LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



Synthesis and Functionalisation of Nanomaterials

for Biomedical Diagnostic Applications

Sarah McCarthy, B.A. (Hons.), M.Sc.
Under the supervision of Prof. Yurii Gun’ko
Materials Research Group, TCD
September 2014

@® NAMDIATREAM

NANOTECHNOLOGICAL TOOLKITS

\., FOR MULTI-MODAL DISEASE DIAGNOSTICS
Wy

AND TREATMENT MONITORING




TRINITY COLLEGE
1 4 MAY 2015

LIBRARY DUBLIN /'

Q9
Apwas \O*°




DECLARATION

| declare that this thesis has not been submitted as an exercise for a degree at this or any
other university and it is entirely my own work.

I agree to deposit this thesis in the University’s open access institutional repository or

allow the library to do so on my behalf, subject to Irish Copyright Legislation and Trinity
College Library conditions of use and acknowledgement.

Signed: SDU—CJA M(‘(\M“’@



Declaration

This thesis is submitted by the undersigned to the University of Dublin, Trinity College
for the examination of Doctorate of Philosophy. Except as otherwise stated, the author
carried out the work described herein alone and has not submitted as an exercise for a
degree to any other university



Acknowledgements

“If | have seen further it is by standing on the shoulders of ye Giants”

Isaac Newton

This work would not have been possible without the many amazing people | have met
over the past ten years of my studies in science. The process of completing this research
has instilled a profound sense of gratitude and humility in me; not only due to the
incredible kindness of the people around me, but also the vast wealth of knowledge

available to us today.

Above all, | would like to thank my supervisor Prof. Yurii Gun’ko. | will always be grateful
for the opportunity he has given me, his constant source of wisdom, positive
encouragement and the creative work environment he has always provided. Secondly, |
would like to thank the funding body NAMDIATREAM EUFP7, and also Dr. Adriele Prina-
Mello and Prof. Yuri Volkov for bringing this project together.

| would also like to thank my family and friends for their support while completing this
work. | love you all and hope | can give to you all the help and happiness you have given

me.

Thank you also to the other members of my group, past and present, the post-graduate,
teaching, technical and administrative staff at TCD, and also the people | have
collaborated with during this work. These people have gone out of their way to help me,
given their time, instruction and advice. Hopefully | can repay some of this kindness in

the future, to the many who have given it to me.

| have been lucky to be surrounded by such positive, inspiring people, and small or large,

they have all contributed to this work in some way.



Summary

This thesis explores synthesis and functionalisation of a variety of nanomaterials for the
purpose of biological detection with a potential focus on medical diagnostics. Early
diagnosis is the key to disease prevention, improves patient outcome and reduces the need
for aggressive therapies for diseases such as cancer. Therefore we aim to push the
boundaries of current detection systems and create new materials for more sophisticated,
targeted applications. Using visible detection, magnetic sample recovery, and flow detection
systems we hope to create fast, cheap, non-invasive detection technologies. This should
improve patient compliance, increase voluntary testing and reduce the incidence of
advanced stages of disease in the population. Thus, the main goal of this work is to develop
new magnetic or multimodal magnetic/plasmonic/fluorescent nanomaterials of various
shapes by various synthetic strategies for biomedical applications, in particular for new,
improved medical diagnostic techniques, and the detection of biomarkers for disease at

early stages.

Chapter 1 of the thesis provides an introduction to nanomaterials, including their synthesis,
functionalisation, properties and biomedical applications. Special attention is paid to unique
properties, which are typical only attributed to nanomaterials, such as superparamagnetism,
plasmon resonance properties and size dependent photoluminescence of quantum
confined nanostructures. Various synthetic approaches and functionalisation strategies are
discussed in detail. Also, biomedical applications of nanomaterials are also reviewed and

summarised.

In Chapter 2, synthesis, biofunctionalisation and characterisation of FezO4 nanoparticles is
described. These well-established nanoparticles were selected to act as a benchmark for
characterisation and detection of subsequent more complex nanomaterials prepared in this
work, such as bioconjugated metal, alloy, segmented and silica nanowires. Other
techniques were also applied to synthesis of magnetically loaded silica nanowires using
anodic alumina membrane templates with micron range length and sub-micron width. These
wires were easily detectable by scattering techniques, and interesting comparisons were

found between nanoparticle and nanowires.

Chapter 3 is dedicated to the preparation of sub-micron nickel particles and their
functionalisation for potential biodetection systems. These particles have a diameter smaller
than the wavelength of light (particle size <200 nm), and are smaller than current state of

the art bead technologies used for flow detection systems, which are generally several



microns in diameter. However, due to their high density and refractive properties, scattering
of light from these particles can be achieved and and therefore visible detection. This
smaller size increases their surface area, hence improves molecular attachment to the
surface. It also creates a larger relative change in diameter and signal intensity between
bare particles and bioconjugated samples, further enhancing signal detection. These
particles have been coated in a novel way and bioconjugated to proteins which are widely
used in the field of biomedical resmearch. Their magnetic properties are also greatly
improved compared with current state of the art. In addition, these particles possess a
special property of soft magnetic behaviour, which allow them to act similarly to small
superparamagnetic nanoparticles, whereby they can be magnetised in the presence of a
magnetic field, but retain no magnetisation in its absence, thus greatly improving their
solvent stability which is crucial for these types of flow detection systems. They can be
synthesised in high yields in the multiple gram scale and have the potential for commercial

exploitation

In Chapter 4, we present the preparation and characterisation of a variety of novel
anisotropic nanomaterials by an organic phase hot injection approach. These materials
include iron binary alloy materials of FePt NWs, FePd:@FesO4 nanostructures, FeNi, FeCu,
and sulphur-based semi-conductors of CuS, Cu.S, Bi>Ss; and NizSs nanoplates, FesSs
nanoflakes, and FePt@Au tail-head heterostructures. These materials exhibit various
properties such as superparamagnetism, plasmon resonance and fluorescence. We expect
to use them to further enhance the sensitivity and selectivity of detection of biomarkers for
disease using flow detection systems, by exploiting their ability to scatter light but aiso
interact differentially with different frequencies of the electromagnetic spectrum. These
materials have a high surface to volume ratio and due to their unusual shapes and flat
surfaces, they can interact differently with biomolecules, which are also in the nanometre
size range. Therefore, these anisotropic materials may also improve the binding strength
and efficiency to biomolecules. In addition, we have developed a novel transfer route from
organic to aqueous phase which improves biocompatibility, allows for further bioconjugation

and opens the door to bioapplications for many new materials not previously achievable.

Chapter 5 presents an overall summary and conclusion of the work with suggestions for
future work. Chapter 6 of the thesis provides full experimental details on the synthesis and
functionalisation of nanomaterials and description of various instrumental characterisation
techniques used in this work. Overall this work has made a contribution to the further
development of the synthesis and functionalisation approaches of various nanomaterials to

be used for potential biomedical applications.
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1.1

CHAPTER 1 - INTRODUCTION

INTRODUCTION TO NANOMATERIALS

1.1.1 Role of Nanomaterials

Nanoparticles have been used for a broad range of biomedical applications including cell
labelling, drug delivery, hyperthermia treatment and MRI contrast enhancement.’® The
main focus of this research is the development of new anisotropic nanoparticles and their
composites to be used as diagnostic tools in biomedical research. These anisotropic
nanostructures possess the unique advantage of the large surface area and small size
characteristic of nanoparticles, coupled with the high aspect ratio. Structures whose
sizes approach the visible range of the electromagnetic spectrum (380-760 nm) can be
detected by optical measurements, such as flow cytometry or optical microscopy. The
combination of these properties will be used to push the boundaries of detection on

current state of the art technologies, and combine existing technologies in new ways.

Over recent years the development of nanomaterials have opened up new perspectives
in all fields of science, especially in biology and medicine. Due to their small size and
unique physical properties nanoparticles can directly interact with various biological
molecules and living cells that can be used for important applications in toxicology,
diagnostic and therapy.® 7 In addition, a large component of biochemistry relies on
structural chemistry and supramolecular conformation. The activity that many proteins
and nucleic acids exhibit is due to their structural conformation and dimensions.® Hence,
shape is very important when dealing with biomedical systems. The control of
nanomaterial shapes, which are in a similar region of size to many biomolecules, adds a
new layer of complexity to the design and interaction of bionanosystems. The

consequences of this are still only in the early stages of discovery. (Figure 1.1)

Nanowires and other high aspect ratio structures, such as nanoplates, can demonstrate
unique magnetic behaviour (e.g. superparamagnetism), providing the structure has a
sufficiently narrow depth or width. High aspect ratio structures may also show varying
responses to biological systems relative to their spherical counterparts in properties such
as biocompatibility, biodistribution, cell penetration and flow rates, for example. Due to
this vast range of opportunities and possibilities, the study of anisotropic magnetic

structures is a very interesting and exciting field of research.
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Figure 1.1: The Scale of Life and Microscopic Measurements®

Aside from magnetic properties, plasmonic properties in metallic materials is of particular
interest.® In addition to classical metal nanoparticles such as Au, Ag or Cu, recently,
surface plasmon resonance has also been reported for a number of metallic, magnetic
nanoparticles, including FePt,’® and Ni,'" opening the door to both magnetic and
plasmonic properties within single crystal particles. A useful and exciting new emergent
technology in recent years is infrared-based surface plasmon enhancement.'? '3 With
plasmonic materials, such as FePt, Ni, Au and Ag, IR and Raman spectroscopic signals
can be greatly enhanced. This technology can be used to detect small molecules at the
surface of nanoparticles, and has many potential detection applications in biomedical
research and diagnostics, such as protein, peptide, sugar and nucleotide biomarker
detection, for example. In this case, IR and Raman techniques could quickly and easily
monitor differences in signals between targeting molecules at the surface, and
composites with the complimentary antigen also bound. Plasmon resonance can also be
used to enhance fluorescent signals.’ '® This enhancement is particularly useful for
biological systems, in which biomolecules are generally present in very small

concentrations.

To create highly functional nanocomposites, for complex biomedical applications, it is
necessary to create multimodal nanomaterials with several functional characteristics.

These nanoparticles can be conjugated to biological moieties of interest using orthogonal



ligation strategies by functionalising the nanoparticle surfaces with various organic
groups, which can be used for discrete conjugation reactions. These particles can then
be used for applications such as cancer cell detection by flow cytometry and cancer
serum biomarker assays. In the following section, the properties of some relevant

nanomaterials are considered.

1.1.2 Magnetic Nanomaterials

Magnetism involves the alignment of spin orbitals within a material to produce an overall
effect of synchronised spins in a particular direction. Due to the Pauli exclusion principal,
whereby filled orbitals have opposite spins, which cancel each other out, this
phenomenon is only seen in materials with orbitals containing unpaired electrons.
Magnetic materials can be of three main types, paramagnetic, ferromagnetic, and
ferrimagnetic. (Figure 1.2) Paramagnetic materials (soft magnetic materials), have
randomly orientated spins across the crystal structure. However, in the presence of a
magnetic field, produced by either a permanently magnetic material, or electromagnetic
field, their spins synchronise with the direction of the field and hence, become attracted
to it.
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Figure 1.2: Electronic alignment of spin orbitals within magnetic materials,

paramagnetic (left), ferromagnetic (middle) and ferrimagnetic (right)

Both ferromagnetic and ferrimagnetic materials retain permanent magnetism.
Ferromagnetism, which is more common, involves the alignment of all free spin orbitals
in a single direction, with spins parallel to each other. In this way, it allows the material
to reduce the energy of spin alignments across the whole crystal. This permanent
magnetic field in a particular direction can then induce an effect in neighbouring objects

which are susceptible to magnetic field spin alignment.

Ferrimagnetism involves the alignment of spins parallel to each other but in opposite
directions in neighbouring atoms. In these materials one direction creates an overall

stronger net magnetic field; hence the material has an overall permanent magnetic field,
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despite the cancellation from the neighbouring parallel opposing field. Ferrites are an
example of this type of spin alignment due to the mixed valence state of the Fe atoms in

the crystal.®

For hard magnetic materials, each material will have its own unique magnetic properties,
such as saturation magnetisation and coercivity. In addition, surface defects and
impurities can change these values. Each material will also have a Curie temperature,
where kinetic effects overtake the propensity for electronic alignment, inducing disorder

in the spins by thermal and vibrational energy.

