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Abstract

Mesenchymal stem/stromal cells (MSCs) are of significant clinical interest in
regenerative medicine because of their trilineage potential to differentiate into cells
integral for tissues such as bone and cartilage. Current therapies for tissue
damage often require surgical intervention, which has drawbacks including
invasiveness and susceptibility to infection. Stem cell-based therapies likely offer a
more natural alternative to repair damaged tissue. Nanoparticles are a promising
tool for biomedical applications, especially as a vehicle for biomolecule delivery
when coated with temperature-responsive polymers to entrap and release
biomolecules, such as proteins, in a triggered manner. Superparamagnetic iron
oxide nanoparticles (SPIONs) can undergo a phenomenon termed magnetic
heating in the presence of an alternating magnetic field. SPIONs surface-
functionalised with temperature-responsive polymers present a potential

combination for protein delivery and release.

In this study, | report the development of SPIONs coated with temperature-
sensitive polymer poly(N-isopropylacrylamide) (PNIPAM). PNIPAM-coated
SPIONSs showed temperature-sensitive properties above the lower critical solution
temperature (LCST) of PNIPAM (32°C) when heated with or without magnetic
heating. | could characterise the protein encapsulation and release of test protein
apotransferrin from PNIPAM-coated nanopatrticles in both a pH- and temperature-
sensitive manner. Magnetic heating, though a constant or pulsed application, was
sufficient to trigger the release of encapsulated apotransferrin from PNIPAM-
coated nanoparticles, where switching off the magnetic field halted further protein
release. Magnetically-triggered Wnt3a release from PNIPAM-coated nanopatrticles
elicited cellular activation through the enhanced green fluorescent protein (eGFP)
response of an MSC Wnt reporter line, as well as increased proliferation of both
immortalised and primary MSCs. | also developed temperature-responsive
polymer, poly(N-isopropylmethacrylamide) (PNIPMAM), which exhibited a higher
LCST than PNIPAM (42°C) and could release apotransferrin above physiological

temperature with/without magnetic heating.

The developed temperature and magnetically-responsive SPIONs could be a
potential tool to promote MSC-driven tissue regeneration through biomolecule

delivery and temperature-sensitive release.
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Preface

In tissue engineering there is a constant requirement for the development of better
approaches to treat damaged and worn tissues. Current treatments for patients of
joint disorders often involve surgical intervention through tissue grafting or
implantation, which have drawbacks including improper joint function, infection and
unfavourable immune response. The self-renewal and differentiation properties of
MSCs offer an alternative as a natural cell-based therapy for the regeneration of
tissue. However, direct administration of MSCs is difficult, often resulting in lack of
desired targeting, which consequently diminishes their regenerative potential at

sites of interest.

Towards improving current therapies, the development of effective biomaterials to
stimulate MSCs in situ is an area of growing interest, particularly using
nanomaterials. Nanoparticles are an appealing tool in this area as a vehicle for
biomolecule delivery and release to activate MSCs. Properties of nanopatrticles are
highly favourable for such applications due to their small size and capacity for
surface functionalisation. SPIONs are an attractive material for applications in
nanomedicine due to their magnetic properties, particularly through their ability to
undergo magnetic heating when exposed to an alternating magnetic field. SPIONs
have largely been used in tissue engineering as contrast agents for MRI-based
tracking of stem cells with their potential as drug delivery vehicles being relatively

unexplored.

SPIONSs can be coated with smart polymers that are responsive to temperature,
where biomolecules can be entrapped and released in a triggered manner.
PNIPAM is an extensively studied temperature-responsive polymer that can
release entrapped drug molecules upon heating. Combining the magnetic heating
properties of SPIONs and the temperature-sensitivity of PNIPAM could be an

interesting tool for triggered biomolecule release to activate MSCs.

To investigate the potential of using temperature-sensitive nanomaterials for
biomolecule release to activate MSCs, | chemically synthesised PNIPAM-coated
SPIONSs. These functionalised nanoparticles were assessed to establish their
capabilities and extensively characterised in terms of their molecular, magnetic
and temperature-responsive properties, using a variety of techniques (Chapter
2.3). Biochemical studies were conducted using the model test protein
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apotransferrin to assess protein encapsulation and determine the required
conditions for temperature-dependent release, largely focusing on release
following magnetic heating of SPIONs (Chapter 3.3). | also treated MSCs with
Wnt3a-loaded PNIPAM-coated SPIONSs that were magnetically heated, to assess
cellular activation following growth factor release. This was analysed by assessing
the eGFP response of a Wnt-sensitive reporter line, as well as the proliferative

response of both immortalised and primary MSCs (Chapter 4.3).

With a view to generate temperature-responsive SPIONs that could release
proteins above physiological temperatures, | also began work using another
temperature-responsive-polymer, PNIPMAM, which displays a higher LCST than
PNIPAM. This was conducted by characterising the molecular and temperature-
sensitive properties of PNIPMAM, as well as its protein encapsulation and release
potential when coated onto SPIONs (Chapters 2.3 and 3.3).

This project shows a novel application of PNIPAM-coated SPIONSs for the

magnetically-triggered release of a growth factor to activate MSCs in vitro.

Magnetic
SPION heating

“'t"“ =l

= alin,

A
T

[

I
LCST

Expanded Swollen Encapsulated
% PNIPAM @ PNIPAM . Ireleased .SPION
shell shell Wnt3a

Schematic of magnetically-triggered Wnt3a release from PNIPAM-coated
SPIONSs: Schematic shows PNIPAM-coated SPIONs loaded with Wnt3a (left)
where magnetic SPION heating with an alternating magnetic field (centre) triggers
temperature-sensitive PNIPAM shell collapse and release of Wnt3a (right). Grey
circle represents SPION core with a PNIPAM shell (orange lines). Wnt3a
molecules (green triangles) are encapsulated within and released from PNIPAM

shell.
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Chapter 1: Introduction

1.1. Nanoparticles

Nanoparticles can be described as patrticles typically between 1-100 nm that have
distinct properties compared to bulk samples of the same material (Auffan et al.,
2009). The application of nanoparticles is often associated with cutting edge,
modern day science, but has roots as far back as pottery surfacing in Roman
history (Khan, 2012). Certainly, one of the pioneers to first describe nanoparticles
in terms of their optical properties was Michael Faraday in the mid-1800’s
(Faraday, 1857). Purely metallic nanopatrticles are of significant interest for many
applications, including drug delivery, where their composition can range from
being bimetallic, core-shell or coated with organic or inorganic molecules. The
focus in this thesis is on inorganic nanoparticles, but nanoparticles can also be
organic and exist in various forms such as polymeric nanoparticles, liposomes and
viral capsids. Stability is often conferred to nanoparticles by coating with an
organic layer of molecules known as stabilising or capping agents (Batista et al.,
2015). Nanopatrticles are defined by being within a size range larger than atomic
dimensions, but small enough to exhibit random Brownian motion. Also, the size
distribution of synthesised nanopatrticles varies depending on the preparation
method, where agueous synthetic approaches typically produce polydisperse
samples with Gaussian size distributions, whereas organic syntheses will
generally produce highly monodisperse particles (Hayashi, 1997). Patrticles in the
nanoscale size range have significantly higher surface area to volume ratios than
those orders of magnitude larger. A high surface area to volume ratio is
advantageous for the functionalisation of nanoparticles, allowing for extensive
surface coating. Electron microscopy images of differently sized nanoparticles can
be seen in Figure 1.1
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Figure 1.1. Electron microscopy images of iron oxide nanoparticles with

sizes ranging between 6-40 nm: Iron oxide nanoparticles shown above were
generated using an organic synthetic approach using thermal decomposition of
iron carbonyls. Scale bars equal 100 nm. Figure was taken from a previous study
(Tong et al., 2017).
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1.1.1. Nanoparticle synthesis

Since nanoparticles can exist in various organic or inorganic forms across a range
of sizes, it is important to regulate and optimise synthetic approaches to generate
suitable particles for desired applications. There are a variety of approaches for
generating nanopatrticles either through the breakdown of bulk materials, usually
on a macro- or micro-scale, or an atomic scale by nucleation and growth of

nanoparticle seeds.

Bulk material breakdown can be achieved physically through ball mill grinding.
However, this approach generally requires significant optimisation and yields
larger particles on the nanometer-micrometer boundary that often aggregate
(Rizlan and Mamat, 2014). Also, bulk material breakdown can be done
hydrothermally through pyrolysis by forcing a vaporous precursor through an
orifice at high pressure before burning and recovering particles from the soot
produced. However, as with ball mill grinding, particles generated using this
approach tend to be on the micrometer scale, again commonly with aggregation
(Taniguchi et al., 2008). Using high energy methods such as thermal plasmas can
vaporise micrometer-sized particles to form droplets which cool and form particles
upon evaporation. This approach has been shown to generate nanoparticles of
small size and high uniformity; however, drawbacks include lengthy optimisation

and also elaborate, expensive setup (Shigeta and Murphy, 2011).

Most metal-based nanoparticles can be generated by nucleation and growth of
seeds from the reduction or hydrolysis of chemical precursors. This approach is
relatively simple and requires a minimum number of chemicals. For example, a
synthesis could be carried out in an aqueous environment in the presence of a
reducing agent using a soluble metallic salt, a radical scavenger and an organic
surface-capping agent. During this process, radical-based reduction will lower
metallic ions to a zero-valence state, which in turn, will cause metal atoms to
coalesce into particles. A scavenger chemical will act to prevent re-oxidation of the
metal by reacting with oxidising radicals. The organic surface-capping agent
serves to regulate growth and prevent aggregation during particle formation.
Generating nanoparticles using this method is advantageous due to its tunability
through adjustment of precursor concentrations, relative to those of the other
chemicals involved, to control and regulate particle size and shape (Belloni et al.,
1998).
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1.1.2. Nanoparticle characterisation

Nanoparticles have distinct physical properties which distinguish them from
conventional materials, meaning that they have different analytical requirements

for features such as size, shape and dispersity.

For size characterisation, optical microscopy is not appropriate since nanoparticles
have a size below the diffraction limit of visible light. Electron microscopy is largely
used for analysis of nanopatrticles in the absence of solvent and often light
scattering approaches are used for measuring their properties in solution.
Additionally, the size heterogeneity of nanoparticles can be visualised by electron
microscopy and also quantified using light scattering. Also, sub diffraction optical

imaging techniques are available, such as super-resolution microscopy
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1.2 Magnetism

One of the most interesting properties of metal nanopatrticles, such as iron oxide,
is their magnetic responsiveness. It is therefore important to understand the
mechanisms by which magnetic nanoparticles are influenced by magnetic fields to
be used in practical applications. Magnetism is a type of physical phenomenon
mediated by magnetic fields which arise from electric currents and the magnetic
moment of a particle. Magnetic moments represent the orientation and magnetic
strength of a material that produces a magnetic field, such as electrons in
magnetic particles. The magnetic moment of a material relates to its magnetic spin
orientation, which will align with an external magnetic field in a temperature-
dependent manner. The spin direction can exist in either an upwards or
downwards state, where a full electron shell contains both an upward and
downward magnetic moment spin. Materials containing atoms with filled electron
shells have no magnetic moment since each is cancelled out by the opposing spin.
By contrast, materials containing atoms with partially filled electron shells will have

unpaired spin states and therefore exhibit a magnetic moment.

Above a defined temperature, known as the Curie temperature, magnetic
materials will lose their permanent magnetic properties and revert to induced
magnetism. The magnetic spins of materials operating as permanent magnets are
ordered and aligned, whereas those that exist in an induced magnetic state are
disordered and will forcibly align to an applied magnetic field.
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1.2.1. Ferromagnetism and paramagnetism

There are various types of magnetism encountered in everyday life, the most
familiar being ferromagnetism. Ferromagnetic materials are attracted to magnetic
fields and can be magnetised to become permanent magnets that produce
magnetic fields themselves. Ferromagnetism is shared across a few materials, the
most common being iron, cobalt and nickel. These materials will remain
magnetised even after removal of a magnetic field as their magnetic spin is
ordered and aligned with the field orientation. This means that during the analysis
of magnetic properties, ferromagnetic materials will display remanent
magnetisation where they will retain magnetism after the action of the magnetising

force has ceased.

By contrast to ferromagnets, paramagnetic materials, such as iron oxide, are
weakly attracted to an external magnetic field and are not permanent magnets as
they form internalised, induced magnetic fields in the direction of an applied field.
Also, unlike ferromagnets, paramagnetic materials do not display any remanent
magnetisation in the absence of an external magnetic field because thermal
fluctuations randomly orient the spin direction to a disordered state. A comparison
between ferromagnetic and paramagnetic electron spin states can be seen in
Figure 1.2. During this magnetic phase transition, the time between magnetisation
flips is known as the Néel relaxation time, first described by Néel in 1949 (Néel,
1949). The response of a material to the removal of an applied magnetic field is a
characteristic feature that can distinguish ferromagnetic from paramagnetic

materials (Figure 1.3).
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Figure 1.2. Paramagnetic vs. ferromagnetic electron spin states in the
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Figure 1.3. Magnetisation of magnetic materials in an applied field:
Magnetisation of ferromagnetic (blue), superparamagnetic (red) and paramagnetic
(green) materials in the presence of applied magnetic field sweeps.



The Curie temperature of a material is the temperature at which magnetic
materials undergo significant changes in their magnetic properties. Below the
corresponding Curie temperature of a material, ferromagnetic behaviour is
observed where the atoms are spontaneously magnetised to an external magnetic
field due to the parallel alignment of atoms. Above the Curie temperature,
materials undergo a phase transition and enter a paramagnetic state as the atomic
magnetic moments become disordered. Upon alignment of the magnetic
moments, the response of paramagnetic materials is significantly weaker than that

of ferromagnetic materials.

Despite their spin alignment and strong magnetic properties, ferromagnets can
exist in an unmagnetized state. This occurs within bulk ferromagnetic materials
which can be divided into regions knows as magnetic domains. Within each
domain, the magnetic moment spin directions are aligned, however the spins of
separate domains can orient in different directions when bulk materials are
unmagnetized and in their lowest energy configuration, resulting in no net

magnetic field.
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1.2.1.1. Superparamagnetism

Superparamagnetism occurs in small ferromagnetic nanopatrticles, where in the
absence of an applied magnetic field, superparamagnetic materials appear to
have zero net magnetisation, as the time taken to measure magnetisation extends
that of the Néel relaxation time. Magnetisation of superparamagnetic nanoparticles
can randomly flip under the influence of temperature (Teja and Koh, 2010). As with
paramagnetic materials, an external magnetic field is able to magnetise
superparamagnetic particles. However, the extent of magnetisation to an applied
magnetic field, known as magnetic susceptibility, is significantly higher in

superparamagnetic materials.

Ordinarily, a ferromagnetic material will undergo a phase transition to a
paramagnetic state above its Curie temperature. However, this transition in a
superparamagnetic material differs as it occurs below its Curie temperature.
Superparamagnetic nanopatrticles consist of a single magnetic domain, unlike
larger ferromagnetic nanopatrticles which have multiple domains. Because of their
single domain properties, superparamagnetic nanoparticles behave through the

sum of all their individual magnetic moments.
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1.2.1.1.1. Superparamagnetic iron oxide nanoparticles (SPIONs)

SPIONSs have a broad range of applications in nanotechnology due to their
magnetic properties. The phases of iron oxide nanoparticles generally used in the
field are magnetite (FesO4) and maghemite (y-Fe203). SPIONs have a strong
magnetic moment, particularly those composed of Fe3O4, where Fe3*ions have 5
unpaired electrons. Because of their single domain properties, magnetic
manipulation of SPIONSs is more effective than that of larger, multiple-domain
ferromagnetic particles. The transition from single domain SPIONSs to single and
multiple domain ferromagnetic nanoparticles occurs in a size-dependent manner,
where the intensity of the applied magnetic field required to reduce the
magnetization to zero (coercivity) also increases (Figure 1.4). The size at which
SPIONs become ferromagnetic nanoparticles occurs above ~16 nm (Mohapatra et
al., 2018), which will then become multiple domain above a size of ~76 nm (Li et
al., 2017).

SPIONs Ferromagnetic particles

Coercivity (Hg)

0 10 20 30 40 50 60 70 80 90 100
Particle diameter (nm)

Figure 1.4. Schematic of the transition from single domain SPIONs to
multiple domain ferromagnetic particles: Adapted figure (Sung Lee et al.,
2015), where arrows represent electron flip orientation within nanoparticles of
increasing size. Red line represents coercivity (Hc), where Hc represents oersted

or ampere/meter, relative to increasing particle diameter (nm).
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1.2.1.1.1.1. SPION synthesis

There are a variety of approaches reported for the preparation of SPIONs. The
size, shape and surface chemistry properties of SPIONs differ depending on the
method and conditions used, all of which affect magnetic behaviour. Therefore, it
is important to consider the most suitable approach for generating SPIONs
designed with specific applications in mind. A preference desired across all

preparation techniques is to produce samples with high size and shape uniformity.

The most commonly employed approach is coprecipitation by nucleation to
generate seeds that will subsequently grow to form SPIONs. This method can be
further sub-divided into two main types, the first involving mixing iron salt
precursors in the presence of a base (Scheme 1.1). For instance, it has previously
been shown that nanoparticle samples can be generated within a size range
containing SPIONSs using different iron salts, including FeSO4 and FeClz, and
potassium hydroxide as a base (Sugimoto and Matijevi¢., 1980). The other
approach, involves ageing mixtures of ferrous and ferric hydroxides prepared
stoichiometrically in aqueous solution. These approaches yield water-soluble
SPIONSs, making them ideal for biomedical applications through surface

functionalisation with biocompatible molecules.

2Fe3+ + F92+ + 80H- — Fe304l+ 4H20

Scheme 1.1. Example of a coprecipitation synthesis of SPIONs involving iron

salt precursors in the presence of base.

Another approach for generating SPIONSs is done using microemulsions which are
stable isotropic dispersions of two immiscible liquids containing nano-sized droplet
domains. Water-in oil systems are commonly employed for generating water
droplets to serve as aqueous nanoreactor environments to synthesise SPIONs
within. Amphiphilic surfactants are mixed into the system to lower the surface
tension between water and oil which causes solution transparency. SPION size
can therefore be tuned by modulating the size of the water droplets (Laughlin,
1976). SPIONs generated using this approach would likely require purification
from the surfactant if they were being prepared with protein molecules for
biological applications due to protein functional sensitivity to surfactants. The use
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of anionic surfactant sodium dodecyl sulfate (SDS) for example, will bind to
proteins, unfold them and give them a uniform negative charge. Consequently, this
causes the protein to lose its 3-dimensional structure and consequently its

functional properties.

SPIONSs can also be generated through thermal decomposition of iron carbonyl
complexes at high temperatures, followed by oxidation in air. Often this is carried
out in the presence of hot organic surfactants to improve size distribution and
dispersity. As with using microemulsion approaches, SPION preparation with
proteins would need to be carried out after particle isolation since the extreme
temperatures required during the synthesis would be detrimental to protein
function. Additional ligand exchange steps would also be required to functionalise
the organic surface with a layer to improve aqueous solubility for biological

applications.
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1.2.2. Induction heating

Magnetic nanoparticles are able to generate heat in the presence of an
alternating/oscillating magnetic field which has potential in various biomedical
applications. To utilise these magnetic properties effectively it is important to
understand the process by which conductive materials generate heat as a
consequence of electromagnetic induction. Induction heating is a process where
under electromagnetic induction, electrically-conducting materials, such as metals,
will generate heat through eddy currents in the material. Eddy currents represent
loops of electrical current induced by an alternating magnetic field. Alternating
magnetic fields are generated using an electromagnet and an electric oscillator
passing a high frequency alternating current through the electromagnet. The eddy
currents that arise by penetration of an alternating magnetic field, will flow through
the resistance of the material and generate heat by Joule heating. Joule heating
arises from interactions between charge carriers, such as electrons, and the body
of the conductor, generally atomic ions. The charge carriers gain kinetic energy as
a result of the voltage difference between the points of the conductor, which
generates an electric field and accelerates the charge carriers towards the field.
The charged particles scatter as a result of collisions with ions in the conductor,
where their direction of motion then becomes scattered instead of aligned with the
field. This scattering of particles constitutes thermal motion, brought about by a

conversion of electrical energy into thermal energy.
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1.2.2.1. SPION magnetic heating

Nanoparticle magnetic heating has largely been employed as a hyperthermia
therapy in cancer research for localised heat-induced death of cancerous tissues.
Specifically, the energy supplied by an alternating magnetic field displaces the
magnetic moment from the preferred orientation and the subsequent relaxation to
equilibrium releases thermal energy into the environment. The rate at which
SPIONs undergo magnetic heating is relative to their specific absorption rate
(SAR), which is the rate at which energy is absorbed by an electromagnetic field.
SAR is an important property that influences heating and is affected by factors
such as patrticle size and composition (Carrey et al., 2011). Typically for
hyperthermia applications with SPIONs, an alternating magnetic field strength up

to 200 Oe is operated at a frequency of around 100 kHz (Atkinson et al., 1984).

There are various mechanisms by which SPIONs undergo magnetic heating;
susceptibility loss, hysteresis heating and stirring, where the dominating
mechanism has been shown to be influenced significantly by particle size (Figure
1.5) (Vallejo-Fernandez et al., 2013). These mechanisms are described for
particles within a size limit that defines them as single domain SPIONSs that
transition to single domain ferromagnetic particles (Figure 1.4). The susceptibility
loss mechanism occurs with SPIONS up to ~13 nm in size (Vallejo-Fernandez et
al., 2013), based on two relaxation times associated with Néel relaxation and
Brownian/random rotation of the particles as they are in a liquid environment
(Pankhurst et al., 2003). This is brought about through rapid switching of the
magnetic moment orientation within the alternating magnetic field, (Vallejo-
Fernandez et al., 2013). Particles between 13-20 nm exhibit hysteresis heating,
which is the most efficient heating mechanism of the three described. This arises
due to magnetic hysteresis where remanent magnetisation occurs that is
characteristic of ferromagnetic particles as the size transitions across the
superparamagnetic-ferromagnetic boundary. Over 20 nm, particles are unable to
switch in the field where the majority of particles are not aligned with field and
viscous heating as a function of stirring will occur (Vallejo-Fernandez et al., 2013).
This mechanism is more pronounced for aggregated particles and likely accounts
for anonymously large heating effects previously reported (Hergt et al., 2008).

Heating measurements were recorded in Figure 1.5 where K represents

units of energy per cm cubed.
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Figure 1.5. Mechanisms of nanoparticle magnetic heating: Adapted figure
(Vallejo-Fernandez et al., 2013) where arrows (blue = susceptibility loss, yellow =
hysteresis heating, green = stirring) denote magnetic heating mechanisms for
particle size ranges (nm) between black dotted lines. Temperature is represented

as K, where K = 3 x 10°ergs cm.
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1.3 Nanomedicine

Using the various properties of nanoparticles for biomedical applications falls into
the bracket of nanomedicine, which can be described as the medicinal application
of nanotechnology. Nanomaterials are useful tools for both in vivo and in vitro
biomedical studies as they can be functionalised with biocompatible molecules
and are suitably sized to interface with biological structures and molecules. These
features allow for a broad range of biomedical applications including drug delivery,
imaging and sensing. Current challenges in nanomedicine are largely related to
safety, in terms of toxicity and environmental concerns, as well as efficacy with
regards to specific, localised applications. Selecting the most appropriate materials

to use biomedically is therefore of the upmost importance.
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1.3.1. SPIONSs in nanomedicine

The use of magnetite and maghemite SPIONs in nanomedicine are highly
preferential as they have shown good biocompatibility in previous work (Soenen et
al., 2012). It has been highlighted previously that surface coating is important for
solubility and biocompatibility using human mesothelium and murine fibroblast cell
lines with SPIONSs (Brunner et al., 2006). Also, using the contrast properties of
SPIONSs has been an effective tool to monitor both stem and dendritic cells in real-

time by magnetic resonance tomography (Bulte and Kraitchman, 2004).

One of the most prominent areas of research for SPION applications in
nanomedicine is magnetic heating treatments of cancer. This treatment is referred
to as magnetic hyperthermia, where SPIONSs in a ferrofluid are injected into a
tumour site before exposure to an alternating magnetic field to cause heating
(Figure 1.6). The temperature distribution as a consequence of magnetic heating
has been shown to help destroy cancerous cells within tumours (Javidi et al.,
2014, Heydari et al., 2015). The extent of magnetic heating can be modulated
based on the SPION concentration and parameters of the alternating magnetic
field, providing control over the application.

SPION administration
to tumour

Magnetic SPION
heating within
tumour

Tumour-bearing Alternating
mouse magnetic field

Figure 1.6. Magnetic hyperthermia treatment of a tumour-bearing mouse

using SPIONs exposed to an alternating magnetic field
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1.3.2. Drug delivery

One of the largest applications in nanomedicine is using nanopatrticles for the
delivery of molecules to specific cells and tissues. Nanopatrticles offer a promising
vehicle to carry biomolecules to niches of interest due to their small size which
makes them evasive from immune responses and allows for effective
biodistribution. Indeed, it has been shown previously that nanoparticles below 200
nm in size can evade clearance by phagocytosis (van Rijt et al., 2014) and that
nanocarrier size below 150 nm is essential for entry and exit from capillary
circulation (Blasi et al., 2007). The rate at which cellular uptake of nanoparticles
occurs depends which mechanism is employed and relates to the specific
properties of the particles. For example, particles between sizes of 0.5 — 5 um are
taken up commonly through macropinocytosis or circular dorsal ruffles where cells
simply envelop materials into the cytoplasm. By contrast, a slower, more regulated
mechanism for the uptake of smaller particles between 20 — 500 nm is Clathrin-
mediated endocytosis. Scavenger, mannose and Toll-like receptors are known
recognition and induction mechanisms for the process, involving formation of
clathrin pits in the cell membrane that wrap and pull their cargo into the cell
(Gustafson et al., 2015).

The surface of nanoparticles is often functionalised with polymers to improve bio-
suitability and act as a layer for biomolecule entrapment and release. Further
surface functionalisation can confer nanoparticle targeting to desired sites by the
conjugation of molecules, such as antibodies, that will recognise cell- and tissue-
specific markers. Functionalised nanopatrticles are designed to deliver
biomolecules specifically with minimal off-target effects by depositing an
appropriate dose of the active agent at morbid regions only. Ongoing research in
this field is continuously attempting to better understand and optimise the design
of nanomaterials for the most effective biodistribution, targeting and biomolecule
release whilst reducing any adverse nanoparticle toxicity. Many studies have
highlighted the rationale behind nanoparticle design for specific applications, for
example generating ultra-small 10.5 nm polyethylene glycol (PEG)-coated gold
nanoparticles to bypass the extracellular matrix and deliver drug molecules to
endothelial cells (Cheng et al., 2018). PEG was selected as a suitable material for
nanoparticle coating as it increases biocompatibility and reduces systemic

clearance (Kumar et al., 2013). Polymer shells coated onto the surface of
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nanoparticles can be significantly larger than the particles themselves, but this is
ultimately dependent on the structural properties of the polymer, particularly the

chain length. A schematic of a functionalised nanoparticle for targeted biomolecule
delivery that has a polymer shell significantly larger than the nanoparticle core can

}’ Targeting
molecule
Polymer

shell

A Encapsulated
biomolecule

. Nanoparticle

be seen in Figure 1.7.

Figure 1.7. Schematic of functionalised nanoparticle for targeted
biomolecule delivery: Grey circle in centre represents nanoparticle core with a
polymer shell (orange lines). Within polymer shell are encapsulated biomolecules
(green triangles) and on the polymer shell surface is a conjugated targeting

molecule (purple shape).
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1.3.2.1. SPIONs in drug delivery

SPIONSs have been used extensively in the field of drug delivery because of their
biocompatibility and potential for surface functionalisation with polymer layers for
biomolecule encapsulation. Various studies have been conducted investigating
surface coating with different types of natural and synthetic polymers, such as
chitosan and PEG respectively, which have been shown to significantly reduce
SPION oxidation, agglomeration and toxicity (Guo et al., 2017, Huang et al.,
2017). For drug delivery applications, such studies highlight the importance of
SPION polymer coating to improve stability and biocompatibility.

Some studies have shown progressive biomolecule release from SPION-polymer
networks. This has been shown using composites of SPIONs and starch
copolymers that could release the small molecule Hz3PW12040 (HPA) over time
upon gradual hydrolysis of the polymer (Hamidian and Tavakoli, 2016). However,
the disadvantage of this approach is the lack of control over drug release which, in
a biomedical application, would likely result in drug loss during delivery to a target
site. This highlights the attractiveness of using stimuli-responsive polymers with
SPIONSs as a tool for triggered biomolecule release. Also, the disadvantage of
using larger composite nanomaterials is that there is a significantly reduced
surface area compared with nanoparticles, which lowers the efficiency of
biomolecule encapsulation and release. This can be improved markedly by
designing functionalised SPIONs that have a polymer shell grafted onto the

surface.

Focus has largely been directed towards using SPIONSs for the delivery and
release of simple molecules such as drugs or short peptides over those that are
more complex, like proteins. This is perhaps due to the inherent functional
sensitivity of proteins to factors such as temperature and pH, which are common
triggers to release biomolecules from SPIONs coated with stimuli-responsive
polymers. Stimuli-responsive polymers are very appealing for releasing
encapsulated biomolecules from functionalised SPIONSs in a triggered manner.
Their use in nanomedicine has gained significant interest. For example, a study
showed that using SPIONs encapsulated into photo-sensitive polymer
polydopamine (PDA) could load a heat shock protein 70 (HSP70) inhibitor and
release it under near infrared (NIR) radiation through weakening of the polymer -
1 and hydrogen bonds (Guo et al., 2017).
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Additionally, many studies have utilised the magnetic properties of SPIONs for
targeting to sites of biomedical interest. For example, a study generated SPIONs
coated with graphene oxide and a surface-grafted polymer shell consisting of
chitosan and PEG. These particles could release the encapsulated anti-cancer
drug Doxorubicin (DOX) in a pH-triggered manner which showed enhanced
cytotoxicity to U87 cancer cells that was enhanced following magnetic targeting
(Huang et al., 2017). Using pH as a trigger for biomolecule release is useful for
applications where the environmental pH at the delivery site permits this approach.
However, in a physiological context, this may not be the case for all applications

where alternative triggers for biomolecule release may be more appropriate.
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1.4. Temperature-responsive polymers

For nanoparticle applications, particularly involving drug delivery, it is often
desirable to have polymer shell coatings to improve biological suitability. The use
of a stimuli-responsive polymer is attractive for drug delivery applications as a
triggered mechanism to release molecules trapped within a polymer shell.
Temperature-responsive polymers are a specific group of stimuli-responsive
polymers that exhibit a drastic change of their physical properties in response to
temperature. Generally, the significant property that is affected in response to
temperature is the polymer solubility in a given solvent. There are two sub-classes
of temperature-responsive polymer which are distinguished based on whether
their miscibility gap is found at high or low temperatures. The most common
temperature-responsive polymers are those that show a reduced solubility
following an increase in temperature, known as a lower critical solution
temperature (LCST). The phase transition that occurs as a result of the
temperature exceeding the LCST can cause significant conformational changes in
polymer structure following dissociation with solvent molecules. The other, less
common sub-class of temperature-responsive polymers are those that show
increased solubility following a temperature increase, known as an upper critical
solution temperature (UCST). The temperature-responsive properties of these
polymers have gained significant interest in nanomedicine, particularly for

temperature-triggered release of biomolecules in drug delivery applications.

44



1.4.1. Coil-globule transition

Upon a phase transition, many temperature-responsive polymers exhibit a coil-
globular transition following macromolecular collapse from an expanded coil state,
to a collapsed globule state, or vice versa. During this transition, a significant
proportion of solvent is either expelled, or associated with the polymer for
transition to a globule or coll, respectively. Specifically, polymers that
morphologically behave as chains can be regarded as exhibiting theta solvent
behaviour. For LCST polymers, above the LCST or theta point, a temperature-
induced collapse occurs which is associated with an unfavourable
entropy/randomness of mixing (Simmons and Sanchez, 2008). The
enthalpy/energy in the system is high below the LSCT due to hydrogen bonding
between solvent and polymer molecules. This also results in a loss of entropy
where random mixing of solvent molecules is prevented as a consequence of
hydrogen bonding to the polymer. However, upon an increase in temperature
above the polymer LCST, loss of hydrogen bonding between solvent and polymer
molecules causes an increase in entropy as water molecules are expelled from the
polymer and revert to a disordered/randomised state. Previous studies have
modulated pH and solution ionic strength to show that polyelectrolytes can drive
charge effects which impact upon the transition point through electrostatic
disruption between solvent and polymer molecules (Ulrich et al., 2005). The
polymer structural change following a phase transition has great potential as a
mechanism to release entrapped biomolecules for delivery applications,
particularly when heated using the heating properties of magnetic nanoparticles. A
schematic of the coil-globule transition following a temperature increase above

polymer LCST can be seen in Figure 1.8.
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Figure 1.8. Schematic of coil-globule transition of an LCST-sensitive
polymer: Polymer (orange lines) with coil morphology (left) interacting with solvent
molecules (blue dots) below the LCST. Polymer with globule morphology (right)

dissociated with solvent molecules above the LCST.
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1.4.2. Polymer synthesis

To generate polymers suitable for desired applications, it is important to consider
the most appropriate synthetic methods available. Polymers are synthesised using
a broad range of approaches, including anionic, cationic and radical
polymerisation. Radical polymerisation approaches involve three common steps;
initiation, propagation and termination. Initiation involves the initial double bond
break of monomer units by radicals to generate a radicalised product. This is
commonly facilitated by an initiator molecule to generate an active centre from
where a polymer chain is produced. Propagation of the polymer chain will
subsequently occur where the radicalised monomer units will react with new
monomers by transferring the reactive unit to form polymer chains by the
successive addition of monomers. Polymerisation then ends with termination,
where the formation of reactive monomers ceases thereby ending further polymer
chain growth. A reaction scheme of radical polymerisation can be seen in Scheme
1.2.

