonic solutions of PI dye have
been shown as one of the easiest and most rapid methods of DNA staining for apoptosis
measurements, strengthening the use in large scale in vitro investigations [24]. A staining

technique using APOPercentage™ dye assays based on Fluorescence-Activated Cell
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Sorting (FACS) has been reported by Meyer et al. as an inexpensive, high throughput
detection and enumeration tool for apoptosis [25]. The APOPercentage™ assay employs
the disodium salt of 3,4,5,6,-tetrachloro-2’,4',5’,7'-tetraiodofluorescein, a dye that enters
the cells during the phosphatidylserine (PS) externalisation process; a development
specific only to apoptotic cells. A linear increase in the dye uptake with the extent of

apoptosis was observed [25].

Another technique based on the externalisation of PS is annexin V staining.
Annexin V binds preferentially to PS, offering a rapid and simple tool for the detection of
early apoptosis [26]. The major shortcoming of the annexin V technique is the inability to
differentiate between late apoptotic cells and necrotic cells due to increased cell
membrane permeability [26]. A combination of annexin V and Pl or 7-AAD is used in
order to discriminate between late apoptosis to necrotic cells that have lost membrane
integrity to early apoptotic cells which still have intact membranes by dye exclusion. The
choice between the dyes is guided by the spectral region at which the fluorescence-

labelled annexin V (FITC) will be measured so that spectral overlaps are circumvented.

4.1.1. Chapter Strategy

Due to the envisaged applications of the colloidal gold nanoparticles (NPs), monolayer
protected clusters (MPCs) and biomolecular conjugates, there is a need to interrogate
their immediate toxicity. Due to the diverse properties of the gold core nanoparticle such
as size, coating, surface functionalization and other physico-chemical properties, a series
of different in vitro cytotoxicity assays were attempted. The absorption properties and
fluorescence quenching properties of gold nanoparticles also played a major role in the
subsequent outcomes of the assays. This chapter presents some in vitro assay results for
ascertaining some toxicity properties of a cross-section of the gold NPs, MPCs and
bioconjugates. A choice selection of healthy Chinese ovarian hamster cells (CHO22) and
human Jurkat cells were used for this study. This work was carried out in collaboration
with Ms. Cleo Dodgen at the University of the Western Cape, Department of
Biotechnology, Bellville, RSA, under the supervision of Dr. Mervin Meyer. All the cell
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culture work was conducted at the University of Western Cape and the nanomaterials

synthesis and characterisation conducted at Mintek laboratories.

4.2. EXPERIMENTAL MATERIALS AND METHODS
4.2.1. Tissue Culture Media and Cell Lines

Dulbecco’s modified eagle medium (DMEM) (with 4.5g/L glucose, Glutamax ™), hams
F-12 media (with L-glutamine), RPMI 1640 medium (with L-glutamine), phosphate
buffered saline (PBS) (with CaCl, and MgCl,), trypsin, 100x penicillin-streptomycin and
foetal calf serum (FCS). All the cell tissue culture reagents were supplied by Invitrogen.
Ethanol (Merck), DMSO (dimethyl sulfoxide) (Sigma), PI (propidium iodide) (Sigma).
The cell lines, origin and the media used are tabulated in Table 4.1 below.

Table 4.1 Cell lines

Cell line Species of origin Media
CHO22 cells Hamster Hams F-12
Jurkat cells Human Hams F-12

4.2.2. Cell Culturing
4.2.2.1. Thawing of Cells

The screw-cap vials containing the frozen cells were removed from storage at -150 °C
and placed immediately in a warm 37 °C water bath with constant agitation to thaw the
cells rapidly. The contents of the vials were slowly transferred into a 15 mL tube
containing 5 mL pre-warmed Hams F-12 media. The tube was then centrifuged at 3000
rpm for two minutes using the Eppendorf Multipurpose Centrifuge, 5800 Series. The
resultant supernatant was discarded and the pellet was resuspended in Hams F-12 media
and transferred into a 25 cm? tissue culture flask and incubated in a humidified cell
incubator at 37 °C with a 5 % CO, atmosphere.
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4.2.2.2. Trypsinization of Cells

The cells were viewed under the microsope (Nikon microscope at 20X magnification,
images captured using a Leica EC3 digital camera) to assess the degree of confluency
(80-90%). The spent Hams F-12 media was discarded and the cell monolayer was washed
with PBS. The trypsinization was achieved by pipetting pre-warmed 3 mL of 0.0625%
trypsin onto the cell monolayer. The cells were then returned into the incubator for 3
minutes to complete the trypsinization process after which 12 mL Hams F-12 was added
to stop the process. The cells were then transferred into labelled cell culture flasks at

desired populations and incubated in Hams F-12 media.