Hard magnetic particles which are sufficiently small in size, such as in the nanoscale
region, can demonstrate a unique magnetic property, known as superparamagnetism. In
this case, Brownian motion dominates in the absence of a magnetic field. The crystals
retain their permanent magnetisation, however the particles spin in random directions,
creating an overall net cancelation in the magnetic field for the material. However, in the
presence of a magnetic field, all particle domains will align in the direction of the field,
inducing a field in the material also. Practically and observationally, these materials are
similar to soft magnetic materials, whereby they are only magnetically responsive in the
presence of a magnetic field, however, the induced effect for these materials is normally

larger than those for paramagnetic (soft) materials. (Figure 1.3)

Figure 1.3: Schematic of superparamagnetic materials, with magnetic domains

(orange) and their alignment in the absence of (left) and presence of (right) a

magnetic field

Thus, superparamagnetism is a form of magnetism found in small nanoparticles made

from ferromagnetic materials. These particles can then be magnetised in the presence



of a magnetic field, to perform functions at specific times in targeted locations. This is a
valuable property for biomedical applications as for example it allows the particles to
form a magnetic fluid without magnetic interaction between nanoparticles until a
magnetic force is applied. This increases the biocompatibility and dispersibility of the
NPs by reducing clumping of the particles and other non-specific magnetic interactions

such as attraction to metallic objects.

In modern technology, hard magnets are useful for a range of applications, particularly
in electronics and memory devices for computing applications.' For bioapplications,
paramagnetic and superparamagnetic nanomaterials are considerably more useful, as
these systems generally requires solution phase dispersion of the material.'®2° Hence,
in the absence of a magnetic field they retain no overall magnetism or attraction to each
other, reducing aggregation, clumping and sedimentation. Magnetism can then be
induced for targeted applications by an external magnetic field, when needed/desired.
Examples of applications where targeted, induced magnetisation is useful are (i) sample
retrieval from solution, post-reaction or experiment, (ii) attraction and collection of
magnetic materials to a particular location, for example for targeted treatment of cancer
(iif) magnetic thermal induction for hyperthermia treatment in vivo or in vitro biological
systems, which can destroy cells or organisms in a disease state (iv) magnetic
resonance imaging in vivo, which will show the location of the magnetic material within
the biological system (v) magnetic induction at the site of a sensor for magnetic detection,
particularly in flow detection systems where general solvent stability and dispersibility of

the particles are needed to perform the experiments.

1.1.3 Plasmonic Nanomaterials

Plasmons represent the oscillation of the free electron gas within a conducting nano-
sized material. The free electron gas consists of the valence band electrons within the
conducting metal material. Oscillations occur, in order to cancel the effect and presence
of an external electrical field. (Figure 1.4) They oscillate at a frequency that cancels the
effect of the field, which is quantised and specific to the size, shape and elemental
composition of the material. In addition, surface plasmons can occur due to the small
electrical field at the surface caused by the difference in dielectric constants between the
bulk material and environment. Here, the plasmons are localised at the surface and their

oscillations generally occur at lower frequency, in the visible region of light.?'
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Figure 1.4: Electronic cloud oscillation in metal nanoparticles under the effect of
an electromagnetic wave?2

Plasmons can then interact with photons, to produce plasma polaritons. The plasmon
oscillations can interact with light of the same or smaller wavelength. Hence, light
frequencies below (wavelength above) the plasmon frequency are transmitted and
absorbed through the material, generally with energy dissipation, conduction or
transformation. Conversely, light frequencies above (wavelength below) the plasmon

resonance are reflected.

Metals and semiconductors generally have plasmons in the UV spectral region, hence
visible light is reflected and the substance appears shiny. However, surface plasmons
can also arise, with different quantised energies that can interact with visible light,
creating various colours. As mentioned above, surface plasmons are generally smaller
and of a lower wavelength than the overall crystal plasmon, and are therefore useful for
biodetection studies due to changes in the colour of the material. However, due to the
high surface to volume ratio in nano and sub-micron materials, these surface plasmons
have increasing contribution and relevance to the electronic properties of the material

overall.

Surface plasmon resonance can also lead to enhancement in signal detection in the
infrared region of molecules near the surface, due to its increased relative reflectance at
these wavelengths. This is useful in FTIR and Raman spectroscopy and can be used to
characterise the environment around the particles and ligands attached to the surface of
plasmonic nanomaterials. Paramagnetic conducting metals can also be plasmonic, due
to the freedom of valence electrons to oscillate in the absence of magnetic field
alignment. In this research, this has shown particular relevance to soft magnetic nickel

particles.



Electromagnetic absorption and plasmon resonance frequencies are also related to the
more general principles of Rayleigh scattering and absorption for various molecules and
particles smaller than the wavelength of light and Mie scattering for sub-micron particles
in the region of and larger than the wavelength of light (>400 nm). The extent of scattering
is relative to the refractive index of the material and increases for higher density
materials. Also absorption increases towards higher frequencies of energy, similarly to
plasmonic interactions. This property of increased scattering for materials with higher
optical density was employed for enhanced detection of smaller materials by FACS

analysis.

1.1.4 Semiconducting Nanomaterials

In semiconductors, the electrons are more restricted in their movement and oscillations,
due to the ionic nature of the bonding in the salt crystal structure. Here the electrons
require extra energy to be excited from their ground state into the free electron gas. This
excitation can then result in conduction of electrons through the material, through p and
d orbitals of the cationic metal element. At frequencies higher (wavelength lower) than

the excitation wavelength, transmission, absorption and conduction can therefore occur.

However, unlike conducting materials, the valence electron ground state is much more
stable, hence around the excitation frequency, which is directly related to the energy
difference between the ground and excited state orbitals, the electrons have a stronger
tendency to return to their ground state, instead of gradual dissipation and transmission
of the energy through the material. This results in a quantised packet of energy being
released from the excited electron, in the form of a photon. Hence, the material appears
fluorescent. This phenomenon is particularly relevant for small, quantumly confined

semiconducting particles known as quantum dots (QDs).?3%2

Larger particles show emission of lower frequency (larger wavelength) as a result. In
addition, surface defects can help the energy dissipate in non-radiative forms. Doping
with conducting metals can decrease the energy gap between the ground state and
conducting state also, due to an increased propensity for electrons to flow between the
atoms. .Hence, plasmonic activity can also be seen in semiconductors, when there is
some degree of freedom in the movement of electrons through the material. This is

particularly well documented for Cu.S in the literature.?* 33 34



1.2 PREPARATION OF NANOMATERIALS

1.2.1. Main strategies for synthesis of colloidal nanomaterials

There are many strategies towards the synthesis of nanoparticles, this work deals mainly
with wet chemical techniques. There are four main types of solution phase synthesis of
nanoparticles. These are co-precipitation, thermal decomposition and/or reduction,

micelle synthesis and hydrothermal synthesis."®

(1) Co-precipitation reactions are generally performed under mild aqueous
conditions (20 - 90°C) with simple procedures and high yields.** One example of aqueous
phase synthesis is the preparation of magnetic iron oxide nanoparticles by the co-
precipitation of iron (I1) and (Ill) salts in aqueous solution under basic conditions is shown

in Figure 1.5. This reaction is well documented,® very robust, and produces small,

superparamagnetic nanoparticles which are stable under many conditions, hence can

be used for a broad range of applications.

1mmol FeCl, aq. NaOH (0.5M)

N T @
‘

Figure 1.5: Magnetite synthesis by co-precipitation of iron salts.

One drawback to the coprecipitation method, however, is that size and shape is not
easily controllable without the addition of surfactants *” or template-assisted methods,
such as the doped silica nanowires produced here.*® Hence, other methods have also

been explored.

(i)  Thermal decomposition involves organic phase decomposition and/or reduction of
metallo-organic compounds or metal salts at high temperature (100°C-320°C) usually
containing some kind of surfactant stabiliser.>**' This method is performed under inert
conditions and can involve quite complicated procedures, however the resulting particles
generally have excellent size distribution, also morphology can be controlled, and yields
are generally high. This method is particularly useful for metal and metal alloy
nanoparticles as it minimises oxidation of the crystals during synthesis. It is also useful

for the formation of anisotropic nanostructures as outlined in later sections.



(i) Micelle synthesis involves a two-phase synthesis under mild conditions, where one
solvent exists as microdroplets within the other. These droplets promote good dispersion
and size distribution of the growing nanoparticles, however yields in this reaction type

are generally very low due to high dilution and the procedure can be complicated.*?

(iv) Hydrothermal synthesis is performed under aqueous conditions at high
temperature and pressure. This synthetic strategy is simple to carry out and produces
particles with a narrow size distribution.** However, similar to micelle syntheses up-
scaling to larger quantities can be problematic. Hence, micelle and hydrothermal
methods were not carried out in this research, as the particles here are intended for
future bioapplications which generally require larger quantities if they are to become

viable technologies.

This research is particularly focused on nanowires and other anisotropic materials,
therefore the following sections consider the main approaches to the synthesis of these

nanomaterials in more detail.

1.2.2. Template-Assisted Nanowire Synthesis

Recently nanowires deserved particular interest as potential materials for medical
diagnostics due to their high aspect ratio.***¢ The shape of nanomaterials can drastically
change their properties, such as magnetism, conductivity and viscosity. It can also
change the way they interact with different systems. For example it may change the way
they flow through a detection device, or attach to another surface. Nanowires of
controllable length and diameter can be produced by infiltration of a sol-gel before its
gelation into anodic alumina membranes. In addition, nanoparticles can be embedded in
these wires by dispersing them in the sol-gel solution to be infiltrated.®® This work has
been performed previously within our group for both ferrite loaded polystyrene and silica

nanowires.*” “® Below is a schematic of the infiltration process. (Figure 1.6)
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Figure 1.6: Schematic of sol gel formation and membrane infiltration to produce
MNP-loaded polystyrene NWs*’

In this research, an acid-catalysed sol-gel embedded with cobalt ferrite nanoparticles
was prepared, by a novel, modified approach. A broad range of concentrations of NPs
can be infiltrated into silica wires using this method, providing they are stable towards
the reaction conditions, dispersible in the solvent system and small enough to infiltrate
the alumina membrane. These wires can then be functionalised by similar methods to
those performed on magnetite, for specific conjugation of biomolecules. Additionally,
metal, alloy and segmented nanowires were produced in a collaboration with Prof.

Coey'’s group in the School of Physic, TCD.*® %

Metal wires, supplied through a collaboration with Physics, TCD, were also synthesised
using AAO membranes by template synthesis, in this case however, a process of
electrochemical deposition was used with metal atoms drawn into the membrane pores
using a current and attraction of the ions to a gold plate at the base of the membrane,
with subsequent reduction of the ions to their metallic forms by a redox reaction.®

(Figure 1.7)
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Figure 1.7: Template-grown four-segment Co-Ni magnetic barcode nanowires with
gold spacer segments (left). Modulated-diameter nanowires grown in closed pores

are shown on the right.5’

After this fabrication, the wires are isolated by dissolving the membrane in aqueous
NaOH. This process occurs prior to passivating the surface with an organic stabiliser;
hence a cobalt oxide layer is produced. This layer can then be used to functionalise the
wires in many different ways using the surface hydroxyl groups as performed and

detailed later in this work.

1.2.3 Surfactant-Assisted Synthesis of Anisotropic Nanomaterials

One alternative to template-assisted anisotropic nanostructure synthesis is organic
phase reaction in the presence of certain surfactants. This surfactant-assisted growth
occurs by preferential growth along a certain face of the growing crystal. The surfactant
promotes this process, by steric hindrance along the length of the wires, and increased
points of access at the ends of the wires due to the conformation of the surfactant
chain.®%® (Figure 1.8) Along the length of the wire or anisotropic structure, neighbouring
alkyl chains are stacked much more efficiently than at the ends, hence surfactant

tunnelling occurs.