Some of the main types of radical polymerisation are free radical polymerisation
(FRP) and reversible-deactivation radical polymerisation (RDRP). Both these
approaches are types of chain-growth polymerisation. This involves a chain
reaction in which the growth of a polymer chain proceeds exclusively by
reaction(s) between monomer(s) and active site(s) on the polymer chain with
regeneration of the active site(s) at the end of each growth step (Penczek & Moad,
2008). These approaches differ since during propagation in RDRP radicals are
deactivated reversibly, bringing them into active/dormant equilibria, whereas
during propagation in FRP the polymer chains are constantly active (Jenkins et al.,
2009). Polymer properties differ greatly depending on the synthetic approach used
and therefore understanding each mechanism is important for generating desired

polymers.
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Scheme 1.2. Mechanisms of initiation, propagation and termination steps of
radical polymerisation: Where A-B represents initiator molecule, A-/B-/C-
represents radicals, B=C represents double bond of monomer molecule, A-B-C:
represents active growing polymer chain, A-B-C-A represents terminated polymer

chain.

48



1.4.2.1. Free radical polymerisation (FRP)

FRP is a very commonly employed approach that is used to generate a variety of
different polymers and composites. This approach was first described in 1920 by
Staudinger, where he proposed that trivalent carbon atoms, now known as
radicals, participated with monomers to generate long chain molecules
(Staudinger, 1920). Staudinger later postulated that the chain ends contain “free
valences” which are unstable and will grow until inactivation (Staudinger, 1926).
The activation of monomers by “catalysts” for propagation to form polymers was
suggested by Schulz (Schulz, 1935). The kinetics of the vinyl polymerization as a
chain reaction with participation of free radicals was first described by Flory, where
he proposed that two active chains can be terminated only by bimolecular
combination or disproportionation reactions (Flory, 1937). These early postulations
laid the foundations for the understanding and development of FRP, a highly non-
specific and facile procedure, making it one of the more versatile forms of

polymerisation.

Despite its versatility, FRP has drawbacks, particularly regarding premature chain
termination due to the highly non-specific nature of the polymerisation. There are
several ways in which polymer chains can prematurely terminate, one of which
being the combination of two active, propagating chains to form a non-active
polymer. Also, this combination can occur between an active propagating chain
and an initiator radical. Slower propagation can occur through interaction with
impurities, notably oxygen, where active chains will react with molecular oxygen to
form an oxygen radical that is significantly less reactive. Due to the nature of
termination with FRP, this restricts control somewhat over polymer molecular
weight distributions, chain architecture and composition, which may generate

undesirable polymers for certain applications.
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1.4.2.2. Reversible-deactivation radical polymerisation (RDRP)

RDRP is an approach that is often described as more of a “living” polymerisation
than FRP, in that premature chain termination is far less common, although it is
still a possibility (Jenkins et al., 1996). RDRP can be described as chain
polymerisation propagated by radicals that are deactivated reversibly, bringing
them into active/dormant equilibria (Jenkins et al., 2009). This procedure
originated in the late 20" century, where it was observed that the addition of
specific components during polymer chain propagation could reversibly react with
the radicalised chains and place them temporarily in a dormant state (Moad and
Rizzardo, 1995). This prolongs the lifetime of growing polymer chains since at any
given instance, where the majority of radicalised polymer species are in an
inactive, dormant state but are not irreversibly terminated. Only a small proportion
of chains are active and propagating at a rapid rate of interconversion between
dormant and active forms. This approach provides significantly improved control
compared to FRP over polymer molecular weight and distribution since
theoretically all chains are growing at a similar rate. Undesired chain termination
through combinations is still possible, but the more likely cause of chain
termination is an absence of monomer which is suitable for generating polymers
with a desired molecular weight and narrow distribution. Also, an advantage of this
approach is the ability to selectively end-functionalise polymer chains, which
allows for their use in certain applications, such as grafting to nanoparticle

surfaces.

Some of the most commonly employed RDRP approaches are nitroxide-mediated
polymerisation (NMP), reversible addition-fragmentation chain transfer (RAFT) and
atom transfer radical polymerisation (ATRP). NMP involves the use of an
alkoxyamine initiator to generate polymers with well controlled stereochemistry
and a low polydispersity index (PDI). One of the early studies using this method
showed that NMP of styrene could yield a polymer with a low PDI and predictable
molecular weights based on the ratio of nitroxide and monomer (Georges et al.,
1993). The development of NMP sparked widespread interest due to its simplicity
and capability to generate a broad range of materials, including block copolymers
and surface-grafted polymer brushes. RAFT polymerisation was first described in
1998 and has since been widely used in research as a process without

requirement for metal catalysts and with the capabilities to mediate the
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polymerization of a wide range of monomers (Chiefari et al., 1998). ATRP is widely
used due to its flexibility regarding choice of end groups and catalytic species,
which has led to the synthesis of polymers with a range of architectures and
compositions. The fundamental mechanisms of NMP, ATRP and RAFT

polymerisation approaches can be seen in Scheme 1.3.
1) Dissociation-Combination Mechanism (NMP)

P.—X s— P,/ + X

)

2) Degenerate Transfer Mechanism (RAFT)

ropagation

P,— X + P, P, + P,—X

Propagatloru u

3) Atom Transfer Mechanism (ATRP)

ropagation

PI'I—An ‘:L Pn. + An+1x

)

Scheme 1.3. The fundamental mechanisms of commonly used RDRP

ropagation

approaches: 1) Dissociation-Combination (NMP) 2) Degenerate Transfer (RAFT)
3) Atom transfer. Where Pn represents dormant polymer, X represents initiator
molecule, X represents radicalised initiator, Pn represents active, propagating

polymer and A represents atomic transfer, Adapted from Shipp (2011).
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1.422.1. ATRP

ATRP is a type of RDRP that involves the formation of a carbon-carbon bond, in
which the deactivation of radicals involved occurs through reversible atom transfer
(Jenkins et al., 2009). This approach was independently reported on by different
research groups in 1995 (Kato et al., 1995, Wang and Matyjaszewski, 1995).

ATRP generally involves a transition metal catalyst, such as copper, and an alkyl
halide initiator. During the process, activation of the dormant species occurs
through the transition metal complex which generates radicals by one electron
transfer process. The transition metal complex is simultaneously oxidised to a
higher oxidation state which causes a reversible process in which equilibrium is
rapidly achieved that largely favours the side with low radical concentrations. The
number of initiators present determines the number of polymer chains, where each
propagating chain has an equal chance of reacting with monomer units to elongate
living/dormant chains. This results in generating polymers with similar molecular
weights that are narrowly distributed. A typical depiction of an ATRP reaction can

be seen in Scheme 1.4.
A) R-Br + Cu(l)Brlligand s—> R* + Cu(ll)Br,/ligand

M

C)
B) P-Br + Cu(l)Brlligand s=—> U + Cu(ll)Bry/ligand

M

Scheme 1.4. Example of an ATRP reaction using a bromine-based halide
alkyl initiator and copper bromide-based transition metal catalysts: Where R-
Br is bromide-based halide alkyl initiator, Cu(l/1)Br/ligands are copper bromide-
based transition metal/ligand complexes, R-is a generated radical, M is the
monomer, P-Br is the dormant polymer species and P: is the active, propagating
polymer species. A) Initiation step B) Equilibrium with dormant species C)

Propagation.
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As with any radical polymerisation reaction, the crucial constituents are monomer,
initiator, catalyst, ligand and solvent. Firstly, monomers used in ATRP reactions
generally have substituents that are able to stabilise propagating radicals, such as
styrenes (Patten and Matyjaszewski, 1998). The rate of polymer propagation is
relative to the unique properties of specific monomers. It is therefore essential to
optimise reaction conditions along with the other components to ensure that the
concentration of dormant species is greater than the propagating radical without

being insufficient and leading to the reaction slowing or halting.

The equilibrium constant between the dormant and active species is determined
by the catalyst, which makes it the most important component of ATRP. Catalyst
concentration determines the fine balance between inhibiting or slow
polymerisation through a low equilibrium constant, and a wide molecular weight
distribution due to a high equilibrium constant (Matyjaszewski and Tsarevsky,
2009). Important criteria for selecting catalysts include high affinity for halogens by
the metal centre, as well as no significant side reactions such as irreversible
coupling with propagating radicals. Copper is a widely selected catalyst as it has
shown high versatility in mediating polymerisation with a range of monomers.
Pyridine-based ligands are often selected which generally form a complex with the
transition metal catalyst to improve its solubility, such as a tris[2-
(dimethylamino)ethyllamine (MesTREN) and CuBr (copper bromide) transition
metal/ligand complex (Lu et al., 1996).

The amount of initiator determines the number of polymer chains, where rapid
initiation leads to narrow molecular weight distributions as a result of consistent
propagating chains. Alkyl halides are commonly used initiators, particularly alkyl
bromides, as they are more reactive than alkyl chlorides, where both offer good
molecular weight control (Matyjaszewski and Tsarevsky, 2009).

Finally, since multiple components are required for ATRP that will exhibit different
solubilities, selecting an appropriate solvent is essential for efficient
polymerisation. Various polar solvents have been commonly used, such as water

and methanol, as well as non-polar solvents like toluene and anisole.
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1.4.3. Characterisation of LCST properties

Following the synthesis of temperature-responsive polymers it is important to
characterise their phase transition properties to ascertain the extent of phase
separation and specific temperature this occurs at. There are numerous methods
by which the properties of temperature-responsive polymers are characterised.
One approach is a measurement of the cloud point, which is the temperature at
the onset of cloudiness or inflection of a transmittance curve (Figure 1.9). There is
no definitive approach for determining the cloud point across all systems and is
often either determined visually, or quantitatively using turbidimetry by measuring
the loss of light transmittance at the cloud point temperature. Previous studies
have shown that different structural parameters of polymers can influence the
cloud point, such as hydrophobic content, architecture and molar mass (Ward and
Georgiou, 2010, Georgiou et al., 2004).
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Figure 1.9. Example of a temperature-transmittance curve for temperature-

responsive polymers (Liu et al., 2015).
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Also, an important consideration for possible applications is the extent of phase
transition, which is represented by the polymer content in each phase after
temperature-responsive separation. For most applications, a sharp phase
transition is desirable with a phase separation of pure solvent and pure polymer.
This however is often not the case, for example it has previously been shown that
polystyrene dispersed in solvent cyclohexanol has a partial phase separation upon
cooling from 25°C - 20°C with a polymer-poor and polymer-rich phase (Schultz
and Flory, 1952). Phase transition sharpness is related to the extent of phase
separation and is influenced by molecular properties of the polymer such as
dispersity and also composition, particularly regarding copolymers, which may

exhibit a range of cloud points (Seuring and Agarwal, 2012).
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1.4.4. Applications of temperature-responsive polymers

The properties of temperature-responsive polymers make them very attractive for
a variety of applications in cell biology and biochemistry. One useful property is
their capacity to be functionalised, which has been utilised in bioseparation
techniques by covalently attaching moieties that bind specific molecules.
Subsequently, the polymer-biomolecule conjugate can be separated through
temperature-induced precipitation and purified by filtration or centrifugation. This
has previously been shown in a study where human immunogammaglobulin was

purified using a protein A-polymer conjugate (Chen, 1990).

Another biochemical application of temperature-responsive polymers is their use in
the stationary phase of liquid chromatography. It has been shown that the extent
of separation can be enhanced using not only the temperature-sensitive polymer
properties, but also by adding moieties that affect hydrophobic or electrostatic

interactions (Ayano and Kanazawa, 2006).

Additionally, the swelling properties of temperature-responsive polymers that
exhibit a coil-globule transition (Figure 1.8) have been utilised for molecular “catch
and release” techniques. This has been utilised particularly for temperature-
triggered drug delivery applications where polymers in the swollen state have been
shown to readily release incorporated drugs by diffusion (Dinarvand and
D'Emanuele, 1995). This mechanism has also been employed in a more
sophisticated manner for other approaches such as molecular imprinting by
creating template-shaped cavities in polymer matrices for molecular recognition
(Suedee et al., 2006). A schematic of drug release using nanoparticles
functionalised with temperature-responsive polymers for drug delivery applications

can be seen in Figure 1.10.
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Figure 1.10. Temperature-responsive polymer “catch and release” of drug
molecules from functionalised drug delivery nanoparticles: Schematic shows
temperature-responsive polymer shell in the expanded form below phase
transition temperature that can catch biomolecules (left) and in the collapsed form
above the transition temperature that will release biomolecules (right). Grey circle
in centre represents nanoparticle core with a polymer shell (orange lines). Within
polymer shell are encapsulated biomolecules (green triangles) and on the polymer

shell surface is a conjugated targeting molecule (purple shape).

Also, temperature-responsive polymers have been used in cell biology for tissue
regeneration and engineering purposes. One application has been to transfer the
polymer temperature-sensitive properties to surfaces for cell culture by generating
films or covalent attachment. It has been shown that cells can be detached from
surfaces functionalised with temperature-responsive polymers in a temperature-
triggered manner (Lee and von Recum, 2010). Because cell adhesion to surfaces
is highly dependent on the hydrophilic/hydrophobic interactions, utilising the
temperature-responsive polymer properties allows modulation of this environment
which causes detachment. This has been shown to be non-destructive to cells and

provides an alternative to conventional enzymatic detachment.

Also, in tissue engineering, temperature-responsive polymers have been used as
physical gels, rather than covalently linked, to produce thermoresponsive
injectable gels. This approach has been used to effectively prepare injectable cell
solutions at room temperature, for example by delivering stem cells to rats in vivo
(Borden et al., 2010). One of the challenges when generating injectable solutions
is tuning the polymer properties to allow for gel formation which is significantly
affected by the molecular composition, architecture and molar mass (Ward and
Georgiou, 2010).
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1.4.5. Poly(N-isopropylacrylamide) (PNIPAM)

One of the most extensively studied and characterised temperature-responsive
polymers is PNIPAM (Figure 1.11). PNIPAM was first characterised in terms of its
temperature-responsive properties in 1968 by Heskins and Guillet, where they
established its unique behaviour in aqueous solutions at an LCST of 32°C
(Heskins and Guillet, 1968). From the 1980’s onwards, PNIPAM has gained a
significant amount of research interest after realisation of its potential for a variety
of applications (Schild, 1992).

n
O~ 'NH

Figure 1.11. Chemical structure of PNIPAM

In aqueous solution, PNIPAM exhibits a coil-globule transition above its LCST,
where it loses around 90% of its hydrated volume after going from a swollen,
hydrated to shrunken, dehydrated state (Figure 1.8) (Wu and Wang, 1998). The
phase transition of PNIPAM is extremely sharp, with an abrupt hydrophilic-
hydrophobic shift at its LCST that is reversible, making it highly attractive for many
applications. Specifically, at temperatures below the LCST in aqueous solution,
PNIPAM orders itself in solution to hydrogen bond with water molecules. Water
molecules will reorient around nonpolar regions of PNIPAM, resulting in decreased
entropy. PNIPAM is stably soluble in aqueous solution as the negative enthalpy of
hydrogen bonding is dominant. However, after heating above the PNIPAM LCST,
the negative entropy of mixing then dominates causing PNIPAM to expel its water
content and phase separate. Also, by contrast to many other temperature-
responsive polymers, the LCST properties of PNIPAM are not influenced by its

molecular mass (Solc et al., 1995, Afroze et al., 2000). In dilute PNIPAM solutions
58



at its LCST, the phase transition can be visualised as a shift from clear to
cloudiness and in more concentrated PNIPAM solutions precipitation is observed.

A pictorial depiction of the PNIPAM phase transition can be seen in Figure 1.12.

Aqueous PNIPAM solutions

|
[
LCST

Figure 1.12. PNIPAM temperature-responsive properties above and below its

Conctrated

LCST: Schematic of aqueous solutions of PNIPAM below (left) and above (right)
the LCST at both concentrated and dilute concentrations. Dilute PNIPAM
concentrations above the LCST shows cloudiness and when concentrated shows
precipitation. The temperature-responsive properties of PNIPAM occur
independently of its molecular weight and concentration at approximately 32°C
(Fujishige et al., 1989).

PNIPAM is also favourable for applications due to its ease of synthesis and range
of possible modifications. Homopolymers and copolymers of PNIPAM can be
readily produced by radical polymerisation approaches. An advantage of
copolymerisation with additional monomers is tunability of the polymer LCST,
which could improve its suitability for certain applications, such as release of
biomolecules above physiological temperatures in drug delivery. Additionally, it is
possible to form cross-linked hydrogels with PNIPAM which can be composed of
copolymers and even versions with three types of monomer, formed in a process
known as terpolymerisation. Also, from a synthetic perspective, PNIPAM can be
terminally-functionalised with interesting moieties, such as catechol groups, that

can allow for surface coating of nanoparticles.

PNIPAM is an excellent candidate for drug delivery purposes as a tool for

temperature-triggered biomolecule release. Solutions of PNIPAM can be loaded

59



with biomolecules and then subsequently administered in vivo before polymer
collapse above the LCST to eject the entrapped cargo (Figure 1.10) (Huffman et
al., 1986). PNIPAM has also been shown to be sensitive to pH as well as
temperature in various studies investigating release of different biomolecules, such
as ibuprofen (Zhou et al., 2007).

Additionally, PNIPAM hydrogels have been utilised for various tissue engineering
applications, most notably as gel actuators on cell culture surfaces. During the
PNIPAM hydrophilic-hydrophobic phase transition at its LCST, the expulsion of
water molecules causes a physical conformational change and mechanical hinge
movement (Zhang et al., 2011). This temperature-sensitive mechanical property of
PNIPAM has been employed as a tool for non-destructive cell detachment from
modified culture surfaces.
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1.4.5.1. PNIPAM drug delivery applications with SPIONs

The use of PNIPAM-based materials with SPIONSs, either by polymer grafting
directly onto nanoparticle surfaces or generating nanoparticle-polymer composites,
has great potential as a drug delivery application. The magnetic heating properties
of SPIONSs are particularly appealing for use with temperature-sensitive polymers
as a mechanism to trigger a phase transition. Using this approach with PNIPAM-
based materials loaded with biomolecules is a possible tool for thermally-triggered
release of drug molecules. This mechanism theoretically works in the same
fashion highlighted in Figure 1.10, using magnetic heating to induce a PNIPAM
coil-globule transition. Indeed, previous work has shown effective DOX release
upon magnetic heating of SPION-PNIPAM composites above the polymer LCST
(Purushotham et al., 2009) which has also been reported for anti-cancer drug
mitoxantrone (Regmi et al., 2010). Also, it has been shown that SPIONs
encapsulated within a PNIPAM network could release the dye molecule rhodamine
6G (R6G) through mesoporous silicon oxide channels in a temperature-sensitive
manner (Shen et al., 2016).

Additionally, PNIPAM has also been shown to be sensitive to pH as well as to
temperature. For example, previously generated SPION-PNIPAM composites
could release DOX more rapidly by lowering the pH from 7.4 to 5.8 (Kaamyabi et
al., 2016).

There are numerous studies that report temperature-sensitive drug release from
PNIPAM-based materials, however studies investigating release of complex
biomolecules, such as proteins, are less common. This is perhaps due to the
inherent sensitivity of proteins to temperature which could have a detrimental
effect on function and activity. However, there are some reports of protein activity
following magnetically-heated release from SPION-PNIPAM materials, for
example, vascular endothelial growth factor (VEGF) release from composites upon
magnetic heating could activate human umbilical vein endothelial cells (HUVECS)
(Dionigi et al., 2014). Therefore, there is probable scope for magnetically- and
temperature-responsive nanomaterials as a tool for triggered protein release in

other biomolecule delivery applications.
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1.4.6. Poly(N-isopropylmethacrylamide) (PNIPMAM)

A far less studied temperature-responsive polymer than PNIPAM is PNIPMAM,
which is almost identical in structure aside from the presence of an additional a-
methyl group on the monomer (Figure 1.13). This structural difference has been
found to have a marked effect on the polymer temperature-responsive properties,
leading to an increased LCST as compared to PNIPAM (Kubota et al., 1990).
However, by contrast to PNIPAM, the LCST properties of PNIPMAM have been
found to be influenced by the polymer molecular weight and concentration (Djokpé
and Vogt, 2001; Rathfon and Tew, 2008). PNIPMAM is readily synthesised
through radical polymerisation approaches and its tuneable LCST properties are
potentially interesting for thermally-triggered release above physiological
temperatures in drug delivery applications. Indeed, some work has been
conducted in this area, where PNIPMAM nanogels could encapsulate and release
DOX in a temperature-sensitive manner (Peters et al., 2018). Since the field is
dominated by PNIPAM-based materials, PNIPMAM is still an emerging presence
for drug delivery applications. However, the facile nature of PNIPMAM synthesis
and tunability of its LCST make it a promising candidate for developing a
temperature-responsive polymer capable of biomolecule release above

physiological temperature.

The use of SPIONSs coated with polymers like PNIPAM or PNIPMAM, could be an
interesting tool for temperature-triggered biomolecule release using magnetic
SPION heating. This is a novel approach in the field of tissue engineering where
PNIPAM-based materials are largely used as hydrogel surfaces to promote
cellular attachment and differentiation. The development of temperature-
responsive SPIONs could be potentially useful for the activation of stem cells in
situ through the delivery and release of growth factors to promote stem cell-driven

tissue regeneration.
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Figure 1.13. Monomer structures of PNIPAM and PNIPMAM: Monomer
structure for PNIPAM (left) and PNIPMAM (right).
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1.5. Stem cells

The use of nanomaterials for drug delivery applications has great potential as a
therapy in numerous disease fields. One of these is in tissue engineering as a tool
to deliver biomolecules that can activate stem cells to help regenerate damaged
tissue. A stem cell is a type of cell capable of differentiating into multiple, specific
cell types that are responsible for particular functional roles. Human embryonic
stem cells (hESCs) have the most diverse differentiation capacity and are
classified as being pluripotent as they can form all cell types in the human body,
except specific supporting tissues required during embryonic development like the
placenta. These cells are derived from the embryonic inner cell mass and are
capable of self-renewal and differentiation to form more mature adult stem cells
during development. Adult stem cells have a more limited differentiation potential
than hESCs and are known as being multipotent. In response to tissue damage
through injury- or age-related events, adult stem cells can differentiate into specific

cells required to regenerate the damaged tissue.
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1.5.1. Mesenchymal stem/stromal cells (MSCs)

MSCs are a highly heterogeneous population of adult stem cells capable of
differentiating, via specific lineages, into osteoblasts, adipocytes and
chondrocytes, which in vivo form bone, fat and cartilage tissue, respectively
(Figure 1.14). Generally, MSCs are isolated from bone marrow but are not limited
to this niche environment and have been found to reside in most bodily tissues (da
Silva Meirelles, 2006). Over many passages, MSCs display the ability to retain
their capacity to differentiate upon stimulation with specific biochemical cues
(Pittenger, 1999). The heterogeneity of MSCs is evident, where within a given
population, it has been shown that some cells displayed a more limited
differentiation potential than others and some do not differentiate at all, but have

immunomodulatory functions (James et al., 2015).

MSCs used in research are isolated from different sources using various
procedures, which makes it difficult to define an already highly heterogeneous cell
type. To allow for better comparisons between studies and ensure that MSCs used
are derived from the same population, the International Society for Cellular
Therapy developed criteria for defining MSCs. The established criteria were that
MSCs must be plastic adherent, capable of tri-lineage differentiation, to express
specific cell surface markers CD105, CD73, CD90, and be negative for the
haematopoietic stem cell (HSC) surface markers CD45, CD43, CD14 or CD11b,
CD79a or CD19 and HLA-DR (Dominici et al., 2006).
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Figure 1.14. Differentiation potential of MSCs: Upon stimulation with specific
biological components, MSCs can differentiate both in vitro and in vivo to form

adipocytes (fat), chondrocytes (cartilage) and osteoblasts (bone).
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1.5.1.1. Functional roles of MSCs

MSCs are integral for tissue regeneration through their differentiation capacity to
form cells important for tissues such as bone and cartilage. Using patient-derived
MSCs, it is possible to generate autologous tissue that is biocompatible with the
individual to replace damaged or diseased areas. Early experiments using MSCs
as a tool for regenerative medicine, began with treatments of bone defects or
disorders. Promising results were initially found in sheep experiments after using
MSC-loaded scaffolds to repair tibia bone defects (Kon et al., 2000). These results
were subsequently recapitulated in human clinical trials using patients with various

bone defects (Marcacci et al., 2000).

MSCs are not just limited to applications in tissue regeneration and have been
shown to also have immune-regulatory functions. In the bone marrow environment
where MSCs reside, HSCs also populate this biological niche. HSCs are capable
of differentiating into all types of blood cell, as well as immune cells. Because
MSCs and HSCs co-exist in the same region, it was tested whether MSCs could
regulate lymphocyte proliferation. MSCs were found to reduce lymphocyte
proliferation in vitro and also displayed immune-regulatory properties in vivo based
on skin graft analysis (Bartholomew et al., 2002). Following this discovery, MSCs
have been used in clinical trials for the treatment of graft vs. host disease. Graft
versus host disease is an immune disorder that generally arises following
transplantation when immune cells from the donor attack the recipient patient's
tissues. This disease is often a side effect following allogeneic bone marrow
transplantation involving stem cells. There is evidence to suggest some success
with this treatment, however avoiding complications and optimisation of the
appropriate MSC dose still requires further investigation (Ringden and Keating,
2011). The potential for using MSCs to treat a variety of diseases is highlighted by
ongoing research towards their therapeutic use in multiple fields, such as muscle
regeneration following heart attacks, diabetes and strokes (Gersh, 2010, Jiang et
al., 2011, Jang et al., 2010).
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1.5.1.1.1. Osteogenesis

MSCs have been used extensively in research as a precursor cell type to form
cells integral for joint tissue. One of the major constituents of joint tissue is bone
and it is therefore crucial to highlight the biochemical pathways that oversee this
process in order to effectively develop therapies. The process by which cells
differentiate to form osteoblasts is known as osteogenesis, which is essential for
the development of bone tissue. A multitude of transcription factors have been
implicated in osteogenesis, most notably Runt-related transcription factor 2
(Runx2). Runx2 binds to the promotor region of osteogenic genes, including
osteocalcin and osteopontin (Ducy et al., 1997). The role of Runx2 in osteogenesis
has been confirmed in previous work by showing that loss of Runx2 is lethal to
mice, causing complete lack of bone ossification (Komori et al., 1997). Also, it has
been shown that overexpression of Runx2 in mouse-derived MSCs enhances the
expression of bone-related genes in vitro and shows increased bone
mineralisation capacity in vivo (Zheng et al., 2004). Another transcription factor,
Osterix, acts downstream of Runx2 and has been found to be essential for bone

formation (Nakashima et al., 2002).

Osteogenesis is a complex process, overseen by a plethora of signalling pathways
that require tight regulation and control. The expression of transcription factors is
modulated by these pathways, following activation by growth factors and signalling
molecules from the cellular environment. Some of the key signalling pathways
implicated in osteogenesis include bone morphogenetic protein (BMP) and
Hedgehog (Hh) signalling. BMPs belong to the transforming growth factor B (TGF-
B) superfamily and act at different stages of development. Downstream events of
BMP signalling involve binding to specific receptors to bring about phosphorylation
of receptor SMAD proteins. Phosphorylated receptor SMAD proteins form
complexes with other SMAD proteins before translocation to the nucleus where
they influence transcription factor activity. BMP-2 has been directly implicated in
osteogenesis that has been shown to activate Runx2 (Lee et al., 2000) and
Osterix activity (Lee et al., 2003). Hh signalling activates Gli family transcription
factors after a Hh factor-receptor interaction suppresses a downstream protein
called Smoothened. In vitro, it has been shown that mouse MSCs treated with the
Hh signalling factor Indian Hedgehog (IHh), showed positive induction of

osteogenesis following a 2-day treatment (Hu et al., 2005).
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One of the other major signalling pathways implicated in osteogenesis is the
canonical Wnt pathway. This pathway operates in a similar fashion to the Hh
signalling pathway, through the suppression of a downstream protein to allow
transcriptional activation. Specifically, the prevention of (3-catenin phosphorylation
allows for its translocation into the nucleus to regulate gene transcription via the T-
cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factor family. It has
been shown in a study with mice that prevention of 3-catenin phosphorylation
using an inhibitor resulted in increased osteogenesis in vitro and in vivo (Kulkarni
et al., 2006). Another study identified a TCF binding site in the promotor region of
Runx2, suggesting a role for Wnt signalling in promoting osteogenesis (Gaur et al.,
2005). It has also been shown that specific Wnt signalling ligands impact
osteogenesis differently, where Wnt3a could inhibit the process and Wnt5a
promoted it (Boland et al., 2004). It was found in a subsequent study that Wnt3a
affected osteogenesis differently at specific stages by inhibiting early osteogenesis
of MSCs, but promoting later osteogenic events in mature osteoblasts (Quarto et
al., 2010).

Since osteogenesis is crucial for effective bone formation, control of this process
by activation of signalling pathways is an area of great therapeutic potential in

tissue engineering.
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1.5.1.1.2. Chondrogenesis

As with bone, MSCs have been used for the development of cartilage, another
major component of joint tissue. It is therefore important to understand the major
pathways that govern this process to effectively develop therapies in this area.
Chondrogenesis involves the differentiation of cells into chondrocytes, an integral
component of cartilage tissue. As with osteogenesis, chondrogenesis is a process
heavily regulated by signalling pathways that control transcriptional activation of
target genes. The major transcription factor involved in chondrogenesis is SRY -
related high mobility group-box gene 9 (Sox9) (Augello and De Bari, 2010). Sox9
controls the expression of collagen type 9 by binding to its promotor region and
forming trans-activating complexes with other proteins (Bridgewater et al., 1998,
Wang et al., 2014). Overexpression of Sox9 was found to increase, whilst Sox9
inhibition decreased, mRNA levels of chondrogenic marker genes like collagen
(type 2, type 9 and type 11) and aggrecan (Yang et al., 2011). Cross-talk between
differentiation pathways has been shown where the potent transcriptional
enhancer of osteogeneic differentiation BMP-2 could also enhance chondrogenic
differentiation, an effect which was potentiated by the co-expression of Sox9 (Liao
et al., 2014). Other important transcription factors for chondrogenic differentiation
include Forkhead box O3A (FOXO3A) and Zinc-finger protein 145 (ZNF145). It
has been shown that FOXO3A down-regulation causes a decrease in the
expression of chondrocyte-specific markers (Guérit et al., 2014). ZNF145 inhibition
has been found to decrease chondrogenic differentiation of MSCs, whereas its

overexpression enhanced Sox9 expression and chondrogenesis (Liu et al., 2011).

Key pathways involved in osteogenesis, such as BMP and Hh signalling, have
also been heavily implicated in chondrogenesis. BMP signalling has been shown
to positively regulate chondrogenesis, where overexpression of BMP-2 and BMP-4
could enhance chick limb cartilage development (Duprez et al., 1996). Also,
knockout of key SMAD receptors involved in BMP signalling, caused lack of Sox5,
Sox6 and Sox9 expression which inhibited chondrocyte formation and maturation
(Yoon et al., 2005, Yoon et al., 2006). Hh signalling also impacts upon
chondrogenesis, where IHh-deficient mice displayed a markedly reduced
chondrocyte proliferation and premature chondrocyte hypertrophy (St-Jacques et
al., 1999).
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As with osteogenesis, Wnt signalling is also an essential pathway for the
regulation of chondrogenesis. The canonical Wnt/3-catenin pathway has been
shown to act upon chondrogenesis differently to the non-canonical Wnt pathway
that operates independently of 3-catenin. For example, the canonical Wnt
signalling ligand Wnt3a has been reported to repress chondrogenesis and
chondrocyte gene expression (Reinhold et al., 2005). Cross-talk has been shown
between chondrogenic and osteogenic differentiation, where inactivation of 3-
catenin could increase Sox9 expression and induce chondrocyte differentiation at
the expense of osteogenic differentiation during the process of intramembranous
and endochondral ossification (Day et al., 2005, Guo et al., 2009). By contrast, it
has been shown that the non-canonical Wnt signalling ligand Wnt11 could
stimulate the gene expression of chondrogenic regulators and promote
chondrogenic differentiation of MSCs synergistically with TGF-3 (Liu et al., 2014).
Also, it was shown that non-canonical Wnt signalling ligands Wnt5a and Wnt5a
could function in coordination to enhance chondrocyte proliferation and
differentiation through regulation of chondrocyte-specific collagen type 2 alpha 1
(Col2al) expression (Yang, 2003).