4.2.2.3. Cell Seeding

Adherent confluent cells were trypsinized and centrifuged to remove the spent media and
the cells were resuspended in 10 mL Hams F-12 media. The cells were counted by filling
the chambered coverslip with 1 mL of the cell suspension and counted on a
haemocytometer. Once the correct volume of cells was determined, it was made up to the
final volume with complete media. Volumes of 1 mL were then transferred to the
required number of wells in a 24-well plate and incubated at 37 °C with 5 % CO, until

they reached 80-90 % confluency.

4.2.2.4. Morphological Analysis

Throughout the growth and treatment processes, the morphology of cells was monitored
with the use of a Nikon microscope at 20X magnification. Images were captured using a

Leica EC3 digital camera.

4.2.2.5. Cryo-preservation of Cells

The cells were brought into suspension by trypsinization and were centrifuged to remove
the media. The cell pellet was re-suspended in freeze media composed of 10% of 1%
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dimethylsulfoxide (DMSO) and 90 % Hams F-12 media. The cell suspensions were
aliquoted (1.5 mL) into sterile 2 mL cryo-vials. The cells were frozen at -80 °C overnight

followed by transferring the cryo-vials into a -150 °C freezer for long term storage.

4.2.2.6. Neutral Red Cytotoxicity Assay

CHO22 cells were seeded at a population of 1.5x10* cells per well in a 96 well plate. The
cells were incubated for 24 hours and reached 80-90 % confluency. The spent media was
removed and the cells were washed with PBS (0.01 M phosphate buffer, 0.0027 M KCI
and 0.137 M NaCl) and 1 uL fresh media was added. The media was then replaced with
test nanoparticles mixed with fresh media. The plates were then incubated for 24 hours at
37 °C in a humidified incubator with a 5 % CO, environment. Following the incubation
period, the cells were washed twice with PBS (0.01 M phosphate buffer, 0.0027 M KCI
and 0.137 M NaCl) and 100 pL serum free media containing neutral red (100 pg/mL)
was added to each well and incubated for 2-3 hours. After the incubation, the cells were
washed twice with PBS (0.01 M phosphate buffer, 0.0027 M KCI and 0.137 M NaCl)
thereafter 50 pL of dye release agent (a solution of 1 % acetic acid:50 % ethanol) was
added to each well and the plates were incubated for a further 10 minutes. The plate was
placed on a shaker (Vortex Genie Shaker) for 30 minutes after which the optical density

at 540 nm (ODsy0) was determined on a multiwell spectrophotometer.

4.2.2.7. APOPercentage™ Assay [25]

The cells were plated at a density of 1.5 x 10* cells per well. The cells were then treated
with nanoparticles for 24 hours. Following this, the cells were trypsinized, washed with
PBS (0.01 M phosphate buffer, 0.0027 M KCI and 0.137 M NaCl) and stained with
APOPercentage™ dye (1:160 dilution) for 30 minutes at 37 °C. The cells were washed
with PBS to remove excess dye and the cell staining was measured with flow cytometry
at 670 nm (FL3) on a Beacon Dickinson FACScan instrument (BD Sciences). Cells were
acquired by setting the forward scatter (FSC) and side scatter (SSC) on a log scale dot

plot. A linear histogram dot plot was used to measure APOPercentage™ on the FL-3
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channel, which was measured against relative cell number. A minimum of 10 000 cells

per sample were acquired and analysed using CELLQUEST Pro software.