CTAB

Cyclohexane, Quaternary
n-pentanol solution microemulsion

Porous Co,0,
nanorods

Figure 1.8: Surfactant-assisted synthesis of Co;04 nanorods.5
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1.3

Oleylamine has been used in the synthesis of nanowires with a number of compositions
and sizes in the literature, including Au, FePt, and CoPt,*% 4% This method was adapted
and extended in this research for a wide range of different materials and shapes. Unlike
template-assisted nanowire synthesis, these organic phase reactions provide the
possibility of up-scaling to considerably larger quantities. In addition it is a useful way to
exclude water and oxygen from the reaction to avoid oxidation of the metallic crystals.
However, it is important to note that morphology and size of the resulting particles
depends on many factors, including the organometallic precursor used, temperature,

time, concentration, and the types and ratios of surfactant ligands.

In addition, high surface to volume ratio creates the maximum reactivity for the system,
with the added benefit of increased length along one or more axis allowing for enhanced
detection capabilities, due to their ability to interact with different ranges of
electromagnetic radiation, compared to their smaller spherical counterparts. The aim
here is to push the boundaries of typically micro-based detection systems using these

characteristics.

FUNCTIONALISATION AND BIOCONJUGATION OF NANOMATERIALS

1.3.1 Introduction

The chemical functionalisation of nanomaterials is of particular importance for the
successful development of their applications. The ever increasing complexity and
diversity of nanoparticulate systems emerging in the fields of chemistry, biology and
physics inspires the necessity for standardised, straightforward procedures which can
be adopted by scientists from across the disciplines to obtain reproducible results.
Because their properties differ from those of their bulk counterparts and can be selected
through control of particle size, morphology and surface functionalisation,
nanoparticulate materials offer a wide range of exciting potential applications, ranging
from optics and electronics to medical devices, including drug delivery and disease

diagnostics.

In order to build sophisticated, multifunctional nanostructures for specific technologies
and applications it is crucial to develop approaches which are applicable across a range
of systems and a range of reactions which can be used discretely in tandem. This section
briefly reviews procedures and calculations which can be used in many different
arrangements for controlled, highly specific nanoparticle functionalisation and

conjugation.
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Due to their ease of handling and broad chemical stability, surface functionalisation
procedures were also optimised using FesOs MNPs. Here, they were used as a
benchmark, for comparison against more complex systems, such as anisotropic
nanostructure detection, and also as a benchmark for characterisation of nanomaterial
surfaces. These particles also have a high surface to volume ratio; hence organic ligands
on the surface have a relatively high contribution to the overall mass of the nanomaterial.
This allows for easier detection of functional groups at the surface. Therefore, surface

characterisation techniques were also optimised using this ideal system.

This section deals firstly with the installation of a primary functionality, which is directly
bound to the nanoparticle crystal. The goal of primary functionalisation is to achieve the
most stable bonding to the nanoparticle surface with the possibility of further
modification. Secondly, it describes conjugation and modification reactions to alter this

primary functionality for targeted applications.

1.3.2 Surface Silanisation

Silanisation procedures can be used to functionalise the surface of an oxide-based
nanoparticle possessing surface hydroxyl groups. The list to which this system applies
is not exhaustive but includes silicon dioxide *® % titanium dioxide®®, various ferrite
nanoparticles® ¢ 8 ZnO, AlL,Os;, and Ce0,%* % These reactions have also been
validated experimentally for oxidised surfaces of polymer, metal and metal alloy
nanoparticles.®* To date 3-aminopropyltriethoxysilane (APTS) is one of the most
extensively used trialkoxysilanes for surface functionalisation.®® 2 8567 However, a
similar approach can be used with many trialkoxy silanes to install various functionalities.
Furthermore, it can be used on various oxide or hydroxylated nanoparticle surfaces,
providing there is sufficient physical difference between the product and starting
materials to achieve purification, for example magnetisation, size or charge,?® 3% 47.57. %8,

e8-81 A generalised mechanism for this reaction is shown in Figure 1.9 below.
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Figure 1.9: Mechanism of surface silanisation using APTS.

This method requires very mild conditions and can be performed in a variety of solvents.
Furthermore, it is possible to calculate the exact number of silane groups which have
been installed on each particle, which corresponds to the moles of functional groups
available for additional reactions per gram particles. %% ® The extent of silane binding to
the surface can be calculated by a series of simple calculations. It has been shown that
the surface coverage for a single silane is 0.4 nm? and the extent of coverage is
consistently around 70%.%% 82 Hence, using density, mass and volume; the number of
surface groups per gram particles can be found. For the theoretical calculation of
silane/functional group molarities, equations from Table 1.10 on the following page can

be used.®®

These approaches differ from the standard ligand exchange reactions used for QDs, Au,
Ag and other metal-based particles synthesized in the organic phase.?® Particularly thiol
exchange reactions have been used quite extensively in the literature, which rely on
metal-sulfur bonds with non-oxidised surface metal atoms, whereas this silane chemistry
addresses those surfaces which are oxidised, and therefore unavailable to organic ligand

binding through sigma or pi coordination to the metal.
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Table 1.10: Equations for calculating the theoretical molarity of surface
silane/functional groups

Na is Avogadro's constant: 6.022 x 102> mol™', Fegpx is the relative proportion of iron found by EDX, Sigpx is the relative

proportion of silicon found by EDX, #Sine-eox is the actual number of silanes per nanoparticle, #NPsampie is the number of

nanoparticles per sample, Msampie is the mass of the sample, #Sisampie is the number of silanes per mass of the sample,
Nsi.sample IS the moles of silane per mass of the sample, Na is Avogadro’s constant: 6.022 x 1023 mol

Equations for

Equations for

Value Description Nanoparticles Nanowires
Ve volume per nanoparticle 4/3rr3 Length x 12
SAnp surface area per nanoparticle 41712 (Length x 21rr) + 47712
D density Literature Bulk Value Literature Bulk Value
Mnp mass per nanoparticle Vnp X Dnp Vnp X Dnp
SAusiiane surface area per silane 0.4 nm? 0.4 nm?

#Sinp number of silanes per nanoparticle | (SAnp + SAsiane) X 0.7 (SANP + SAsilane) X 0.7
#NPsample number of particles per sample Msample = Mnp Msampte + Mnp
#Sisample number of silanes per sample #NPsample X #Sinp #NPsample X #Sinp
Nsi.sample moles of silane per sample #Sisample + Na #Sisample * Na

Moles of iron per nanoparticle (Mnp x 0.725)/55.84

Nre-np gmol’

Number of iron atoms per Nre-np X Na
#Fenp nanoparticle
Theoretical maximum number of SAnp / SAsilane
#Sinp.T silane groups per particle
Extent of silane binding (#Fenp / #Sinp-1) /
Siratio (0sx<1), (Feepx / Siepx)
umber of silane groups per particle. #SiNP-T X Siratio

#Sinp-DX

Number of nanoparticles per Msample + Mnp
NPsample sample

Number of silane groups per NPsample X #Sinp-EDx
#Sisample sample

Moles of silane per sample #Sisample = Na
NSi-sampIe
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1.3.3. Metal Surface Ligand Exchange

For non-oxidised surfaces on metals, such as those produced in organic phase
reactions, other ligands must be used which have an affinity for the specific elements
involved to produce stable surfaces and passivate them from further reaction, growth or
oxidation. Many metals have an affinity for amino and carboxylic acid groups, which are
present during reaction as stabilisers, these can then be replaced with a more stable and
higher affinity binding group, which is then difficult to displace.®* Here thiol ligands are
used due to its affinity for both Au and Pt. For these purposes, this process can be
conceptually compared to surface silanisation reaction, whereby both achieve a stable
functional monolayer. Once the thiol ligand has been installed, these particles can then
undergo the types of functional group modifications and conjugation reactions mentioned
below. A multidentate approach can also be used to ligand exchange, whereby the
combined effect of several groups from the same molecule/moiety creates an overall

stronger binding, such as the graphene coating used here.

1.3.4. Surface Group Modification

Once the primary functionality has been bound to the surface, it can be further modified
to attach or generate a diverse range of organic groups, such as amines, carboxylates,
azides, alkynes, maleimides and thiols for a variety of applications, including
improvement of solvent stability or conjugation to biomolecules, polymers, fluorophores
and other nanoparticles. There are many non-competing chemical reactions which can
be used to produce multiple nanocomponents in a controlled manner through reliable,
robust reactions, such as amide coupling, 'Click' chemistry and amine/azide conversion,
and nucleophilic addition. These methods can also be extended to other oxide-based
nanoparticles, or other solid supports. In addition they can also be modified to produce
multifunctional particles using equal ratios of different linker moieties. In this case, it is

then possible to install multiple surface functionalities, using orthogonal chemistry.®®

EDC has been used extensively in nanotechnology as an amide coupling agent, due to
its solubility in aqueous media, coupling efficiency and relatively cheap cost. 28 75 85,
(Figure 1.11) For example, this technique has been employed by several groups in order
to prepare fluorescent nanoparticles with a covalently attached organic dye, in order to
avoid dye leakage.®®®® Also in this manner various multimodal nanoparticles can be
prepared. Amide coupling is a robust reaction, however it does have limitations,
particularly when conjugating biomolecules to nanoparticles, which contain a diverse
range of functional groups. In particular, proteins and peptides contain a number of

functional groups, including amines and carboxylic acids, thiols, and hydroxyls. Amide
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coupling is therefore not ideal, as the protein will react not just with the nanoparticle
surface but also with itself, producing large agglomerates and clumping, it is therefore
important to have a collection of reactions which can be used in tandem if constructing

more sophisticated bionanocomposites.
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Figure 1.11: Mechanism of EDC activated amide coupling for carboxyl-modified
NPs

When modifying functional groups or conjugating various moieties to particles it is
essential to know what groups are participating in the reaction to avoid unnecessary side
products and to achieve specific and quantitative results. Antibodies, in particular,

contain a wide variety of functional groups.

1.3.5. Amine Nucleophilic Ligation

Maleimide-thiol ligation, unlike some other ‘Click’ reactions, does not require a catalyst,
and proceeds stereoselectively by simply controlling the pH. 8" It should be noted that
amines can compete in some thiol ‘Click’ reactions at pH values above their pKa, and
can also be used for protein conjugation.®?** However, for the Michael addition the amine
participates at a much slower rate. However, due to its relative abundance in
biomolecules and ease of addition, amino group maleimide conjugation has also been
employed in this work. (Figure 1.12)
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Figure 1.12: Mechanism of amine-maleimide Michael addition for amino-

functionalised NPs

a-Haloketones, such as bromoacetic acid or iodoacetamide linkers can also be utilised

for thiol ligation through nucleophilic substitution to produce a thioether. * % As with the
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thiol-maleimide ligation, amines may act as an alternate nucleophilic source in this
reaction, displacing the halide to produce an imine.®” ® In addition, conversion/ligation
reactions can also be used for multiple functional group installation through simultaneous
addition of multiple linker reagents or conjugation to large moieties of interest with

minimum modification to the procedures.

1.3.6 Aqueous Phase Transfer

Solvothermal and organic hot injection synthesis facilitates the production of anisotropic
structures, provides an arsenal of reactions not available in the aqueous phase, which
are generally more uniform and have higher crystallinity due to higher temperature of
formation. They are also generally more amenable to upscaling. Hence if organic to
aqueous transfer can be achieved, it opens the door to many new areas in diverse
applications. Aqueous transfer of nanomaterials is particularly important for biomedical
applications as these applications require physiological aqueous media. Aqueous
transfer methods can be broadly categorised by ligand exchange, modification or
addition.