As with osteogenesis, chondrogenesis relies on signalling pathways, such as Wnt
signalling, to regulate the expression of specific transcription factors that are key to
the process. Using biomolecules like growth factors that are integral to
chondrogenesis as tools for tissue regeneration of cartilage, is an area of

significant clinical interest.
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1.6.  Wnt signalling

It is well understood that specific biomolecules can greatly influence the
differentiation of MSCs down certain lineages, such as osteogenesis and
chondrogenesis. MSC fate is largely overseen by a plethora of signalling
pathways, which makes biomolecules important for signalling regulation, such as
growth factors, crucial for therapeutic applications (Frith and Genever, 2008). Wnt
signalling is one of the most important pathways in development and has been
implicated in a variety of processes such as tissue regeneration of adult bone
marrow (Goessling et al., 2009). The discovery of Wnt signalling began with the
identification of a novel proto-oncogene in mice named integration 1 (intl) in 1982
by Roel Nusse and Harold Varmus (Nusse et al., 1984). It was later realised that
the intl gene in Drosophila had already been characterised as the Wingless (Wg)
gene that functioned in segment polarity during formation of body axis during
embryonic development. This led to subsequent research where it was discovered
that mammalian intl was also involved in mouse embryonic development
(Wilkinson et al., 1987). The Wnt gene family began to develop following further
discoveries of intl-related genes, where the Wnt nomenclature was derived from

int/Wingless that stands for “Wg-related integration site”.

A variety of proteins are involved in the Wnt signalling cascade that are heavily
modified post-translationally through palmitoylation and glycosylation. These
modifications have been shown to be essential for Wnt protein targeting to the
plasma membrane for secretion and also receptor binding, for example with the
ligand Wnt5a (Kurayoshi et al., 2007).

There are three Wnt signalling pathways that have been characterised, which are
a canonical pathway involved in regulation of gene transcription, and two
noncanonical pathways involved in either cytoskeletal or calcium regulation. All
pathways share common features, where pathway activation arises following Wnt
protein ligand binding to a Frizzled (Fz) family receptor that transduces a signal to

the intracellular Dishevelled (Dsh) protein.
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1.6.1. Canonical Wnt signalling

Since the canonical Wnt signalling pathway is heavily involved in gene
transcription, it has a significant impact on crucial biological processes, such as
MSC fate. Our understanding of this pathway has allowed for the development of
useful tools to study signalling activation, such as a reporter MSC line (Saleh et
al., 2016). The canonical Wnt or Wnt/B-catenin pathway involves [3-catenin
translocation from the cytoplasm to the nucleus where it functions as a
transcriptional coactivator of factors belonging to the TCF/LEF family. Wnt ligand
binding to a Fz family receptor and co-receptor low-density lipoprotein receptor-
related protein 5/6 (LRP5/6) causes the translocation of the protein axin to the
plasma membrane. The Wnt-Fz-LRP5/6 complex was first characterised where
extracellular domains of LRP6 and Fz8 were shown to form a complex in vitro in
the presence of Wntl (Tamai et al., 2000). Axin is associated with a destruction
complex that ordinarily degrades B-catenin by proteasomal degradation through
ubiquitination in the absence of Wnt activation (Nakamura et al., 1998). The
destruction complex consists of proteins adenomatosis polyposis coil (APC),
protein phosphatase 2A (PP2A), glycogen synthase kinase 3 (GSK3), and casein
kinase 1a (CK1a) (Nakamura et al., 1998). Once the destruction complex is
moved to the plasma membrane, it becomes associated with the cytoplasmic tail
of LRP5/6 through axin phosphorylation and binding. Then, axin becomes de-
phosphorylated which lowers its stability and levels to allow for the activation of
Dsh by phosphorylation (Willert et al., 1999). Through its DIX and PDZ domains,
Dsh then inhibits the kinase activity of GSK3 within the destruction complex
(Fiedler et al., 2011). Inhibition of destruction complex activity allows -catenin to
accumulate and translocate to the nucleus for transcriptional activation alongside
TCF/LEF transcription factors. The connection between TCF/LEFs and Wnt
signalling originated from yeast-two-hybrid screens that revealed B-catenin could
tightly bind to LEF1 and TCF1, an interaction subsequently found to involve a
conserved motif in the amino terminus of TCF/LEFs (Behrens et al., 1996, Huber
et al., 1996). B-catenin also recruits other transcriptional co-activators, including B-
cell CLL/lymphoma 9 protein (BCL9), Pygopus (Kramps et al., 2002) and
Parafibromin/Hyrax (Mosimann et al., 2006). A schematic of Wnt/B-catenin

signalling can be seen in Figure 1.15.
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Figure 1.15. Schematic of canonical Wnt/B-catenin signalling: Wnt ligand-
mediated activation inhibits destruction complex allowing B-catenin-dependent
transcriptional activation of target genes.
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1.6.2. Wnt3a

Wnt3a is a growth factor encoded for by the WNT3A gene (Saitoh et al., 2001) and
is a key ligand in Wnt signalling activation that has been implicated in various
biological processes. It has been shown that Wnt3a-mediated signalling promotes
proliferation, myogenic differentiation and migration of rat bone barrow-derived
MSCs (Shang et al., 2007), as well as suppression of osteogenic differentiation in
human MSCs (Boland et al., 2004). The functional stimulation of MSCs by Wnt3a,
coupled with availability of Wnt-sensitive MSC lines (Saleh et al., 2016), make this
growth factor a useful candidate for studies of Wnt signalling activation and

enhancement of cellular events, such as proliferation.
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1.7. Tissue engineering

The differentiation properties of stem cells, like MSCs, make them an attractive
cell-based therapeutic for the repair of damaged tissues. This can be achieved
using cell-based approaches alone, or in conjunction with materials, such as
nanoparticles, which is known as tissue engineering. Tissue engineering generally
involves the use of cell- and material-based approaches, often in combination with
biomolecules and biochemical factors, to improve or replace biological tissues.
The requirement for tissue engineering often arises due to tissue damage through
injury, or disorders as a consequence of genetic predisposition, such as

osteoarthritis.
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1.7.1. Cell-based therapies in tissue engineering

Often the term regenerative medicine is used synonymously with tissue
engineering, but with regenerative medicine research on self-healing is included
alongside tissue engineering to encourage the body to use its own systems,
sometimes with the help of foreign biological material like bioactive drugs/proteins,
to regenerate cells and rebuild tissues.

The main stem cell-based therapy that is widely practised, involves the application
of bone marrow-derived HSCs for cancer treatments of conditions such as
leukaemia and lymphoma (Karanes et al., 2008). As a consequence of non-
specific chemotherapy treatments, many off-target cells are killed which require
regeneration by donor-derived stem cells that must be administered in a controlled
manner to prevent unwanted graft vs. host immune responses (Malard and Mohty,
2014). In 2012, an allogenic stem cell-based therapy called Prochymal was
approved in Canada for the management of acute graft vs. host disease in
children unresponsive to steroids. This treatment involves the application of bone
marrow-derived MSCs purified from adult donors and has shown promising clinical
results (Kebriaei et al., 2009).

Outside of clinically approved therapies, there is an ongoing body of research
dedicated to further the advancement of regenerative medicine. The differentiation
capacity of cells like MSCs, have great potential for regenerating tissues, such as
bone and cartridge. For instance, it has been shown that healthy MSCs
transplanted from a young donor mouse into an osteopenic recipient mouse could
enhance osseointegration of a femoral implant (Gao et al., 2012). Another study
showed that injected MSCs could effectively regenerate the cartilage tissue of an

adult minipig following a cartilage defect medial femoral condyle (Lee et al., 2007).

Despite the clinical approval of some cell-based therapies, there are still several
underlying issues, meaning alternatives are desired. One of the problems
researchers face is specific targeting of cells to the desired site, for example MSCs
have been found to accumulate in the lungs following intravenous injection
(Nenasheva et al., 2017). Studies have also reported side effects of fever, chills,
infection and liver damage following systemic infusion of MSCs (von Bahr et al.,
2012, Ren et al., 2011) Also, there have been many discrepancies documented
following reports of clinical trials. For example, results of an autologous bone

marrow stem cell trial towards improving ventricular function were presented in two
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separate publications and found to be largely contradictory (Francis et al., 2013).
Additionally, inconsistencies were shown where meta-analysis on therapies using
bone marrow-derived stem cells for heart disease showed discrepancies regarding
increased effect sizes (Nowbar et al., 2014), as well as lack of significant therapy
benefits (Gydngydsi et al., 2015). Therefore, there is a clear requirement for

effective tissue engineering alternatives that show clinical consistency.
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1.7.1.1. Immortalised MSC lines

It is important to conduct basic scientific research in order to realise the true
potential of MSCs as a cell-based therapy. Since MSCs are highly heterogeneous,
the behaviour of primary cells isolated from donors is highly variable. In an effort to
prevent variability between cells derived from different donors, immortalised MSC
lines have previously been generated and characterised by the Genever research
group in York (James et al., 2015). Specifically, the cell lines were generated using
a lentiviral expression system to overexpress human telomerase reverse
transcriptase (hTERT) where four candidate clones were selected for further
characterisation based on their growth stability (James et al., 2015). Because
these MSCs can stably grow in culture and retain consistent properties throughout,
they are a useful tool for experimental work and are more likely to be reproducible
compared to donor-derived primary cells. Also, since each cell line is derived from
a single cell, the variability due to a mixed population is circumvented.

The cell lines derived from this study were termed Y101, Y102, Y201 and Y202
cells, which each had distinct properties despite all displaying characteristic
markers of bone marrow-derived MSCs. When plated at clonal density, Y101 and
Y201 cells formed dispersed colonies, characteristic of a migratory phenotype,
whereas Y102 and Y202 cells formed dense, highly compact colonies (James et
al., 2015). Additionally, differences could be observed in the differentiation
potential of the lines, where Y101 and Y201 cells showed significant adipogenic
potential, particularly Y201s, whereas Y102 and Y202 cells showed severely
limited adipogenic potential by comparison (James et al., 2015). In terms of
osteogenesis, Y101 and Y201 MSCs showed significant osteogenic potential
(notably Y101s showed the greatest increase in alkaline phosphatase (ALP) gene
expression) compared to minimal osteogenic potential observed for Y102 and
Y202 cells (James et al., 2015). Y102 and Y202 cells also showed no signs of
chondrogenic differentiation potential, whereas both Y101 and Y201 cells
displayed clear chondrogenesis (James et al., 2015). Despite their limited
differentiation capacity, Y102 and Y202 cells showed significantly over-
represented expression of genes responsible for immunomodulatory and
inflammatory roles compared with Y101 and Y201 cells (James et al., 2015). This
study highlights the heterogeneity of MSC populations by providing evidence

showing significantly different roles for cells from distinct subpopulations.
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Additionally, using Y201 MSCs, the Genever lab were able to generate and
characterise a Wnt reporter line by stably transfecting the cells with a TCF/LEF
plasmid reporter construct driving the expression of eGFP (Saleh et al., 2016).
Since members of the TCF/LEF transcription factor family interact with nuclear (-
catenin during Wnt signalling to activate target genes, the design of a TCF/LEF-
based eGFP reporter construct is useful as a functional readout of canonical Wnt
signalling and therefore could be used as a tool to study the activity of Wnt-

activating ligands.

The generation of MSC cell lines for basic research into MSC biology is extremely

useful for future developments in regenerative medicine.
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1.7.2. Biomaterials in tissue engineering

In tissue engineering, materials used in combination with cells are known as
biomaterials. It is worth noting the limitations of current therapies in tissue repair to
highlight the motivation during the development of alternative material-based
approaches. Conventional tissue reconstruction approaches have several
drawbacks, such as immunogenic reactions to grafts and infections of implants.
Also, despite cell-based therapies being a desirable alternative, this application
also has issues, such as specific targeting to desired tissue sites. Towards the
improvement of current therapies for tissue regeneration, the development of
effective biomaterials is an area of growing interest. This has been explored in
various ways, either by using materials to mimic and replace damaged tissues,
provide surfaces for cell attachment that can promote tissue regeneration by
differentiation, or trigger repair in situ by the delivery and release of specific growth
factors to activate signalling pathways and drive cellular tissue regeneration. It is
important to evaluate the potential of these applications for tissue engineering, as

well as any drawbacks associated with each.
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1.7.2.1. Scaffolds in tissue engineering

Biomaterials research in this field has focused on engineering scaffolds to serve
multiple roles, including supportive applications through mechanical joint
reinforcement. Often when used in this context, scaffolds are designed to mimic
the mechanical properties of the specific tissue of interest. An example of this is in
cartilage replacement therapy where it was shown that anisotropic 3D poly(lactic
acid) (PLA) structures with incorporated hydrogels displayed similar mechanical
properties to native cartilage and could provide good permeability for chondrocytes
to attach and proliferate (Li et al., 2012). Also, this has been shown in bone
engineering where synthetically produced 3D tissues composed of various
naturally-occurring materials, including fibrin, thrombin, collagen and
hydroxyapatite, could be used as biocompatible grafts that mimic bone tissue
(Lechner and Huss, 2006).

Scaffolds can provide surfaces for cellular attachment and be engineered to
actively stimulate biological events. For example, previous work can show that
stem cell osteogenic differentiation is modulated by functionalising scaffold
surfaces with specific adhesion peptides that interact with stem cell integrins
(Nuttelman et al., 2005). Additionally, structural modifications of biomaterial
surfaces have been shown to directly influence stem cell fate. This could be seen
using PEG hydrogel microwells that were designed to allow for cultures of cells to
form embryonic bodies (EBs) within different size ranges (Hwang et al., 2009). It
was shown that EBs formed at different sizes determined the extent of hESC
differentiation (Hwang et al., 2009). This size-dependent effect on differentiation
could be correlated with differential expression of Wnt5a and Wnt11, both involved
in the non-canonical Wnt pathway (Hwang et al., 2009).

Biomaterial scaffolds have shown great promise as tools for tissue regeneration by
mechanically improving joint function directly, as well as indirectly by influencing
stem cell fate. However, drawbacks of using scaffolds include the optimisation
requirements to architecturally develop suitable materials to mimic appropriate
tissues. Additionally, most available 3D scaffolds fail to mimic an in vivo situation
and only represent a static environment (Rimann and Graf-Hausner, 2012). There
is also the risk of disease transmission when using scaffold biomaterials that are
animal- or human-derived (Rimann and Graf-Hausner, 2012). Batch-to-batch

reproducibility is an area of limitation where variability is often shown, particularly
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when using animal-based materials (Rimann and Graf-Hausner, 2012).
Additionally, specificity can be a problematic area, where often a variety of
compounds can interact with scaffolds, which can be an issue for certain
applications, particularly imaging (Nugraha et al., 2011). Scaffold size and capacity
for degradation is also an important consideration so long-term accumulation does
not occur. Therefore, alternatives to biomaterial scaffolds could be useful for tissue

engineering applications.
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1.7.2.2. Drug delivery and nanoparticles in tissue engineering

The delivery of biomolecules to functionally activate stem cells is an area of
significant interest for biomaterial applications in tissue engineering. There have
been strategies to develop scaffolds for the biomaterial presentation of
biomolecules, such as growth factors, to functionally activate cells. This has been
demonstrated through chemical conjugation of biomolecules to scaffold materials,
or physical encapsulation into a layer for programmed or diffusion-based release
into immediate tissues. Diffusion-based release has been shown previously with
arginine-glycine-aspartic acid (RGD) peptide release from scaffolds composed of
PEG hydrogels with incorporated degradable lactic acid units (Han and Hubbell,
1996). For programmed biomolecule release, the use of smart, polymeric
materials is appealing for applications in a controlled, triggered manner using
specific stimuli. Triggered release has been previously shown using a dual-
responsive scaffold composed of two smart polymers, pH-sensitive chitosan and
temperature-sensitive PNIPAM. It was found that after incorporating the protein
bovine serum albumin (BSA) and the drug ibuprofen that PNIPAM temperature
responsiveness could control release of BSA, and ibuprofen was released in a pH-
sensitive manner (Temtem et al., 2012). However, triggering pH-sensitive
biomolecule release under physiological conditions is challenging and would
require the scaffold to be in an environment that could permit such release
following a shift in pH, such as within the endocytic pathway. The main drawback
of using scaffolds for applications involving biomolecule release is a lack of

specific targeting, which may hamper the efficiency of cellular activation.

The use of nanopatrticles is highly appealing as a vehicle for biomolecule delivery
in regenerative medicine. Due to their small size and capacity for surface
modification, nanoparticles have great potential to deliver and release
biomolecules at specific target sites. It has previously been shown that retinoic
acid (RA)-loaded polymeric nanoparticles could enhance vascular regulation of
neural stem cell survival and differentiation post-ischemia (Ferreira et al., 2016).
Additionally, chitosan-based polymeric nanoparticles loaded with stromal-derived
factor 1a (SDF-1a) could induce bone marrow MSC migration in vitro (Huang and
Liu, 2012).

For some cancer-specific applications, stem cells have been used as a vehicle to

transport nanoparticles to tumour sites. This has been investigated since there are
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some drawbacks of nanoparticle-based delivery systems, such as phagocytosis in
a size-dependent manner and inefficient infiltration into the target area. It has been
shown previously that MSCs could act as vehicles of PLA nanoparticle and lipid
nanocapsule delivery in glioblastoma research (Roger et al., 2010). MSCs have
also been used as a nanopatrticle delivery vehicle in breast and lung cancer
studies using DOX-loaded mesoporous silica nanopatrticles (Paris et al., 2016) or

poly(lactic-co-glycolic acid) (PLGA) nanoparticles (Zhao et al., 2017), respectively.

Triggered activation of nanoparticles has been used to release molecules in
response to a specific stimulus. Light can be an effective trigger for release of
molecules from nanoparticles. For example, it has been shown that upconversion
nanoparticles coated with a NIR light-sensitive diblock copolymer consisting of
poly(4,5-dimethoxy-2-nitrobenzyl methacrylate) (PNB), where the outer block is
hydrophilic poly(methoxy polyethylene glycol monomethacrylate) (POEG), could
encapsulate and release DOX under NIR light (Xiang et al., 2018). Also, it has been
shown that core-shell upconversion nanoparticles composed of lanthanide-doped
nanocrystals could release the chemotherapeutic 5-fluorouracil (5-FU) following

photocleavage at the particle surface (Fedoryshin et al., 2014).

It has been shown that temperature-sensitive liposomes can also be used as a
stimuli-triggered system to release molecules. For example, it has been shown
that intravenous administration of temperature-sensitive vesicles designed by
inclusion of leucine zipper peptides within a lipid bilayer encapsulating DOX could
prolong blood circulation kinetics and maximised drug release and accumulation at
tumours in vivo with local mild hyperthermia (Al-Ahmady et al., 2015). Additionally,
it has been shown that high intensity focused ultrasound can be used as a
mechanism to induce the required temperature elevation for the release of DOX
from temperature-sensitive liposomes (Mannaris et al., 2011).

Moreover, pH-sensitive polymersomes have been shown to be effective for pH-
triggered release of molecules. For example, it has been shown that pH-sensitive
amphiphilic block-copolymers could release the anti-cancer drug paclitaxel in
acidic pH conditions, typical of tumour tissue, and show increased cytoxicity for

cancer cells following drug release (Villani et al., 2017).
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1.7.2.2.1 SPIONSs in tissue engineering

The properties of SPIONs make them highly attractive as a tool for tissue
engineering, particularly when used in cell-based therapies. The regenerative
capacity of MSCs make them a favourable candidate for studies with SPIONs as
an approach to regenerate tissue. There are various ways in which SPIONs have
been used with MSCs for applications such as cell homing (Yun et al., 2018,
Naseroleslami et al., 2018), imaging/tracking (Moraes et al., 2012, Novotna et al.,
2017) and drug delivery (Chung et al., 2018, Corradetti et al., 2017).

As is the case with various nanomaterials, SPIONs have been internalised by
stem cells as a vehicle for their delivery to tissue-specific sites. The significant
advantage of using SPIONs over other materials is their strong magnetic
properties, which allows for magnetically-directed homing to sites of interest. This
has previously been shown to be an effective strategy to promote tissue
regeneration through magnetically targeting MSCs with internalised SPIONSs to

both olfactory (Yun et al., 2018) and cardiac (Naseroleslami et al., 2018) tissues.

Additionally, the magnetic properties of SPIONs make them useful for imaging
techniques, particularly as contrast agents for magnetic resonance imaging (MRI).
MRI is a non-invasive imaging approach where finding suitable, safe materials to
use as MRI contrast agents is an area of active research. This is particularly
prevalent in stem cell research as a tool for tracking cells that have been
implanted in living organisms. SPIONs have previously been shown to function
effectively as safe contrast agents to visualise implanted MSCs in brain tissue
(Moraes et al., 2012, Novotna et al., 2017).

Because SPIONs have the capacity for chemical surface functionalisation, they
have also been used as vehicles for MSC-targeted drug delivery applications.
MSC-specific markers have been investigated in previous studies as potential drug
delivery targets, where CD44 has been highlighted as a likely candidate for bone
marrow therapies that can be markedly upregulated through MSC culture on
hyaluronic acid (HA)-treated plates (Corradetti et al., 2017). Additionally, it has
been shown that dextran-coated SPIONs can promote migration towards
damaged neurons and enhance their neuronal differentiation in a mouse model of

Parkinson’s disease (Chung et al., 2018).
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With the field largely focused on MRI-based imaging methods, using functionalised
SPIONSs as a delivery and release system of biomolecules, such as growth factors,

to stimulate MSC activation, is still relatively unexplored.
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1.7.2.3. PNIPAM in tissue engineering

The application of stimuli-responsive polymers has gained significant research
interest over recent years, particularly in tissue engineering. PNIPAM is one of the
most prevalent materials in the field, largely because of its temperature-responsive
properties and tunability to suit physiological conditions. There are reports of
PNIPAM applications as a hydrogel surface for culturing MSCs on, as well as
assessment of the polymer effects on cellular events such as growth and
differentiation. For example, it has been shown that culturing MSCs on PNIPAM-
based surfaces can positively impact upon their osteogenic differentiation potential
(Dai et al., 2016).

PNIPAM has been used as a hydrogel layer to encapsulate nanopatrticles or cells
for in vivo administration. Often in tissue engineering applications, naturally
occurring materials such as hydroxyapatite, which comprises bone and teeth, are
used to improve biocompatibility when mimicking a tissue environment or inducing
cell-based tissue regeneration. A study showed that PNIPAM-based hydrogels
could be mixed with hydroxyapatite nanoparticles in a liquid state ex-vivo, before
rat-based injection which induced nanoparticle encapsulation through gelation
(Abbey et al., 2016). This study also showed that bone regeneration was markedly
improved at sites where the PNIPAM-hydroxyapatite composite gels were applied,
indicating the regenerative properties of functionalised PNIPAM-based materials
(Abbey et al., 2016). Another study shows that bone marrow-derived MSCs could
be packaged into PNIPAM-based hydrogels for transplantation into wound sites of
diabetic ulcers (Chen et al., 2015). They could further show that the cell-based
hydrogel treatment contributed to rapid wound healing, brought about through
enhanced MSC secretion of TGF-B1 and basic fibroblast growth factor (bFGF),
leading to a series of biological events including angiogenesis and granulation

tissue formation (Chen et al., 2015).

PNIPAM nanoparticles have also been used as a biomolecule delivery and release
system for regenerative medicine applications. For example, a previous study
generated 100 nm PNIPAM nanoparticles by FRP that could be loaded with VEGF
and released upon heating. This triggered a PNIPAM transition to a hydrophobic
state which could activate human bone marrow-derived MSCs in vitro by
promoting osteogenic differentiation (Adibfar et al., 2018). Temperature-sensitive

growth factor release from PNIPAM using SPION magnetic heating is an
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unexplored approach in tissue engineering and could be useful for triggered

biomolecule release.

89



Chapter 2: Synthesis and characterisation of
temperature-sensitive, magnetically-responsive

nanoparticles

2.1. Rationale, aims and summary

There is a broad range of previous work on the synthesis and characterisation of

nanoparticles for use in biomedical applications. Nanoparticles can be modified by
surface functionalisation with polymers that can be loaded with biomolecules such
as proteins. The small size of nanopatrticles adds to their therapeutic potential as a

system capable of delivering molecules to biological niches of interest.

Iron oxide nanoparticles have been extensively studied in biomedicine due to their
magnetic properties and have shown promise in numerous applications such as a
contrast agent in MRI (Wei et al., 2017). Moreover, iron oxide nanopatrticles of a
sufficiently small size (<76 nm) are single domain with one magnetic moment,
exhibiting superparamagnetism below 16 nm, meaning they have zero
magnetisation until an external magnetic field is applied (Li et al., 2017). Of
particular biomedical interest is the fact that SPIONs can undergo a phenomenon
termed magnetic heating. This occurs in the presence of an alternating/oscillating
magnetic field, in which energy is supplied that excites the magnetic moment
fluctuations to convert the magnetic energy into thermal energy (Fortin et al.,
2007). Studies have shown these properties can be utilised in a medicinal context,
particularly in research targeting cancerous cells, where magnetic heating has
induced elevated temperatures, known as magnetic hyperthermia, to induce
tumour cell death in vitro and in vivo (Shinkai et al., 1999, Shinkai et al., 2002).
The size of SPIONs is a crucial property to ensure effective use for magnetic
heating applications. Previous studies have highlighted the correlation between
increasing SPION size and the improved rate of energy absorption/SAR, in
response to an electromagnetic field (Tong et al., 2017). SPIONs with a higher
SAR will undergo magnetic heating more effectively. Fine tunability of SPION size
can be achieved through organic synthetic approaches involving thermal
decomposition of iron carbonyl complexes (Tong et al., 2017). However, due to
their insolubility in an aqueous environment, they are unsuitable for biological
applications and require further functionalisation steps by ligand exchange to

improve their solubility. Therefore, an aqueous synthetic approach would be much
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more favourable for generating SPIONSs for biological applications. Moreover, an
important factor when determining appropriate SPION size is whether they are
suitable for biological applications. Previous studies have investigated the
relationship between nanoparticle size and ability to cross biological barriers, for
example gold nanoparticle crossing of the blood-brain barrier is very size
dependent, with 20 nm being optimal over 50 nm and 70 nm (Betzer et al., 2017).
Nanoparticle surface functionalisation with polymer shells will also influence the
hydrodynamic diameter. Size properties of SPIONs are therefore crucial for both

magnetic heating and suitability as a tool for biomolecule delivery.

Nanoparticle surface functionalisation is an important process which adds to their
bio-suitability. In particular biocompatible polymer shells on the surface of
nanoparticles are favourable as they can act as a matrix to entrap biomolecules
such as drugs or proteins. Generating such functionalised nanopatrticles has great
potential as a biomolecule delivery system. Temperature-sensitive polymers are of
particular interest in this field through their capacity to undergo phase transitions at
defined temperatures. Indeed, it has been shown that hydrogels of the
temperature-sensitive polymer PNIPAM were able to release the therapeutic
polysaccharide dextran in a controlled, temperature-sensitive fashion (Huang et
al., 2004). Moreover, polymer phase transition (LCST) temperatures can be
modulated through block co-polymerisation approaches, or polymerisation of
different monomers to either increase or decrease the LCST. For example, block
co-polymers of PNIPAM with increasing acrylic acid content have been shown to
correlate with increasing polymer LCST (Burmistrova et al., 2011), as well as
showing LCST modulations in a mass average molar mass (Mw) dependent
manner with PNIPMAM (Rathfon and Tew, 2008).

Studies investigating temperature-dependent protein release using the magnetic
heating properties of SPIONs are more limited. The majority of studies
investigating magnetically-triggered protein release have been carried out using
small biomolecules such as drugs. This perhaps is due to the inherent sensitivity
of protein function to changes in temperature. Utilising the properties of
temperature-sensitive polymers coated on the surface of SPIONs could be a
potentially interesting combination for protein delivery and temperature-sensitive

release.
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The aims of the work in this chapter were to generate stable, water-soluble iron
oxide nanoparticles at a suitable size for biological applications. | wanted to
generate nanoparticles that exhibited superparamagnetic properties and would
undergo magnetic heating when exposed to an alternating magnetic field. This
was achieved using an aqueous synthetic approach which produced water soluble
nanoparticles at a size of 6.3 £ 0.9 nm (n=84). Superparamagnetism could be
observed and the nanoparticles were able to undergo magnetic heating when
exposed to an alternating magnetic field. Moreover, | have shown SPION stability

over a 3-month period using magnetic susceptibility measurements.

Additionally, I aimed to synthesise a functionalised form of temperature-sensitive
polymer PNIPAM that could coat the surface of the synthesised SPIONSs. | then
wanted to observe whether the PNIPAM-coated SPIONs were temperature-
sensitive as a consequence of PNIPAM coating. | was able to synthesise acid-
terminated PNIPAM and confirm an LCST at 32°C. This was then functionalised
with catechol molecule nitrodopamine (NDA) to permit binding to the SPION
surface. PNIPAM coating was confirmed and quantified which conferred
temperature-sensitive properties on the SPIONs when heated above the PNIPAM
LCST.

Finally, | was able to synthesise an alternative polymer PNIPMAM, which
displayed a more gradual, but higher LCST at 42°C. | could also functionalise this

polymer with NDA to permit coating of the SPION surface.

92



2.2. Materials and Methods

2.2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich unless otherwise stated.
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2.2.2. Characterisation

2.2.2.1. Nuclear magnetic resonance (NMR)

NMR characterisation was carried out on a JEOL ECS-400 spectrometer using 10
mg/mL and 50 mg/mL samples for 'H and 3C NMR, respectively. Samples were
dissolved in either deuterated chloroform (CDCI3) or deuterated dimethyl sulfoxide
(DMSO-Ds) for analysis. A 400 MHz field strength was used with 8 scans across a
scan range of -2 to 12 ppm and scan acquisition time of 2 s for 'H NMR. A 100
MHz field strength was used with 256 scans across a scan range of -60 to 240
ppm and scan acquisition time of 1 s for 13C NMR. Peak assignment was carried
out using Structure-based Predictions in Nuclear Magnetic Resonance
Spectroscopy (SPINUS) software online to simulate spectra for comparison with
experimental data. A table highlighting the abbreviations used to describe features
in simulated NMR spectra generated using SPINUS software can be seen in
Table 2.1.

NMR abbreviation Meaning
S Singlet
d Doublet
t Triplet
m Multiplet

Table 2.1. NMR abbreviations and definitions used in SPINUS software

simulations of NMR spectra.
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2.2.2.2. Matrix-assisted laser desorption/ionisation-time of flight
(MALDI-TOF) mass spectrometry

Molecular weight characterisation was conducted using MALDI-TOF mass
spectrometry (Ultraflex, Bruker) in positive, linear ion mode. 3000 shots were fired
in sequences of 1000 with the Smartbeam laser power at 60-80% and summed to
generate each spectrum. Mass spectra were recorded over a range of 7000-17000
mass-to-charge ratio (m/z). 2 pL samples were spotted out for measurements
using polymer solutions diluted from a 1 mg/mL stock at 1/10, 1/100 and 1/1000 in
a 20 mg/mL matrix solution of 2-(4-hydroxyphenylazo)benzoic acid (HABA) in
tetrahydrofuran (THF). No data transformation was carried out since the charge for
the analytes measured was always 1 giving m/z measurements equivalent to the

polymer molecular weight.