4.3. RESULTS AND DISCUSSION

4.3.1. Gold NPs, MPCs and Bioconjugates

The nanomaterials for testing were synthesised and characterised as described in Sections
2.4 (Table 2.2) and 3.3 (Table 3.2) in the preceding chapters. A selection of the materials

was used for the cytotoxicity testing as tabulated below:

Table 4.2. Sample codes of the investigated materials.

CODE Au CORE SIZE SURFACE FUNCTIONALITIES
SM1 14 nm
SM2 16 nm

Citrate

SM3 20 nm
SMb5 30 nm
ME4 100 % PEG-COOH
ME2 5.5 nm 100 % PEG-OH
ME7A 1 % Biotin
MEGB 10 % Biotin
ME1 14 nm 100 % PEG-OH
ME3A 100 % PEG-COOH
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MES PEG-NTA-Ni-MAP Kinase
ME10 Biotin-TAT

MG12 FAM-TAT (by EDC/NHS)
ME14C 50 % PEG-NTA (50 % PEG-OH)

4.3.2. Neutral Red Cytotoxicity Assay on CHO22 Cell Lines

The mammalian Chinese hamster ovary (CHO22) cell line was used in the elucidation of
cytotoxicity effects of the selected gold nanomaterials by neutral red assay. The CHO22
cell line has been employed extensively in many biopharmaceutical manufacturing
studies, ranging from analysis of intermediary metabolisms and cell cycle to toxicology
studies. This cell line has been termed as the mammalian equivalent of the model
bacterium E. coli [27]. Important medical and cell biology breakthroughs, such as the
work on mutagenesis of CHO22 cells and auxotroph isolation using CHO22 cells was
approved for clinical use in 1987 [28]. A diverse contingent of CHO-based therapeutics
continues to revolutionise the field of medicine to this day and holds the key in the

therapeutic protein production going forward [27].

For the elucidation of the cytotoxicity of the NPs, MPCs and bioconjugates of gold; the
CHO22 cells were treated with the nanomaterials for 24 hours. Two differently sized gold
cores were investigated at two doses (10*° and 2.5 x 10*° NPs) (the particle numbers were
deduced from the optical absorption peaks of the nanoparticles; using the physical
constants of the gold bulk metal). Following the neutral red dye uptake and release;
spectrophotometric measurements were done. Viability assay data for comparison of
particle functionality, biomolecular functionality and size is presented in Figure 4.1. As
shown in the viability quantifications, the gold particles seemed to absorb light as the

plate reader operated at the SPR region of the gold nanoparticles.
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Figure 4.1. Quantitative representation of the gold MPCs and bioconjugates induced cytotoxicity responses for the CHO22 cells.
Functionality-dependent responses of MPCs, 5.5 nm (A) and 14 nm (B), biomolecular functionality comparisons for 14 nm particles

(C) and size comparisons for MPCs (1 % carboxy of 5.5 and 14 nm) (D).
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The optical density (absorbance) measurements were therefore biased by the gold

nanoparticles and thus exaggerating the subsequent correlations to beyond 100 %

viability levels. Despite this drawback, useful observations were made:

Dose dependent responses: Cell survival rate of the different gold MPCs and
bioconjugates obtained at two concentrations (1 x 10*° and 2.5 x 10'° NPs) showed a
marked variation with the increase in the concentrations of the test materials. Higher
doses of the MPCs and bioconjugates showed lower cell survival rates (Figure 4.1. A,
B and C).

. Surface functionality dependent responses: Comparison of functionality relationships

revealed that PEG-COOH MPCs produced benign responses from the cells. The
COOH showed higher survival rate compared with the corresponding OH
functionalised MPCs of the same size (5.5 and 14 nm) respectively (Figure 4.1A and
B). The OH functionalised MPCs showed a more pronounced response and sensitivity

to the dose changes; with the higher dosages showing less viability.

Biomolecular functionality dependent responses: The biomolecular functionality
assessment showed a similar dosage response as the MPCs, with the TAT-derivatised
conjugates (MES8) showing much higher survival rates. The MAP Kkinase-
functionalised conjugates (ME12) showed less viability as well as a sharp negative
response to the dosage increase (Figure 4.1C).