Ligand exchange relies on the preferential binding of different functional groups to the
nanomaterial surface. Here, this is generally metallo-organic coordination, unlike the
oxide-silane chemistry described in previous sections. Ligand exchange is particularly
useful for Au based particles, as Au-thiol binding is very strong, and comparable to
covalent binding. For other metals, however, binding of ligands is more reversible and
less stable. Hence, other methods have been developed. The akyl chain of the surfactant
cannot be easily modified, therefore the approach developed here relies on addition to
the nanomaterial, encapsulating the particle and surfactant within. This method is an
improvement and adaptation of previous methods, including CTAB assisted aqueous

transfer,®® and polymer assisted aqueous transfer.?” 1%

In the CTAB assisted method for transfer, the nanoparticle dispersions are generally very
stable and well separated; however, it relies on the permanent charge of the quaternary
amine, which is not available for further chemical modification reactions, required in order
to conjugate to biomarkers for detection applications. In the polymer assisted method,
the particles are also very stable. There are additional functional groups available for
conjugation also. However, it was found that the polymer transfer results in agglomerated
packets of particles, encapsulated within the polymer. Hence the particle are not well
dispersed, and their full surface area not available for conjugation and reaction. Once

water soluble and possessing surface organic groups capable of participating in ligation
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1.4

reactions, these anisotropic nanomaterials can be bioconjugated to biomolecules and

fluorescent markers, in a similar manner to methods discussed above.

1.3.7 Biomolecule Conjugation

Protein G’ is a recombinant protein, widely used in the biotechnology for attachment to
Immunoglobin G (IgG). IgG then in turn, binds to a number of antibodies, for example
HER2, which can then be used for biomedical diagnostics. Protein G’ has multiple
binding sites, which can bind to IgG. Therefore, regardless of the orientation of Protein
G’ binding to the NP surface, a site will be available for the correct orientation of IgG,
facing outwards from the nanoparticle surface.'®' This increases the overall efficacy of
the nanobiocomposite for capturing biomarkers of interest, hence reducing costs of
expensive bioreagents and also increasing the rate of capture and detection in diagnostic
experiments. There are a wide variety of IgG proteins commercially available, which are
engineered to bind the complimentary antibodies. Here, IgG proteins will be used, which
target cancer biomarker antibodies such as HER2. This system is quite flexible and can

be applied to a wide variety of antibodies for various diseases.

POTENTIAL BIOMEDICAL APPLICATIONS OF NANOMATERIALS
1.4.1 Introduction

Due to their small size, magnetic nanomaterials have a broad range of possibilities in
biomedical applications due to their similar size. Also, because they are magnetic, they
open up the possibility of target directed applications.'%? This is of great importance, as
one major disadvantage of nanoparticle therapy is the problem of getting the particle to
the site of interest. Using magnetic nanoparticles, an external magnetic field could be
used to direct the particles to the desired area, hold them there until the treatment is
complete and finally remove them. Toxicity is of major concern when advocating particles
for biomedical use. The important factors which determine the biocompatibility and
toxicity of magnetic materials are the nature of the magnetically responsive component
and the final size of the particles and their composites. Iron oxide nanoparticles of
magnetite or maghemite are by far the most commonly employed for biomedical
applications, as there is no risk of further oxidation, which is possible with some other
magnetic materials.'®® For example, magnetite nanoparticles have been found to be
physiologically well tolerated, with dextran-magnetite showing no measurable toxicity
index LDso."%4

Magnetic nanomaterials have a range of biomedical applications including targeted drug

delivery systems, hyperthermia agents and MRI contrast agents. Because nanomaterials
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have a size close to biological entities, they are suitable for bio-tagging or labelling. The
size and shape of the nanoparticles becomes important when considering cell membrane
penetration. In order to interact with a biological target, a biocompatible shell or coating
is required around the nanoparticle surface. The choice of shell type may also include
fluorescent molecules, thereby conferring fluorescent abilities to the magnetic
nanocomposites. Detection techniques must also be considered in nanoparticle design.
In order to fully utilise magnetic nanoparticles in biomedicine, it is vital to first investigate

the biological tissues in question. Cancerous tissue is of particular interest.

Neoplastic (or tumour) tissue is heterogeneous in nature, with haemorrhaged areas as
well as densely vascularised regions present in order to supply the tissue with blood,
nutrients and oxygen to sustain angiogenesis (tumour growth).'® Tumour blood vessels
possess several abnormalities including a high proportion of proliferating endothelial
cells (responsible for controlling blood pressure, blood clotting, new blood vessel
formation and controlled passage of materials),'® and an increased tortuosity.’”” The
combination of abnormalities results in an increase in the permeability of tumour cells.
The reported pore cutoff size for transport across tumour membranes is in the region of
380-780 nm.'%®

1.4.2 Drug delivery

In order to overcome some of the problems associated with tumour treatment, colloidal
nanomaterials could be conjugated with anti-cancer drugs. By careful design and
functionality, these nanocomposites can prevent cellular and non-cellular interference
with drug activity and increase the cancer cell-selectivity of the drugs while reducing
toxicity to normal cells. Nanoparticles may act as vehicles for drug transport while, at the
same time, protecting the drug from premature release. The accumulation of
intravenously injected nanoparticles relies on diffusion across the leaky, permeable
tumour vasculature. The particles may be injected intravenously and transported to the

region of interest by the circulatory system.%

One major disadvantage with current chemotherapies is their non-specific nature. This
leads to deleterious side-effects as they may cause damage not just to cancerous tissue
but to the surrounding healthy tissue. The motivation behind magnetic nanomaterials as
drug delivery agents is to localise these treatments so that only tissue to be treated is
subjected to the drug. For this application to be realised, the size, charge and surface
chemistry will play a major role in determining the efficiency of such agents. For example,

following administration to the body, larger particles (> 200 nm) are usually sequestered
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by the spleen as a result of filtration and are eventually removed by the cells of the
phagocyte system, which results in shorter blood circulation times. If the particles are too
small (> 10 nm), they have been found to be removed rapidly from the body by the renal
system. In order to increase the blood circulation time of these particles, some workers
have coated them with polymeric surfactants which minimise the protein adsorption to

the particle surface.'®

For example, in order to investigate the uptake of superparamagnetic nanoparticles by
human cancer cells, Petri-Fink et al.””® have coated the particles with polyvinyl alcohol
(PVA) and some PVA-based copolymers. They have found that cell toxicity is increased
for higher polymer concentrations, as with lower concentrations the colloidal stability is
sacrified. Of the modified PVA moieties tested, they found that only the amino derivative
was found to interact with the melanoma cells. The authors have postulated that the

particles enter the cells by endocytosis.

Bergemann and co-workers''® have prepared negatively charged magnetic
nanoparticles to which they have ionically bound drugs, including the anti-cancer drug
Epirubicin. The in vivo release of the drug was monitored in Sprague-Dawley rats. In
vitro, a desorption half-life of 30 minutes is reported, while in vivo that time is increased
to 45 minutes. This may be due to impaired diffusion of Epirubicin through the vascular
wall. The first clinical trials of magnetic drug targeting in human patients were reported
by Lubbe et. al.’' Here, 100 nm particles were coated with the anti-cancer drug
Epirubucine in a similar method to Bergemann et. al.’'® At 0.8 T external magnetic field
was used to concentrate the drug in the target regions. Patients in the trial had advanced
and unsuccessfully pre-treated cancers or sarcomas. It was found that the ferrofluid was
directed to the tumours in half the patients tested. It was concluded that transfer of
parameters from animal to human trials were not sufficient, as significant physiological

changes occur between species and sizes.''?

The efficiency of cobalt ferrite magnetic fluids has also been investigated.'" In this work,
the authors have found that when the particles are coated with polyethylene glycol (PEG)
they can remain for longer times in the bloodstreams of Swiss mice than compared to

citrate coated particles which are taken up by phagocytic cells.
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1.4.3 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is a diagnostic technique that uses paramagnetic
species to enhance proton relaxivity. Beginning as a tomography technique for imaging
thin sections of the body, it is now used to give a full 3-D representation of the body. The
most common contrast agents currently used are paramagnetic gadolinium ion
complexes. Gd** had seven unpaired electrons and has, therefore, an efficient
paramagnetic relaxation mechanism. However, free Gd*' is toxic and gadolinium

chelates tend to be non-specific and accumulate rapidly in the liver.'%

Such problems may be overcome with the advent of superparamagnetic iron oxide MR
contrast agents. Due to restrictions of size in the extracellular space of 50 nm, it is
important to produce monodisperse magnetic nanoparticles of a uniform size with a
biocompatible coating. The MRI contrast agents used routinely now are non-selective
and their relaxivity is strongly dependent on their particle size. Thus, there is an urgent
need and demand for novel magnetic fluids with functionalised nanoparticles of an
appropriate size. Because superparamagnetic particles do not retain any residual
magnetism after removal of the magnetic field, they are not as susceptible to aggregation
as larger multi-domain particles. Magnetic nanoparticles as contrast agents in MR may

be used to localise and diagnose brain tumours, cardiac infarcts or liver lesions.'"°

If superparamagnetic nanoparticles can be functionalised with molecules capable of
specific recognition of cell types, they can be localised to tumour cells. Veiseh et. al.’™*
have prepared magnetite nanoparticles with a polyethylene glycol coating and have
subsequently functionalised these with chlorotoxin (Cltx), a glioma tumour-targeting
molecule, and the fluorescent molecule Cy5.5. Cltx is a peptide purified from the venom
of the giant Israeli scorpion. They have shown that the nanoparticle-Cltx conjugates
target glioma tumour cells and that this internalisation into the cells can be visualised by
confocal imaging. The reported T relaxation times (5 ms for the Cltx coated particles,
95 ms without) are promising for glioma detection. They have also demonstrated an

affinity of these nanocomposites for glioma cells over healthy tissues.

Tumour specific monoclonal antibodies have also been conjugated to iron oxide
nanoparticles in an attempt to provide an alternative contrast agent to paramagnetic
gadolinium chelates, which must be administered at high concentrations to detect
cancerous cells."" The mouse antibody L6 has been used since it possesses a surface
antigen which is also present in small-cell lung carcinoma, breast carcinoma and colon

carcinoma. They found that with osmotic blood brain barrier (BBB) disruption, the
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particles can cross the BBB and be used to image the brains of rats. The relaxivities of
these agents are 16.5 and 34.8 mmol™" s™' for ry and r, respectively, which is higher than
gadopentetate dimeglumine, 4.5 and 5.7 mmol" s for ry and r. respectively. This higher

relaxivity shows the potential use of these antibody conjugated nanoparticles.

Dextran coated magnetic nanoparticles have been used to detect liver lesions as they
have been found to be specifically absorbed into the reticuloendothelial system in the
liver and the spleen.''® Superparamagnetic iron oxide (SPIO) MR contrast imaging
agents have been reported to have applications in bowel contrast, liver and spleen
imaging, lymph node imaging,'"” ''® bone marrow imaging, perfusion imaging and MR
angiography.''® The primary particle size is 10 nm, while the hydrodynamic radius is 300
nm. Liver and spleen imaging has been accomplished using AMI-25 (Endorem,

Guerbet), which is found to rapidly accumulate there upon intravenous injection.

Targeted cancer imaging has been investigated by Choi et. al.'® using folate treated
magnetic nanoparticles. The folate receptor is a protein which is over-expressed in
various types of human tumours, where it acts to capture folate to feed rapidly dividing
tumour cells. Once the particles were internalised into the cancer cells, it was possible
to obtain a tumour image in vivo. The resulting T>-weighted MR images reveal a 38%
decrease in the intensity of the tumour tissue owing to the presence of the folate coated
nanoparticles. Internalisation was also confirmed using confocal imaging of human

carcinoma cells which express the surface receptors for folic acid.

More recently, Prof. Gun’ko his co-workers developed a new magnetic fluid, which is
based on flexible linear (quasi one dimentional) assemblies of magnetite nanoparticles.
40. 70 This nanomaterial was synthesised by co-precipitation in the presence of
polysodium-4-styrene sulfonate (PSSS) polyelectrolyte. In this case the negatively
charged polyelectrolyte acts as both a stabiliser, where the positively charged iron ions
can accumulate before particle precipitation, and as a template for nanowire formation

once the particles are formed.

When dried in an external magnetic field, the nanocomposites appear aligned showing
parallel linear arrays or “nanowires” where neighboring particles are cross-linked by
polyelectrolyte molecules into chains. (Figure 1.13) The primary particle size (from 7+1
to 11x1 nm) and the nanowire width were found to change depending on

iron/polyelectrolyte ratio. Therefore, the parameters and properties (including relaxivities
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and MRI sensitivity) of corresponding magnetic fluids can be controlled by simply

changing the ratios of iron salts and polyelectrolyte during the synthetic procedure.