2.2.2.2.1. Number average molar mass (Mn), mass average molar

mass (Mw) and PDI calculations
All calculations were carried out using data acquired by MALDI-TOF mass
spectrometry where Ni is the intensity, and Mi the mass of peak

Ni*Mi

Z(Ni)

Mn =

Ni+Mi*Mi
Mw= 2 (—
X(NixMi)

PDI was determined by dividing the Mw by the Mn.
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2.2.2.3. LCST measurements

Polymer LCST was measured with a thermocouple probe on 10 mg/mL polymer
solutions in 50 mL deionised water (dH20) (typical resistivity of 18.2 M Ohm cm)

under magnetic stirring and determined upon visual insolubility during heating.
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2.2.2.4. UV-vis spectroscopy

UV-vis spectroscopy was conducted across a wavelength range of 300-800 nm,
recorded on a Shimadzu UV-1800 UV-vis spectrophotometer. Disposable plastic
cuvettes were used with a 1 cm pathlength and samples were dissolved in 1 mL

sodium citrate (1 mM, pH 5.5) made up in dH20 for analysis.
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2.2.2.5. Thermal gravimetric analysis (TGA)

TGA was carried out using 10 mg dry samples on a PL Thermal Sciences STA

625 instrument under nitrogen gas at a ramp rate of 10°C min-! between 0-600°C.
2.2.2.5.1. Grafting density calculation

Polymer grafting density on the SPION surface was determined using an adapted
calculation for TGA-derived grafting density (otca) (Equation 2.1) (Benoit et al.,
2012). First, the nanoparticle volume was calculated using 4/3r3 (where r is
particle radius, shown by electron microscopy). From this, the mass of a single
nanoparticle could be determined by multiplying the nanoparticle volume by the
density of bulk iron oxide (5.18 g/cm) (Kurzhals et al., 2015). The mass of a single
PNIPAM-coated SPION was derived by dividing single nanoparticle mass by the
inorganic fraction percentage. The inorganic fraction percentage was calculated
using TGA data by dividing the mass percentage between 450 — 600°C by the
mass percentage between 350 — 600°C. The polymer shell mass proportion of a
PNIPAM-coated SPION was determined by dividing the nanoparticle mass
proportion of a PNIPAM-coated SPION by the organic fraction percentage shown
by TGA (between 350 — 450°C). To calculate how many polymer chains were
present per PNIPAM-coated SPION, the polymer shell mass proportion of a
PNIPAM-coated SPION was divided by the mass of a single PNIPAM chain
(polymer Mw/Avagado’s number) (polymer Mw was determined by MALDI-TOF
mass spectrometry). The grafting density for polymer chains per nm? was
calculated by dividing the number of polymer chains per PNIPAM-coated SPION

by the nanoparticle surface area (41r?).

Total number polymer chains

oTGA =

Total nanoparticle surface

Equation 2.1. Grafting density equation using data derived from TGA analysis of
PNIPAM-coated SPIONSs (Benoit et al., 2012).
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2.2.2.6. X-ray photoelectron spectroscopy (XPS)

XPS was conducted by drop casting particle samples (10 mg/mL) in aqueous
solution onto silicon substrates. After solvent evaporation, dense layers of
deposited particles were probed using a monochromated Al anode source (1486.6
eV, Omicron XM 1000) with a power of 220 W. Photoelectrons were detected
using an Omicron EA 125 hemispherical energy analyser with a 2 nm entrance
aperture and the sample normal oriented at 22.5 ° to both the X-ray source and
entrance optics of the analyser. Experiments took place in an ultrahigh vacuum

system with a base pressure of <2 x 10-° mbar.
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2.2.2.7. Transmission electron microscopy (TEM)

TEM images were obtained using a JEOL 2011 transmission electron microscope
operated at 200 kV accelerating voltage. CCD images were extracted using Gatan
Digital Micrograph software. Prior to analysis, 10 mg/mL samples were prepared in
dH20 by sonication for 15 min. One drop of the dispersion was deposited onto 3

mm holey carbon coated copper grids and allowed to dry in air prior to analysis.
2.2.2.7.1. TEM size distribution quantification

A histogram of nanoparticle size (nm) vs frequency (%) was generated and a
normal/Gaussian distribution was plotted in Origin 2017 software. This is a
function that represents the distribution of random variables as a symmetrical, bell-

shaped graph.
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2.2.2.8. Dynamic light scattering (DLS)

DLS and zeta potential measurements were recorded using a Zetasizer instrument
and analysed using the DTS v. 5.1 supplied by Malvern. 10 mg/mL samples were
prepared by sonication in dH20 for 15 min before placing sample (1 mL) into a
quartz, U-bend cell. Measurements were made at 25°C and carried out in triplicate

at 10 runs per measurement.
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2.2.2.9. Nanoparticle tracking analysis (NTA)

PNIPAM-coated SPIONs were diluted in dH20 to an appropriate concentration (10
pg/mL) to visualise on the NS300 (Malvern). The NS300 chamber was left at room
temperature or preheated to 37°C and samples were injected using solutions at
room temperature. Particles were visualised using a 405 nm laser and were

tracked for a series of 10, 1 min videos.
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2.2.2.10. Vibrating sample magnometry (VSM)

A Microsense (ADE Model 10) vibrating sample magnetometer equipped with an
Oxford Instruments CF-1200 cryostat was used to characterise the nanoparticle
magnetic properties at temperatures between 5°C - 40 °C. Nanoparticles in an
agueous suspension (10 mg/mL) were loaded into a vial of dimensions 10 mm x 8
mm x 5 mm (length x depth x width) which was then placed at the measurement
position of the cryostat. Magnetisation curves at each temperature were obtained

by sweeping the field from -10 kOe to +10 kOe.
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2.2.2.11. Magnetic susceptibility measurements and calculations

Magnetic susceptibility measurements were recorded on a Guoy balance
(Sherwood Scientific, MK1 Magnetic Susceptibility Balance) using nanoparticle
samples (10 mg/mL) immobilised in an agarose gel. 10 mg/mL samples were
prepared by dissolving nanoparticles in dH20 by brief bath sonication at room
temperature (1 min). A 3% (w/v) agarose solution was made in a sample vial by
heating in a microwave until the agarose dissolved. Immediately after the agarose
was dissolved, hot agarose solution (250 pL) was mixed with the nanopatrticle
solution (250 pL) by brief bath sonication (1 min). Once homogenous, the
nanoparticle-agarose solution was added to the Guoy balance tube and allowed to
cool until the gel-nanoparticle composite solidified before measurements were

taken.

Calculations for magnetic susceptibility were conducted using the Equation 2.2 for
determination of mass susceptibility (cgs) of samples from Guoy balance readings

and Equation 2.3 for the conversion from cgs into Sl units (m3kg):
1
22)  xg=—c(R—Ro)

4
23)  Xg(nPkgl) = (cg8) s

Where Y g is mass susceptibility, | is the sample length in the tube (cm), m is

sample mass (g), c is the balance constant, R is the sample balance reading and

Ro is the empty balance reading.

Equations 2.2 and 2.3. Magnetic susceptibility equations: 2.2) Determination
of mass susceptibility (cgs) of samples from Guoy balance readings 2.3)
Conversion from cgs into S units (m3kg).
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2.2.3. Synthesis

2.2.3.1. Iron oxide nanoparticles

1,2-propanediol was acquired from VWR International.

Synthesis was adapted from a previous study (Carroll et al., 2010). For a 5 g scale
reaction, two solutions were prepared separately, solution A and solution B.
Solution A was prepared by mixing iron (II) chloride tetrahydrate (5 g, 0.25 mol)
and 1,2-propanediol (100 mL) in a 500 mL round-bottomed flask containing a
magnetic stir bar, condenser and side-arm blocked with stopper. Solution B was
prepared by mixing 5 M sodium hydroxide (NaOH) (50 mL) and 1,2-propanediol
(50 mL) in a 250 mL round-bottomed flask containing a magnetic stir bar. With
magnetic stirring, solution A was heated to 180°C under reflux using a graphite
bath, while solution B was heated to 100°C in an oil bath simultaneously for 30
min. Subsequently, hot solution B was rapidly added to solution A via the side-arm
before re-sealing with the stopper and leaving under reflux for 1 h. The solution
underwent a colour change from dark orange to grey in the initial 10 min, before
turning jet black 30 min post-addition. The reaction was then allowed to cool to
room temperature under stirring before quenching with methanol (MeOH) (200
mL). Particles were collected and purified via centrifugation (4000 rpm/2580 x g,
10 min) using a benchtop centrifuge with swinging bucket rotor to accommodate
50 mL Falcon tubes after separating the crude reaction mixture into Falcon tubes
of equal volumes (50 mL). Supernatants were removed and nanoparticle pellets
were redispersed in MeOH (50 mL) by sonication. The purification step was
repeated 3 times. Dry nanoparticles were collected by redispersing pellets in a
minimal volume of MeOH (~20 mL) by sonication, before drying on a rotary
evaporator. Yield: 4.7 g (94%).
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2.2.3.2. Acid-terminated PNIPAM/PNIPMAM

/
HN 0
/J\x Br
CuBr, CuBr,,
HO Me6TREN Acid-terminated
NIPAM > PNIPAM
+ o MeOH, dH,0,
16 h
2-methyl-2-
I/ bromopropionic acid
HN O
NIPMAM Acid-terminated

PNIPMAM

Scheme 2.1. Reaction scheme for ATRP synthesis of acid-terminated
PNIPAM/PNIPMAM, simulated PNIPAM 'H NMR: & = 1.17 ppm (d, 3H, 1) 1.26
ppm (s, 3H, 2) 2.05 ppm (d, 2H, 3) 4.22 ppm (m, 1H, 4) 4.27 ppm (m, 1H, 5),
simulated PNIPMAM H NMR: 8 = 1.17 ppm (d, 3H, 1) 1.26 ppm (s, 3H, 2) 1.36
ppm (s, 3H, 3) 1.78 ppm (s, 2H, 4) 4.28 ppm (m, 1H, 5).

Copper bromide (CuBr), copper(ll) bromide (CuBrz2) and 2-methyl-2-
bromopropionic acid was from acquired Fisher Scientific and MesTREN was

acquired from Tokyo Chemical Industry (TCI).

Synthesis was adapted from previous study (Kurzhals et al., 2015). For a 1 g scale
reaction, N-isopropylacrylamide/N-isopropylmethacrylamide (NIPAM/NIPMAM) (1
g, 8.8 mmol), CuBr (13 mg, 0.09 mmol), CuBr2 (2 mg, 0.009 mmol), and 2-methyl-
2-bromopropionic acid (16.7 mg, 0.1 mmol) were added to a 50 mL round-
bottomed flask containing a magnetic stir bar. dH20 (9 mL) and MeOH (1 mL)
were added before sealing with a septum and purging the vessel with nitrogen for
20 min whilst dissolving the reagents with stirring. The reaction vessel was then

cooled in an ice-water bath. In parallel, MesTREN (40 pL, 0.15 mmol) was
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dissolved in dH20 (1 mL) by mild manual agitation in a sample vial and the vessel
was sealed with a septum and purged with nitrogen for 20 min. The ligand solution
(MesTREN) was subsequently injected rapidly under inert conditions (using a
nitrogen purged syringe) into the NIPAM-containing flask and left stirring for 16 h.
After polymerisation the reaction vessel was opened to air and heated to 50°C in
an oil bath with magnetic stirring to precipitate out the polymer. The supernatant
volume was removed and the polymer was dried on a rotary evaporator. Once
dried, the crude product was dissolved in THF (10 mL) and precipitated by pouring
into ice-cold diethyl ether (40 mL). The mixture was subsequently added to a 50
mL Falcon tube for centrifugation (4000 rpm/2580 x g, 10 min) using a benchtop
centrifuge with swinging bucket rotor to accommodate 50 mL Falcon tubes.
Afterwards the supernatant was removed and the purified polymer pellet was
dissolved in a minimal amount of dH20 (~10 mL) before drying on a rotary
evaporator at 40°C. PNIPAM: Yield: 930 mg (93%), Mn: 13 kDa, Mw: 13.26 kDa,
PDI: 1.02, LCST: 32°C, PNIPAM experimental *H NMR: (CDClz, 400MHz) 6 =1 -
1.2 ppm (1, 2) 2.14 ppm (3), 3.8 — 4.2 ppm (4, 5), PNIPMAM: Yield: 880 mg (88%),
3 day polymerisation: Mn: 10.8 kDa, Mw: 9.5 kDa, PDI: 0.88, 7 day polymerisation:
Mn: 12.8 kDa, Mw: 12.2 kDa, PDI: 0.94, 3 and 7 day polymerisation experimental
'H NMR: (CDClz, 400MHz) 8 =1 - 1.3 ppm (1 — 3) 1.5 ppm (4) 4 ppm (5).
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2.2.3.3. Poly(N-succinimidyl methacrylate) (PMASI) synthesis

(0]
) 90°C, Anisole, ﬂ rL 0
1h 0

EBIB MASI PMASI

Br
2 n
CuBr, PMDETA
+ 0
0 0 |
N
~r

Scheme 2.2. Reaction scheme for synthesis of PMASI precursor, simulated *H
NMR: & = 1.19 ppm (t, 3H, 1) 1.25 ppm (s, 3H, 2) 1.44 ppm (s, 3H, 3) 1.77 ppm (s,
2H, 4) 2.83 ppm (m, 2H, 5) 4.12 ppm (m, 2H, 6).

N-succinimidyl methacrylate (MASI), N, N, N’, N”, N’-
pentamethyldiethylenetriamine (PMDETA) and ethyl 2-bromoisobutyrate (EBIB)
were purchased from TCI and dry anisole from Acros Organics.

Synthesis was adapted from a previous study (Rathfon and Tew, 2008). Fora 1 g
scale reaction MASI, (1 g, 5.46 mol) and CuBr (17.8 mg, 0.12 mmol) were added
to a 25 mL round-bottomed flask containing a magnetic stir bar, sealed with a
septum and purged with nitrogen for 15 min. Simultaneously, dry anisole was
purged with nitrogen for 15 min. Dry anisole (8 mL) was then added under inert
conditions (using a nitrogen purged syringe) to the round-bottomed flask and the
solution was allowed to dissolve with stirring for 15 min. In parallel, a sample vial
and the PMDETA-containing vial were sealed with a septum and purged with
nitrogen for 5 min. PMDETA (26 pL, 0.12 mmol) and 400 uL dry anisole were
added to the purged sample vial under inert conditions (using a nitrogen purged
syringe), mildly agitated to mix and left for a further 10 min. The PMEDTA solution
was then added to the round-bottomed flask under inert conditions (using a
nitrogen purged syringe) and left to stir at room temperature for 20 min to form the
catalyst causing a blue colour change. In parallel, a sample vial and the EBIB-
containing vial were sealed with a septum and purged with nitrogen for 5 min.
EBIB (20 uL, 0.12 mmol) and 400 pL dry anisole were added to the purged sample
vial under inert conditions (using a nitrogen purged syringe), mildly agitated to mix
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and left for a further 15 min. The EBIB solution was then injected into the round-
bottomed flask under inert conditions (using a nitrogen purged syringe) and left to
stir at 90°C for 1 h. Crude product was then dried on a rotary evaporator at 40°C.
Crude dry product was dissolved in a minimal amount of DMSO (~10 mL) and
precipitated by pouring in ice-cold acetone (40 mL). The mixture was subsequently
added to a 50 mL Falcon tube for centrifugation (4000 rpm/2580 x g, 10 min) using
a benchtop centrifuge with swinging bucket rotor to accommodate 50 mL Falcon
tubes. The supernatant was then removed and the polymer pellet was dissolved in
a minimal amount of DMSO (~10 mL) before drying on a rotary evaporator at
40°C. Yield: 900 mg (90%), experimental *H NMR: (DMSO-ds, 400MHz), d =1 —
1.8 ppm (1 —4) 2.8 ppm (5) 3.6 ppm (6).
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2.2.3.4. Acid-terminated PNIPMAM

n DMF, 60°C, 24 h

b
-

Isopropylamine

PMASI Acid-terminated
PNIPMAM

Scheme 2.3. Reaction scheme for synthesis of acid-terminated PNIPMAM,
simulated 'H NMR: & = 1.17 ppm (d, 3H, 1) 1.26 ppm (s, 3H, 2) 1.36 ppm (s, 3H,
3) 1.78 ppm (s, 2H, 4) 4.28 ppm (m, 1H, 5).

Isopropylamine was purchased from Alfa Aesar and PMASI was synthesised in-
house.

Synthesis was adapted from a previous study (Rathfon and Tew, 2008). For a 900
mg scale reaction, PMASI (900 mg, 0.09 mmol) was added to a 25 mL round-
bottomed flask in an oil bath at 60°C containing a magnetic stir bar and dissolved
in dry dimethylformamide (DMF) (10 mL). The vessel was sealed with a septum
and purged with nitrogen for 15 min. Simultaneously the isopropylamine-
containing vial was purged with a nitrogen balloon for 15 min. Four equivalents of
isopropylamine (1.25 mL, 0.36 mmol) were then added under inert conditions
(using a nitrogen purged syringe) to the round-bottomed flask and left stirring for
24 h at 60°C. Subsequently, the polymer was precipitated by pouring the reaction
volume in ice-cold diethyl ether (40 mL). The mixture was then added to a 50 mL
Falcon tube for centrifugation (4000 rpm/2580 x g, 10 min) using a benchtop
centrifuge with swinging bucket rotor to accommodate 50 mL Falcon tubes. The
supernatant was removed and the polymer pellet dissolved in a minimal amount of
dH20 (~10 mL) before drying on a rotary evaporator at 40°C. The product was
then added to a 25 mL round-bottomed flask containing a stir bar and dissolved in

1 M aqueous NaOH (10 mL). This solution was left stirring at room temperature for

110



6 h before neutralising with hydrochloric acid (HCI). The polymer was precipitated
by heating to 50°C and then the mixture was transferred into a 50 mL Falcon tube
and centrifuged (4000 rpm/2580 x g, 10 min) using a benchtop centrifuge with
swinging bucket rotor to accommodate 50 mL Falcon tubes before removal of the
supernatant and dissolving the pellet in 25 mL dH20, this purification step was
repeated 3 times. The polymer was then dissolved in a minimal amount of dH20
(10 mL) and dried on a rotary evaporator at 40°C. Yield: 756 mg (84%), Mn: 11,245
Da, Mw: 10,378 Da, PDI: 0.92, LCST: 42°C, experimental *H NMR: (DMSO-ds,
400MHz), 6 = 1-1.4 ppm (1 - 3) 1.7 ppm (4) 3.8 — 4 ppm (5).
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2.2.3.5. NDA

HO NH, NaNoO,,
H,SO,
* HCI >
HO dH20, 16 h
Dopamine

hydrochloride

Scheme 2.4. Reaction scheme for synthesis of NDA, black numbers denote 'H
NMR assignment, red numbers denote *C NMR assignment, simulated *H NMR:
0 =2.26 ppm (t, 2H, 1) 2.76 ppm (t, 2H, 2) 6.36 ppm (s, 1H, 3) 6.67 ppm (s, 1H, 4),
simulated °C NMR: & = 145.4 ppm (1) 143.1 ppm (2) 140.5 ppm (3) 129.9 ppm (4)
111.0 ppm (5) 100.9 ppm (6) 42.2 ppm (7) 31.1 ppm (8).

Synthesis was adapted from a previous study (Napolitano et al., 1992). Fora2 g
scale reaction, dopamine hydrochloride (2 g, 10 mmol) and sodium nitrite (1.52 g,
22 mmol) were dissolved in dH20 (25 mL) in a 100 mL round-bottomed flask
containing a magnetic stir bar resulting in a pale, yellow solution. The vessel was
subsequently cooled in an ice-water bath while stirring. In parallel, concentrated
sulfuric acid (H2SO4) (960 pL, 17 mmol) was added slowly to dH20 (6 mL) before
making the solution up to 10 mL. The H2S0Oa4 solution was then added dropwise,
slowly (over ~30 min) to the ice-cooled dopamine solution while stirring. A yellow
precipitate formed and the reaction vessel was left stirring overnight at room
temperature. Subsequently the solution was filtered using a Bichner funnel. The
precipitate was recrystallised from hot (70°C) dH20 (50 mL) to yield small, yellow
crystals which were dried on a rotary evaporator at 40°C. Yield: 1.3 g (65%),
experimental *H NMR: (DMSO-Ds, 400MHz) & = 2.9 — 3.1 ppm (1, 2), 6.87 ppm
(3), 7.48 ppm (4), experimental *C NMR: (DMSO-ds, 100 MHz), & = 154.1 ppm (1)
145.2 ppm (2) 139.3 ppm (3) 127.1 ppm (4) 119.2 ppm (5) 112.6 ppm (6) 40.1
ppm (7) 31.3 ppm (8).
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2.2.3.6. NDA-terminated PNIPAM/PNIPMAM (NDA-
PNIPAM/PNIPMAM)

Br
n
HO
HN o
oL

Acid-terminated
PNIPAM + . H,SO COMU, DIPEA R

Lag

5 HO NO, DMF, 72 h
n NDA
HO Br
HN o .
O )\

H
HO N
HN O
e H2804
Acid-terminated e}
HO NO,

HO NH,

PNIPMAM
NDA-PNIPAM
Br
H n
HO N
HN o
e HySO, )\
o]
HO NO,
NDA-PNIPMAM

Scheme 2.5. Reaction scheme for amide coupling reaction to form NDA-
PNIPAM/PNIPMAM.

Acid-terminated PNIPAM, PNIPMAM and NDA were synthesised in-house.

Synthesis was adapted from a previous study (Kurzhals et al., 2015). Fora 1 g
scale reaction acid-terminated PNIPAM/PNIPMAM (1 g, 0.1 mmol), 1-cyano-2-
ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium
hexafluorophosphate (COMU) (51 mg, 0.12 mmol) and N, N-diisopropylethylamine
(DIPEA) (17 pL, 0.1 mmol) were added to a 50 mL round-bottomed flask
containing a magnetic stir bar. Dry DMF (20 mL) was added before sealing the
flask with a septum and purging with nitrogen for 5 min whilst dissolving the
reagents by stirring. The solution was left stirring under nitrogen for 1 h at room

temperature resulting in a yellow colour change. Subsequently NDA (89 mg, 0.3
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mmol) and DIPEA (34 pL, 0.2 mmol) were added to DMF (1 mL) in a sample vial
before sealing with a septum and purging with nitrogen for 5 min. The NDA
solution was then injected under inert conditions (using a nitrogen purged syringe)
into the polymer-containing round-bottomed flask and left stirring under nitrogen at
room temperature for 3 days. Acidification of the solution was then carried out by
the addition of a few drops (5-6) of 2 M HCI before precipitating the polymer by
pouring into ice-cold diethyl ether (80 mL). The mixture was subsequently added
to 50 mL Falcon tubes for centrifugation (4000 rpm/2580 x g, 10 min) using a
benchtop centrifuge with swinging bucket rotor to accommodate 50 mL Falcon
tubes. Then the supernatant was removed and the polymer pellet dissolved in a
minimal amount of dH20 (~10 mL) before dialysis (Mw cut-off: 3.5 kDa) against
dH20. The product was dried on a rotary evaporator at 40°C. NDA-PNIPAM: Yield:
750 mg, (75%), UV-vis NDA-functionality: 67%. NDA-PNIPMAM: Yield: 785 mg,
(78.5%), UV-vis functionality: 60%.
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2.2.3.7. Polymer-coated nanoparticle preparation
All reagents used were synthesised in-house.

Preparation was adapted from a previous study (Kurzhals et al., 2015). Foralg
scale coating, iron oxide nanoparticles (1 g) were dissolved in 100 mL sodium
citrate (1 mM, pH 7.4) in a 500 mL round-bottomed flask. The solution was briefly
sonicated (1 min) before nanoparticle magnetic separation and 3 wash steps with
dH20 (100 mL). NDA-terminated polymer (5 g) was then dissolved into the flask by
sonication. Then, in an ice-cold sonicator bath, the mixture was sonicated for 5 h
ensuring that throughout the water temperature did not exceed that of the polymer
phase transition (32°C for PNIPAM, 42°C for PNIPMAM). The mixture was then
left in a room temperature shaker overnight before subsequently collecting the
polymer-coated nanoparticles by ultracentrifugation (50,000 rpm/135,800 x g, 30
min) using a Beckman Optima series benchtop ultracentrifuge and a TLA-110
rotor. The supernatant was removed and the particles were re-dissolved in dH20
(~200 pL) before repeating the centrifugation step a further 3 times. Dry polymer-
coated nanoparticles were then collected by re-dissolving the particles in minimal
dH20 (~10 mL) prior to rotary evaporation under high vacuum at 40°C. PNIPAM-
coated nanoparticles: Yield: 1.45 g (72.5%), LCST: 32.8°C, TGA: ~50% mass loss
>400°C, grafting density: 0.275 chains/nm?, XPS: 714.5 eV (Fe), 532.6 eV (O),
400.5 eV (N), 285.5 eV (C). PNIPMAM-coated nanoparticles: Yield: 1.25 g
(62.5%), LCST: 42°C.
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2.2.4. Magnetic heating

2.2.4.1. Magnetic heating equipment specifications

All equipment for magnetic heating work was kindly provided by Dr. lain Will,

(Department of Electronics, University of York).

The electromagnet used comprised a capacitor and inductor coil (wrapped around
a ferrite core) for improved efficiency. The operating frequency was determined

using Equation 2.4:

f _u)O . 1
° 21T 2VLC

Where fo is frequency (Hz), L is inductance (H) and C is the capacitance (F).
The angular frequency (wo) has units of radians per second.

Equation 2.4. Operating frequency determination from electromagnet.

The inductor coil of the electromagnet formed part of a tuned oscillating tank
circuit, providing the alternating magnetic B-field. The coil is shown here below in
Figure 2.1, where the inductance (L) of the coil around the magnet is linked to the
frequency, fo (Hz) of the circuit in Equation 2.4. The magnetic field direction

changes by 180° at a frequency of 80 kHz.

Figure 2.1. Schematic of electromagnetic inductor coil and oscillating tank circuit
to establish alternating magnetic B-field, where L (Henry) is the inductor, E
(volts/meter) is the electric field and C (farads) is the capacitance. Diagram was
provided by Dr. lain Will (Department of Electronics, University of York) (personal

communication).
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The field strength was set by the current supplied to a centre tap (Figure 2.3(a))
on the coils of the magnet. Field strength was measured using a standard search

coil approach from Equations 2.5 - 2.10:
2.5) Vpp = WNABp

2.6) Vpp = 217f NABpp

2.7)B=uH

28) Vpp = 2mrf NA IJpr

29) Vpp /l.l 2mf NA = pr

210) pr/2 =H

Where 2r1f is the angular frequency (w, radians/s), N is number of turns in the search
coll, fis frequency, A is area, Vpp is voltage in the search coil, Bpp (T) is peak to peak
induction from the field coils and Hpp (H) from the search coil. Frequency is
measured using an oscilloscope.

Equations 2.5 - 2.10: Field strength measurement equations using a standard

search coil technique.
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The sinusoidal wave form of the magnetic field across the sample can be seen

below in Figure 2.2.

Hcoil
AT T A~ T T T T A~ T T T A
H(AIm) = H, /2
Hpp ¥
0 Time (s)
& 'Hcoi.' \ l

Periodic time T=1/F(Hz)

Figure 2.2. Sinusoidal wave form of the magnetic field across the sample.

The setup used for magnetic heating experiments can be seen below in Figure
2.3. Figure 2.3(a) shows the internal components of the setup which are
contained within a sealed box with a circulating fan, including the ferrite core which
has high magnetic permeability and low electrical conductivity (inhibits eddy
current formation). The windings of the inductors are formed on this magnetic,
ferrite core. For this application (< 5 MHz), a MnZn ferrite was used which
concentrates the magnetic field (H) across a narrow 10 mm gap where the sample
is placed. This allows for larger field strength production. Also, in Figure 2.3(a) the
sample tube gap where the field is concentrated can be seen highlighted in red.
Around the ferrite core is a water-cooled copper coil which forms the magnetic
field (inductor in Figure 2.1). Figure 2.3(a) shows the choke used to prevent AC
power being reflected back into a power supply, providing an energizing current to
the centre tap of the inductor coil. Moreover, the transistor circuit can be seen in
Figure 2.3(a) which is coupled with the capacitor and feeds the inductor coil with
additional electrical energy, allowing the LC circuit to keep resonating. Figure

2.3(b) shows the entire setup as arranged for experimental work where the gallium
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arsenide thermocouple probe and temperature sensor display are highlighted in
red. The operating parameters of the magnetic field used were a 0.67 T field

strength and a 108 kHz alternating frequency.

a)

b) Temperature sensor Power supply for water
with probe pump/circulating fan

Ice-cold Sample chamber Power supply for
water cooling box with fan alternating
magnetic field
Figure 2.3. Magnetic heating setup: a) Internal components of sealed box with

sample area for magnetic heating (red), ferrite core, induction coil and electrical
connections with centre tap power conductor in the centre (left), choke (centre)
and transistor circuit (right). b) Entire setup for experimental work from left to right;
ice-water box for coil cooling, infrared thermocouple with probe, sample chamber
box with circulating fan, power box for circulating fan/ice-water coil cooling, and

power box for alternating magnetic field.
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2.2.4.2. Magnetic heating measurements

Assays for magnetic heating were conducted in a sample chamber, contained
within a sealed box equipped with a circulating fan (Figure 2.3(b)), allowing for a
constant temperature to flow over the sample area (Figure 2.3(a)). The sample
area setup within the sealed box, where the alternating magnetic field was
concentrated, can be seen in Figure 2.5. This shows a sample tube (used for
biochemical, apotransferrin experiments) of dimensions 50 mm x 45 mm x 8 mm
(length x depth x width) held in a fixed position by a plastic holder. The lid was
adapted to allow for insertion of thin plastic tubing for gallium arsenide
thermocouple probe to go through and measure sample temperature.

Prior to magnetic heating experiments, a calibration was conducted using a
sample tube filled with 100 pL dH20 and the magnetic field was switched on with
ice-cold water circulating through the copper coils, pumped from an external ice-
water reservoir by an external pump (Figure 2.3(b)). The temperature was
monitored until a stable baseline was achieved, at which point the water calibration

sample was removed and experimental samples were placed in the setup.

During magnetic heating experiments, with the magnetic field switched on, the lid
for the sample chamber was sealed on top of the box. When a sample was
withdrawn from the tube during assays, the box lid was lifted to allow access to the
sample. The sample tube was removed briefly from the field, the lid was loosened
and a thin, long pipette tip, affixed to a pipette, was used to withdraw an aliquot
from the tube whilst separating the nanoparticles with a magnet. After removal of
sample, the nanoparticles were agitated by pipetting to restore homogeneity
before returning to the holder, re-attaching the sample tube lid and securing the
box lid on the sample chamber. Sample extraction was done rapidly to ensure the
sample environment was not perturbed significantly. It was essential to remove the
aliquots away from the alternating magnetic field to prevent interference from the
magnet used for particle separation through attraction or heating of the magnet
itself. Tubes for cell magnetic heating assays did not have an adapted lid for
thermocouple probe, so thermocouple attachment was secured using Parafilm. A
diagrammatical representation to show how magnetic heating experiments were

conducted can be seen in Figure 2.4.
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Figure 2.4. Diagrammatical representation of magnetic heating experimental
procedure: Magnetic heating of nanoparticle samples with thermocouple inserted
to measure temperature (left) and magnetic separation of nanopatrticles to allow

for removal of sample volume for analysis (right).

Thermocouple
probe

Sample tube in
holder with probe
attachment

Magnetic field

Coil cooling
concentration

with ice-cold
water

Figure 2.5. Sample setup for magnetic heating experiments: Sample-specific
area for magnetic heating assays contained within sealed box. Samples were
positioned in an area where the alternating magnetic field was focused.
Annotations highlight specific components in this area; thermocouple probe was
inserted though adapted inlet for temperature readings and tubing for ice-cold

water pumping through surrounding coils was connected.
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2.2.4.3. SAR calculation

SAR was calculated using the following equation (Tong et al., 2017):
1 dT
SAR = — Cso Mso1 (—
"o sol sol (dt

Where mre is the mass of iron in the sample (g), Csolis the specific heat capacity of
the solvent (Creo=4.184 J K1 g'1), msol is the mass of solvent (g) and dT(K) / dt (s)
is the temperature gradient vs time.

Equation 2.11. Equation for determining nanoparticle SAR value.
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2.3. Results

2.3.1. Synthesis and characterisation of iron oxide nanoparticles

In order to generate iron oxide nanoparticles at a size suitable for biological
applications and to confer superparamagnetic properties, a synthetic approach
was selected to produce stable, water-soluble particles (Carroll et al., 2010). The
synthesis employs a modified polyol process enabling the liquid polyol used to
serve as a solvent and reducing agent. Reduction in metal salt precursors can
occur in the presence of a base with the polyol functioning as an ideal medium for
this, whilst additionally capping the nanoparticle surface for improved stability
(Samiee et al., 2012). The synthesis was carried out in a 1,2-propanediol/water
solvent mixture as a liquid polyol/reducing agent, using iron (ll) chloride
tetrahydrate as the metal salt precursor in the presence of NaOH as a base.
Nanoparticles were purified using MeOH wash steps and isolated by
centrifugation. High yields (94%) of nanoparticles could be generated following this
approach, which showed good solubility in water.