. Size dependent responses: The evaluation of two different sizes of similar

functionality showed that smaller particles imparted lower survival rates on the cells
(Figure 4.1D). The dosage responses of both the sizes (5.5 nm and 14 nm) showed
approximately a similar negative response by the cell as the dose increased.

Although the neutral red assay presented a simple, rapid, quantitative assay with

reproducible results, the inherent shortfall presented by the absorption of light by the gold

nanoparticle cores proved to be a challenge for this protocol to be applied in gold MPCs

and bioconjugates cytotoxicity elucidation. A similar shortfall has been observed by
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Huang et al. in their report of iron oxide cytotoxicity studies [29]. The assay results
showed good experimental reproducibility patterns and repeat experiments demonstrated
a practically good predictive capability of this assay. Contributions by gold core size,
functionality and the subsequent biomolecular functionality were demonstrated.

4.3.3. Apoptosis Induction Studies on CHO22 Cell Lines

APOPercentage™ assay was conducted in the investigation of the apoptosis induction
capabilities of the different functionalised nanomaterials. The process of apoptosis or
programmed cell death is characterised by a sequence of energy-dependent events that
culminate in the nuclei fragmentation and the transformation of cytoplasmic organelles
into small membrane-sealed apoptotic bodies that can be swiftly and cleanly
phagocytosed. During these processes, an externalisation of phosphatidylserine (PS) to
the outer leaflet of the cell occurs, this allows the uptake of the APOPercentage™ into
the cell [25].

4.3.3.1. The Effect of Gold Nanoparticle Size on Apoptosis

The CHO22 cells were treated with gold nanoparticles of different sizes for a nominal
time period of 24 hours. The time course choice was motivated by the knowledge of the
growth and proliferation patterns of the cells and to allow the complete effect of the
exposure. Figure 4.2.A depicts the subsequent apoptosis induction abilities of the
nanoparticles of sizes 14 nm (SM1), 16 nm (SM2), 20 nm (SM3) and 30 nm (SM5).
Relative to the untreated cells (negative) it was observed that the nanoparticles had a
benign effect on the cells. The apoptosis ranged between 6 — 8% well within the untreated
range. There was however a slight peak for particles at 16 nm, followed by a slight
gradual decrease from 20 to 30 nm. Similar observations have been made of size-
dependence of apoptosis [30]. The overall dependence of apoptosis to size at this range
was shown to be minimal. Factors such as charge, state of aggregation, zeta potential

could all contribute, but were not investigated in this study.
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Figure 4.2. Apoptosis quantification histograms of gold nanoparticles showing size

effects (A), MPCs demonstrating the effect of functionality (B) and different
bioconjugates (C) on CHO22 cells.
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4.3.3.2. The Effect of MPCs Functionality on Apoptosis

The effect of the ligand type on the induction of apoptosis by similar sized (14 nm) and
shape MPCs (Figure 4.2B) was also investigated. The incorporation of the PEG
functionality, which renders the MPCs biocompatible and also imparts the “stealth”
character to the MPCs interacting with living systems, adds a dimension onto the
expected responses [31]. PEG ligand has also been shown to alter pharmacokinetic
properties of delivering parenteral therapeutic reagents [32]. A comparison of three
functionalities of MPCs, M6B (10 % biotin), M14C (50 % NTA) and ME1 (100 % OH)
showed unremarkable and comparable apoptotic abilities. Compared with the untreated
cells, the response levels were relatively similar. These data show that the functionalities
alone, coupled with the biocompatible tethered ligand (PEG), have very little effect. A
similar observation for a set of different sized nanoparticles was reported by Pan et al.
[24] showing that naturally benign ligands do not contribute to the outcome of the

nanomaterials responses.

4.3.3.3. The Effect of Biomolecular Functionality

The biomolecular functionality type responses were also investigated as represented in
Figure 4.2C. The responses showed very low pro-apoptotic activities. The cell
penetrating peptide, TAT conjugates (ME8) showed slightly elevated induction abilities
compared with the MAP kinase bioconjugates (ME12). From these observations, it was
obvious that the biomolecules on the surface did not add any biologic ability to the core
MPCs.