Scale Bar: 5m Scale Bar:2 ym
Figure 1.13: TEM images of polyelectrolyte stabilised magnetite linear
assemblies aligned into parallel arrays by 1.5 T external magnetic field.*

Following research in collaboration with the Institute of Neuroscience in TCD the
researchers from the School of Chemistry demonstrated for the first time the utilisation
of the new linear one dimensional assemblies of magnetic nanoparticle as in MRI
contrast agents in live animals. New magnetic fluids have been injected into live rats in
order to study the effect of these contrast agents on the brain, specifically the

hippocampus and brain vasculature.

Echo planar image images of the brain after injection have shown a significant darkening
as the bolus has reached the brain.”® (Figure 1.14 a, b) Also in the FLASH scan (Figures
1.14 c, d), of the coronal slice a significant darkening of the brain and a great contrast
was noticed. In particular, the occlusion of the superior sinus sagittalis vein (SSS) can
be clearly seen. No visible signs of any adverse reaction were noted after monitoring the
rats for twenty-four hours. This research proved both the biocompatibility of these
materials and that the contrast effect is retained in live rats, i.e. that the fluids remain
effective, over the timescale of the imaging process. However, while initial results
indicate this contrast agent is quickly cleared from the central nervous system, further

studies are required to determine localization in tissues over long periods of time.
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Figure 1.14. Echo planar image (EPI) of mouse brain (a) before and (b) as PSSS-
Mag1 passes through; Fast Low Angle Shot (FLASH) image of mouse brain (c)
before and (d) as magnetic nanocomposite passes through’®

Overall MRI has a number of advantages over other instrumental diagnostic methods.
MRI can provide excellent, detailed images of soft tissue in vivo. MRl is also a functional
imaging modality, similar to nuclear medicine techniques. For instance, MRI can be used
to measure blood flow in vessels or tissue perfusion or changes in blood oxygenation. In
addition, MRI is a dynamic imaging modality. As it is apparently safe, images can be
acquired continuously as with ultrasound. This allows dynamic studies to be performed
for instance of the beating of the heart, the movement of joints, or the handling of a meal
in the gastrointestinal tract, or the central nervous system response to external stimulus.
The enormous versatility and flexibility of MRI, and its relative safety and non-invasive

nature, has led to an enormous increase in demand for scans over the last decade.'?’

1.4.4 X-Ray-Computed Tomography Contrast Agents

X-ray-computed tomography (X-ray CT) can be used as another diagnostic imaging tool,
as an alternative to MRI imaging /in vivo. This technique has the advantage of employing
machinery which is cheaper and more readily available in healthcare, as X-ray machines
are widely used in hospitals, whereas MRI machines are large costly, and less readily
available. Au NPs have been used extensively as potential X-ray contrast agents.'?%12°
(Figure 1.15)
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Figure 1.15: (A) Cross-sectional microCT images in livers 2 h postinjection of
saline, eXIA 160, an iodine contrast agent (800 mg | kg™'), and heparin-coated
AuNPs (250 mg Au kg™). (B) Three-dimensional microCT images of livers obtained
after 2 h postinjection of saline, eXIA 160, and HEPAAuNPs.'%2 123

X-ray tomography requires agents to induce enhanced contrast to aid in imaging of the
areas of interest. Here, elements which have high X-ray absorptivity are used to create
this contrast. Generally, these are elements with high atomic numbers. X-rays are
generally used to see contrast between dense bone matter and softer tissue. With the
aid of contrast agents bound to target areas of interest, other tissue areas can also be

visualised.

Recently, Bi.S3 has been shown to have promising results for in vivo X-ray CT imaging
as a cheaper alternative to Au NPs."?® (Figure 1.16) Bi also has a high atomic number,
enhancing contrast through increased x-ray absoptivity Hence, Bi>Sz will be explored
later in Chapter 4 as part of a series of sulfide-based semiconductor experiments in an

anisotropic growth study and also as a potential diagnostic tool for X-ray CT application.
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Figure 1.16: Lymph-node imaging. CT imaging of a lymph node of a mouse with
the Bi.S3; NP imaging agent. a,b, Three-dimensional volume renderings of the CT
data set,the length of the reconstruction is 3.8 cm. ¢, Coronal slice (length of the
slice 2.3 cm). d, Transverse slice at the height indicated by the horizontal lines in
b. The maximal diameter of the mouse 1.8 cm. The position of the lymph node
under the right shoulder is indicated by the ovals, and the injection site is shown
by the arrows. Note the lack of contrast in the corresponding contralateral (left
shoulder) lymph node'®

1.4.5 Hyperthermia Therapy

The process of heating certain organs or tissues to temperatures of between 41° and
46°C for cancer treatment is called hyperthermia. Hyperthermia increases the efficiency
of radiation and chemotherapy by reducing the viability of cancerous tissues and thereby
increasing their sensitivity to treatment. Hyperthermia, however, does not display the
more harmful side effects which chemotherapy and radiotherapy do. The first reports of
using magnetic nanoparticles for intracellular hyperthermia date back to 1979, when
Gordon et. al. treated Sprague-Dawley rats, which had spontaneous tumours, with
ferrofluids.’?” Spontaneous tumours were chosen because they are most difficult to

destroy and they are most closely related to human neoplastic tissue. They proved
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cellular uptake of the nanoparticles had been achieved using electron microscopy and

also showed that heating occurred once an AC magnetic field was applied.

The general hyperthermia procedure involves the injection of magnetic material into the
tissue of interest, followed by the application of an AC magnetic field of the required
strength and frequency to cause the particles to heat.'® The underlying theory
supporting the use of magnetic nanoparticles for this purpose is that there will be an
induced current flowing through any metallic object once it is subjected to an alternating
magnetic field. The amount of current produced depends on the size of the magnetic
field and on the size of the object. As the current flows within the material, the metal
resists the flow of current and in this way heats up by a process termed inductive heating.
If the material is magnetic, this heating effect is even larger. Superparamagnetic or
single-domain magnetic particles produce substantially more heat than their bulk
counterparts.’?® In order to be effective, the heat generated by the particles must be at

least 42°C for 30 minutes.

1.4.6 Flow Cytometry
Flow cytometers are traditionally used for counting cells based on a scattering technique,
and provide a yes/no answer based on fluorescent responses of polymer microspheres

or cells bound to fluorescent labels. (Figure 1.15)

Figure 1.17: BD Biosciences Flow Cytometer

Here, this cell counting technology is intended to be used instead to count and detect
sub-micron particles and nanomaterials. Metallic and metal oxide materials have a higher
density and hence higher refractive properties than traditional polymer and cell-based

technologies, thus enhancing signal detection. The scattering signal in FACS is
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measured according to duration and intensity, which can then be related mathematically

to the size, fluorescence intensity and scattering propensity of the material.

Currently there are several technological platforms based on magnetic nanoparticles
which are used in biotechnology. One of the most known is Dynabeads® which are
magnetic beads used for chemical separation, detection and modification consisting of
polystyrene beads with small superparamagnetic metal oxide nanoparticles embedded
within. These are 1-5 microns in diameter. Life Technologies also sell non—magnetic
analogues of these for FACS. The applications for these beads for are cell separation &
expansion, exosome analysis, protein sample prep & isolation, protein-protein
interactions, immunoprecipitation, in vitro diagnostic (IVD) assay development, nucleic
acid isolation, , and original equipment manufacture (OEM). Turbobeads® are cobalt
particles, ~40 nm in diameter, produced by combustion of a cobalt precursor. In the last
6 years, Turbobeads® have over 40 publications citing its products. Their applications
extend beyond biomedical and include other areas such as catalysis. These applications

are also viable for this technology, however, not targeted here.

Turbobead and Dynabead based technologies have already been applied to biomolecule
capture for Protein G-IgG pairs. '?*'*" Hence they are a useful benchmark for further
studies. New technologies will be developed for biomolecular capture and subsequent
detection of these for diseases such as cancer. It is hoped this technology can later be
used for capture of serum and urine biomarkers for non-invasive diagnostics of disease.
The overall aim is to push the boundaries of current detection capabilities using improved
materials and optimising current detection equipment, such as flow cytometers, for the

development of new state of the art diagnostic applications.
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1.5 AIMS AND OBJECTIVES

The main goal of this work is to develop new nanomaterials of various shapes, sizes and
compositions for biomedical applications in particular for new, improved medical
diagnostic techniques, and the detection of biomarkers of disease at early stages. Early
diagnostics has the potential to improve patient outcome and survival rate, and also
eliminate the need for more aggressive treatments. In this work, tailored nanomaterials
are synthesised and functionalised mainly for in vitro diagnostic testing, such as ‘Lab on
a Chip’ technologies. It is hoped the properties of magnetism, plasmonics and
fluorescence characteristics of the various materials will be useful to improve and
enhance detection for targeted applications through recognition of specific biomarkers

for disease.

The strategy for achieving these aims is firstly to produce nanomaterials by various
synthetic strategies and secondly, to functionalise these materials with biomarkers and
fluorescent moieties for targeted detection and diagnostics. The aims will be achieved

through several means, including:

(i)  Optimisation of surface functionalisation and ligation reactions on a simple Fe3;O4
model system

(i)  Application of these methods to Co, CoNi and segmented CoNi|Au|CoNi|Au|CoNi
NWs

(i)  Synthesis of CoFe;O4-doped SiO, NWs by a template-assisted method and
bioconjugation

(iv) Synthesis of novel functionalised nickel sub-micron magnetic beads for biomarker
separation and flow detection

(v)  Synthesis of novel anisotropic nanostructures, consisting of either Fe-based alloys
and sulphur-based semiconductors, by surfactant-assisted growth and subsequent
transfer to aqueous media for bioconjugation

(vi) Testing of the new nanomaterials using flow cytometry studies and integration of
these materials and approaches on new systems for biomedical theranostic

applications.
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CHAPTER 2 - AQUEOUS PHASE SYNTHESIS AND FUNCTIONALISATION OF NANOMATERIALS

2.1 INTRODUCTION
The work in this chapter was done as part of a collaboration with Physics, TCD, Institute

of Molecular Medicine, TCD, BD Biosciences and Toxicology, UCD, among others, under
the NAMDIATREAM EU FP7 consortium. The aim of this part of the work is to synthesise
nanomaterials and modify the surface of nanomaterials for the purpose of disease
diagnostics, using ‘Lab on a Chip’ technology. Anisotropic nanostructures such as
nanowires have been identified as good candidates for these devices as they provide
large surface and high aspect ratio. This should enable us to combine the advantages of
nanoparticulate properties, such as high surface area and quantum confinement, with
the possibility of optical sensing also (400-700 nm), through light scattering. Both
nanospheres and nanowires were compared through the course of this work for
technology optimisation. Both nanomaterials synthesised here and nanowires, provided
by Physics, TCD will be conjugated to polymers and biomolecules for testing by flow
cytometry analysis. Some samples will be analysed directly here for their potential

bioapplications, whereas others will be sent to biologists for testing.

Previously one of the template methods for the production of ferrite-loaded silica
nanowires was developed within our group.’ This synthesis involves template assisted
formation of the wires by infiltration of the AAO membranes with a silica gel dispersion
of the ferrite nanoparticles using vacuum assistance. The nanowires have been isolated
by dissolving AAO membrane in sodium hydroxide solution. The freestanding
magnetically loaded silica nanowires were then functionalised with antibodies and
incubated with cancer cells. The incubated cells were analysed by flow cytometry and
cancer cell detection was achieved.' Other methods were also developed by Chaure et
al 2 in the School of Physics, TCD, using these templates for the electrochemical
deposition of magnetic metal, alloy and segmented nanowires. These wires have also
been used for similar flow cytometry studies in TCD.? Here it is hoped to further this work

using these silica and metal wires and flow detection technology.