For an accurate representation of nanoparticle size and dispersity, analysis was
carried out by TEM. The synthesised nanopatrticles displayed an average size of
6.3 £ 0.9 nm (Figure 2.6). In the literature procedure | followed, the group
measured a nanopatrticle diameter of 15 + 2.5 nm, which are larger and less
uniform than the nanopatrticles generated in previously published work using this
synthetic procedure (Carroll et al., 2010). The observed differences could be
attributed to variations in how the synthetic procedures were carried out. Factors
such as the rate of nanoparticle seed nucleation, growth and termination are all
influenced by multiple factors during the synthetic procedure. Nanoparticle size
and uniformity can vary based on variables such as rate of stirring, which
maintains sample homogeneity during seed nucleation by metal salt reduction, or
rate of solution cooling to terminate nanoparticle growth. This means exactly
replicating nanopatrticle synthesis conditions can be challenging. Additionally, the
TEM micrographs below show a uniform contrast throughout the entirety of the
nanoparticle unlike previously published images where they show some core-shell
contrast (Carroll et al., 2010). This likely indicates full oxidation of the
nanoparticles to iron oxide compared to an iron-iron oxide core-shell structure. The
dispersity of the nanoparticles could be markedly improved by briefly pre-
dispersing in sodium citrate before washing and polymer coating. Nanoparticles
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without citrate treatment appeared to aggregate more significantly which has been
observed previously for these particles (Carroll et al., 2010). These results indicate
that | have produced stable, disperse solutions of nanopatrticles at a size suitable
for biological studies.
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histogram of nanoparticles analysed by TEM with an average diameter of 6.3 £ 0.9
nm (+ error denotes standard deviation, n = 84). Nanoparticle size measured using
ImageJ software with line drawing tool relative to scale bar. Graph was generated
using Origin software and plotted with a Gaussian distribution trendline. b) TEM
micrographs at low magnification of nanoparticles without (water) (top left) and
with (top right) citrate coating. Higher magnification images (bottom left, right) were
used for measuring size distribution as shown for citrate coated particles in panel

(a).
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2.3.2. Magnetic characterisation of iron oxide nanoparticles

In order to ascertain suitability of the nanoparticles for magnetic heating assays,
their magnetic properties were assessed. Measurements were conducted to
characterise the type of magnetism exhibited, magnetic stability and magnetic

heating efficiency.

To determine the magnetisation properties of the nanopatrticles, vibrating sample
magnometry (VSM) was conducted at a range of temperatures from 10 — 40°C.
During VSM measurements, the sample is magnetised in a uniform magnetic field
before being sinusoidally vibrated using a piezoelectric material. The induced
voltage is measured with a lock-in amplifier using the piezoelectric material as a
frequency reference, where the induced voltage of pickup coils is proportional to
the magnetic moment of the material and independent of the strength of the
applied magnetic field. Magnetisation of the material is measured as
electromagnetic units/magnetic moment (emu) and is a measure of the density of
magnetism derived from the number of magnetic moments in a given volume. A
robust method to measure whether nanoparticles display superparamagnetic
properties is to correlate increasing temperature with reduced magnetisation in
response to an applied field. This is because magnetisation will be affected even
by thermal fluctuations in superparamagnetic particles (Teja and Koh, 2010).
Based on my observations of nanopatrticle size at 6.3 + 0.9 nm nm by TEM, |
would expect to see superparamagnetic features as their size falls within the
appropriate region for exhibiting this type of magnetism with single domain
properties (Li et al., 2017). VSM analysis showed a trend corresponding to
nanoparticles of a superparamagnetic nature as they displayed no remanent
magnetisation throughout (Figure 2.7). Remanent magnetisation is characteristic
of ferromagnetic materials (Figure 1.3) where hysteresis loops are observed due
to a magnetic response even in the absence of a magnetic field (Somasundaran,
2006).
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Figure 2.7. VSM of iron oxide nanoparticles: Analysis of 10 mg/mL samples
recorded across an applied field of -10 to 10 kOe with forward and reverse field
sweeps taken at temperatures from 10 — 30°C with 10°C intervals, (black = 10°C,
red = 20°C, blue = 30°C). The graph was generated by plotting the raw signal

(magnetisation) relative to the magnetic field strength (applied field).

| also wanted to assess long-term stability of the nanoparticles and monitor their
magnetic properties over time. This was conducted using magnetic susceptibility
as a quantitative readout of the nanoparticle responsiveness to an external
magnetic field. Nanoparticles were stored by refrigeration at 10 mg/mL in dH20
and measured immediately following synthesis and also 3 months post-synthesis.
Nanoparticles were prepared for susceptibility measurements by immobilisation in
an agarose gel prior to analysis. This was done because nanoparticle samples
suspended in water were attracted to the magnet within the Guoy balance which
gave overestimated readings, meaning accurate measurements could not be
made. Over a 3-month period, | could calculate a susceptibility loss of 0.3 xg/m3kg-
2(x104(Table 2.2). This indicates that over long time periods, the nanoparticles
largely retain their magnetic properties indicating good stability. This allows for

batch production on a large scale removing the need to synthesise particles on a
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frequent basis to retain high levels of magnetic stability. Previous work from a
project student (Daniel Wrigley, personal communication) also observed very little
decrease in nanoparticle susceptibility over a 3-month period. The literature
followed for the particle synthesis reports long term stability over a 1-year period
(Carroll et al., 2010). Since the susceptibility measurements were conducted on
samples from a single nanoparticle batch, it would be beneficial to conduct further
measurements on separate batches/samples in the future to more reliably

ascertain the particle stability.

Time Magnetic Susceptibility loss
(weeks) susceptibility (Xo/m3kg2(x10)
(Xg/m3kg2(x10)
1 2.9
12 2.57 0.3

Table 2.2. Magnetic susceptibility analysis for iron oxide nanoparticles:
Magnetic susceptibility measurements recorded on 10 mg/mL iron oxide
nanoparticles after synthesis (1 week) and 3 months (12 weeks).

Having observed that the nanoparticles displayed superparamagnetic properties, |
investigated their magnetic heating capacity. These, and all subsequent magnetic
heating assays, were conducted using an in-house engineered setup (lain Will,
Department of Electronics) which can be seen in Figure 2.3. Real-time
temperature measurements of the sample volume could be recorded through the
use of a gallium arsenide infrared thermocouple probe. As this contained no trace
paramagnetic material, any heating observations could be attributed to those
generated by the sample. Additionally, as a further control, ice-cold cooling of the
coils prevented any background heating generated from components of the setup
during the measurements. A magnetic heating rate of 0.3°C min'! was observed
from 5 mg/mL nanoparticles after measuring over a 30 min period. As a control, a

sample containing no nanoparticles (water) was exposed to the field for 30 min
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also with no significant temperature change observed. Moreover, when exposing
nanoparticles to an alternating magnetic field, by correlating the temperature
readings over time with the mass and specific heat capacities of both the solvent
and particles, the SAR can be determined as a readout of total energy input in the
solution and thereby acts as a value for optimisation of magnetic nanopatrticles for
magnetic heating applications (Tong et al., 2017). By applying the magnetic
heating data to Equation 2.11, | could determine a nanoparticle SAR value of
65.27 W/g Fe (watts/gram iron). Generating larger nanoparticles that still exhibit
superparamagnetic properties, ideally using aqueous synthetic approaches to
improve bio-suitability, would certainly be more suitable for higher SAR values and

more efficient magnetic heating rates.

Here | have been able to generate SPIONSs that are stable over long periods of
time and are able to undergo magnetic heating in the presence of an alternating

magnetic field.
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2.3.3. Synthesis and characterisation of acid-terminated PNIPAM

Coating of nanoparticles with a suitable polymer is essential for targeted delivery
and release of biomolecules. | considered using a temperature-sensitive polymer
capable of undergoing a specific phase transition that could be used as a
mechanism to encapsulate and release proteins upon heating. Also, having
observed magnetic heating of the nanoparticles, utilising this mechanism as a
means of inducing a coil-to-globule transition in a temperature-sensitive polymer
would be a potentially interesting approach to trigger release of entrapped
proteins. PNIPAM is an extensively studied, temperature-sensitive polymer and
has great potential particularly in the field of biomolecule delivery. It has a well-
defined LCST of ~32°C, which is an appropriate temperature for heating assays
involving proteins in that their functionality is likely to be unaffected under such
conditions. Moreover PNIPAM-based materials have been used in various
biological studies, such as for hydrogel scaffolds, highlighting its biocompatibility
(Zhernenkov et al., 2015). The broad array of synthetic approaches available to
generate PNIPAM made it an ideal candidate for functionalising the surface of

nanoparticles.

| proceeded to generate an acid-terminated variant of PNIPAM to allow for the
terminating OH  moiety to be functionalised with a catechol molecule suitable for
anchoring the polymer to the particle surface. This was conducted following a
literature procedure (Kurzhals et al., 2015) using an ATRP approach (Scheme
2.6), a successful method for generating polymers in a controlled fashion with
narrow Mw distributions and defined terminal groups (Queffelec et al., 2000). The
procedure involves formation of a transition metal/ligand complex
(CuBr/MesTREN) which reacts with an alkyl halide initiator (2-methyl-2-

bromopropionic acid) generating a radical to activate/propagate dormant polymer
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chains by halogen atom transfer (Queffelec et al., 2000). After synthesis, the

polymer molecular and phase transition properties were characterised.

2 4 Br
7 B
r n
O CuBr, CuBr,, HO 2
HN 0 4+ Me6TREN HN 0
)\ o MeOH, dH,0, O /L\
16 h 1 1
NIPAM 2-methyl-2-
bromopropionic acid Acid-terminated
PNIPAM

Scheme 2.6. Reaction scheme for ATRP synthesis of acid-terminated PNIPAM,
simulated 'H NMR: & = 1.17 ppm (d, 3H, 1) 1.26 ppm (s, 3H, 2) 2.05 ppm (d, 2H,
3) 4.22 ppm (m, 1H, 4) 4.27 ppm (m, 1H, 5).

During polymer collection post-synthesis, separation of PNIPAM from the
dH20/MeOH solvent system is carried out by temperature-induced precipitation.
There was a clear phase transition which occurred upon heating the reaction
mixture to 50°C resulting in rapid precipitate formation. Once isolated and purified,
a controlled LCST assay was conducted monitoring the turbidity of a 10 mg/mL
polymer sample while stirring and monitoring the temperature from ambient to
50°C. | could observe that there was a defined temperature (32°C) where evident
precipitation occurred (Figure 2.8). This agrees with observations made in the
literature procedure (Kurzhals et al., 2015). The polymer has a distinct blue
colouration which is explained by the presence of CuBr during the synthesis,

however this is not crucial as it is removed post-functionalisation.

131



Room temp 32°C

Figure 2.8. LCST measurements of acid-terminated PNIPAM: Phase transition
analysis on 10 mg/mL acid-terminated PNIPAM following heating from room
temperature to 50°C, polymer solution at room temperature (20.4°C) (left) and at
32°C (right).

The polymer Mw was determined by MALDI-TOF mass spectrometry and can be
seen below in Figure 2.9. The m/z distribution was consistent with masses
between 10-15.5 kDa in regions where peaks are distinguishable from noise. |
could calculate an Mn value of 13 kDa and an Mw of 13.26 kDa, from which a PDI
of 1.02 was determined. Additionally, spacings between polymer peaks denote
monomer units at ~113 Da. The Mw observed correlates well with the literature
procedure characterisation, which showed a 10 kDa polymer using the same

synthetic approach (Kurzhals et al., 2015).
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Figure 2.9. MALDI-TOF mass spectrometry of acid-terminated PNIPAM:
Spectra from 1 mg/mL acid-terminated PNIPAM acquired between mass range 10-
17 kDa, inset (top right) shows spacings between polymer peaks of 113 Da. Mn =
13 kDa, Mw = 13.26 kDa, PDI = 1.02.

Additionally, molecular characterisation of acid-terminated PNIPAM was carried
out using *H NMR, showing broad NMR peaks indicative of polymerisation (Figure
2.10). Characteristic peaks representing PNIPAM can be seen for hydrogens
present on repeat NIPAM monomer units between 3.8 — 4.2 ppm (4, 5) for the CH
bonds and 2.14 ppm (3) for CH2, while 1-1.2 ppm (1, 2) represents CHs present on

the polymer and on methyl groups of the terminating carboxylic acid molecule.

Here | have generated acid-terminated PNIPAM which displays a phase transition
at 32°C and has an average Mw of 13.26 kDa.
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Figure 2.10. 'H NMR of acid-terminated PNIPAM: 10 mg/mL sample dissolved
in CDCls for analysis, characteristic PNIPAM peaks detected at: & = 1-1.2 ppm (1,

2) 2.14 ppm (3) 3.8 — 4.2 ppm (4, 5).
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2.3.4. Synthesis and characterisation of NDA

NDA has been shown to be a more effective molecule than dopamine for polymer
anchorage onto iron oxide nanoparticle surfaces, producing stable dispersions of
particles (Amstad et al., 2009). Also, dopamine is prone to oxidation by ferric
cations such as Fe®*, introduction of the nitro group makes oxidation more difficult.
For these reasons, NDA was selected as a suitable molecule and synthesised
before molecular characterisation was carried out by 'H NMR. NDA was
synthesised by nitration of dopamine via a radical cation mechanism using sodium
nitrite (Scheme 2.7). This approach is more effective than using liquid phase
counterparts like nitric acid, because it uses simpler, milder conditions with shorter

reaction times.

HO NH, NaNO,,
H,SO,
¢ HCI >
HO dH20,16 h
Dopamine

hydrochloride

Scheme 2.7. Reaction scheme for synthesis of NDA, black numbers denote H
NMR assignment, red numbers denote 13C NMR assignment, simulated 'H NMR:
0 =2.26 ppm (t, 2H, 1) 2.76 ppm (t, 2H, 2) 6.36 ppm (s, 1H, 3) 6.67 ppm (s, 1H, 4),
simulated *C NMR: & = 145.4 ppm (1) 143.1 ppm (2) 140.5 ppm (3) 129.9 ppm (4)
111.0 ppm (5) 100.9 ppm (6) 42.2 ppm (7) 31.1 ppm (8).

NDA characterisation by *H NMR showed representative peaks between 2.9 — 3.1
ppm (1, 2) for the CH2 groups alongside the NH2 moiety and also at 6.87 (3) and
7.48 ppm (4) for CH groups of the aromatic ring (Figure 2.11).
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Figure 2.11. 'H NMR of NDA: 10 mg/mL sample dissolved in DMSO-Ds for

analysis, characteristic NDA peaks detected at: 6 = 2.9 — 3.1 ppm (1, 2) 6.87 ppm
(3) 7.48 ppm (4).
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2.3.5. Synthesis and characterisation of NDA-PNIPAM

Acid-terminated PNIPAM was then functionalised to terminate with NDA through
an amide coupling reaction (Scheme 2.8). Synthesis was conducted using
coupling agent COMU which has been shown to be highly efficient with good
solubility (Hjarringgaard et al., 2012). Purification was done using dialysis with a
3.5 kDa membrane cut off which is appropriate to remove excess NDA (Mw: 198.1

Da) and retain the functionalised polymer (Mw: 13.26 kDa).

Br
n HO NH,
HO
o~ o + e H,SO. COMU, DIPEA R
| HO NO, DMF, 72 h
Acid-terminated NDA
PNIPAM Br
H ]
HO N
HN o
L] H2SO4
o)
HO NO,
NDA-PNIPAM

Scheme 2.8. Reaction scheme for amide coupling reaction of NDA with acid-
terminated PNIPAM to form NDA-PNIPAM.

NMR was carried out on NDA-PNIPAM; however, | was unable to detect peaks
corresponding to NDA. This is likely due to the significant abundance of monomer
units compared to single terminating NDA molecules per polymer chain, meaning
the detection of polymer largely outweighed that of NDA. UV-vis spectroscopy was
carried out as an alternative to characterise the efficiency of NDA coupling to
PNIPAM as NDA displays a Amax of ~350 nm in its reduced form at mildly acidic pH
(Cencer et al., 2014). This arises as a function of the nitro-functionality of NDA
which lowers the pKa values of the catechol hydroxyl groups to 6.6 and 11 from
9.2 and 14 without the nitro group (Nurchi et al., 2009). The relationship between

concentration and absorbance could be plotted at a Amax of ~350 nm for NDA-
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PNIPAM as compared with NDA standards (Figure 2.12). Using equimolar
amounts of NDA and NDA-PNIPAM at 300 uM, the concentration of NDA that had
been functionalised to terminate the PNIPAM chains could be determined. The
percentage of PNIPAM chains functionalised with NDA could be calculated using
the absorbance readings from 300 uM NDA-PNIPAM to determine its NDA
concentration, compared against a calibration curve of NDA standards. The
concentration of NDA determined in 300 uM NDA-PNIPAM was then calculated as
a percentage of 300 uM NDA which showed a 67% functionalisation of PNIPAM
with NDA.

Here | have been able to successfully synthesise the catechol molecule NDA and

terminally functionalise this onto PNIPAM chains.

300pM
NDA

S
% 150pM 300puM NDA-PNIPAM
Q (67% functionalisation)
2
5 137.5uM
2 75uM
< NDA
0 100 200 300 400

Concentration (uM)

Figure 2.12. UV-vis spectroscopy of NDA-PNIPAM: Calibration curve of NDA
standards from 300 — 37.5 uM to generate a linear regression where the R?= 0.99,
alongside 300uM NDA-PNIPAM. NDA-PNIPAM concentration was determined by
Mw of acid-terminated PNIPAM plus the mass of a terminating molecule of NDA.
Absorbance readings collected at Amax (350 nm) using the formula: (absorbance-
0.0027)/0.0036 to determine NDA concentration in PNIPAM. Samples were

analysed in a sodium citrate buffer (1 mM, pH 5.5).
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2.3.6. Preparation and characterisation of PNIPAM-coated iron

oxide nanoparticles

Following the synthesis of NDA-PNIPAM, the iron oxide nanoparticle surface was
coated with the polymer by sonication of both in dH20 for 5 hours in an ice-cold
bath to prevent temperature-sensitive polymer insolubility. The solution was then
incubated at room temperature on a shaker overnight. During the sonication of
NDA-PNIPAM with the nanoparticles, a direct ligand exchange occurs where the
polymer replaces the propylene glycol coating on the nanopatrticle surface through
the action of the nitrocatechol-terminating group. This forms a stable, covalent
bond that binds irreversibly and withstands heating to temperatures much higher
than room temperature (Kurzhals et al., 2015). The literature procedure reported
using sonication for 24 hours; however, | found the conditions | used were also
sufficient (Kurzhals et al., 2015). PNIPAM-coated nanoparticles were subsequently
purified by ultracentrifugation to remove excess polymer before analysis of the
polymer coating. Magnetic separation was attempted using rare earth magnets
placed under the base of the reaction vessel; however, yields were relatively poor
using this approach. This is likely due to the high viscosity of the PNIPAM-
nanoparticle solution limiting the migration of nanoparticles towards the magnet.
After preparation, PNIPAM-coated nanoparticles were characterised for the
presence of surface-bound polymer, extensiveness of coating and phase transition
properties.

LCST measurements of PNIPAM-coated nanoparticles were conducted to assess
whether the PNIPAM temperature-sensitive properties were retained/unchanged
following nanoparticle surface coating. | could show that clear temperature-
sensitive properties were displayed by PNIPAM-coated nanoparticles (Figure
2.13). At control temperatures, below the PNIPAM LCST at room temperature
(20.6°C) and 30°C, PNIPAM-coated nanoparticles remained soluble as compared
to uncoated control nanoparticles. Whereas upon heating the particles above the
LCST to 37°C or through magnetic heating for 30 min, causing a temperature rise
from 30.5°C to 33.8°C, PNIPAM-coated nanoparticles began to precipitate as a
function of the PNIPAM phase transition, uncoated nanoparticles by contrast
remained soluble. This provides qualitative evidence of PNIPAM-coating,

indicating that polymer-coated nanoparticles are responsive to temperature.
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Figure 2.13. LCST measurements of PNIPAM-coated iron oxide
nanoparticles: 10 mg/mL PNIPAM-coated (C) and uncoated (U) nanopatrticles
treated at different temperatures of 20.6°C (room temp), 30°C, 37°C and with 30
min magnetic heating (30.5°C > 33.8°C).

To further validate the presence of PNIPAM on the nanopatrticle surface, XPS
analysis was carried out to measure the elemental signatures present (Figure
2.14). Both uncoated and PNIPAM-coated nanoparticles show characteristic
peaks for the presence of iron and oxygen as would be expected. However,
PNIPAM-coated nanoparticles have significantly more carbon present due to the
large hydrocarbon repeat structures of PNIPAM chains. Additionally, the
appearance of nitrogen is evident for PNIPAM-coated nanopatrticles which is an
element present on repeat chains of PNIPAM. | can therefore show elemental data

to support the presence of PNIPAM on the nanoparticle surface.
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Figure 2.14. XPS of uncoated and PNIPAM-coated iron oxide nanoparticles:
Peaks detected across a range between 0 — 1000 eV binding energy, elemental
peaks detected at: 714.5 eV, iron (Fe); 532.6 eV, oxygen (O); 285.5 eV, carbon
(C) for both uncoated and PNIPAM-coated particles, also 400.5 eV, nitrogen (N) in

coated patrticles.

In order to ascertain the extensiveness of PNIPAM coating on the nanopatrticle
surface, TGA was carried out to measure the mass loss following thermal
decomposition of the polymer (Figure 2.15). Upon heating above ~350°C there
was a significant mass loss of almost 50% in the PNIPAM-coated particle sample.
By contrast there was little to no reduction in mass throughout the heating cycle up
to 600°C in the uncoated particle sample. This data suggests that around 50% of
the total PNIPAM-coated nanoparticle mass is comprised of the PNIPAM shell.
Additionally, upon carrying out TGA measurements on another batch of PNIPAM-
coated particles, a significant mass reduction was also seen at ~350°C (Figure
2.15).
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Figure 2.15. TGA analysis of uncoated and PNIPAM-coated iron oxide

nanoparticles: 10 mg dry uncoated and PNIPAM-coated (coated) particle

samples heated under nitrogen gas at a ramp rate of 10°C min-! between 0-600°C.

‘Coated 1’ and ‘Coated 2’ represent different batches of PNIPAM-coated iron oxide

nanoparticles measured.

Also, from the TGA data | could calculate the polymer grafting density on the
nanoparticle surface per nm?2. This was determined by first calculating the
nanoparticle volume with the equation 4/31r2 (where r is radius) using the TEM-
derived particle radius of 2.75 nm to give 87.1x10?’cm3. From this, the mass of a
single nanoparticle could be determined by multiplying the nanoparticle volume
(87.1x10%'cm?) by the density of bulk iron oxide (5.18 g/cm) (Kurzhals et al., 2015)
to give 4.51x10°%g. The mass of the nanoparticle proportion of a single PNIPAM-
coated nanoparticle was derived by dividing single nanoparticle mass (4.51x10"
19g) by the inorganic fraction percentage shown by TGA (between 450 — 600°C) of
0.497 (49.7%) to give 9.07x10°g. The polymer shell mass proportion of a
PNIPAM-coated nanoparticle was determined by dividing the nanoparticle mass
proportion of a PNIPAM-coated nanoparticle (9.07x101%g) by the organic fraction
percentage shown by TGA (between 350 — 450°C) of 0.503 (50.3%) to give a
value of 4.56x101%g. To calculate how many polymer chains were present per
PNIPAM-coated nanoparticle, the polymer shell mass proportion of a PNIPAM-
coated nanoparticle (4.56x10°g) was divided by the mass of a single PNIPAM
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chain (1.745x10-2°) to give ~26 polymers. The mass of a single polymer chain was
determined by polymer Mw/Avagado’s number (10,512.2/6.023x10%3) (polymer Mw
was determined by MALDI-TOF mass spectrometry). The grafting density for
polymer chains per nm? was calculated by dividing the number of polymer chains
per PNIPAM-coated nanoparticle (26.1) by the nanopatrticle surface area of 95
nm?2, determined using 4Trr? (4112.75%) which gave a grafting density of ~0.3
chains/nm? (27.5%). A higher grafting density could possibly be achieved using
shorter PNIPAM chains as longer chains will have a larger hydrodynamic diameter
and may therefore partially circumvent further grafting by physically blocking

binding sites once a layer has grafted onto the particle surface.

To measure the polymer-coated nanoparticle size and dispersity properties in
solution, | used a DLS approach (Table 2.3). | could show that nanoparticles
dispersed in water, both uncoated and PNIPAM-coated, were measured over 100
nm in size with large error values. Moreover, particle aggregation is indicated by
zeta potential readings of almost 0 which suggests poor colloidal stability (O’Brien
et al., 1990).

Previous studies have shown citrate coated iron oxide nanoparticles display good
stability and dispersity properties over long periods of time with little aggregation
(Saraswathy et al., 2014). To improve the nanoparticle dispersity and reduce
aggregation, the particles were dispersed in sodium citrate buffer and briefly
sonicated before washing away excess sodium citrate. NDA-terminated polymer
was then sonicated with the particles in water to replace any bound citrate and
allow for surface coating. Nanopatrticles prepared with citrate showed significantly
improved size and stability properties over those prepared without (Table 2.3).
Non-polymer coated nanoparticles had a hydrodynamic diameter of 16.62 + 4.43
nm, showing a clear reduction in size over non-citrate prepared particles.
Moreover, an improved zeta potential was recorded for citrate-prepared, uncoated
particles at 31.26 + 3.02 mV, indicating good colloidal stability (O’Brien et al.,
1990). PNIPAM-coated nanoparticles prepared with citrate also showed good
colloidal stability with a zeta potential of 36.2 + 1.48 mV. Interestingly these
particles showed a hydrodynamic diameter of 152.5 + 13.33 nm, the zeta potential
measurements suggest this size is unlikely due to aggregation and therefore the
increased size could be attributed to the expanded PNIPAM shell on the particle
surface. To investigate this further the PNIPAM-coated particles were heated in

the DLS machine to 37°C (above the PNIPAM LCST) and the hydrodynamic
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diameter was measured to observe any size reduction brought about by the
collapse of the PNIPAM shell post-phase transition. However due to the
temperature-induced precipitation of PNIPAM-coated particles readings could not
be accurately made.

Sample Hydrodynamic Zeta potential PDI
diameter (nm) (mV)
Uncoated 158.8 +6.08 0.258 +£0.27 0.124 +0.02
Coated 1542 +6.71 0.31+0.23 0.147 £ 0.03
Uncoated (CC) 16.62 +4.43 31.26 + 3.02 0.269 £ 0.01
Coated (CC) 152.5 + 13.33 36.2+1.48 0.091 + 0.02

Table 2.3. DLS analysis of uncoated and PNIPAM-coated iron oxide
nanoparticles: Hydrodynamic diameter (nm) zeta potential (mV) and PDI
measurements of nanoparticle solutions (10 mg/mL). Particles were prepared with
(coated) or without (uncoated) PNIPAM-coating and measured in the presence
(citrate coated) (CC) or absence of sodium citrate (1mM, pH 7.4). Sizes displayed

represent mean values (z error denotes standard deviation, n=3).

Another technique that measures patrticle size and relates the Brownian (random)
motion to size is NTA, allowing for visualisation of particles in solution (Filipe et al.,
2010). Both DLS and NTA measure Brownian motion where the speed of motion is
influenced by nanoparticle size. However, DLS considers particles in a sample as
an ensemble rather than on an individual basis. NTA, by contrast, visualises and
tracks individual particles allowing for a more accurate determination of the particle
size distribution profile. The modal of the size distribution was determined as 78.3
+ 1.3 nm for PNIPAM-coated nanoparticles at room temperature (Figure 2.16).
Additionally, nanoparticles at room temperature could be visualised at high density
with clear dispersity. At 37°C however, NTA showed a significant increase in

particle hydrodynamic diameter with the modal of the distribution increasing to
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199.7 £ 15.9 nm as a consequence of particle aggregation following PNIPAM
chain collapse and transition to a hydrophobic state (Figure 2.16). The PNIPAM-
coated particle size at room temperature in solution correlates well with that
observed by DLS, both being significantly larger when compared to nanoparticle
diameter seen by TEM of 6.3 £ 0.9 nm.

The polymer-coated particle sizes observed by DLS and NTA are a likely
consequence of combined effects of the expanded polymer shell and solvent
molecules interacting and accumulating on the particle surface (Clement et al.,
2017). Both these factors will contribute to the hydrodynamic diameter in solution,
whereas these will not be measured by dry samples analysed by TEM.
Visualisation of the PNIPAM-shell could not be detected by TEM which is a likely
consequence of contrast lacking from the carbon-dense polymer against a carbon
background. Additionally, as the sample is dry during TEM analysis, the polymer

shell may be collapsed in the absence of solvent.

| have used different techniques to measure particle size where each approach
has its merits and drawbacks. Of the techniques | used, TEM provides the most
accurate measurement of particle size since there is no influence of molecules in
solution interacting with the surface and influencing the size. However, TEM does
not allow for visualisation of the polymer shell on the particle surface due to the
lack of contrast from the polymers against a carbon background and also, since
TEM samples are imaged in vacuo, the polymer shell is dehydrated and therefore
will not be in an expanded state. DLS and NTA allow measurements of particle
size in solution which allows for the expansion/hydration of the polymer shell and
therefore considers the influence of the polymer shell on particle size. However,
the absolute values measured by these techniques are likely to be an
overestimation since they are representative of the hydrodynamic diameter and
therefore could be influenced by interactions on the particle surface with molecules
in solution. NTA also allows visualisation of individual particles in solution which
DLS does not, and this allowed me to observe the particle behaviour at
temperatures above and below the polymer LCST.
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Figure 2.16. NTA of PNIPAM-coated iron oxide nanoparticles: a) NTA images
at room temperature (left) and 37°C (right) of PNIPAM-coated nanoparticles, sizes
displayed represent the modal of the size distribution (+ error denotes standard
deviation, n=3). b) Size distribution profiles of PNIPAM-coated nanoparticles at

room temperature (left) and 37°C (right).
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2.3.7. Synthesis and characterisation of PNIPMAM generated by
NIPMAM polymerisation

As well as PNIPAM, | also worked on the synthesis of an alternative polymer
termed PNIPMAM, a slight variant of PNIPAM with an additional methyl group on
the monomer. It has been shown that the PNIPMAM LCST can be modulated in a
Mw dependent manner (Rathfon and Tew, 2008). | began preliminary work on this
polymer with a view to generating a version that displays an LCST above 37°C, an
ideal property for potential downstream work on developing polymer-coated
nanoparticles that can release biomolecules above physiological temperature

(37°C) upon magnetic heating.

= Br
CuBr, CuBr,,
HN o + O Me;TREN
o} MeOH, dH,0,
16 h
NIPMAM 2-methyl-2- - -
bromopropionic acid Acid-terminated

PNIPMAM

Scheme 2.9. Reaction scheme for ATRP synthesis of acid-terminated PNIPMAM,
simulated PNIPMAM H NMR: & = 1.17 ppm (d, 3H, 1) 1.26 ppm (s, 3H, 2) 1.36
ppm (s, 3H, 3) 1.78 ppm (s, 2H, 4) 4.28 ppm (m, 1H, 5).

Initially, 1 attempted to recapitulate the acid-terminated PNIPAM synthesis using
the NIPMAM monomer instead of NIPAM (Scheme 2.9). However, following an
overnight reaction | was unable to detect clear signs of polymerisation.
Additionally, there was no indication of a polymer phase transition even upon
heating to much higher temperatures than desired (100°C). | hypothesised that
possibly the rate of polymerisation using this monomer was significantly slower
than that of NIPAM and therefore attempted to optimise this by lengthening the
reaction under moderate heating. The reaction was repeated and left under mild
heating conditions (30°C) (below the anticipated polymer LCST) and small

analytical aliquots (1 mL) were drawn from the reaction (under inert conditions)
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after 1, 3 and 7 days. The crude products were purified in the same manner as
PNIPAM but scaled down proportionally to account for the smaller volumes. | then
carried out *H NMR and MALDI-TOF mass spectrometry to characterise the
product at each timepoint. By 'H NMR, | could see that the monomer was only
present after 1 day of polymerisation, indicated by sharp peaks (Figure 2.17).
However, after 3 and 7 days the peaks broaden, which will only be observed for
the polymer, providing a qualitative indication of polymerisation. Characteristic
PNIPMAM peaks can be seen after 3 and 7 days between 1 — 1.3 ppm (1 — 3) for
CHs groups present on repeat monomer units and the terminating acid group.
Also, at 1.5 ppm (4), a peak can be seen corresponding to the CH:2 of repeat
monomer units and also at 4 ppm (5), likely representing the CH on repeat

monomer units.
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Figure 2.17. 'H NMR studies of PNIPMAM synthesis over 7 days: 10 mg/mL
sample dissolved in CDCIs for analysis, characteristic PNIPMAM peaks detected
at: d=1-1.3 ppm (1-3) 1.5 ppm (4) 4 ppm (5). Colours indicate time during
polymerisation prior to NMR analysis after 1 day (red), 3 days (green) and 7 days
(blue).
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By MALDI, I could detect an increase in Mw of the polymer over time between days
1 -7, giving an indication of progressive polymer chain propagation (Figure 2.18).
In agreement with the NMR data in Figure 2.17, there is no indication of
polymerisation after 1 day, whereas defined polymer peaks appear by mass
spectrometry after 3 and 7 days, with an increased Mw over time. After 3 days
polymerisation, | could calculate 10,855 Da for the Mn and 9,568 Da for the Mw,
which yielded a PDI of 0.88. After 7 days polymerisation, | calculated 12,843 Da
for the Mn and 12,168 Da for the Mw with a PDI of 0.94. However, despite these
observations | was still unable to detect a phase transition in response to heating
to 100°C. | reasoned that despite evident polymerisation occurring, initiation of
insufficient polymer chains, resulting in a low polymer concentration, could be
behind the lack of a bulk sample phase transition. It has been suggested in
previous work that copper catalysts can be inefficient in inducing radical addition
for some amide-containing monomers (Senoo et al., 1999). This approach could
potentially be optimised in the future to generate a suitable polymer; however, |

decided to seek alternative synthetic methods to generate the desired product.
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Figure 2.18. MALDI-TOF mass spectrometry of PNIPMAM synthesis over 7
days: Spectra from 1 mg/mL acid-terminated PNIPMAM acquired between mass
range 5-16kDa after polymerisation for 1 (blue), 3 (red) and 7 (green) days. 3 days
polymerisation: Mn = 10,855 Da, Mw = 9,568 Da, PDI = 0.88. 7 days
polymerisation: Mn = 12,843 Da, Mw = 12,168 Da, PDI = 0.94.
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2.3.8. Synthesis and characterisation of PMASI

Because | did not observe any phase transition when polymerising the NIPMAM
monomer, an alternate synthetic approach was used. This involved following a
literature procedure (Rathfon and Tew, 2008) for the synthesis of PMASI from the
MASI monomer via ATRP (Scheme 2.10). This approach was previously shown to
generate well controlled polymers for post-synthesis functionalisation
(Shunmugam and Tew, 2005).