4.3.4. Apoptosis Induction Studies on Jurkat Cell Lines

Following the investigation on the CHO22 cell lines, a number of MPCs were
investigated in the biologic activities of Jurkat cells. The Jurkat cells are T-lymphocyte-
derived cell line, which is known to be apoptosis-sensitive both by the triggering of the
intrinsic as well as the extrinsic apoptosis pathways [33]. This cell line has gained

recognition in the identification of simple prognostic markers and methods for predicting
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the onset and progression of cervical cancer among others [34]. These cells were used as

models for apoptosis induction of the gold MPCs.

4.3.4.1. Dose-Dependent Apoptosis Induction in Jurkat Cell Lines

After treating the Jurkat cells with two doses of the MPCs (ME2 — 100 % OH, 5.5 nm;
ME4 — 100 % COOH, 5.5 nm; ME7A — 1 % biotin, 5.5 nm), apoptosis induction was

measured via flow cytometry.

Figure 4.3 shows the responses of the cells to the relevant doses. Notable was that
the lower doses (1 x 10" NPs) showed comparable activities as with the untreated cells.
This was in good agreement with the corresponding results for the other cell line
(CHO22). However, there was a remarkable jump for the biotin-functionalised MPCs at
higher doses (ME7A, 2.5 x 10™ NPs). This phenomenon was thought to be related with

the manner in which biotin may interact with pericellular components.
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Figure 4.3. Apoptosis measurements of gold MPCs at two doses on Jurkat cells.

Biotin is known to bind strongly to glycoproteins, which in turn renders them unsuitable
for binding purposes. The two other functionalities, -OH and -COOH, were benign in

their activities suggesting no additional activities by the ligand. An increase in the
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apoptosis was also observed with the increase in the MPCs dosages. These data presented
a platform for the use of MPCs as core carriers in the design of drug and therapeutic

delivery systems.

4.3.4.2. Cellular Morphological Changes of Jurkat Cell Lines

Following the treatment of cells (2.5 x 10** NPs), the morphological changes were
imaged and assessed as presented in Figure 4.4. The process of apoptosis is accompanied
by tightly regulated processes including the nuclear condensation and cell shrinkage with

plasma membrane preservation. These processes are irreversible and can be visualised by

light microscope.

Figure 4.4. Cellular morphology changes in Jurkat cells treated with 2.5 x 10 NPs over
a period of 24 hours. PBS treated cells (negative control, A), and the corresponding -OH
functionalised (B), -COOH functionalised (C) and 1% biotin functionalised (D) MPCs
responses.
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Figure 4.4A shows the untreated Jurkat cells with the expected roundedness and no
obvious loss of cell size. Cells treated with hydroxyl (B) and carboxyl (C) functionalised
MPCs show cells that have undergone apoptosis, represented as small, bluish-green cells
(circled and pointed with bold arrows). Figure 4.4D shows the highly apoptotic cells
treated with 1 % biotin functionalised MPCs. As can be seen from the micrograph, small
fragments (green, indicated by arrows inside the circles) of the cells dominated the
population. This can be expected from the corresponding cytometry quantification
(Figure 4.2). The cell membrane preservation on all the cells confirmed that all cell death

was Via apoptosis only.

4.4. SUMMARY AND CONCLUSIONS

In this chapter, descriptions of end-point based cytotoxicity techniques have been
illustrated and attempted. The neutral red assay findings showed that all the NPs, MPCs
and bioconjugates had high levels of neutral red uptake and retention; signifying the lack
of necrotic cell death induction by these materials. Although this assay proved
informative, the gold absorption biased the overall optical densities of the uptake dye.
The apoptosis induction was investigated using the APOPercentage™ assay. Of note was
the benign activities imposed by the test materials on both the CHO22 and Jurkat cells.
These findings show a good starting point in the use of these materials for the
development of highly functional delivery systems as they inflict minimal biologic

response in the cells.
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CHAPTER 5: CONCLUSIONS AND FUTURE OUTLOOK