Flow cytometers are traditionally employed for cell counting studies, whereby a
fluorescent response indicates a yes/no answer and these signals are counted.
Fluorescent polystyrene beads are used in these machines for calibrations and
comparisons with cells, such as those provided by Life Technologies.* Here it is hoped

to use this machine not for cell counting, but for particle counting and analysis and to
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extend these methods to the nanowires themselves; hence, pushing the boundaries of

this technology and creating new applications for it.

These nanowires have a similar length to the diameter of cells. Instead of incubating the
wires with cells, they can be conjugated to fluorescent antibodies and incubated with
serum and liquid based biomarkers. The resulting biocomposite wires can then be
analysed by flow cytometry for a scattering and fluorescent response instead of the
cell/nanoparticle system. These methods can then be extended to nanowires
bioconjugated to biomolecules which are broadly used in research and industry. The
products can then be compared against state of the art technologies, to identify their

advantages and optimise the technology for this system of materials and conjugates.

In this chapter initially, magnetite nanoparticles are prepared by the co-precipitation
technique, which was developed by Massart et al. ® This reaction is robust, producing
small, superparamagnetic nanoparticles, with high peak magnetisation. The particular
aim here is to create a standardised system of functionalisation and characterisation for
comparison against more complex nanomaterial composites, shapes and structures.
These ferrite particles can be modified directly with silanes, in short reaction times, and
are easily purified after reaction. The synthesis and characterisation of ferrite
nanoparticles has been explored extensively in the literature for a wide range of
applications.®® Its ease of synthesis, handling and diversity of applications make this

material an ideal platform for exploring hydroxyl-based surface functionalisation.

In this work, FesOs MNPs will be initially modified with a primary functional monolayer by
surface silanisation, to install amino functional groups.® This method involves the
reaction of trialkoxysilanes with hydroxyl groups at the surface of nanoparticles and has
been widely used to functionalise the surface of silica and magnetite with amino groups
using APTS."®"3 This silanisation process can be used, not only for magnetite and silica,
but also for other ferrites, organic hydroxyl groups and oxidised metal surfaces, such as
those on aqueous suspensions of unmodified magnetic nanowires as in the work
completed here.

We then use these functionalised surfaces to conjugate biomolecules of interest using
strategies such as amide coupling and nucleophilic addition. Surface-activated
magnetite particles were prepared to test the efficacy of the flow sensing system,
whereby either highly aqueous stable FesOs@COOH or fluorescent Fe;:0.@G' @1gG-

488 MNPS were dispersed in aqueous suspensions. These nanoparticles were used as
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2.2

benchmarks for comparison against more complex anisotropic system of different
materials, with similar surface modifications in FACS analysis. Below is a schematic of
the surface modification reactions used to prepare Fe;:0s@COOH and Fe:0:@G’
MNPS. (Figure 2.1)

0]

N-maleoyl- _/—COOH

: N
beta-alanine
NH, - N
H o]
mal-COOH Protein G| IgG-FITC
NH; —— e mal ——> e G'—lgG-488

Figure 2.1: Schematic of Fe;04 surface modifications performed for use in FACS

analysis

The methods and strategies developed on FeszO4 will then be applied to ferrite-doped
silica nanowires, the synthesis for which is also to be optimised here, and will then be
applied to metal and segmented barcode magnetic wires provided by Physics, TCD.
Here, they are used to PEGylate and further functionalise the surface of doped-silica,

cobalt and alloy metal nanowires.

In addition, this oxide layer can first be coated with a layer of silica to enhance the
biocompatibility of the NWs, and help reduce further oxidation and degradation. Silica
coating with an even, controllable thickness can be achieved by a modified Stéber
method, ' ' involving a base catalysed sol-gel with TEOS as the silica precursor, which
could then be further functionalised with organic linking groups. Selected bioconjugated
wires will then be compared against the model FesO4 system in FACS analysis.

FERRITE SYNTHESIS AND SURFACE FUNCTIONALISATION

2.2.1 Preparation and characterisation of Fe304(1)

The ferrite NPs synthesised here were produced by previously reported and well
documented methods,® involving the co-precipitation of iron salts at basic pH. According

to TEM magnetite nanoparticles (1) have a mean diameter of 7.5 +2 nm. (Figure 2.2)
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Scale Bar: 20 nm Scale Bar: 50 nm
Figure 2.2: TEM images of Fe;O04 MNPs (1)

VSM revealed a magnetisation of 76.39 Am?kg™"' with no remnant magnetisation at 0
Tesla as shown in Figure 2.3. This value is quite close to that of bulk magnetite (~90
Am2kg™"). '® The small size and high magnetisation, coupled with superparamagnetic
behaviour make these ideal NPs for comparison and characterisation of various organic
reactions performed at the surface of nanoparticles, such as surface silanisation and
amide coupling. In addition they can be produced in larger quantities, than is generally
possible for nanoparticle syntheses, with yields of 2-3 g.
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Figure 2.3: VSM curve of Fe;0s MNPs (1)

FTIR revealed characteristic stretching peaks for Fe;O4 at 385 (Fe-O), 553 (Fe-0), 1642
(O-H) and 3431 (O-H) cm™.(Appendix 2.1.3) ""XRD measurements were in agreement
with literature values for the face centred cubic structure of Fe;O4 with lattice parameters
of 30.2 (220), 35.5 (311), 43.2 (400), 53.5 (422), 57.1 (511), 62.7 (440), 74.1 (533), 89.9
(731), 94.7 (800), 105.4 (751), 110.1 (840), 128.4 (844). (Figure 2.4)

39



Counts

3000 +

35.5
(311)
2500 -
62.7
2000 - (440)
1500 -
1000 4 30.2 43.2
(220) (400) 89.9
(731) 128.4
500 A 94.7 1054 0 (844)
(800)  (751) (840)
0

25

45

65

85

105

125

Angle (26)

Figure 2.4: XRD pattern for Fe304 MNPs (1)

2.2.2 Preparation and characterisation of Fe;04@NH: (2)

FesO4 MNPs were chosen as a model system to be modified with functional monolayers
using trialkoxysilanes. (Figure 2.5) Subsequent experiments will involve more complex
materials, and larger particles which may not be so straightforward to characterise,
hence it is useful to know what type of signals to expect from the various techniques and

also to ensure these experiments are robust and reproducible under the conditions

optimised here.

Figure 2.5: Schematic of surface functionalisation by silanisation®

This reaction can be used to install any number of functional groups and there are several
commercially available. In this work the procedure has been simplified, involving an
economy of reagents and mild conditions, which can be easily transferred to different
materials, and using different silanes. The reaction uses only residual water in polar
solvents as a catalyst for hydrolysis of the trialkoxyl silane. One benefit of this procedure
is that it can be performed for the installation of both hydrophilic and hydrophobic
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functional moieties, and combinations of the two and several different solvents can be
used. Successful installation was achieved for APTS to produce amino-modified MNPs
(2) TEM revealed no apparent increase in particle size for this sample. (Figures 2.6)
However, surface silicon atoms were detectable by EDX, and hence the extent of
functional binding could be calculated. This reaction was repeated several times and

yielded almost identical results.

Scale Bar: 5 nm Scale Bar: 20 nm
Figure 2.6: TEM images of Fe;0s@NH: (2)

EDX was performed using a FEI Titan TEM. (Figure 2.7) EDX is a spectroscopic
technique, providing quantitative information about the binding of surface functional
groups. It is important to note that characterisation by EDX can be easily and
accurately performed for larger elements, however, it is unreliable for O and
elements of lower molecular weights, including C and N. This technique can
therefore be useful for silane binding analysis of non-silicon containing
nanomaterials. EDX phosphorous measurements have also been used in Chapter
4 for the analysis of PEGylation reactions.
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Figure 2.7: EDX spectrum of Fe;0s@NH: (2)
For silanisation, in each case the extent of functional binding was found to be around

6 7

70% coverage, compared to the theoretical maximum based on the coverage required

per silane ligand of 0.4 nm?2.'® '° An example of these calculations for a Fe:Si ratio of
96.5:3.5, found for FesOs@NH- (2) is shown below. (Table 2.8)

TABLE 2.8: Example calculations for surface functional group molarities

Formula

Calculations

Terms

Vnp: (4/3)1r8

(4/3)x3.14x (3.75 nm)®=

220.78 nm?

SAnp: 4112 4x3.14 *(3.75 nm)? =
176.625 nm?

D: Literature Bulk Value 5.15 x102' gnm™

Mnp: Vnp x D 220.78 nm® x 5.15 x102' gnm2 =
1.137*108g
Moles Fenp: (1.137x10"8 g x 0.725) / 55.84 gmol’

(Mnp x 0.725)/55.84gmol"

=1.476*102° mol

Fenp: Moles Fenp x Na

1.476 x102° mol x 6.022 x 1022 mol'
= 8890

Sicarc: (SANnp / SAsilane

176.625 nm?/ 0.4 nm2=
442

Siratio:
(Fenp / Sicacc) / (Feepx / Siepx)

(8890 /442) /(96.5/3.5) x 100 =
73%

Siexp X SicaLc X Siratio 442 x0.73 =
322.66

NPsampie: Msample + Mnp 191137 X 10‘189 =
8.795 x 108

Sisample: NPsample X Siexp 8.795 x 10'8x 322.66 =
2.838 x 10%°

Molessilane: Sisample + Na

(2.838 x 10%%) /6.022 x 10 mol" =
4.7x10“* mol

Ve is Volume per NP

SAnr is surface area per NP

D is the density of the material

Mne is the mass per NP

Moles Fenp is the moles of Fe per NP
Fene: is the number of iron atoms per NP
SicaLc is the theoretical maximum number
of silanes per NP.

Siratio is the extent of silane binding (0 < x
<1)

Feepx is the relative proportion of Fe found
by EDX

Siepx is the relative proportion of Si found
by EDX

Siexr is the actual number of silanes per
NP

NPsample is the number of nanoparticles
per sample

Msample is the mass of the sample

Sisample is the number of silanes per mass
of the sample

Molessiane is the moles of
silane/functional groups per mass of the
sample

Na is Avogadro’s constant: 6.022 x 10%°
mol!

Using this technique one can also determine the moles of functional groups per gram of

nanoparticles. This number is useful for later conjugation reactions, to estimate the molar

equivalents of reagents to be used in the reaction. These calculations can also be
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extended to other materials and morphologies by adjusting the geometric equations and

densities.

These reactions are very robust and have been validated on small NPs with a variety

of compositions; hence it can be assumed that they will react with a similar efficiency

on larger particles, such as silica nanowires. Due to the high affinity of Si for O and the

consistency in experimental studies of surface coverage, it can be assumed that this

silane surface modification will work for the majority of oxide surfaces and RCOH

ligands, providing the material surface ligand itself is stable towards degradation.®

FTIR for FesOs@NH: (2) showed relatively good resolution and many of the relevant

peaks could be identified. (Figure 2.9) The spectrum revealed peaks at 881cm
(medium, NH;) 1054 cm™ (medium, Si-O), 1098 cm™ (medium, C-N), 1334 cm
(medium, Si-C), 1570 cm™" (strong, NH), 2865 cm™' (weak, C-H), 2928 cm™" (weak, C-

H), and 2971 cm™" (weak, C-H).

1570, L
NH,
3650 3150 2650 2150 1650 1150 650

79
78
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Figure 2.9: FTIR spectrum of Fe;0s@NH: (2)

Using FTIR the installation of surface functional groups can be monitored; however
this technique is more difficult to perform on larger sized particles (with the small
surface area and as result the lower content of functional group), as the peaks for
the functional groups become too small for detection in relation to the characteristic
peaks of the bulk material. Even on small particles such as 7.5 nm FezOs, the organic
groups only represent about 1% of the total mass. Despite this, FTIR proved to be
the most reliable and specific tool for surface characterisation of the various
nanomaterials. NMR was not suitable for many samples, due to their magnetic

nature.
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VSM measurements (Appendix 2.1.2) were also performed for FesOs@NH: (2)
magnetisation was found to be 62.0 Am?kg'. This slight decrease in magnetism relative
to FesO4 can be attributed mostly to the increase in mass resulting from the organic

surface ligands, and correlates well to the ratio calculated by EDX.