2 4
Br Br
2 n
0 3
CuBr, PMDETA
+ 0

O

| > 0 o ©
o \ 90°C, Anisole, ﬂ r~|1 0
) 0 0 1h O
r ST
5\—5
EBIB MASI PMASI

Scheme 2.10. Reaction scheme for synthesis of PMASI precursor, simulated *H
NMR: & = 1.19 ppm (t, 3H, 1) 1.25 ppm (s, 3H, 2) 1.44 ppm (s, 3H, 3) 1.77 ppm (s,
2H, 4) 2.83 ppm (m, 2H, 5) 4.12 ppm (m, 2H, 6).

Following the synthesis of PMASI, *H NMR was conducted to characterise the
molecular properties of the product. By 'H NMR, characteristic peaks were
observed for PMASI indicating that the desired product had been formed (Figure
2.19). Proton peaks corresponding to the MASI functionality on the molecule can
be seen at 2.8 ppm (5). Protons present along the hydrocarbon polymer backbone
and terminating group likely give rise collectively to the broad peak in the region
between 1 - 1.8 ppm (1 — 4). Also, a broad peak could be detected at 3.6 ppm (6)
which is possibly the CH present on repeating monomer units. The abundance of
several other peaks in the spectrum are probable starting materials, solvent or
contaminants, therefore a more rigorous clean-up procedure will likely benefit the

product purity and spectrum quality.
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Figure 2.19. 'HNMR of PMASI: 10 mg/mL sample dissolved in DMSO-Ds for
analysis, characteristic PMASI peaks detected at: 5 =1 — 1.8 ppm (1 - 4) 2.8 ppm
(5) 3.6 ppm (6). Zoomed-in inset of important resonance peaks shown on right.
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2.3.9. Synthesis and characterisation of acid-terminated
PNIPMAM from PMASI

After PMASI synthesis, functionalisation with isopropylamine to generate acid-
terminated PNIPMAM immediately followed (Scheme 2.11).

Br 4 Br
n DMF, 60°C, 24 h 2
> n
0 3
HO 2
o HoN HN O
0

o]
1 1
Isopropylamine
PMASI Acid-terminated
PNIPMAM

Scheme 2.11. Reaction scheme for synthesis of acid-terminated PNIPMAM,
simulated 'H NMR: & = 1.17 ppm (d, 3H, 1) 1.26 ppm (s, 3H, 2) 1.36 ppm (s, 3H,
3) 1.78 ppm (s, 2H, 4) 4.28 ppm (m, 1H, 5). Red circle highlights terminating ester
group that is subsequently hydrolysed to generate acid-terminated PNIPMAM.

Characterisation of the product by *H NMR showed characteristic peaks for the
polymer (Figure 2.20). Most notably is the appearance of a significant peak at ~1
ppm (1) and an enlarged peak between 3.8 — 4 ppm (5), corresponding to the
isopropylamine functionality present on PNIPMAM. As with the PMASI *H NMR
(Figure 2.19), the spectrum is not clear and would likely benefit from a more

rigorous purification procedure.
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Figure 2.20. 'HNMR of acid-terminated PNIPMAM: 10 mg/mL sample dissolved
in DMSO-Ds for analysis, characteristic PNIPMAM peaks detected at: = 1-1.4
ppm (1 —-3) 1.7 ppm (4) 3.8 — 4 ppm (5).

Additionally, | carried out MALDI-TOF mass spectrometry analysis on PNIPMAM
to measure the Mw of the polymer. MALDI showed that the m/z distribution is
consistent with polymer masses between 8.5 — 14.5 kDa yielding a calculated Mn
of 11,245 Da and a Mw of 10,378 Da, with a PDI of 0.92 (Figure 2.21). Using
NaOH, | carried out hydrolysis of the terminal ester group. This allowed for
subsequent functionalisation of the polymer with NDA to permit binding to iron
oxide nanoparticles. Using MALDI-TOF mass spectrometry, | could detect a mass
shift of ~28 Da, which corresponds to the mass loss of the terminating ester group
(Figure 2.22). Also, it can be seen that the peak spacings between polymer units

are ~127 Da apart, correlating with the mass of monomeric units of the polymer.
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Figure 2.21. MALDI-TOF mass spectrometry of PNIPMAM: Spectra from 1

mg/mL PNIPMAM acquired for a mass range of 8.5-14.5 kDa. Mn: 11,245 Da, Mw:
10,378 Da, PDI: 0.92.
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Figure 2.22. MALDI-TOF mass spectrometry of PNIPAM before and after
terminating ester hydrolysis: Spectra from 1 mg/mL PNIPMAM acquired for
mass range between 10050-10450 Da for PNIPMAM before (blue) and after (red)
terminating ester hydrolysis. Masses for polymer chains before and after
hydrolysis are indicated below (before) and above (after) peaks. Mass differences

between polymer peaks before and after hydrolysis shown as ‘+’ for corresponding
mass shift.
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| also assessed the phase transition properties of the polymer and was able to
observe temperature-sensitive properties (Figure 2.23). Interestingly, | could
observe a more gradual phase transition than observed for PNIPAM where the
polymer solution was soluble at room temperature, turbid/cloudier from 37°C —
41°C, until the polymer began to precipitate at 42°C. Despite not displaying a
sharp phase transition like PNIPAM, | could observe an increased polymer LCST.

Room 37°C 42°C
temp

Figure 2.23 LCST measurements of acid-terminated PNIPMAM: Phase
transition analysis on 10 mg/mL acid-terminated PNIPMAM following heating from
at room temperature (20.3°C, left), 37°C (centre), and 42°C (right).
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2.3.10. Synthesis and characterisation of NDA-PNIPMAM

By exposing the carboxylic acid terminating group of the polymer, | was able to
carry out functionalisation with NDA using the same approach as with acid-
terminated PNIPAM (Scheme 2.12).

Br

HO NH,
n . COMU, DIPEA
HO ¢ H.SO >
HN O 2o DMF, 72 h
HO NO,
o}
Acid-terminated NDA
PNIPMAM Br
H n
HO N
HN o)
° H2504
o)
HO NO,
NDA-PNIPMAM

Scheme 2.12. Reaction scheme for amide coupling reaction of NDA with acid-
terminated PNIPMAM to form NDA-PNIPMAM.

| characterised NDA-functionalisation of PNIPMAM using UV-vis spectroscopy
where the characteristic peak at a Amax of 350 nm was evident for NDA-PNIPMAM,
indicating some functionalisation (Figure 2.24). This could be calibrated against a
standard curve of NDA standards to determine that ~60% of PNIPAM units were
terminally-functionalised with NDA. Additionally, there was a clear visual change

following NDA functionalisation (also seen with NDA-PNIPAM) (Figure 2.24).

156



Q
S

7 —312uM NDA Before After
i —156uM NDA i |
‘78’ 7 —78uM NDA \[“"[!
& 39uM NDA
2
o O0uM NDA ;
] e
3

—312uM NDA-PNIPMAM

300 400 500 600 700 800

Wavelength (nm)

b)

0 100 200 300 400
Concentration (uM)

Absorbance (a.u.)

Figure 2.24. UV-vis spectroscopy of NDA-PNIPMAM: a) Spectra (left) recorded
across wavelength range of 300 — 800 nm with Amax of 350 detected for NDA. NDA
standards were measured alongside NDA-PNIPMAM for comparison. Images of
PNIPMAM (right) before (left) and after (right) NDA functionalisation. b) Standard
curve was generated with NDA standards to generate a linear regression with an
R? value of 0.9176. NDA concentration in NDA-PNIPMAM was determined using
the formula: (Ass0-0.2595)/0.3532. Samples were analysed in a sodium citrate
buffer (1 mM, pH 5.5).
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2.3.11. Preparation and characterisation of PNIPMAM-coated iron

oxide nanoparticles

Using NDA-PNIPMAM, | conducted polymer-coating to the iron oxide nanoparticle
surface using the same methodology as for PNIPAM. | could confirm PNIPMAM
coating by showing clear temperature-sensitive properties are displayed by
PNIPMAM-coated nanoparticles (Figure 2.25). Below the polymer LCST of room
temperature (19.3°C), PNIPMAM-coated nanoparticles remained soluble. Whereas
upon heating the particles to 37°C, the solution turbidity increased as seen
previously for free polymer (Figure 2.23). PNIPMAM-coated nanopatrticles began
to precipitate at 42°C likely indicating a complete phase transition. This provides
qualitative evidence of PNIPMAM-coating, where temperature-sensitive properties
are observed above physiological temperatures. This could be a more
advantageous tool compared to PNIPAM-coated nanoparticles which could be
developed for thermally-induced biomolecule release above physiological

temperatures.

Room 37°C 42°C
temp

Figure 2.25. LCST measurement of PNIPMAM-coated iron oxide
nanoparticles: Phase transition analysis on 10 mg/mL PNIPMAM-coated
nanoparticles following heating at room temperature (19.3°C, left), 37°C (centre),
and 42°C (right).
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2.4 Conclusions

In order to generate iron oxide nanoparticles that were water soluble, | followed an
established procedure to generate polyol-capped particles for improved aqueous
stability (Carroll et al., 2010). When patrticles were also surface-coated with
sodium citrate, this approach yielded highly stable aqueous suspensions at a size
of 6.3 £ 0.9 nm as measured in TEM images. Additionally, | showed the particles
exhibited superparamagnetic properties and were able to undergo magnetic

heating at a rate of 0.3°C min'! when exposed to an alternating magnetic field.

| selected an ATRP approach to synthesise acid-terminated PNIPAM as a well-
controlled method to produce polymers with a narrow Mw distribution and defined
terminal groups (Kurzhals et al., 2015, Queffelec et al., 2000). | could produce
acid-terminated PNIPAM with a Mw of 13.26 kDa as confirmed by MALDI-TOF
mass spectrometry, as well as characteristic broad *H NMR peaks for the polymer.
Also, | could show temperature-sensitive properties for PNIPAM at an LCST of
32°C.

After synthesising the nitrated catechol molecule NDA, this could be terminally-
functionalised to acid-terminated PNIPAM through an amide coupling reaction
(Kurzhals et al., 2015). NDA UV properties allowed characterisation of the
presence and extensiveness of NDA coupling to PNIPAM, which showed a 67%

reaction efficiency.

With NDA-PNIPAM, | could successfully coat the iron oxide nanoparticle surface
and characterise the molecular and temperature-sensitive properties of the
polymer shell. XPS analysis revealed the presence of nitrogen and increased
carbon, indicative of PNIPAM presence on the particle surface. TGA analysis
showed a significant mass loss when heating PNIPAM-coated particles above
350°C through thermal decomposition of surface-bound polymer. | could also
detect a significant increase in hydrodynamic diameter by both DLS and NTA for
nanoparticles coated with PNIPAM. PNIPAM-coated nanoparticles also displayed
temperature sensitivity above the polymer LCST of 32°C when heated with or
without magnetic heating. The phase transition of PNIPAM-coated particles could
also be visualised and characterised in terms of size using NTA analysis, which

revealed particle aggregation above the LCST.
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Finally, following a published procedure (Rathfon and Tew, 2008), | was able to
synthesise an alternative temperature-sensitive polymer PNIPMAM through the
functionalisation of PMASI with isopropylamine. This generated an acid-terminated
version of PNIPMAM with a Mw of 10.3 kDa, which displayed a higher LCST than
PNIPAM of 42°C. As with PNIPAM, | was able to functionalise acid-terminated
PNIPMAM with NDA and show a similar coupling efficiency of 60%. NDA-
PNIPMAM could coat the iron oxide nanoparticle surface and confer temperature-

sensitive properties upon heating above 42°C.

In terms of reproducibility, | was able to synthesise PNIPAM on multiple occasions
that showed a narrow molecular weight distribution with an Mw of ~10 kDa and an
LCST of ~32°C. As for PNIPMAM, the synthesis route involving the
functionalisation of PMASI was done on one occasion and would therefore benefit
from further work repeating the synthesis to ascertain reproducibility. The extent of
NDA functionalisation for both PNIPAM and PNIPMAM were very similar, showing
similar values with ~60% of polymer chains being terminally-coupled to NDA.
Different batches of PNIPAM-coated particles were prepared and showed
extensive coating by TGA and temperature-sensitivity at the PNIPAM LCST.
These batches were used in Chapters 3 and 4 for experimental work involving
magnetically heated release of proteins and gave similar results indicating batch-
to-batch reproducibility. A single batch of PNIPMAM-coated nanoparticles was
prepared and used for magnetically heated protein release experiments in
Chapter 2, thus this work would benefit from the testing of additional batches to

assess reproducibility.

In this chapter, | have been able to generate temperature-sensitive, magnetically-
responsive iron oxide nanoparticles coated with two different polymers. This
provided me with the tools for investigating protein encapsulation within the
polymer shell of surface-functionalised nanopatrticles, followed by temperature-
sensitive release. Below is a schematic of how the polymer may be attached to the

nanoparticle surface (Figure 2.26).
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Figure 2.26. Schematic of possible PNIPAM attachment to iron oxide particle
surface: Schematic based on grafting density calculations where PNIPAM-coated
nanoparticle (top right) is shown with ~20 polymer chains on surface. Zoomed in
inset (bottom left) represents NDA-PNIPAM attachment to particle surface with

~0.3 polymers/nm?2.
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Chapter 3: Biochemical studies of protein encapsulation

and release from polymer-coated nanoparticles

3.1. Rationale, aims and summary

The use of nanoparticles as a tool for biomolecule delivery is a highly attractive
therapeutic application for a multitude of diseases. Small size means nanopatrticles
are evasive enough to reach biological niches of interest, as well as having the
potential to be surface-modified with molecules like antibodies to confer targeting
specificity. Also, using temperature-responsive polymer shells on the nanoparticle
surface is an interesting approach for the encapsulation and release of
biomolecules in response to heating. For effective nanoparticle applications as a
therapeutic delivery system, it is important to characterise and understand the

mechanisms by which biomolecules are encapsulated and released.

Biomolecule entrapment and release from temperature-responsive polymers has
largely been studied using small molecules such as drugs and short peptides.
Indeed, it has been shown previously that magnetic heating of composites using
magnetic nanoparticles and temperature-sensitive polymers can be effective for
the release of drug molecules Vitamin B12 (Liu et al., 2009) and DOX (Glover et
al., 2013). There are some reports investigating the encapsulation and release of
more complex biomolecules from temperature-responsive polymers. For example,
it has been shown previously that microgels of crosslinked PNIPAM with adsorbed
magnetic nanoparticles can release VEGF by magnetic heating to activate
HUVECs (Dionigi et al., 2014). Whether using large microgels over nanomaterials
would be suitable for biomolecule delivery and targeting specific sites in vivo is
unclear. However, it is encouraging that there is some evidence to suggest that
functional proteins can be released from temperature-responsive polymers in a

magnetically-triggered manner.

In this chapter, | describe my investigations of encapsulation and release of the
test protein apotransferrin from PNIPAM-coated nanoparticles generated in
Chapter 2. | aimed to use the iron oxide nanoparticle magnetic heating properties
to trigger temperature-dependent protein release from PNIPAM-coated
nanoparticles. | could show that expansion of the PNIPAM shell from a collapsed
state by cooling below the LCST in the presence of apotransferrin, allowed for
protein encapsulation. Also, | observed that apotransferrin could be released in
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both a pH- and temperature-sensitive manner. Temperature-sensitive release was
markedly enhanced in the presence of additional competing protein RNaseB.
Magnetic heating of PNIPAM-coated nanoparticles could trigger apotransferrin

release following a continuous or pulsed application.

| wanted to use apotransferrin as a test protein since it is glycosylated, as is Wnt3a
(to a lesser extent) used in subsequent cell-based experiments (Chapter 4), and
therefore would provide useful information about the encapsulation and release
mechanics of a glycosylated protein from polymer-coated nanoparticles. Moreover,
apotransferrin has a molecular weight of 80 kDa which is higher than Wnt3a (39.3
kDa) which allowed comparisons to be made about any possible difference in
protein encapsulation/release as a result of size differences. Additionally,
apotransferrin has an isoelectric point of 5.4 giving it a negative charge at neutral
pH, whereas Wnt3a has an isoelectric point of 8.5, meaning the protein has a
slightly positive charge at neutral pH. The charge differences of both proteins also
could be a factor in determining the extent of encapsulation/release from polymer-

coated nanoparticles which makes them interesting to compare.

RNaseB, like apotransferrin, is also glycosylated (albeit to a lesser extent), and
therefore is a suitable protein to act as a competitor that has similar post-
translational modifications to apotransferrin. Also, RNaseB is significantly smaller
than apotransferrin at 14.7 kDa and is positively charged at neutral pH (pl 9.4).
These properties may be important in determining kinetics of protein release from
polymer-coated nanoparticles and therefore it would be interesting to compare
with proteins exhibiting different properties in future work. A comparison of these
properties for apotransferrin, RNaseB and Wnt3a (used in Chapter 4) is provided
in Table 3.1.
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Protein Molecular weight | Isoelectric point Glycosylation
(kDa) (ph level
Apotransferrin 80 5.4 High - 8 N-glycans
RNaseB 14.7 9.3 Low - 1 N-glycan
Wnt3a 39.3 8.5 Low — 2 N-glycans

Table 3.1. Comparison of molecular weight, isoelectric point and
glycosylation levels of apotransferrin, RNaseB and Wnt3a.

Additionally, | began work characterising the encapsulation and release of
apotransferrin from the PNIPMAM-coated nanoparticles generated in Chapter 2. |
could show that as with PNIPAM-coated nanoparticles, protein encapsulation was
effective by incubating PNIPMAM-coated particles with test protein apotransferrin
above the LCST initially, before then cooling below the LCST. Also, | observed
that apotransferrin could be released from PNIPMAM-coated particles more
rapidly above the polymer LCST (42°C) than at a physiological temperature
(37°C). Through pulsed magnetic heating, | was able to detect apotransferrin
release at a significantly enhanced rate than was observed at 37°C. Further
development of PNIPMAM-coated particles to prevent protein leakage at 37°C,
could be a potential tool for in vivo protein delivery and magnetically-triggered

release.
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3.2. Materials and methods

3.2.1. Preparation of protein-loaded nanoparticles

1 mg of polymer-coated nanoparticles and different amounts of apotransferrin
(Sigma-Aldrich) was dissolved in 100 pL of physiological buffer (20 mM HEPES,
100 mM NacCl, pH 7.4). Solution was incubated on a shaker at 37°C for 1 h to
agitate and suspend nanoparticles following temperature-sensitive insolubility
above the polymer LCST. Particles were then left to cool and equilibrate to room
temperature for 30 min before they were re-solubilised by pipetting. Particles were
then incubated on a shaker at room temperature for 1 h. Particles were then
magnetically separated, and the supernatant retained as the initial wash. Then
further wash steps were conducted by adding 100 pL assay-specific wash solution
of either 100 pL physiological buffer or 10 mg/mL RNaseB (Sigma-Aldrich) solution
in physiological buffer to the particles and incubating for 1 h at room temperature
on a shaker. Particles were then magnetically separated before adding 100 pL
more appropriate wash solution and incubating as before, this step was repeated

multiple times (3 — 10), retaining each wash step.
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3.2.2. Protein release assays

1 mg of protein-loaded PNIPAM-coated nanoparticles was prepared and subjected
to different biochemical conditions or changes in temperature with or without
magnetic heating. Experiments were conducted in assay-appropriate 100 pL
solutions of 10 mg/mL RNaseB solution in physiological buffer (for apotransferrin
temperature release experiments) or basic pH buffers (100 mM NaCl, 20 mM
triethanolamine). During timepoints, samples were agitated on shakers and
between timepoints nanoparticles were magnetically separated before removing
10 pL of the sample volume for analysis. For sample handling during magnetic
heating experiments see Materials and Methods, section 2.2.4.2, pg 120.
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3.2.3. Sample preparation for protein analysis

Following collection, samples were made up to 15 pL in sample buffer (5% (v/v)
glycerol, 50 mM Tris-HCI pH 6.8, 50 mM DTT, 1% (w/v)SDS, 0.7 mM
Bromophenol Blue) and boiled at 95°C for 5 min. Proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10%
(w/v) acrylamide gels prior to coomassie staining or western blotting.
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3.2.4. SDS-PAGE

SDS-PAGE gels were prepared with a separating gel composed of 10% (w/v)
acrylamide, 375mM Tris pH 8.8, 0.05% (w/v) ammonium persulfate (APS) and
0.067% (w/v) N,N,N’,N'-tetramethylethylenediamine (TEMED), and a stacking gel
containing 4% (w/v) acrylamide, 125mM Tris pH 6.8, 0.1% (w/v) APS, 0.1% (w/v)
TEMED. Samples were loaded into wells alongside 5 yL of a pre-stained protein
ladder (Precision Plus All-Blue, Bio-Rad). Gels were placed in gel tanks and
immersed in running buffer (25 mM Tris, 250 mM glycine, 0.1% (w/v) SDS) before
running at 120 V constant voltage for 10 min and then at 180 V constant voltage
until the dye had reached the bottom of the gel.
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3.2.5. Coomassie staining

Fairbanks Coomassie staining (Fairbanks et al., 1971) was carried out by boiling
gels in Fairbanks solution A (25% (v/v) isopropanol, 10% (v/v) acetic acid, 0.05%
(w/v) Coomassie brilliant blue) before washing with dH20. The process was
repeated with Fairbanks solution B (10% (v/v) isopropanol, 10% (v/v) acetic acid,
0.005% (w/v) Coomassie brilliant blue), Fairbanks solution C (10% (v/v) acetic
acid, 0.002% (w/v) Coomassie brilliant blue) and Fairbanks solution D (10% (v/v)
acetic acid). Gels were left in solution D until distinct bands were apparent from

the background. Quantification was carried out using ImageJ software.
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3.2.6. Western blotting

Western blotting was conducted by semi-dry transfer of gels onto
polyvinylidenefluoride (PVDF) membranes (Thermo Fisher) for 60 min at 20 V
using 48 mM Tris-HCI, 39 mM glycine, 20% (v/v) MeOH and 0.0375% (w/v) SDS
as the transfer buffer. Membranes were blocked using phosphate buffered saline
(PBS) with 0.05% (v/v) Tween-20 (PBST) and 5% (w/v) milk for 1 h at room
temperature. Membranes were then incubated with primary antibody: anti-
apotransferrin (1:1000, Dako) in 5% (v/v) milk PBST solution overnight at 4°C.
Following four 10 min washes at room temperature in 5% (v/v) milk PBST solution,
secondary antibody goat anti rabbit-horseradish peroxidase (GAR-HRP) (1:3000,
Bio-Rad) in 5% (w/v) milk PBST solution was added for 1 h at room temperature.
The blot was then washed 3 times with 5% (w/v) milk PBST solution and 2 times in
PBST for 10 min each at room temperature. Blots were imaged on a GeneGenius
Chemi-imager (Syngene) after application of Immobilon horseradish peroxidase

(HRP) substrate (Millipore). Quantification was carried out using ImageJ software.
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3.3. Results

3.3.1. Apotransferrin encapsulation using PNIPAM LCST

properties

In order to encapsulate proteins within the PNIPAM shell on the nanopatrticle
surface, | utilised the phase transition properties of the polymer. This was
conducted in a protein-containing solution with PNIPAM-coated nanoparticles by
increasing the temperature to 37°C so that it exceeded the LCST of PNIPAM
(32°C), before cooling below the LCST to room temperature. This allowed for the
thermally-sensitive collapse of the PNIPAM shell, followed by its reversible re-
expansion. During the polymer collapse above the LCST, proteins in solution
would be in close proximity to the nanoparticle surface. The subsequent drop in
temperature below the PNIPAM LCST would allow for its re-expansion around the

proteins in solution, resulting in encapsulation.

| could show that expansion of the PNIPAM shell from a collapsed state, by
cooling below the LCST, could encapsulate the test protein apotransferrin (Figure
3.1). Oversaturation of the PNIPAM-coated nanoparticles with 1 mg apotransferrin
was clear during the encapsulation procedure since the vast majority of protein
was removed in the washing steps. However, upon quantification, | could show
that a proportion of the input protein (~25 pg/2.5%) was associated with the

nanoparticles.

| also attempted to release the encapsulated apotransferrin by heating the
nanoparticles above the PNIPAM LCST at 37°C for 1 h to trigger its collapse.
However, | was unable to detect any release following 1 h heating despite protein
binding to the nanopatrticles (Figure 3.1).
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Figure 3.1. Protein encapsulation using PNIPAM LCST: a) SDS-PAGE gel
following Coomassie staining following incubation of 1 mg PNIPAM-coated
nanoparticles with 1 mg apotransferrin. Samples were heated at 37°C for 1 h with
aliquots taken after 1 min, 30 min and 1 h. Input represents 0.1% total
apotransferrin (1 pg, 1:1000 dilution), 1 ul (1% of sample volume) of washes 1-5
was diluted (1:100) and 10 pyL was used for gel loading, 10 pL of washes 6-10 and
37°C treated samples was loaded (10% of sample volumes) b) Quantification of
apotransferrin (%) detected in wash steps was carried out using ImageJ software
(n=3, error bars denote standard deviation).
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3.3.2. Increasing pH triggers apotransferrin release from PNIPAM-

coated nanoparticles

Since | could detect that apotransferrin was associating with PNIPAM-coated
nanoparticles (Figure 3.1), | carried out a series of biochemical treatments to try
and disrupt interactions between protein molecules and the polymer shell.
PNIPAM-coated nanoparticles with encapsulated apotransferrin were exposed to
various solutions, including high salt (1.5 M NaCl, 20 mM HEPES, pH 7.4), acidic
pH (20 mM glycine, 100 mM NacCl, pH 2.5), surfactant (2% (w/v) SDS, 100 mM
NaCl. pH 7.4) and guanidine hydrochloride (6 M GuHCI, 20 mM HEPES, pH 7.4).
None of these conditions could trigger any protein release as detected by
coomassie staining of SDS-PAGE gels. Interestingly, when exposed to basic pH
conditions (20 mM triethanolamine, 100 mM NaCl, pH 8.5 — 11.5), | was able to
detect apotransferrin release from the nanoparticles in both a pH- and time-
dependent manner, where protein release was calculated relative to the amount of
apotransferrin still associated with the particles after washing (Figure 3.2). Since
PNIPAM carries no charge, it is likely that hydrogen bonding is the dominant
mechanism, suggesting that the nature of protein interactions with the PNIPAM
shell are likely to be molecular at neutral pH, rather than through physical
entrapment. Indeed, previous work has shown that BSA protein uptake and
release from PNIPAM hydrogels is pH-controlled, highlighting that PNIPAM is
sensitive to pH as well as temperature (Huo et al., 2006).
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Figure 3.2. PNIPAM-coated nanoparticles release apotransferrin in a pH-
sensitive manner: a) Coomassie stained SDS-PAGE gel following treatment of 1
mg PNIPAM-coated nanoparticles incubated with 1 mg apotransferrin at pH 7.5
and 11.5 for 1 min, 1 h and 16 h (Overnight) b) Quantification of apotransferrin
released from PNIPAM-coated nanoparticles at pH range 7.5-11.5 (buffers used
were in 20 mM triethanolamine, 100 mM NacCl), (1) and (2) represent replicate
samples, (n=2). Protein release was calculated relative to the amount of

apotransferrin still associated with the particles after washing.
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3.3.3. Co-adsorption does not encapsulate apotransferrin into

PNIPAM-coated nanoparticles

As | could detect apotransferrin release from PNIPAM-coated nanoparticles by
increasing pH, it was clear that protein molecules were associated with the
particles. Because the protein-polymer interaction was likely of a molecular nature
however, this meant that increasing the temperature above the PNIPAM LCST
had little to no effect on release. In an effort to encapsulate proteins within the
PNIPAM shell in such a way that a change in temperature may trigger release, |
performed a co-adsorption assay. This involved carrying out the nanopatrticle
coating experiment with free NDA-PNIPAM (Materials and Methods, section
2.2.3.7, pg 115) in a small volume (100 pL) of physiological buffer containing 1 mg
apotransferrin. Particles were then washed as done previously (Materials and
Methods section 3.2.1, pg 165) before analysis by Coomassie staining of SDS-
PAGE gels.

Since apotransferrin was present during the attachment of PNIPAM and would be
dispersed around the nanpatrticles, | reasoned that this may aid the entrapment of
the protein more homogeneously throughout the polymer shell. Previously | was
attempting to encapsulate apotransferrin using nanoparticles that already had
PNIPAM grafted onto the surface, which perhaps only allowed for interactions at
the periphery of the polymer shell. | rationalised that a more homogenous
encapsulation of apotransferrin throughout the polymer shell may improve

temperature-sensitive release following the PNIPAM collapse above its LCST.

Despite only being able to detect small amounts of apotransferrin in the wash
steps, | could not see protein bands following a high pH treatment of the
nanoparticles overnight (Figure 3.3). This suggests that apotransferrin did not
associate with the PNIPAM-coated nanoparticles, and probably interacted with the

excess of free polymer during NDA-PNIPAM-nanopatrticle coating.
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Figure 3.3. Co-adsorption does not encapsulate apotransferrin into PNIPAM-
coated nanoparticles: Coomassie stained SDS-PAGE gel following incubation of
1 mg PNIPAM-coated nanoparticles with 1 mg apotransferrin in the presence of
free polymer. Samples were magnetically purified before treating at pH 11.5 for 16
h with aliquots taken after 1 min, 1 h and 16 h. Input represents 0.1% total
apotransferrin (1 pg, 1:1000 dilution), 1 pl (1% of sample volumes) of washes 1-5
was diluted (1:100) and 10 pL used for gel loading, 10 pL of washes 6-10 and pH

11.5 treated samples was loaded (10% of sample volumes).
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3.3.4. RNaseB competition triggers apotransferrin release from

PNIPAM-coated nanoparticles

Increased pH triggered apotransferrin release from PNIPAM-coated nanopatrticles;
however, this was not the desired protein release mechanism and certainly not an
ideal approach for biological applications. Moreover, co-adsorption was not a
suitable approach to encapsulate proteins, thus | continued to utilise the PNIPAM
LCST encapsulation procedure (Materials and Methods, section 3.2.1, pg 165).
As a biocompatible approach, | hypothesised that perhaps the addition of another
protein may act to compete for polymer binding with the encapsulated
apotransferrin, causing its release. RNaseB was selected as a competing protein
to aid the release of apotransferrin since both are glycoprotains and thus have
similar post-translational modifications. Since Wnt3a also is glycosylated, this
provided a useful model system for comparison with Wnt3a experiments in
Chapter 4. Additionally, the differences in isoelectric points of RNaseB (9.3) and
apotransferrin (5.4) means that they have opposite charges at neutral pH, which
may aid in triggering the release of apotransferrin. Also, RNaseB (14.7 kDa) is
significantly smaller than apotransferrin (80 kDa) meaning for every apotransferrin
molecule there are ~5 molecules of RNaseB. This allows for a significant excess of
RNaseB to be present relative to apotransferrin which could help disassociate

apotransferrin from the particles.