5.1. CONCLUSIONS

The approach of this investigation involved the synthesis of gold nanoparticles and their
subsequent conversion to monolayer protected clusters (MPCs). The MPCs were multi-
functional and further biofunctionalisation reactions were conducted. Finally, the
nanoparticles, MPCs and bioconjugates were subjected to both cytotoxicity and
apoptosis-induction studies. In summary, the conclusions that arose are further listed by

subject below:

5.1.1. Colloidal Gold Nanoparticles and Monolayer Protected Clusters

Gold nanoparticles of different sizes and capping agents were synthesised by various wet
chemistry methods. A number of experimental procedures were developed both in
aqueous and non-aqueous media and the results were highly reproducible. The citrate-
capped colloidal nanoparticles (14 nm) and the borohydride-capped colloidal
nanoparticles (6 nm) were envisaged as suitable core materials in the development of
highly functional monolayer protected clusters (MPCs) and bioconjugates. The synthesis
of monolayer protected clusters (MPCs) was conducted using multifunctional thiolated
ligands possessing such groups as —NH,, -COOH and —OH.

The amino residue, L-cysteine and the tripeptide L-glutathione (GSH) were used
as capping agents by anchoring through the thiol (-SH) group. The success of these one-
step reactions allowed for simple and reproducible introduction of biologically important
functionalities. Synthesis following the Brust biphasic approach for the synthesis of long-
chain alkulthiol-capped gold MPCs was conducted. This collection of experimental
procedures laid a foundation for the development of functionalised hybrid systems for

possible biomedical applications.

5.1.2. PEGylated Gold Monolayer Protected Clusters
Following the synthesis of colloidal gold nanoparticles, further surface chemistry was
conducted in the form of ligand place-exchange reactions. Such reactions enable the

fabrication of poly-homo and -hetero-functionalised MPCs which are useful templates for
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biomolecular functionalisation. The incorporation of polyethylene glycol (PEG)
addressed water solubility, biocompatibily as well as lowering non-specific interactions
of nanomaterials with biomolecules. This was conducted via ligand place-exchange
reactions employing the citrate- (14 nm) and borohydride-capped (6 nm) colloidal gold
nanoparticles as the core. The (mixed) monolayer protected clusters (MPCs) were
hydrophilic and stable throughout all environments. The thioalkylated-PEG (PEG-SH)
ligand was used as a heterobifunctional stabiliser equipped with a secondary functional
group for the facile attachment of further biomolecules on the surface. Hydroxylated,
carboxylated, biotinylated and nitrilotriacetic acid (NTA)-derivatised PEG-SH were
successfully introduced onto the surface of borohydride- and citrate-capped colloidal gold
nanoparticles.

The high stability of the PEGylated MPCs allowed for their use in the
introduction of further biomolecules on the particle surfaces. The —COOH-derivatised
MPCs were assigned as precursors for the attachment of amine-functionalities on the
surface via the carbodiimide coupling reaction, whereas the nitrilotriacetic acid (NTA)
functionalised MPCs offered a perfect platform for the surface introduction of
hexahistidine-tagged biomolecular functionalities. The biotinylated MPCs were assigned
as core materials for the introduction of streptavidin on the surface via the strong biotin-
streptavidin binding affinity. Overall, the preparation of the PEGylated MPCs proved to

be versatile and reproducible.

5.1.3 Gold Bioconjugates

Applications of nanoparticle systems in targeted drug delivery and diagnostics requires
the immobilisation of relevant biomolecules on the surface of gold MPCs. A number of
biomolecules were introduced on the gold MPCs using various reactions. The
introduction of streptavidin protein, on the surface of carboxylated PEG-SH
functionalised gold MPCs was conducted via the carbodiimide coupling reaction. This
approach offered a simple two-step route for the development of stable biomolecular
conjugates. Due to the high number of amine-containing biomolecules, this method holds
promise in their incorporation onto gold MPCs. Streptavidin was also introduced onto

the surface of biotinylated gold MPCs by the direct attachment onto biotinylated gold
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MPCs. Another biotinylated functionality, biotin-TAT, was immobilised on the
streptavidin protein via the biotin-(strept)avidin-biotin (BAB) interaction. The resultant
bioconjugates were highly stable.