2.2.3 Preparation and characterisation of Fe;0,@COOH (3)

An approach similar to solid phase stepwise synthesis of peptides and nucleic acids was
adopted for functionalization reactions at the surface of these particles. Once the molarity
of functional groups was determined, using the calculations outlined above, this was
used as a guideline for the molarity of reagents to be added to the reactions. As in solid
phase synthesis, an excess of reagents is added, generally 5-10 equivalents, which can

be easily removed after reaction by centrifugation, filtration or magnetic separation.

If reactions require forcing conditions these equivalents can be increased or the reaction
can be performed multiple times. In addition, these small magnetite particles show similar
loading capacity to the standard resins used for automated syntheses. For example, the
standard resin used in the Fmoc/tBu strategy of SPPS is Rink amide resin, possessing
a loading capacity of 7 x 10 mol linkers. Here there are 4-5 x 10 mol functional groups
at the surface. This loading can also be optimised by controlling the size of the
nanoparticle supports. Due to the added advantageous magnetic properties of certain
nanoparticles, certain MNPs could potentially replace polymer supports for a number of

solid phase and combinatorial synthetic approaches.

Carboxyl functionalisation was performed using amine-maleimide nucleophilic ligation.
Below is a schematic of changes to the nanoparticle surface (Figure 2.10). The general
mechanism for Michael addition is shown in Chapter 1.
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Figure 2.10: Schematic of carboxyl functionalisation using amino-maleimide

‘Click’ chemistry

These particles were characterised by FTIR to determined changes to the functionality
at the surface, which confirmed the presence of the expected groups. (Figure 2.11) With
peaks at 385 (Fe-O Str.), 556.5 (Fe-Str.), 864 (C-N-C amide Str.), 1404 (C-O Str. from
amide and COOH), (1700 C=0 Str. from COOH). TEM showed no visible increase in
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size, and VSM showed a peak magnetisation of 59.96 Am?kg"'. This decrease is
consistent with the increase in surface organic mass. (Appendix 2.1.2) These particles
were used in later experiments for FACS analysis and comparison, acting as a

benchmark for small, aqueous stable, non-protein bound particles.
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Figure 2.11: FTIR of Fe30.@COOH MNPs

2.2.4 Preparation and characterisation of fluorescent antibody-conjugated Fe;O4 MNPs
Bioconjugated magnetite particles  were prepared by a stepwise process of silane
amino installation, EDC amide maleimide installation, followed by amine-maleimide
nucleophilic Protein G’ coupling then incubation with a fluorescent IgG protein. Below is

a schematic of the functionalisation steps. (Figure 2.12)

mal-COOH Protein G/ IgG-FITC
NH; e mal —> G — G'—IgG-488

Figure 2.12: Schematic of surface modification steps towards synthesis of
fluorescent antibody conjugated MNPs

(i) FesOs@mal (4)

FesOs@NH: (2) was converted to FesO4s@NCO-mal (4) by amide coupling with N-
maleoyl-B-alanine. Below is a schematic of the changes to the nanoparticles surface.
(Figure 2.13) The full generalised mechanism for EDC-activated amide coupling is
shown in Chapter 1.
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Figure 2.13: Schematic of maleimido functionalisation by EDC amide coupling

In this reaction, the order of addition of reagents is crucial to avoid side reactions between
the maleimide ring and surface amines. Hence the carboxy-maleimide ligand is first
activated by EDC before addition to the NP suspension. This enhances preferential
reaction of the carboxyl group with the amino surface groups. DIEA is normally added to
the NP suspension prior to reaction, however here it is omitted, as this reagent enhances
the nucleophilicity of the amines making them more likely to attack the maleimide by
Michael addition.

FTIR analysis (Figure 2.14) revealed a relatively complex spectrum; however peaks
relating to both amide bond formation with the NP surface and the new maleimide
surface group could be identified quite clearly. In this example good resolution was key
to identifying the various peaks. Peaks were observed at 1066.5 cm™ (weak, C-O, C-N),
1356 (C-H, Def. Sym.) 1401 cm™'(medium, mal C-N-C), 1444.5 (C-H, Def. Asym.) 1546
cm™ (weak, C=C mal), 1659.5 cm™ (med, C=0O Amide I), 1703.5 cm™'(strong, mal C=0
Asym.), 1772 cm™" (weak, mal C=0, Sym.), 2902 cm' (strong, C-H), 2973 cm' (strong,
C-H), 3676 cm™ (medium, Amide)."” An additional spectral range is shown in the

Appendix. (Appendix 2.1.3)
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Figure 2.14: FTIR spectrum for Fe;0,@NCO-mal (4)
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The spectra for Fes0Os@COOH (3) and FesOs@mal (4) are quite similar due to the
similarity in their bonding. However, the maleimide functionalised particles are
distinguishable by the C=C stretching vibration at 1546 cm™ in Figure 2.13 for
FesOs@mal. This peak is not observable in Figure 2.12 for Fes0s@COOH. In addition,
there is a difference in relative intensity of the peaks, despite the fact they both contain
amido bonding. In Fes0s@COOH (3) the Amide Il N-H peak is more prominent and
shifted to the left, as this is a B-amide. Below is a schematic of the differential bonding

at the surface of the two functionalised materials. (Figure 2.15)
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Figure 2.15: Differential bonding in Fe;0,@COOH (left) and Fe;Os@mal (right)

(ii) Fe;0.@G’ (5)

FesOs@mal particles (4) were conjugated to Protein G’ by amino-maleimide ligation,
which was performed under sterile conditions. Typically protein have a fairly regular
density, hence their size can be calculated from their MW.?° Protein G’ has a MW of
20,000 gmol”, hence this corresponds to a diameter of ~2 nm.?" 22 The amount of G’
used was 0.5 equivalents relative to the total nanomaterial surface. This does not
represesnt full surface coverage, however, binding was still detected. FTIR confirmed

the presence of three different C=O stretchings corresponding to different bonding

modes in the tertiary structure of the protein. Peaks were visible for free (1700 cm™),
alpha helix 1660.5 cm™) and beta sheet (1641 cm™') carbonyl Amide | bonds. (Figure
2.16)
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Figure 2.16: FTIR spectrum of Fe:0s@G’ NPs (5)
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Protein attachment was not clearly visible from TEM (Figure 2.17), however EDX
confirmed the attachment of the protein, through the presence of sulfur in the sample,
which would not be present otherwise and is due to sulphur containing residues in the
protein. (Figure 2.18) The ratio of Fe/S was 97.7/0.3. These figures are as expected due
to the small contribution of sulphur to the overall protein mass and large contribution of
Fe to the nanoparticle core. Fe;04@G’ (5) was then incubated with 1IgG-A488 under
sterile conditions to produce the final Fe:0:@G @IgG-A488 conjugate (6) and

subsequently used in FACS experiments.

Figure 2.17: TEM images of Fe;0.@G’ NPs (5)
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Figure 2.18: EDX spectrum of Fe;0,@G’ NPs, peak for sulfur circled in yellow (5)
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2.3 COBALT FERRITE-DOPED SILICA NANOWIRES
2.3.1 Synthesis Functionalisation and Characterisation CoFe;O MNPs

Next, a series of various nanowires were prepared and functionalised for potential
biomedical diagnostic applications and to compare against the FesO4 NP system. The
first of these was cobalt ferrite doped silica nanowires. Here cobalt ferrite was used
instead of magnetite due to its higher resisitivity to acidic environment, which is a crucial
step for the nanowire formation. CoFe-Os MNPs (7) were synthesised according to a
published procedure.?. These NPs showed much higher polydispersity in size, with an

average diameter of 37 £23 nm, as shown in TEM. (Figure 2.19)

B L

Scale Bar: 100 nm Scale Bar: 100 nm
Figure 2.19: TEM images of CoFe,Os MNPs (7)

These CoFe,0; particles (7) exhibited lower magnetisation (42.87 Am?kg') than that of
FesO4 (1). Also, due to the increase in size, the CoFe,O4s NPs produced here are not
superparamagnetic and have a considerably high remnant magnetisation (19.985
Am?kg') at 0 Tesla. (Figure 2.20) This leads to poor solvation of the particles in the
absence of sonication, and sedimentation due to clumping. However, as mentioned
these NPs exhibited much higher resistivity towards acidic conditions; which is an
important part of the silica deposition reaction to produce ferrite-doped silica nanowires.

Hence, they were used despite their drawbacks.
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Figure 2.20: VSM curve of CoFe;0s MNPs (7)

The crystal structure was found to be the expected face centred cubic by XRD (Figure
2.21), with lattice parameters of 30.9 (220), 35.2 (311), 38.6 (222), 42.9 (400), 53.3 (422),
56.8 (511), 62.5 (440), 74.0 (533), 89.7 (731), 94.5 (800), 105.5 (751), 110.8 (840), 122.4
(931), 128.3 (844), 143.4 (951). IR was also in agreement with literature values with
peaks at 403 (Fe-O, Co-O overlapping), 589 (Fe-O, Co-O overlapping) and 3406.5 (O-
H) cm™."” (Appendix 2.2.1)
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Figure 2.21: XRD pattern of CoFe;Os MNPs (7)

2.3.2 Preparation and characterisation of CoFe:0,@SiO2 NWs

The cobalt ferrite doped nanowires (8) were synthesised by a dispersion of the CoFe;04
MNPs (7) within the silica gel which was produced from TEOS." The mixture was passed
through the alumina templates before solidification of silica gel. These were allowed to
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dry overnight before membrane dissolution in NaOH solution. The wires produced had
reasonable magnetisation (2.08 Am?kg™), indicating incorporation of the MNPs into the

wires. (Figure 2.22)
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Figure 2.22: VSM curve of CoFe;04-doped SiO, NWs (8)

This relatively low rate of incorporation is most likely due to the high polydispersity in size
of the CoFe.Os MNPs (7) and also high remnant magnetisation (19.985 Am?kg™). In
general, larger particles have a lower rate of infiltration of the membranes, particularly if
clumping due to magnetic attraction is also a factor. However, this value was still an
improvement on previously reported methods using FesOs instead of CoFe2O4. This may
be due to the increased acidic resistance of the particles. In addition, this magnetisation
is still within a useful range for bioapplications. Hence, they were used for further

experiments.

2.3.3 Preparation and characterisation of fluorescent antibody-conjugated cobalt
ferrite-doped silica nanowires (CoFe:0,@SiO:@CD4-PE NWs)

APTS functionalisation of these wires, to produce CoFe.Os@SiO-@NH: (9) is very
straightforward, however, it is difficult to characterise these surface functionalities. For
larger sized nanoparticles, such as these (200 nm diameter x 5 um length), the mass
percent of surface organic groups to total particle is very small. Hence the silica peaks
mask the smaller organic peaks in FTIR spectra. However there are slight changes in
the spectrum, with a small increase at 2889 cm™ (C-H Str.) and 1585.5 cm™ (N-H Scr.)
(Appendix 2.2.2) In TEM there was no apparent change in the structures of the NWs.
(Figure 2.23) However due to the robustness and reproducibility of the APTS reaction in
previous experiments, combined with the indication of binding to the surface from FTIR,

further reactions were continued.
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Scale Bar: 100 nm Scale Bar: 2 ym
Figure 2.23: TEM images of CoFe;0s-doped SiO.@NH2 NWs (9)

Once modified with amino groups (9), an amide coupling reaction was performed to
install a maleimide group (10) for conjugation to the antibody CD4-PE (11), by
nucleophilic addition with cysteine and amino residues on the protein surface. Protein
attachment is clearly visible by TEM, as shown in Figure 2.24. In addition, the NW
product has a pink colour, due to the presence of fluorescent antibodies. The sample

was then sent to BD Biosciences in California for testing. Results are pending

Scale Bar: 100 nm Scale Bar: 200 nm
Figure 2.24: TEM images of CoFe;04-doped SiO, NWs functionalised with CD4-PE

fluorescent antibodies (11)
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2.4 SIILICA-COATED METAL NANOWIRES
2.4.1 Preparation and characterisation of Co@SiO.@NH: (13)

Next, a series of metal nanowires were received by Physics, TCD. These were prepared
by a template-assisted electrochemical deposition as previously described. The first of
these nanowires to be received were cobalt nanowires with a dimension of 200 nm
diameter and 10 pm length.These were coated with silica to improve their
biocompatibility, then functionalised with amino groups for further conjugation. Silica
coating (12) was achieved by a modified Stéber method.'* ?* (Figure 2.25)
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Figure 2.25: Schematic of Co NW silica coating and amino functionalisation

This reaction was performed at high dilution to reduce clumping of the nanowires, which
leads to encapsulation of multiple wires within single silica shells. TEM revealed an even
well distributed coating of these wires, with an average thickness of 150 nm. These wires
were then functionalised using APTS to produce Co@SiO-@NH: NWs (13) (Figure
2.26) by a similar procedure to FezO4 aminosilane modification. The wires were then sent
to the Institute of Molecular Medicine (IMM), TCD for flow cytometry studies and to UCD
for toxicology studies.