Following apotransferrin encapsulation into PNIPAM-coated nanopatrticles,
RNaseB was added in excess (10 mg/mL). Interestingly, | observed that with
RNaseB present, apotransferrin was released from the nanoparticles. This can be
seen in Figure 3.4, where protein release was calculated relative to the amount of
apotransferrin still associated with the particles after washing. This suggests that
the presence of additional proteins can act to trigger the release of protein
molecules encapsulated within the polymer shell of PNIPAM-coated nanoparticles.
Additionally, this is advantageous for use in biological systems in that there will be
an abundance of proteins in such an environment. Also, at the 16 h timepoint there
appears to be a slight reduction in RNaseB, which perhaps indicates some

association with the nanoparticles in place of apotransferrin.
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Figure 3.4. RNaseB competition triggers apotransferrin release from
PNIPAM-coated nanoparticles: a) Coomassie staining of SDS-PAGE gel
following incubation of 1 mg PNIPAM-coated nanopatrticles with 1 mg
apotransferrin. Samples were incubated without (control) or with 10 mg/mL
RNaseB, and 10 pL aliquots taken after 1 min, 1 h and 16 h (overnight) for
analysis by SDS-PAGE b) Quantification of apotransferrin released following
addition of 10 mg/mL RNaseB, (n=2) Protein release was calculated relative to the

amount of apotransferrin still associated with the particles after washing.
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3.3.5. PNIPAM-coated nanoparticles release apotransferrin in a

temperature-dependant manner

As | could observe that the addition of RNaseB can function as a competing
protein to trigger the release of apotransferrin from PNIPAM-coated particles, |
wanted to see whether this effect was temperature-dependent. As PNIPAM
undergoes a significant morphological change above its LCST, perhaps this could
impact upon the apotransferrin release in the presence of competing proteins. |
also wanted to reduce the amount of input protein used for encapsulation as the 1
mg quantities used previously were in large excess. Also, the ultimate aim was to
encapsulate and release the growth factor Wnt3a for cellular activation so lowering
the amount encapsulated was important as Wnt3a acquisition in mg quantities was
not feasible. | therefore reduced the amount of input protein during encapsulation
1000-fold to 1 pg per 1 mg PNIPAM-coated nanopatrticles. | also switched from
coomassie staining to western blotting for protein analysis to improve sensitivity
and allow detection of lower amounts of protein. Additionally, | improved the
robustness of washing steps with the addition of RNaseB prior to changing the

temperature for collecting protein release samples.

| could detect the release of apotransferrin from PNIPAM-coated nanoparticles
after washing, following an increase in temperature above the polymer LCST to
37°C, where protein release was calculated relative to the amount of
apotransferrin still associated with the particles after washing (Figure 3.5).
Interestingly, despite RNaseB being present, | could not detect apotransferrin
release in the control experiment (room temperature). This suggests that washing
with RNaseB is important to remove bound apotransferrin that would otherwise be
released at lower temperatures, before an increase above the PNIPAM LCST to

allow for a clear temperature-sensitive effect.
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Figure 3.5. PNIPAM-coated nanoparticles release apotransferrin in a
temperature-dependent manner: a) Western blot analysis following 10 mg/mL
RNaseB treatment of 1 mg PNIPAM-coated nanoparticles loaded with 1 ug
apotransferrin at pH 7.5 for 1 min, 15 min, 1 h, 3 h and 16 h (overnight) at 37°C or
room temperature (21°C) b) Quantification of apotransferrin released from
PNIPAM-coated nanoparticles at 37°C (n=3, error bars denote standard deviation)
Protein release was calculated relative to the amount of apotransferrin still

associated with the particles after washing.
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3.3.6. Magnetic heating triggers apotransferrin release from
PNIPAM-coated nanoparticles above 30°C

After observing that protein release was triggered when PNIPAM-coated
nanoparticles with encapsulated apotransferrin were heated above the polymer
LCST, | wanted to assess whether magnetically heating the nanoparticles would
have a similar affect. To investigate this, | used a temperature-controlled room at
30°C to maintain a constant environment close to the PNIPAM LCST. As |
previously had observed a magnetic heating rate of ~0.3°C min%, it was ideal to
start magnetic heating close to the phase transition temperature. The magnetic
heating setup | used (Figures 2.3 and 2.5) allowed for measurements of the
sample temperature in real-time using an infrared thermocouple probe that was
immersed in the sample volume environment through an adapted plastic inlet tube.
As this probe was composed of gallium arsenide, it did not contain any trace
magnetic material so would not respond to the alternating magnetic field and
contribute to any magnetic heating observed. Additionally, as the components of
the setup around the sample area generated heat when the magnetic field was
switched on, ice-cold water was pumped through the coils around the magnet to
dissipate the extra heat. The control measures taken in the experimental setup
ensured that any heating measurements were indicative of nanoparticle magnetic

heating only.

| could show that encapsulated apotransferrin was released from PNIPAM-coated
nanoparticles after magnetic heating over a 30 min period, where protein release
was calculated relative to the amount of apotransferrin still associated with the
particles after washing (Figure 3.6). Before experimentation, a control sample
containing no nanoparticles was also exposed to the magnetic field over a 30 min
period. It did not increase in temperature suggesting that the heat dissipation
worked well. Particles loaded with apotransferrin were left in the 30°C room
throughout the timecourse and | was unable to detect any protein release for this
control sample indicating that | could observe clear, temperature-dependent
release. Interestingly, | could detect protein release both above and below the
PNIPAM LCST (highlighted in red). | could observe faint levels of release after just
5 min magnetic heating which continued to increase as samples were collected
cumulatively over the time-course. Between 15 — 30 min magnetic heating, the

PNIPAM-coated nanoparticles had visibly precipitated as a function of the solution
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temperature exceeding that of the polymer LCST. The temperature change, that
arises as a consequence of heat generated by the nanoparticles in an alternating
magnetic field, will be much higher immediate to the nanoparticle surface than
further away from the surface. As heat is generated by the nanopatrticles, this will
dissipate throughout the surrounding environment meaning that the temperatures
recorded for the sample volume are not representative of the temperatures close
to the surface of the nanoparticle. Since the particle surface environment is where
the polymer-protein layer is localised, | hypothesised that temperature-sensitive
effects on the polymer layer, as a consequence of local heating immediate to the
particle surface, could result in protein release at temperatures below the PNIPAM
LCST. Additionally, combined with the particle surface heating, this release could

be due to protein that is more weakly bound at the surface of the polymer.
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Figure 3.6. Magnetic heating triggers apotransferrin release from PNIPAM-
coated nanoparticles above 30°C: a) Western blot analysis following 10 mg/mL
RNaseB treatment of 1 mg PNIPAM-coated nanopatrticles loaded with 1 pg
apotransferrin at pH 7.5 for 5, 7.5, 10, 15, 20 and 30 min at 30°C or with magnetic
heating. Temperatures during magnetic heating are provided in brackets above
each timepoint and highlighted in red above the PNIPAM LCST, 30°C sample
temperature was unchanged throughout timecourse b) Quantification of
apotransferrin released from PNIPAM-coated nanoparticles with magnetic heating
(n=3, error bars denote standard deviation) Protein release was calculated relative

to the amount of apotransferrin still associated with the particles after washing.
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3.3.7. Constant or pulsed magnetic heating triggers
apotransferrin release from PNIPAM-coated nanoparticles at

room temperature

After observing that PNIPAM-coated nanoparticles could release apotransferrin at
temperatures below the polymer LCST (between 30 — 32°C) following magnetic
heating, | wanted to investigate whether this effect could also be seen at
temperatures further from the LCST. To study this, | carried out magnetic heating
experiments at room temperature rather than at 30°C, using a laminar flow tissue
culture hood as a workspace. Conducting the assays in this environment was also
useful in preparation for subsequent cell-based work with magnetic heating which

requires a sterile environment.

| could show that protein was released when subjecting PNIPAM-coated
nanoparticles with encapsulated apotransferrin to an alternating magnetic field,
where protein release was calculated relative to the amount of apotransferrin still
associated with the particles after washing (Figure 3.7). As expected, | was
unable to detect any protein release at room temperature without magnetic
heating. After just a few minutes of exposure to the magnetic field released protein
could be detected by western blotting. During the time-course the sample
temperature did not heat up sufficiently to reach that of the PNIPAM phase
transition meaning that the nanoparticles were still visibly soluble throughout.
Despite this, | could detect apotransferrin release in response to magnetic heating.
This supports the observations in Figure 3.6 suggesting that the release of
apotransferrin from PNIPAM-coated particles following magnetic heating is not

dependent on the bulk sample temperature exceeding the LCST of PNIPAM.
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Figure 3.7. Constant magnetic heating triggers apotransferrin release from
PNIPAM-coated nanoparticles at room temperature: a) Western blot analysis
following 10 mg/mL RNaseB treatment of 1 mg PNIPAM-coated nanoparticles
incubated with 1 pg apotransferrin at pH 7.5 for 5, 7.5, 10, 15, 20 and 30 min at
room temperature (RT) (21.3°C) or with magnetic heating (MH). Temperatures
during magnetic heating are provided in brackets above each timepoint. b)
Quantification of apotransferrin release from PNIPAM-coated nanoparticles with
magnetic heating (n=3, error bars denote standard deviation), Protein release was
calculated relative to the amount of apotransferrin still associated with the particles

after washing.

To further assess the magnetic heating effect on protein release, | conducted an
assay that would allow me to specifically probe the environment at the
nanoparticle surface. This was achieved by magnetically heating the
apotransferrin-loaded particles in pulses, switching the field on and off in 10 sec
cycles throughout the time-course. This maintained a relatively consistent bulk
solution temperature whilst applying bursts of magnetic heating to the nanoparticle
surface. Interestingly, | observed that in response to pulses of magnetic heating
from 10 min onwards (highlighted in green), apotransferrin was still released at a
rate comparable to that seen in Figure 3.7 during constant magnetic field
application, where protein release was calculated relative to the amount of

apotransferrin still associated with the particles after washing (Figure 3.8). This
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suggests that magnetic heating immediate at the particle surface is likely sufficient

to trigger apotransferrin release.
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Figure 3.8. Pulsed magnetic heating triggers apotransferrin release from
PNIPAM-coated nanoparticles at room temperature: a) Western blot analysis
following 10 mg/mL RNaseB treatment of 1 mg PNIPAM-coated nanoparticles
incubated with 1 pyg apotransferrin at pH 7.5 for 5, 7.5, 10, 15, 20 and 30 min at
room temperature (RT) (20.8°C) or with pulsed magnetic heating (MH). Timepoints
during pulsed magnetic heating (10 sec on/off) are highlighted in green.
Temperatures during magnetic heating are provided in brackets above each
timepoint. b) Quantification of apotransferrin release from PNIPAM-coated
nanoparticles with magnetic heating (n=3, error bars denote standard deviation),
Protein release was calculated relative to the amount of apotransferrin still

associated with the particles after washing.
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Additionally, | wanted to determine whether any polymer conformational changes
brought about by magnetic heating would irreversibly continue to permit the
release of apotransferrin. To measure this, apotransferrin-loaded particles were
exposed to the field briefly to release a proportion of protein, before switching off
the field and monitoring any further release with time. | could observe that once
the field was switched off after 10 min (highlighted in red), levels of apotransferrin
released began to plateau and remain constant, where protein release was
calculated relative to the amount of apotransferrin still associated with the particles

after washing (Figure 3.9).
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Figure 3.9. Switching off pulsed magnetic field during heating stops
apotransferrin release from PNIPAM-coated nanoparticles: a) Western blot
analysis following 10 mg/mL RNaseB treatment of 1 mg PNIPAM-coated
nanoparticles incubated with 1 pug apotransferrin at pH 7.5 for 5, 7.5, 10, 15, 20
and 30 min at room temperature (RT) (21.1°C) or with pulsed magnetic heating
(MH). Timepoints where magnetic field was switched off are highlighted in red, and
temperatures during magnetic heating are provided in brackets above each
timepoint. b) Quantification of apotransferrin released from PNIPAM-coated
nanoparticles with pulsed magnetic heating (n=3, error bars denote standard
deviation), Protein release was calculated relative to the amount of apotransferrin

still associated with the particles after washing.
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3.3.8. PNIPMAM-coated nanoparticles release apotransferrin more
rapidly at 42°C than 37°C

As well as generating PNIPAM-coated nanoparticles, | also was able to synthesise
an alternative polymer, PNIPMAM, which exhibited a higher LCST than PNIPAM
of 42°C (Figure 2.23). Interestingly, the phase transition appeared more gradual
than that of PNIPAM, where | could observe increased solution turbidity with free
PNIPMAM from 37°C to 42°C before precipitation occurred (Figure 2.23). The
phase transition in Figure 2.23 is somewhat difficult to see and would likely benefit
from conducting the experiment using higher polymer concentrations to more
clearly observe temperature-sensitive changes. As with PNIPAM, | could
terminally functionalise PNIPMAM with NDA and coat the nanoparticle surface,
which conferred the same temperature-sensitive properties to the coated particles
as seen with free polymer (Figure 2.25). | wanted to load the polymer shell of
PNIPMAM-coated nanoparticles with apotransferrin and study the protein release
when heated above the polymer LCST. Apotransferrin encapsulation was carried
out using the same approach as for PNIPAM-coated nanopatrticles (Materials and
Methods, section 3.2.1, pg 165), but adapted for the increase in LCST bya 1 h
incubation at 42°C rather than 37°C.

By incubating apotransferrin-encapsulated PNIPMAM-coated nanoparticles at
42°C, | could detect protein release as compared to a room temperature control
where no protein release was detected; protein release was calculated relative to
the amount of apotransferrin still associated with the particles after washing
(Figure 3.10). | also carried out an incubation at 37°C which interestingly also
showed protein release, but to a lesser degree than the sample at 42°C. This may
suggest that a partial phase transition occurs between 37°C and 42°C that is
incomplete and requires heating over 42°C for completion. Structural alterations to
PNIPMAM during the partial phase transition may permit slower release of
encapsulated apotransferrin, whereas heating to induce a complete phase
transition allows protein release to occur more rapidly. Being able to release
proteins from PNIPMAM-coated nanoparticles more rapidly at 42°C than 37°C is
potentially promising for developing a biomolecule release tool above physiological
temperature. However, for use in a biological system, further optimisation would

be required to prevent protein loss during nanoparticle delivery.
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Figure 3.10. PNIPMAM-coated nanoparticles release apotransferrin more

rapidly at 42°C as compared to 37°C: a) Western blot analysis following 10

mg/mL RNaseB treatment of 1 mg PNIPMAM-coated nanoparticles incubated with

1 pg apotransferrin at pH 7.5 for 1 min, 10 min, 1 h or 16 h at room temperature

(RT) (21.3°C), 37°C or 42°C. b) Quantification of apotransferrin released from
PNIPMAM-coated nanoparticles at 42°C and 37°C (n=3, error bars denote

standard deviation), Protein release was calculated relative to the amount of

apotransferrin still associated with the particles after washing.
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3.3.9. Pulsed magnetic heating triggers apotransferrin release
from PNIPMAM-coated nanoparticles above physiological

temperature

After observing that PNIPMAM-coated nanoparticles could release encapsulated
apotransferrin more rapidly at 42°C than at 37°C, | wanted to trigger release of
protein that would otherwise remain encapsulated at physiological temperature
using magnetic heating. | could see that within the initial 10 min period of heating
no detectable protein was released at 37°C, but was at 42°C (Figure 3.10). After 1
h, 1 could detect protein release for both temperature treatments, albeit in larger
amounts at 42°C. | conducted an assay using pulsed magnetic heating, as done
for PNIPAM-coated nanopatrticles (Figure 3.8), over a 30 min period at 37°C. |
anticipated that magnetic heating over this time course might be sufficient to

trigger apotransferrin release before it was detectable in the 37°C control.

| could show that with a pulsed magnetic heating application, apotransferrin was
released from PNIPMAM-coated nanoparticles without detection of protein release
in the 37°C control over a 20 min period, where protein release was calculated
relative to the amount of apotransferrin still associated with the particles after
washing (Figure 3.11). At the 30 min timepoint, there was some apotransferrin
release for the 37°C control. This suggests protein was released at a consistent
low rate before becoming detectable at the 30 min timepoint. | could show that the
sample volume temperature remained largely unchanged throughout the pulsed
heating treatment.
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Figure 3.11. Pulsed magnetic heating triggers apotransferrin release from
PNIPMAM-coated nanoparticles above physiological temperature: a) Western
blot analysis following 10 mg/mL RNaseB treatment of 1 mg PNIPMAM-coated
nanoparticles incubated with 1 pg apotransferrin at pH 7.5 for 1, 10, 20 or 30 min
at 37°C or 37°C with pulsed magnetic heating. b) Quantification of apotransferrin
released from PNIPMAM-coated nanoparticles with pulsed magnetic heating (n=3,
error bars denote standard deviation), Protein release was calculated relative to

the amount of apotransferrin still associated with the particles after washing.

| could show with this preliminary work on PNIPMAM-coated nanoparticles that
with further optimisation there may be potential for their development as a means
to deliver and release proteins above physiological temperature. Despite being
able to release apotransferrin through heating above the polymer LCST the
leakage of protein at physiological temperature is an issue that would need to be

addressed during further development.
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3.4. Conclusions

Using the polymer-coated nanoparticles generated in Chapter 2, | have been able
to develop a system for protein encapsulation and release in a temperature-

dependent manner.

I could show that effective protein encapsulation could be achieved through
incubation of PNIPAM-coated nanoparticles with the test protein apotransferrin
above the polymer LCST and then cooling below this temperature. The collapse
and subsequent re-expansion of the polymer shell allowed for encapsulation of

apotransferrin.

Also, | could characterise the conditions that trigger protein release of
apotransferrin encapsulated into PNIPAM-coated nanoparticles. This was shown
to be pH-dependent where increasing pH caused encapsulated apotransferrin to
be released from the nanoparticles. As pH disruptions trigger protein release, this
could be due to chemical alterations of the polymer shell which subsequently
disrupts hydrogen bonding between apotransferrin and the polymer. Moreover, |
could show that apotransferrin could be released in a temperature-dependent

manner through the addition of competing protein RNaseB.

As well as with ambient heating, | could trigger the release of encapsulated
apotransferrin from PNIPAM-coated nanopatrticles using magnetic heating of the
nanoparticle. Through a continuous pulsed magnetic field application, | could
detect protein release that otherwise remained associated with the nanoparticles
without magnetic heating. | observed that triggering a phase transition through
heating of the entire sample volume above the polymer LCST was not required for
protein release. After probing the nanoparticle surface environment through a
pulsed magnetic heating application, | could also detect apotransferrin release.
During magnetic heating, the temperatures of the sample volume were well below
the polymer LCST, but this heating still caused apotransferrin release. This
possibly suggests that the temperature-dependent effects that govern protein
release from the protein-polymer network are largely influenced by the local,
nanoparticle surface environment during magnetic heating. Higher temperatures
immediate to the nanoparticle surface than are recorded for the bulk volume could
be responsible for structural changes to PNIPAM, thus permitting apotransferrin

release.
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A comparison of time-dependant release from Figures 3.6, 3.7, 3.8 and 3.9 can be
seen below in Figure 3.12. The rates of apotransferrin release from PNIPAM-
coated nanoparticles following a constant magnetic heating application were quite
similar when carried out at both room temperature and 30°C, with slightly elevated
levels seen at room temperature. Interestingly, following a pulsed magnetic
heating application after 10 min, the rate of release was more rapid than the other
conditions and had the highest proportion of release after the 30 min period. This
could perhaps be more rapid as a function of the PNIPAM shell expanding and
contracting during the heating-cooling that occurs when the pulses of magnetic
heating are switched on and off. Also, it is clear that the release of apotransferrin
is halted when the magnetic field is switched off after 10 min, showing protein

release is dependent on applying either pulsed, or constant magnetic heating.
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Figure 3.12. Comparison of rates of apotransferrin release from PNIPAM-
coated nanoparticles following different applications of magnetic heating:
Data taken from Figures 3.6, 3.7, 3.8 and 3.9.

Finally, I could show that PNIPMAM-coated nanopatrticles can release
apotransferrin above physiological temperature by heating to 42°C or with pulsed
magnetic heating. Prevention of protein leakage at 37°C through further
development may improve their use as a tool in biological systems for protein

delivery and release above physiological temperature.
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Chapter 4: Activation of MSCs using magnetically-
triggered Wnt3a release from PNIPAM-coated SPIONs

4.1. Rationale, aims and summary

MSCs are a heterogeneous population of cells which are bone marrow derived,
but also have origins in other tissues such as adipose (Bunnell et al., 2008).
Populations of MSCs contain stem cells that are capable of tissue differentiation
into osteoblasts, chondrocytes and adipocytes (Dominici et al., 2006). Due to their
multipotent capacity to form cell types that are integral components of important
tissues, MSCs have great potential in regenerative medicine. Research into cell-
based treatments for joint disease is particularly appealing, where the most
effective current therapies are tissue replacements through surgical intervention,
which have drawbacks such as improper joint function and susceptibility to

infection post-surgery.

MSC function and fate is controlled by cell signalling, where specific pathways
have been implicated in regulating important events. The Wnt/B-catenin pathway
has been associated with many key cellular processes, including tissue
regeneration of adult bone marrow, skin and intestine (Goessling et al., 2009). The
delivery of Wnt ligands is an appealing method to stimulate MSCs through the
initiation of signalling events. Wnt3a is an example of a growth factor and natural
ligand of the Wnt/B-catenin pathway that can stimulate MSCs by enhancing
proliferation, as well as inhibit osteogenic differentiation (Shang et al., 2007,
Boland et al., 2004) Additionally, a Wnt-responsive MSC reporter line has
previously been generated that produces eGFP in response to canonical Wnt
signalling activation (Saleh et al., 2016). Using cellular response as a readout of
signalling activation is useful for determining the functional activity of biomolecules

to ascertain their suitability for therapeutic applications.

Regenerating tissue at a damaged site by directly administering MSCs though
intravenous injection in vivo is challenging as the cells have been shown to
accumulate in the lungs after circulation (Nenasheva et al., 2017). Due to this
observation, methods of targeting tissue regeneration in a localised fashion is an
appealing application for joint repair. The use of biomaterials for regenerative
medicine has great potential as a tool for local cellular activation. A variety of
biomaterials have been manufactured using a plethora of fabrication methods in
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an attempt to regenerate tissues, such as bone and cartilage in joints. Work in this
field has largely involved producing biocompatible scaffolds to be implanted at
damaged sites, which are often highly porous and designed to sequester and
release biomolecules, such as growth factors, to activate MSCs. However, despite
scaffolds showing promise as a template for tissue formation, there are several
challenges during development such as requirements for biodegradability, cell

adherence and immune response evasion.

Nanoparticles offer an alternative biomaterial for tissue regeneration applications
due to their small size and propensity for surface-functionalisation. These
properties improve the effectiveness of delivery during targeting and also coating
with biocompatible polymer shells can act as a layer for biomolecule entrapment
and release. Moreover, nanoparticles can be functionalised with targeting
molecules such as antibodies or ligands to recognise cell/tissue-specific markers
which aids homing to niches of interest and prevents off-target effects.
Nanoparticle properties also offer significant advantages over the use of larger,
implanted scaffolds. In terms of immune evasion, it has been shown that the size
threshold for clearance by phagocytosis is generally below 200 nm (van Rijt et al.,
2014). Nanoparticles can be generated at sizes significantly below this threshold;
thus, they are an ideal candidate for bypassing premature clearance during
delivery. Additionally, it has been shown that nanocarrier size below 150 nm is
essential for entry into and exit from capillary circulation. Particles between 20-100
nm are able to distribute to tissues such as bone marrow (Blasi et al., 2007). The
small size of nanoparticles therefore increases their potential to circulate through
small blood vessels and reach sites of tissue damage. Also, small nanopatrticle
size means they will not accumulate for prolonged periods after targeting and have
been shown to be excreted effectively, particularly at smaller sizes of 20 nm (Choi
et al., 2012). Additionally, as nanoparticles are used to deliver molecules that
activate cells already at target sites, there is no requirement to adhere cells to the

biomaterial as is the case for scaffolds.

Biomaterial applications with MSCs have been extensively studied, where
nanoparticles have largely been used as a tool for cell tracking, particularly using
SPIONs as an MRI contrast agent (Moraes et al., 2012). Some studies have
investigated using the magnetic properties of SPIONSs for cell homing to an injury
site, for example, using MSCs with internalised nanoparticles (Yun et al., 2018).

Applications using polymer biomaterials have often been PNIPAM-based with a
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focus on its use as a hydrogel surface. Generally, this has involved studying
cellular interactions with the substrate and subsequent effects on functional events
such as differentiation (Dai et al., 2016). Despite a large amount of research
activity concerning SPION and PNIPAM applications with MSCs, the use of
SPION-PNIPAM nanomaterials as a tool for biomolecule delivery to activate MSCs
is relatively unexplored. This is a potentially interesting application, particularly
considering the temperature-sensitivity of PNIPAM and magnetic heating

properties of SPIONSs.

In this chapter, | loaded PNIPAM-coated nanoparticles with Wnt3a to assess MSC
activation following magnetically-activated protein release. | could show activation
of a Wnt-responsive MSC reporter line following magnetically-triggered Wnt3a
release from PNIPAM-coated nanoparticles. Also, using immortalised and primary
MSCs, | observed significantly enhanced proliferation following Wnt3a release
from magnetically heated PNIPAM-coated nanoparticles. This data provides
evidence to suggest PNIPAM-coated nanoparticles can be used as a tool to

activate MSCs following delivery and magnetically-triggered protein release.
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4.2. Materials and Methods
4.2.1. Cell culture

Cell culture components were purchased from Invitrogen and plasticware from
Sigma-Aldrich. Custom-made cell tubes for magnetic heating experiments were
designed in-house. Cells were cultured in media composed of Dulbecco’s Modified
Eagle’s Medium (DMEM) (high glucose, pyruvate, glutamine) supplemented with
10% (v/v) FBS and 1% (w/v) penicillin/streptomycin (P/S).
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4.2.2. Cell lines and primary cells

Cell lines used were Y201 hTERT immortalised MSCs generated and
characterised prior to this research (James et al., 2015). The MSC Wnt reporter
line was generated from Y201 cells and characterised in previous work (Saleh et
al., 2016).

Primary MSCs were isolated from femoral heads of female arthritis patients with
similar age and body mass index (BMI) details following knee replacement surgery
(Clifton Park Hospital, York). These samples were donated with the individuals

consent and all ethical considerations were accounted for.
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4.2.3. Cell vessels for magnetic heating

Cell tubes were engineered and designed in-house with dimensions of 35 mm x 20
mm x 8 mm (length x depth x width) (Figure 4.1). The 20 mm depth corresponds
to the proportion of the vessel where a volume can be added within the glass-
sided, transparent region. Base and lids are composed of polyether ether ketone
(PEEK) with a smoothed base secured to glass sides (flame polished) with a

silicon o-ring.

Inner diameter: 6mm
Outer diameter: 8mm

€—>
A
7.5mm
20mm 35mm
7.5mm -[
| \ 4

Figure 4.1: Image of custom-made vessel for MSC magnetic heating experiments

with annotated dimensions.
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4.2.4. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)

assay

Y201 MSCs were seeded at a density of 1200 cells in a 96 well culture plate or
custom-made tubes. After 1, 2, 4 and 7 days, culture media (200 pL) was replaced
with fresh media containing 25 pL MTT solution (5 mg/mL in PBS). Plates were
then incubated for 3 h at 37°C. MTT-containing media was removed from the wells
and 100 pL of 0.04 M HCI in isopropanol was added to each well. Plates were left
to shake at room temperature for 10 min to allow for complete solubilisation.
Absorbance was then read at 570 nm using a plate reader (Thermo Scientific,
MuiltiSkan Go). MTT assay is measuring the absorption (at wavelength of 570 nm)
of the purple dye formazan which forms following the enzymatic reduction of MTT
by cellular NAD(P)H-dependent oxidoreductase.
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4.2.5. Fluorescence-activated cell sorting (FACS)

Samples were analysed using a flow cytometer (DakoCytoautimation, Beckman
Coulter) at a high flow rate of ~100 events per sec before ending each
measurement after ~8000 events were recorded. During each measurement
lasers (405 nm, 488 nm and 633 nm) were operated throughout. Lasers used were
required for the excitation of the GFP fluorophore which occurs at a major peak of
395 nm and also a minor peak at 475 nm to give an emission wavelength of 509
nm. Analysis was carried out using Summit 4.3 version software by gating on
eGFP-positive, live cells using a PE-Texas Red vs. FITC plot, where green

fluorescent-positive cells were represented as a percentage of total live cells.
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4.2.6. Wnt reporter assays

Wnt reporter MSCs were seeded overnight at 50% confluency in either custom-
made vessels (5000 cells) or wells in a 24 well plate (100,000 cells). Wnt3a-loaded
PNIPAM-coated nanoparticles (1 pug Wnt3a per 1 mg nanoparticle) were prepared
(Materials and Methods, section 3.2.1, pg 165) in a sterile environment using a
laminar flow hood where DMEM was used during the wash steps. Wnt3a-loaded
nanoparticles were added to the cells before subjecting to magnetic heating in 200
puL of DMEM. An infrared thermocouple probe was immersed in the volume though
a plastic inlet (see Figure 2.5) to measure the sample temperature. Cells treated
with Wnt3a standards overnight at concentrations ranging between 0-100 ng/mL
were used as a calibration curve. Cells were incubated overnight at 30°C or 37°C
with Wnt3a standards, nanopatrticles, or Wnt3a released from nanopatrticles.
Removal of nanoparticles was conducted by magnetic separation. Prior to
analysis, cells were washed 3 times with 200 pL of PBS. Cells were then detached
with 200 uL of trypsin/EDTA (0.25% (v/v) stock) at 37°C and then made up to 1 mL
in DMEM before analysis by flow cytometry.
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4.2.7. MSC proliferation and viability assays

For proliferation assays, Y201 or primary MSCs were seeded overnight at 10%
confluency (1000 cells) in custom-made tubes or in a 96 well plate. Wnt3a-loaded
PNIPAM-coated nanopatrticles (1 ug Wnt3a per 1 mg nanopatrticle) were prepared
(Materials and Methods, section 3.2.1, pg 165) in a sterile environment using a
laminar flow hood where DMEM was used during the wash steps. Wnt3a-loaded
nanoparticles were added to the cells before subjecting to magnetic heating for 30
min in 200 uL of DMEM. Nanoparticles were then magnetically removed and cells
were incubated overnight at 37°C. Fresh media was added and cells were cultured
for 5 (Y201s) or 10 days (primary MCSs). As a calibration curve, in parallel, Y201
and primary MSCs were treated overnight with Wnt3a standards at final
concentrations of 0-100 ng/mL, before changing media and culturing for 5 or 10
days. The optimal duration of the cell culture was based on the time taken for each
cell type to reach confluency in the custom-made tubes.

For viability assays, Y201 or primary MSCs were seeded overnight at 10%
confluency (1000 cells) in custom made tubes. Cells were then treated with
varying concentrations of PNIPAM-coated nanoparticles from 0-20 mg/mL in
DMEM containing 10% (v/v) FBS and cultured for 7 days at 37°C.

For both proliferation and viability assays, cultured cells were washed once with
carbonate buffer (0.133 M Na2COs, 0.066 M NaHCOz3), then 150 uL 0.1% (v/v)
Triton-X in carbonate buffer was added to each well. Cells were then
freeze/thawed between 37°C and -80°C three times. Manual agitation was done
throughout to ensure complete lysis. 50 pL of lysate was transferred into a black
opaque 96 well plate (Greiner 96 well microplate black, SLS) for the PicoGreen
DNA assay. Salmon sperm DNA standards (8 - 0.25 ug/mL) were used to calibrate
the assay of DNA content. 50 uL of the PicoGreen reagent (Quant-iT PicoGreen
dsDNA Reagent, Invitrogen) diluted 1:50 in 100 mM Tris, 1 mM EDTA, pH 7.5 was
added to each sample well. Plates were covered with foil and left to shake for 5
min. Plates were then analysed using excitation and emission wavelengths of 485
nm and 538 nm, respectively using a fluorescence plate reader (Clariostar, BMG
Labtech).
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4.2.8. Nanoparticle cell uptake microscopy

Y201 MSCs were seeded in a 96 well plate at a density of 1200 cells per well in
media with or without 5 mg/mL PNIPAM-coated nanoparticles added. Cells were
grown for 7 days at 37°C before washing 3 times with PBS. Brightfield images
were subsequently taken of the cells using a Leica DM IRB microscope (Leica DC
500 camera, 10X objective, IM50 processing software).
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4.2.9. Statistics

Statistical analysis of data was carried out using SigmaPlot 12.3 software. A
normality test (Shapiro-Wilk) was conducted prior to statistical analysis and a test
of equal variance was also performed. Tests for multiple groups were done using
one-way ANOVA tests followed by Holm Sidak post-hoc tests if required. If the
data failed the normality or variance tests, equivalent non-parametric tests were
applied instead using a Kruskal-Wallis One-Way Analysis of Variance on Ranks
followed by Dunn’s post-hoc tests. Throughout the results presented, * = p<0.05,

** = p<0.01 and any data sets without an Asterix are not significantly different.
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4.3. Results

4.3.1. Custom-made cell vessel characterisation

Before conducting magnetic heating assays with MSCs, | generated custom-made
cell vessels that were of dimensions compatible with the sample area in the
magnetic heating setup (Figure 2.5). The width of the area where the alternating
magnetic field was concentrated was 10 mm which meant that vessels needed to
be smaller than this to easily fit in the device. Also, the dimensions of the vessels
allowed for similar seeding densities to that of a 96 well so that ~10,000 MSCs
could occupy the area at confluency. Seeding densities for experimental work
were at 10% confluency (~1000 cells) which were suitable numbers for
downstream analysis. A diagrammatical representation within the magnetic
heating setup using MSCs seeded on the surface of the vessels can be seen in
Figure 4.2. The vessels were designed to be inert using glass sides and PEEK
for the lid and base for cell attachment and growth. PEEK has previously been
shown to be biocompatible with MSCs (Roskies et al., 2016). After design of the

tubes, | assessed their suitability for MSC experiments by analysing cell viability.