A second approach for the introduction of a TAT peptide was successfully
attempted via the carbodiimide coupling protocol using fluorescence-labelled TAT
peptide; FAM-TAT on the streptavidin gold conjugates (6 and 14 nm). This was done by
amide bond formation between the —-COOH group of the streptavidin and the —NH, of the
peptide. The cell penetrating TAT peptide (YGRKKRRQRRR) is a well established and
potent intracellular delivery agent that translocates via a lipid raft-dependent process into
the cells. Coupled with gold particles, the method presented an excellent delivery vehicle.
The introduction of hexahistidine-tagged mitogen-activated protein kinase (MAP kinase)
was conducted through the Ni-NTA affinity protocol. Firstly, bivalent hexadentate Ni(ll)
was introduced into the NTA matrix of the MPCs to form a Ni(ll) chelate species. The
resultant gold MAP kinase bioconjugates showed good stability. The simplicity of this
approach gave rise to its possible application as a liquid phase probe for the purification
and quantification of tagged fusion biomolecules.

5.1.4. Cellular Interactions of Colloidal Gold Nanoparticles, MPCs and
Bioconjugates
Due to the intended applications of the colloidal gold nanoparticles, MPCs and
bioconjugates in drug delivery and diagnostics, their inherent biologic effects were
studied. This study was done to ascertain some biological responses caused by these
materials through a series of end-point based in vitro assays. An investigation into the
cytotoxicity of these nanomaterials was conducted via the neutral red assay on CHO22
cells. A general decrease in cell survival rates was observed with an increase in doses
across all the different test gold NPs, MPCs and bioconjugates. A comparative study of
the sizes, surface functionality (MPCs) and biomolecular functionality was conducted.
This assay proved to be a simple tool for the elucidation of cytotoxicity of these materials
although the gold absorption hampered the readings.

A second approach investigating further into the apoptosis induction by gold NPs,

MPCs and bioconjugates was conducted using the APOPercentage™ assay. A general
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observation was that the materials impose very little apoptosis activity on the cells. As
well, the APOPercentage™ assay proved invaluable for the elucidation of nanomaterial
apoptosis induction. The technique was also applied successfully in Jurkat cells. Overall,
the gold NPs, MPCs and bioconjugates showed low cytotoxicity margins and thus will be

suitable for biomedical applications.

5.2. FUTURE OUTLOOK

Applications of the techniques developed for the biomolecular functionalisation of gold
monolayer protected clusters are currently being evaluated as possible replacements for
conventional methods such as solid-phase protein harvesting. The prospective use of
L-glutathione-derivatised gold MPCs for possible trapping and purification of glutathione
S-transferase (GST)-tagged fusion proteins is currently in feasibility studies. This
approach would offer a cheap and fast probe towards protein beneficiation. A similar
approach has been designated for the use of Ni-NTA-derivatised gold MPCs for the
beneficiation of hexahistidine-tagged fusion proteins. These two systems would offer
simple liquid phase probe alternatives to the common costly solid phase approaches.

The attractive properties of nanosized gold materials, based on their size have
shown the possibility of drawing many uncertain biologic effects, when their physico-
chemical properties are evaluated. Further cytotoxicity studies are being conducted to
extend the scope of the work explored herein. Various mammalian cells have been
identified, both healthy and diseased, and are currently being investigated. In future, other
aspects of the gold nanomaterials will be incorporated, such as the shape, charge, zeta
potentials, state of aggregation and other physico-chemical properties. Other aspects such
as exposure duration, media-nanoparticle interactions, generation of reactive oxidative
species (ROS) as well as house-keeping molecules will be investigated.

Findings reported in this work have strengthened the case for the use of these gold
nanoparticles, monolayer protected clusters and bioconjugates as core carriers in targeted
drug delivery studies and in diagnostics applications. A series of differently sized gold
nanoparticles are currently being evaluated in various human cancerous cell lines for their
potential as delivery vehicles for antiangiogenic drugs. Other avenues being explored

include the use of the gold nanoparticles as carriers for pro-apoptotic agents and their
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evaluation in cancer treatment. The power of these materials lies in their versatility and

the many possibilities associated with their surface chemistry.
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