10002t it

Scale Bar: 100 nm Scale Bar: 0.5 ym
Figure 2.26: TEM images of Co@SiO.@NH2 NWs (13)
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2.4.2 Preparation and characterisation of CoO@Au@SiO.@NH2 NWs
Gold-coated cobalt nanowires (Co@Au NWs) were also coated with silica. (14) (Figure

2.27) The initial as-synthesised wires, also provided by Prof. Coey’s group, School of

Physics, TCD, were surface stabilised by K‘CN-, which was used as part of the gold

deposition process. It was hoped that Au would improve both scattering properties and

biocompatibility of the wires. For silica coating, the non-oxidised gold surface of these

wires was first primed by thiol exchange with thioglycerol, to install surface hydroxyl

groups for TEOS attachment and deposition. Silica coating was then performed in a
similar manner to Co@SiO2 NWs. (12)
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Figure 2.27: Schematic of Co@Au NW surface hydroxylation and silica coating

TEM revealed a relatively even distribution for the silica coating, with an average
thickness of 150 nm, as shown below. (Figure 2.28) Samples were then submitted to

IMM, TCD for biological testing and UCD for toxicology testing.
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Figure 2.28: TEM images of Co@Au@SiO2 NWs (14)
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2.5 PEGYLATED METAL NANOWIRES
2.5.1 Cobalt Nanowire PEGylation (15-18)

The Co NWs were also modified with a variety of functionalities using PEG-

trialkoxysilanes. PEG is known to improve biocompatibility and bioavailability of
nanomaterials. In addition, these heterobifunctional PEGs provided a new surface linking
group for further reactions. These methods are similar to magnetite APTS
functionalisation, as they utilise hydroxyl groups at the nanoparticle surface to attach the
silane. Below is a schematic of the reaction with the new functional moiety represented

as a red star. (Figure 2.29)
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Figure 2.29: Schematic of cobalt NW PEGylation by silanisation

This method was used to produce an amino-PEG (15), maleimido-PEG (16) carboxy-
PEG (17), and a heterobifunctional-PEG surface, consisting of both surface carboxyl and
maleimido groups (18). Bi-functionalised wires can be used to install two distinct moieties
of interest, such as a fluorescent marker and targeting agent, for more complex
muitimodal applications. In each case the PEGylated surface produced mean thickness
of 150 nm with a distinct, fluffy morphology. (Figure 2.30) These wires were then sent to

IMM, TCD for flow cytometry studies, and UCD for toxicological studies.

Overall, for each of the coated cobalt nanowire samples prepared here, toxicological and
flow cytometry studies revealed a large degree of clumping for the nanowires in studies
and low biocompatibility. This is due to the ferromagnetic behaviour of the cobalt core,
which imparts permanent magnetisation to the wires. Even surface modification was only
achieved due to constant sonication during the reactions. In the absence of sonication
these wires cannot remain in suspension very long, and precipitate in a matter of
seconds to minutes. Hence other alloy materials were developed to replace these, with
soft magnetic behaviour, which would more readily stay in suspension for flow and

biological studies.
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Scale Bar: 0.5 ym Scale Bar: 100 nm
Figure 2.30: TEM images of Co@PEG-NH: (15)

2.5.2 Cobalt-Nickel Alloy Nanowire PEGylation (19-22)

CoNi was identified as a good alloy candidate for electrochemical deposition techniques
using AAO membranes. These wires were synthesised by Prof. Coey’s group in a
number of lengths, namely 2 ym, 5 um and 10 um in length (unpublished work).
PEGylation was identified as the simplest and most effective surface coating strategy.
Unlike silica coating, it also provided an already installed functional group in a one-pot

reaction.

The cobalt-nickel alloy wires were PEGylated, with a silane heterobifunctional PEG.
Upon analysis of the wires by TEM, some samples showed a large amount of
fragmentation, with degradation due to oxidation; particularly those with shorter lengths.
The 2 um wires had poor integrity and seemed to be hollow inside, as indicated by the
differences in contrast, and therefore density, by TEM. (Figure 2.31) The wires were
initially characterised by SEM in Physics, prior to reaction. However, this technique did
not show the internal integrity of the wires. There was also considerable clumping of the
wires in these samples. This could be due to their ferromagnetism, however it could also

be in part due to incomplete dissolution of the membranes.
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Additionally, there was a presence of some remaining alumina indicated by Al and Si
peaks in EDX analysis. (Figure 2.32) The expected ratio of oxygen to other elements in
these samples was much higher, indicating oxidation of the metal wires. There is no
dense core to the wires, hence, this most likely occurred during the membrane
dissolution, due to porosity in the wires, which allowed the NaOH solution to infiltrate

through the wires, instead of just etching at the surface.
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Figure 2.32: EDX Spectrum of 2 ym CoNi@PEG-mal NWs (19)

The CoNi@PEG-mal 5 um wires (20) also showed signs of degradation by TEM analysis
and oxidation with alumina traces still present, as established by EDX. (Figure 2.33,
2.34) However in this case there was some evidence of a denser core remaining in some

of the wires.
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Figure 2.34: EDX spectrum of 5 um CoNi@PEG-mal NWs (20)

Two samples of 10 um length nanowires were also received from Physics and were also
functionalised similarly to above. TEM studies showed that these CoNi@PEG-mal 10
pum wires (21, 22) had the most density and integrity, compared with the shorter wires.
(Figure 2.35, Figure 2.36) Due to this trend of increasing density with length, it was
assumed that this may be due to the experimental conditions in the wire formation and

rate of deposition in the syntheses. Hence the 10 um length samples were used for

further studies.
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Figure 2.35: TEM images of 10 um CoNi@PEG-mal NWs (21)

Figure 2.36: TEM images of 10 um CoNi@PEG-mal NWs (22)

EDX showed a ratio of Cogs sNis > for (21), with 4% Al relative to the wires. EDX revealed
a ratio of Cogs 1Niso for (22), with less alumina present compared to the previous sample,
with 0.95% Al relative to the wires. (Appendix 2.4.5). The difference in Al content of the
two samples is most likely due to experimental differences in membrane dissolution.
The samples showed very similar ratios of Co to Ni in the final sample. Despite the small
inclusion of Ni into the wires, these showed better stability in solution than the previous

pure cobalt nanowire samples.

FTIR on (21) showed a considerable degree of alumina on the surface of the particles,

as expected from EDX analysis. However, PEG functionality was also successfully
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identified (1101 cm™", C-O-C str.), although contributing a much smaller proportion to the

overall mass of the nanowire. (Figure 2.37)
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Figure 2.37: FTIR spectrum of 10 um CoNi@PEG@mal NWs (21)

FTIR analysis on the second CoNi@PEG-mal sample (22) also revealed a presence of
alumina, but some PEG was also detectable. (1099 cm™', C-O-C Str.) (Figure 2.38) In
both cases the % transmittance was about 0.5% as expected due to the relative mass
contribution of the PEG at the surface. FTIR for other spectral regions for these
CoNi@PEG-mal NWs can be found in the Appendix (Appendix 2.4)
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Figure 2.38: FTIR spectrum of 10 um CoNi@PEG@mal NWs (22)
A series of experiments were performed on these PEGylated NWs, as discussed later,

to determine the optimised conditions for protein binding with these wires, to produce
CoNIi@PEG@G' @IgG-488 (23-26) and subsequent FACS analysis.
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2.6

PEGYLATED COBALT-NICKEL/GOLD SEGMENTED BARCODE NANOWIRES

Barcode NWs, consisting of five segments with alternating CoNi alloy and Au spacers

were also obtained from Physics, TCD, by a method modified form a published
procedure involving Co with Cu spacers.*® These were first treated with 11-
mercaptoundecanol, to provide a hydroxylated surface along the full lengths of the wires
to produce [CoNi|Au|CoNi|Au|CoNi]@OH (27). The wires were then PEGylated using
silane chemistry, to provide maleimide functionality at the surface. TEM of the PEGylated

samples (28, 29) are shown below. (Figure 2.39, 2.40)

Figure 2.39:

.

Figure 2.40: TEM images of Cogo.5Nis.s| Au2s@PEG-mal NWs (29)
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EDX revealed quite similar ratios of Co/Ni/Au for the two samples, with CogNig|Au2 for
(28) and Cogo sNig s5|Auzs for (29), indicating good reproducibility in the deposition method.
(Appendix 2.5.2)

FTIR was performed on the intermediate [CoNi|Au|CoNi|Au|CoNij@OH NWs (27) also,
which were treated with a heterobifunctional liner containing a thiol and hydroxyl end, to
react with the Au portion of the NW surface, and obtain a fully hydroxylated surface for
silanisation. (Figure 2.41) The bending vibration for O-H groups at the surface was
visible in the spectrum.
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Figure 2.41: FTIR spectrum for CoNi|Au|CoNI|Au|CoNi@OH NWs (27)

Subsequent FTIR on the PEGylated sample revealed a new peak, characteristic of C-O-
C stretching in the PEG backbone and the disappearance of the peak corresponding to

surface hydroxyl groups.. (Figure 2.42, Appendix 2.5.2)
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Figure 2.42: FTIR spectrum for CoNi|Au|CoNI|Au|CoNi@PEG-mal NWs (29)
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2.7

BIOCONJUGATION AND FACS ANALYSIS
2.7.1 Fe;04 Bioconjugation and FACS analysis

The magnetic nanoparticle bioconjugates were analysed by FACS. Fe;:0s@COOH (3)
was also used as a benchmark reference. (Figure 2.43) The graphs are represented as
intensity of detection at 488 nm (FITC channel, X-axis) versus side scattering area (SSC-
A, Y-axis). SSC-A is a combination of the scattering width and length of detection time,
which correlates to the scattering propensity of the material and size respectively. The
regions are separated into quadrants which are manually defined here, based on the
occupation of the benchmark versus the bioconjugated materials. These areas would
differ for different materials as the intensity of detection of these particles would be
related to the distinct properties of other materials, based on their size, shape, viscosity

and refractive index, for example.
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Figure 2.43: FACS analysis comparing Fe3;04@COOH (3, top), Fe:0.@G’ (5, bottom)
and Fe;:0.@G’@IlgG-488 (6, right)
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As can be seen from the graphs, the FesO4s@COOH and Fe;0.@G’ particles fall within
a lower intensity region for FITC channel detection, due to their lack of fluorescence. It
can also be seen that the population is elongated along the SSC-A axis for the Fe;0.@G’
particles, due to their increase in diameter from the protein conjugation. This increases
the scattering length of the particles. This detection is significant as it is the first step
towards measuring difference between antigen-bound and unbound particles. As a small
nanoparticle, with an average diameter of 7.5 nm, FesO4 particles represent a model
system for studying the detection of increase in particle diameter for scattering events.

The difference in size for larger particles should be significantly lower.

Fe;0.@G' @IgG-A488 (6) showed a significant population in a higher intensity region for
488 nm wavelength detection (80.9 %), indicating the successful binding of the
fluorescent immunoglobin binding protein. It was later realised, upon examining the
experimental conditions, that for 10 mg Fes;O4, 2 mg Protein G’ would be required, based
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