Using an MTT assay | could detect no significant difference between the viability of
Y201 MSCs when cultured in the custom-made vessels, or standard tissue culture
plasticware for 7 days (Figure 4.3). This suggests that the in-house designed
vessels would be suitable for MSC experimental work involving prolonged growth

periods.
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Figure 4.2. MSCs attached to surface within custom-made vessels during
magnetic heating experiments: Schematic shows cells attached to surface at
bottom of custom-made vessels in a 200 pL media volume with thermocouple

probe in medium recording the temperature in real-time during magnetic heating.

a) b)

Inner diameter: 6mm

Outer diameter: 8mm
> J

-+96 well

-+Custom tube

N4 % K 9 o A
Time (days)

Figure 4.3. Characterisation of custom-made vessels for cell magnetic
heating experiments: a) Image of custom-made vessel and its dimensions b)
MTT assay on Y201 MSCs seeded in either custom made tube or a96 well plate at
10% confluency and cultured over 7 days (n=3, error bars denote standard

deviation).
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4.3.2. Wnt reporter MSC dose-dependent response to exogenous
Wnt3a at 37°C

In order to ascertain the detection limit of the eGFP response in Wnt reporter
MSCs to the addition of exogenous Wnt3a, | generated a dose-response curve
following an overnight incubation of Wnt reporter MSCs with Wnt3a (0 — 200
ng/mL) at 37°C. This would provide an indication of how much Wnt3a would need
to be released from nanoparticles to allow detection above background while

avoiding signal oversaturation.

| could detect a clear eGFP response above background autofluorescence using
the lowest concentration of the series at 12.5 ng/mL (Figure 4.4). A linear
relationship between Wnt3a concentration and eGFP response was observed up
to 50 ng/mL, where the signal appeared to saturate with no further change in cell
response at 100 or 200 ng/mL Using the values between 0 — 50 ng/mL, | could plot
a linear regression with a good r? value of 0.98. This concentration range was
selected as suitable for calibration curves in subsequent analyses.
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Figure 4.4. Wnt reporter MSC dose-dependent response to exogenous Wnt3a
at 37°C: a) FACS plots of eGFP-positive Wnt reporter MSCs following dose-
dependent treatment with Wnt3a (0 — 200 ng/mL) overnight at 37°C. Percentages
denote populations of eGFP-positive cells. b) eGFP-positive cells vs. Wnt3a
concentration regime (black) between 0 — 200 ng/mL with linear regression fit for O

— 50 ng/mL concentrations (red) (r>=0.98).
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4.3.3. Wnt3a shows temperature-sensitive activity loss over 37°C

An important consideration for magnetic heating assays using Wnt3a
encapsulated nanoparticles was how sensitive Wnt3a would be to increased
temperature above physiological conditions. As observed previously in Chapter 3,
the nanoparticle surface environment immediate to the polymer-protein network is
important for protein release during magnetic heating. The temperatures in this
environment are not known and difficult to model, therefore high temperatures in
this region could be detrimental to protein function because of thermally-induced

protein denaturation.

By establishing the dose response of Wnt reporter MSCs upon addition of
exogenous Wnt3a (Figure 4.4), this allowed me to determine an appropriate
concentration at which to observe activity loss. | selected 100 ng/mL as a suitable
concentration since beyond this the cellular response appeared to saturate and it
also provided me with a broad window in which to observe potential activity loss. A
Wnt reporter MSC overnight response assay was conducted at 37°C after pre-
incubation in 100 ng/mL Wnt3a at 37°C, 40°C, 45°C and 50°C for 10 min. There
are no previous studies investigating the thermal stability of Wnt3a and therefore

this provides a novel insight into the sensitivity of the protein.

| could observe a temperature-sensitive loss in Wnt3a activity following pre-
incubation above 37°C (Figure 4.5). Some activity was retained in samples treated
at 40°C and 45°C; however, complete loss of function was observed for the 50°C
sample. This data suggests that in order to retain Wnt3a function care must be
exercised during heating assays to ensure that temperatures do not significantly

exceed physiological levels.
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Figure 4.5. Wnt3a shows temperature-sensitive activity loss above 37°C:
Wnt3a activity plotted as a function of temperature with a linear regression
(r°=0.9853). Wnt3a activity calculated using eGFP-positive Wnt reporter MSC
response relative to control sample at 37°C.
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4.3.4. Magnetically-activated nanoparticles release Wnt3a and

trigger a bioactive response from Wnt reporter MSCs

| prepared 1 mg PNIPAM-coated nanoparticles incubated with 1 pg Wnt3a using
the same procedure followed in Chapter 3 (Materials and Methods, section
3.2.1, pg 165). Since the Wnt3a | used was recombinant from E.coli there was no
lipidation like the Wnt produced in mammalian cells, so the use of detergent was
not needed for solubilisation. Rather than RNaseB, | used serum-containing media
(10% (v/v) FBS-containing DMEM) as a plentiful source of competing proteins
during washing steps of the encapsulation procedure. The magnetic heating assay
was conducted in a tissue culture, laminar flow hood to maintain a sterile
environment. Also, this environment was at a temperature significantly below the
PNIPAM LCST which prevented a phase transition as the result of an increase in

the bulk solution temperature.

| was able to show a bioactive response from the Wnt reporter MSCs following 30
min magnetic heating of Wnt3a-loaded nanopatrticles with the cells (Figure 4.6).
This was shown over a time course, where | could correlate prolonged magnetic
heating with increased eGFP response from the cells. FACS plots showed an
increase in eGFP-positive cells correlated with increased exposure to the
magnetic field, indicating progressive release of bioactive Wnt3a over time. Using
Whnt3a standards as a calibration curve, | was able to calculate the Wnt3a release
based on the proportion of eGFP-positive MSCs. After 30 min of magnetic heating,
| could observe ~40 ng/mL Wnt3a had been released, which corresponds to ~200
ng (~20%) total Wnt3a released in the sample volume. Also, bioactive Wnt3a
release was at recorded temperatures below the PNIPAM LCST, which provides
further evidence to suggest effects at the particle surface during magnetic heating
can release proteins. Moreover, | did not observe a significant response from the
cells when treated with Wnt3a-loaded nanopatrticles that did not undergo magnetic

heating, indicating temperature-sensitive protein release.
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Figure 4.6. Magnetically-activated nanoparticles release Wnt3a and trigger a
bioactive response from Wnt reporter MSCs: a) FACS plots of eGFP-positive
Wnt reporter MSCs with/without magnetic heating treatment using Wnt3a-loaded
nanoparticles. Percentages denote populations of eGFP-positive cells. b)
Quantification of Wnt3a release from PNIPAM-coated nanopatrticles following Wnt
reporter MSC response after magnetic heating of Wnt3a-loaded nanoparticles for
10, 20 and 30 min, or 30 min at room temperature (21.4°C). Wnt3a release is
deduced from calibration curves based on cellular response to a range of Wnt3a
concentrations between 0-100 ng/mL. Nanoparticles were removed before
incubation of the cells at 37°C overnight. 1 mg PNIPAM-coated nanoparticles were
loaded with 1 uyg Wnt3a for each sample (n=3, error bars denote standard
deviation).
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4.3.5. Wnt reporter MSC dose-dependent response to exogenous
Wnt3a at 37°C

It was clear that bioactive Wnt3a could be released from PNIPAM-coated
nanoparticles using magnetic heating (Figure 4.6). However, it was still unclear
whether encapsulated Wnt3a could also trigger reporter activity. To test this, | first
needed to culture cells below the LCST overnight and assess their response to
exogenous Wnt3a in a dose dependent manner as done previously at 37°C
(Figure 4.4). | selected 30°C as an appropriate temperature for this assay as it is
below the PNIPAM LCST and also makes short term MSC culture feasible.

| was able to detect a dose-dependent response to Wnt3a from Wnt reporter
MSCs following overnight incubation at 30°C (Figure 4.7). As a positive control for
comparison, | also conducted a Wnt reporter response overnight at 37°C. | could
observe a strong linear correlation for both the 30°C and 37°C samples with a
slightly reduced response at 30°C which is likely to be expected as a consequence
of slower cell activity rates. However, the response at 30°C is more than sufficient
to detect Wnt3a release from PNIPAM-coated nanoparticles based on the
magnetic heating quantification for Wnt3a release carried out previously (Figure
4.6)
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Figure 4.7. Wnt reporter MSC dose-dependent response to exogenous Wnt3a
at 37°C: Quantification of eGFP-positive Wnt reporter MSCs following dose-
dependent treatment with Wnt3a (0 — 100 ng/mL) overnight at 37°C (black) or
30°C (red). Linear regression was done for each dataset (r? value displayed).
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4.3.6. Wnt reporter MSCs only respond to magnetically-released
Wnt3a from PNIPAM-coated particles

It was unclear whether the released Wnt3a was solely contributing to the cellular
response, or whether Wnt3a still associated with the nanoparticles was also acting
upon the MSCs. To assess this, | conducted a Wnt reporter response assay at
30°C, a temperature below the phase transition of the polymer. This allowed MSC
culture with Wnt-loaded nanoparticles that would be incapable of releasing
entrapped Wnt3a, thereby showing any effects brought about by protein loosely

associated with the nanoparticles.

| showed that Wnt reporter MSCs did not respond to PNIPAM-coated particles
alone, or Wnt-loaded nanopatrticles incubated with the cells at 30°C without
magnetic heating (Figure 4.8). In contrast, | observed that Wnt reporter MSCs
gave a significant response to Wnt-loaded nanoparticles that were magnetically
heated for 30 min, and either removed or left exposed to the cells. The response
from both treatments was very similar, indicating that the Wnt3a released from the
nanoparticles following magnetic heating is contributing to the cellular response,

rather than protein loosely associated with the nanopatrticles.
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Figure 4.8. Wnt reporter MSCs only respond to magnetically-released Wnt3a
from PNIPAM-coated particles: Quantification of Wnt3a release from PNIPAM-
coated nanoparticles by following Wnt reporter MSC response after magnetic
heating of Wnt3a-loaded nanoparticles for 30 min. Cells incubated at 30°C with
protein-free particles overnight (NP’s only), Wnt3a-loaded particles overnight
(Overnight Wnt NP’s) with/without magnetic heating, or Wnt3a-loaded patrticles
that were removed after 30 min (Remove Wnt NP’s) with/without magnetic
heating. (magnetically heated samples underwent a temperature change from
21°C - 24.5°C). The amount of Wnt3a release is estimated from calibration curves
of Wnt reporter MSC response to a range of Wnt3a concentrations between 0-100
ng/mL. 1 mg PNIPAM-coated nanoparticles were incubated with 1 ug Wnt3a for
each sample, (n=3, error bars denote standard deviation). *=p<0.05 as compared
with ‘Overnight Wnt-NPs at 30°C.
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4.3.7. PNIPAM-coated nanoparticles have no adverse effects on
Y201 MSC viability over 7 days

Using DNA content as a readout, | assessed the cell viability of Y201 MSCs when
incubated with PNIPAM-coated nanoparticles over 7 days. As previously | had
only incubated cells with the nanoparticles previously for a maximum duration of
16 h, it was important to characterise the effect on cells over a longer period of

time.

I could show that there was no significant effect on the DNA content of cultured
Y201 MSCs at nanopatrticle concentrations ranging between 0-20 mg/mL (Figure
4.9). A nanoparticle concentration of 5 mg/mL has been highlighted as this
concentration was used for viability assays. This data suggests that at the
nanoparticle concentrations used in experimental work, prolonged incubations
would likely have had no detrimental effect on cell viability. The biocompatibility of
PNIPAM-coated nanopatrticles is promising for future development and their

potential use in a more complex, biological environment.
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Figure 4.9. PNIPAM-coated nanoparticles have no adverse effects on Y201
MSC viability over 7 days: PicoGreen DNA quantification in Y201 MSCs treated
with PNIPAM-coated nanoparticle concentrations between 0 - 20 mg/mL for 7
days. A nanoparticle concentration of 5 mg/mL was used in viability assays
(highlighted in black). DNA quantification was done using a calibration curve
prepared with salmon sperm DNA standards (0 — 8 pug/mL), (n=3, error bars
denote standard deviation).
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4.3.8. PNIPAM-coated nanoparticles are associated with Y201
MSCs after 7 days

After conducting cell viability assays over 7 days with Y201 MSCs (Figure 4.9), |
wanted to observe whether the nanoparticles were internalised or associated with

the cells.

Using brightfield microscopy, | could see that the particles appeared to be either
internalised or surface associated with the MSCs (Figure 4.10). Prior to imaging,
the cells were washed multiple times with PBS which would remove any particles
loosely associated with the cells. This indicates that these images are
representative of truly adsorbed nanoparticles, rather than any in the surrounding
volume. The cells were cultured at 37°C, which is above the PNIPAM LCST, thus
the particles will collapse and aggregate as observed in the NTA data (Figure

2.16). This likely explains why the particles in Figure 4.10 appear as large

clusters. _
“ &=
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Figure 4.10. PNIPAM-coated nanoparticles are associated with Y201 MSCs
after 7 days: Brightfield microscopy images of untreated Y201 MSCs and MSCs
exposed to 5 mg/mL PNIPAM-coated nanoparticles at 37°C for 7 days.
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4.3.9. Determining the amount of exogenous Wnt3a required to
significantly enhance proliferation of Y201 MSCs

The observed Wnt reporter MSC activation by magnetically-triggered Wnt3a
release provided a functional readout of bioactive Wnt3a release from PNIPAM-
coated nanoparticles. To further assess the functional release of Wnt3a, | sought
to use MSC proliferation as a readout of cellular stimulation. Indeed, it has
previously been shown that Wnt3a is a potent enhancer of proliferation when
MSCs were exposed to conditioned media from cells overexpressing Wnt3a
(Boland et al., 2004). However, the amount and conditions required for a
significant enhancement of proliferation using purified Wnt3a was not known.
Therefore, | conducted an assay to investigate the required Wnt3a concentration
and culture conditions necessary to induce a significant increase in proliferation of
Y201 MSCs.

Y201s were seeded in 96 wells at 10% confluency to allow for a large period in
which to observe differences in growth between treatments. Wnt3a treatments
were removed following an overnight exposure as it was assumed that, like the
Wnt reporters, this would be sufficient time to stimulate the MSCs. The cells were
cultured for 7 days following the treatment with samples analysed after 1, 3, 5 and
7 days. 7 days was selected as an appropriate time course since Y201 MSCs
have a doubling time of roughly 48 h and would likely be approaching confluency

after this period of time.

It was observed after 1 day that there were no significant differences across the
different samples, likely because insufficient time had been allowed for
proliferation to occur (Figure 4.11). However, after 3 days, | began to observe
significant differences for the higher Wnt3a doses of 50 and 100 ng/mL. This was
also apparent after 5 and 7 days where | could see significant differences for the
25 ng/mL treatment as well. This data provided useful information regarding how
much Wnt3a release would be required from nanoparticles to significantly
stimulate Y201 MSC proliferation.
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Figure 4.11. Determination of exogenous Wnt3a required to significantly
enhance proliferation of Y201 MSCs: Quantification of Y201 MSC DNA content
(ug/mL) following lysis after overnight treatment with exogenous Wnt3a (0 — 100
ng/mL) and incubation at 37°C for 1, 3, 5 and 7 days. DNA quantification was done
using a PicoGreen calibration curve prepared with salmon sperm DNA standards

(0 — 8 pg/mL) (n=3, error bars denote standard deviation, * = p <0.05).

219



4.3.10. Magnetically-activated nanoparticles release Wnt3a to

stimulate enhanced proliferation of Y201 MSCs

Using the Wnt reporter activation data in Figure 4.6 and Wnt3a dose-response
data for Y201 MSCs in Figure 4.11, | could estimate how long Wnt3a-
encapsulated nanoparticles would need to undergo magnetic heating to release
sufficient protein to enhance cell proliferation. | chose to magnetically heat for 30
min and allow MSC growth for 5 days which should theoretically release ~40
ng/mL Wnt3a and lead to significant stimulation of Y201 MSCs over this period of

time.

| showed that when Wnt3a-loaded nanoparticles were magnetically heated for 30
min in the presence of Y201 MSCs, significantly enhanced proliferation was
observed after 5 days of culture (Figure 4.12). | could detect roughly a two-fold
increase in DNA content as compared to Wnt-loaded particles without magnetic
heating and nanoparticles alone. Also, | was unable to detect a cellular response
from Wnt3a-encapsulated particles without magnetic heating, highlighting a clear

temperature-sensitive effect.

Here | could provide further evidence of bioactive Wnt3a release following
magnetically-triggered release from PNIPAM-coated nanoparticles.
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Figure 4.12. Magnetically-activated nanoparticles release Wnt3a to stimulate
enhanced proliferation of Y201 MSCs: PicoGreen DNA gquantification for Y201
MSCs treated for 30 min with Wnt3a-loaded nanoparticles (Wnt NP’s) with/without
magnetic heating (magnetic heating caused a temperature change from 20.9°C to
24.1°C) or protein-free nanoparticles (NP’s only) before magnetic removal. DNA
quantification was done using a calibration curve prepared with salmon sperm
DNA standards (0 — 8 pg/mL). Cells were incubated overnight at 37°C before
changing the media and culturing for 5 days. Wnt-loaded nanopatrticles were
prepared by incubatingl mg PNIPAM-coated nanopatrticles with 1 yg Wnt3a (n=3,

error bars denote standard deviation, * = p <0.05).

221



4.3.11. PNIPAM-coated nanoparticles have no adverse effects on
primary MSC viability over 7 days

As with Y201 MSCs, | wanted to measure the cell viability of primary cells using
DNA content as a readout. This allowed me to assess the biocompatibility of
PNIPAM-coated nanoparticles with cells that are a better representation of those

found in a tissue environment.

| was able to observe that a 7-day incubation with PNIPAM-coated patrticles had
no effect on cell viability (Figure 4.13). | tested a range of nanoparticle
concentrations from 0 — 20 mg/mL with 5 mg/mL being highlighted as the

concentration used other in experimental work.

8_

741 [ 1 |
CTIn L LA L b
E 9
D 4
< 3]

Zz 21

o 1

0 r T 1T 1° 17T "7 17T 17T 1
VO VAP H D 900
PN A 47 N Q)
Vet e NV
Nanoparticle concentration

(mg/ml)

Figure 4.13. PNIPAM-coated nanoparticles have no adverse effects on
primary MSC viability over 7 days: PicoGreen DNA quantification in primary
MSCs derived from 3 different donors treated with PNIPAM-coated nanoparticle
concentrations between 0 - 20 mg/mL for 7 days. A nanoparticle concentration of 5
mg/mL was used in viability assays (highlighted in black). DNA quantification was
done using a calibration curve prepared with salmon sperm DNA standards (0 — 8
pg/mL) (n=3, error bars denote standard deviation).
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4.3.12. Determination of exogenous Wnt3a required to

significantly enhance proliferation of primary MSCs

As a more rigorous readout of cellular activity, | also assessed Wnt3a response
using primary MSCs derived from patient femoral heads (Clifton Park Hospital,
York). Primary MSCs are known to vary between donors, which coupled with the
heterogeneous nature of MSCs, means there is no guarantee donor-derived cells
will behave similarly. Therefore, conducting reproducible experiments with primary
MSCs is a robust measure of cellular activation.

Primary MSCs have a doubling time roughly twice as long as the immortalised
Y201 cells used in previous work so | conducted a dose-dependent Wnt3a
response assay over a 10-day period. | showed a significant enhancement in
proliferation was detectable after 7- and 10-day growth periods following 50 and
100 ng/mL Wnt3a treatments (Figure 4.14). The amount of error with primary
MSCs was noticeably larger than that observed with Y201s (Figure 4.11), which is
likely a consequence of the donor variability factor.
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Figure 4.14. Determination of exogenous Wnt3a concentration required to
significantly enhance proliferation of primary MSCs: Quantification of primary
MSC DNA content (ug/mL) following lysis after overnight treatment with
exogenous Wnt3a (0 — 100 ng/mL) and incubation at 37°C for 1, 7 and 10 days.
DNA guantification was done using a PicoGreen calibration curve prepared with
salmon sperm DNA standards (0 — 8 pg/mL). Cells used were derived from 3
separate donors, (n=3, error bars denote standard deviation, * = p <0.05).
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4.3.13. Magnetically-activated nanoparticles release Wnt3a to

stimulate enhanced proliferation of primary MSCs

A significant enhancement in Y201 proliferation was observed following Wnt3a
release from magnetic nanoparticles after 30 min of heating, thus I chose to
reproduce this for primary MSCs. However, following nanoparticle removal after
magnetic heating and an overnight incubation with the released Wnt3a, the cells
were left to grow for 10 days rather than 5 days. This was to account for the slower
rate of primary cell growth as compared with immortalised cells, and allow for any

effects on proliferation (Figure 4.14) to be observed.

As with the Y201 MSCs, | detected a significant increase in DNA content following
release of Wnt3a from nanoparticles by magnetic heating, indicating bioactive
protein release (Figure 4.15). As with the Y201 cells, | was unable to detect a
response using Wnt3a-encapsulated nanoparticles that had not undergone

magnetic heating.
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Figure 4.15. Magnetically-activated nanoparticles release Wnt3a to stimulate

enhanced proliferation of primary MSCs: PicoGreen DNA quantification for
primary MSCs isolated from 3 different donors, treated for 30 min with Wnt3a-
loaded nanoparticles (Wnt NP’s) with/without magnetic heating (magnetic heating
caused a temperature change from 20.5°C to 23.4°C) or protein-free nanoparticles
(NP’s only) before magnetic removal. DNA quantification was done using a
calibration curve prepared with salmon sperm DNA standards (0 — 8 ug/mL). Cells
were incubated overnight at 37°C before changing the media and culturing for 10
days. Wnt-loaded nanoparticles were prepared by incubatingl mg PNIPAM-coated
nanoparticles with 1 uyg Wnt3a, (n=3, error bars denote standard deviation, * = p <
0.05).
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4.4. Conclusions

Using the PNIPAM-coated nanoparticles generated in Chapter 2 and building on
the protein release studies of Chapter 3, | have been able to show that bioactive
Wnt3a can be released from PNIPAM-coated nanoparticles upon magnetic

heating to functionally stimulate MSCs.

| was able to design custom-made vessels in-house that were compatible with
both the magnetic heating setup, as well as biocompatible with cultured cells. Cell
viability of Y201 MSCs seeded in the custom vessels was initially confirmed via an

MTT assay, before continuing with their use in magnetic heating, cell-based work.

| could also characterise the Wnt reporter MSC response to exogenous Wnt3a in a
dose-dependent manner at both 37°C and 30°C. Using FACS as a readout of
eGFP response from Wnt reporter MSCs, | detected activation at concentrations
as low as 12.5 ng/mL. This concentration is significantly lower used previously
fluorescence microscopy experiments at Wnt3a concentrations of 200 ng/mL or
higher (Saleh et al., 2016). This level of sensitivity was crucial for detection of
Wnt3a release from PNIPAM-coated particles in subsequent experiments. | used
the dose-response of Wnt reporter MCSs to exogenous Wnt3a as a calibration

curve for nanoparticle experiments to determine the amounts of Wnt3a released.

Using magnetic heating, | could show that bioactive Wnt3a was released from
PNIPAM-coated nanoparticles at concentrations sufficient to trigger a Wnt reporter
MSC eGFP response that was significantly above background levels. | also
showed that Wnt3a is functionally sensitive to temperatures slightly above
physiological levels. The Wnt3a release from nanopatrticles suggest that magnetic
heating is not detrimental to protein function since at least a proportion of the
protein is bioactive. For future work, it would be interesting to quantify the total
amount of Wnt3a released relative to the cellular response as a measure of
bioactive vs. inactive Wnt3a released. As a control experiment, | showed that
magnetically heated release of encapsulated Wnt3a was required to activate
MSCs, and that Wnt reporter cell incubation with Wnt3a-encapsulated
nanoparticles below the PNIPAM LCST did not trigger a response. This suggests
that any Wnt3a loosely associated with the particle surface is insufficient to elicit a
significant response from the cells, and that the majority of encapsulated Wnt3a

has to be released through magnetic heating to observe cellular activation.
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As another readout of Wnt3a-triggered cellular activation, | conducted proliferation
assays with both Y201 and primary MSCs. | determined the concentration of
endogenous Wnt3a and culture conditions required to stimulate enhanced
proliferation for both the immortalised and primary MSCs. After establishing this, |
showed that magnetically-triggered Wnt3a release from PNIPAM-coated
nanoparticles could activate both Y201 and primary cells leading to enhanced

proliferation.

| also assessed the cell viability of both Y201 and primary MSCs using DNA
content as a readout after incubating the cells for 7 days with a range of PNIPAM-
coated nanoparticle concentrations. | was unable to detect any adverse effects for
either of the MSC samples tested, highlighting their biocompatibility. After a 7-day
cell viability assay, | showed by microscopy that the nanoparticles were associated
with Y201 MSCs. It appears that the nanoparticles have been largely internalised
by MSCs over time which is explained by the fact that during culture at 37°C the
PNIPAM shell will be collapsed which will significantly decrease the hydrodynamic
diameter of the polymer shell. This will generate a nanoparticle size more
compatible with clathrin-mediated endocytosis, thus permitting nanopatrticle entry
into the MSCs via this mechanism. Additionally, some patrticles that are more
aggregated and too large for uptake by clathrin-mediated endocytosis may be
associated with the cell surface of MSCs. This could occur through passive
adsorption or interactions between the polymer shell and cell surface molecules. A
diagram illustrating how the nanoparticles may associate with the MSCs can be

seen below in Figure 4.16.
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Figure 4.16. Diagram to show possible mechanisms of nanoparticle

association with MSCs.
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Chapter 5: Discussion

The differentiation potential of MSCs is advantageous in regenerative medicine
and makes them an attractive target for the delivery of molecules in situ to
stimulate their cellular activation. Delivery of MSCs to sites of tissue damage is
often an inefficient process leading to a requirement for alternatives to activate
MSCs endogenous to the damaged tissue. The development of effective
biomaterials to deliver and release biomolecules that will stimulate MSCs is an
appealing application. Nanoparticles offer a tool for the targeted delivery of
biological cargo to MSCs which can be released in a triggered manner from
stimuli-responsive polymers. PNIPAM is a temperature-sensitive polymer that can
be coated onto nanoparticle surfaces as a layer for biomolecule entrapment. In
tissue engineering this polymer has largely been used as a hydrogel scaffold to act
as a surface substrate for cell attachment with its potential as tool for biomolecule
release being relatively unexplored. Also, SPIONs have been used predominantly
in tissue engineering as a contrast agent for MRI-based imaging to track MSCs
through tissue. It is known that appropriately sized SPIONs can undergo magnetic
heating in the presence of an alternating magnetic field which is a property seldom
used in regenerative medicine. Here, | have generated PNIPAM-coated SPIONs
and assessed their potential as a magnetically- and temperature-responsive
delivery system of biomolecules to activate MSCs. | also began work
characterising an additional temperature-responsive polymer, PNIPMAM, which
displays an LCST above physiological temperature. This is significant for
developing a system that can release bioactive molecules upon magnetic heating
in a physiological setting. | could generate PNIPMAM-coated SPIONs and assess
their potential as a tool for magnetically-triggered, temperature-sensitive

biomolecule release above physiological temperature.
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5.1. Synthesis and characterisation of temperature-sensitive,

magnetically-responsive nanoparticles

In Chapter 2 | described the synthesis of PNIPAM-coated SPIONs and
characterised their size, magnetic, molecular and temperature-sensitive
properties. The generated nanoparticles were measured at a size suitable for
cellular delivery in vivo, the largest being measured at 152.5 + 13.33 nm by DLS,
being below the threshold for clearance by phagocytosis (<200 nm) (van Rijt et al.,
2014). Additionally, it has been shown that nanocarrier size <150 nm is essential
for entry and exit from capillary circulation with particles between 20-100 nm
possibly able to distribute to tissues such as bone marrow (Blasi et al., 2007).
When soluble, the PNIPAM-coated particles | have generated are likely to be
between 83 — 152 nm based on NTA and DLS analysis of hydrodynamic diameter
in solution, meaning it is probable that their size would be appropriate for
permitting access to/from circulation and distribution to areas such as bone
marrow. Also, the nanoparticle size observations by TEM (6.3 £ 0.9 nm) are
smaller than those produced by the literature procedure followed which were 15 +
2.5 nm (Carroll et al., 2010). Exact replication of nanoparticle synthesis can be
challenging; however, factors such as the rate of nanopatrticle seed nucleation,
growth and termination are all influenced by multiple factors during the synthetic
procedure. Nanoparticle size and uniformity can vary based on variables such as
rate of stirring, which maintains sample homogeneity during seed nucleation by
metal salt reduction (Rahmawati et al., 2017). The nanoparticles generated also
show relatively high polydispersity, where their composition is uncertain. The
particles generated in the literature procedure followed report a core-shell contrast
that contains a mixture of iron and iron oxide (Carroll et al., 2010). However, by
TEM it appears that the nanopatrticles | have synthesised are fully oxidised, as

there is no evident contrast.

In terms of magnetic properties, the nanoparticles | have generated display clear
superparamagnetism, indicated by no remanent magnetisation in the absence of
an applied field shown by no hysteresis. This data corresponds well to the
magnetisation observed for the literature prepared particles, which also showed
clear superparamagnetic properties by VSM (Carroll et al., 2010).
Superparamagnetic nanoparticles are favourable for magnetic heating applications

as they have a single magnetic moment which responds well to an alternating
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magnetic field. Ferromagnetic particles will display even stronger magnetic heating
properties; however, their larger size generally makes them unsuitable for
biological applications. Moreover, the prepared nanoparticles appear stable over
long periods of time with very little magnetic susceptibility loss over a 3-month
period which also corresponds with high stability reports from the literature
procedure followed (Carroll et al., 2010). High stability in aqueous solution is
favourable as this allows for large scale production of particles capable of being
stored over time and used when required with little consequent effects on
magnetisation. | could also show that 5 mg/mL SPIONSs displayed a heating rate of
0.3°C/min in the presence of an alternating magnetic field with a 0.67 T field
strength at an operating frequency of 108 kHz. From these measurements, | could
ascertain an SAR value of 65.27 W/g Fe. Previous work investigating size
dependence on magnetic nanopatrticle heating has shown that particles between
15-40 nm have significantly higher SAR values than those between 6-11 nm (Tong
et al., 2017). This study also showed that magnetic heating of SPIONs for 1 hr
through tumour tissue was ineffective for 6 nm SPIONSs, but showed significant
heating at 19 nm and 40 nm (Tong et al., 2017). Larger SPIONs with a higher SAR
could help magnetically-triggered release of bioactive molecules in vivo and may
be necessary for the release | have seen with apotransferrin and Wnt3a. More
accurate reproducibility of the conditions used in the literature (Carroll et al., 2010)
may produce larger nanoparticles that undergo magnetic heating effectively.
However, there is no guarantee of producing highly monodisperse particles using
an aqueous synthetic approach. Studies using particles in the 15-40 nm size range
generally produce nanoparticles using an organic synthetic route though the
thermal decomposition of iron carbonyl complexes (Tong et al., 2015, Hufschmid
et al., 2015). Organic synthesis approaches are generally based on slower
reactions where the conditions used cause significantly slower growth than
nucleation which results in the production of monodisperse particles. Whereas
agueous syntheses are based on extremely fast hydrolysis where the nanoparticle
growth phase is generally short leading to high polydispersity. While size
modulation using an organic synthetic approach allowed for better size tunability, it
will not generate nanoparticles suitable for biological applications due to their
agueous insolubility. To address this, ligand exchange steps will be required,
which can be challenging and require significant optimisation. As well as individual

nanoparticle size being an important factor for magnetic heating, it has been
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suggested that clustering of nanopatrticles is an important factor in optimising
magnetic heating efficiency, which could be a consideration for future development
(Pearce et al., 2013). When using alternating magnetic fields with magnetic
nanoparticles to effectively heat tissues, the local nature of the field means that the
clustering and spatial distribution of nanopatrticles is very important. The local heat
transfer between clusters of nanopatrticles has been modelled and shown to be
significantly more effective at magnetic heating than dispersed individual

nanoparticles in tissue (Pearce et al., 2013).

The importance of surface coating was not only necessary to generate the
temperature-sensitive particle desired, but also to improve biocompatibility for
cellular studies. Indeed, previous work has highlighted iron oxide nanopatrticles
without coating can have adverse cytotoxic effects on human mesothelium and
murine fibroblast cells (Brunner et al., 2006). PNIPAM-based hydrogels have been
used in previous studies with MSCs, showing little to no adverse effects on cell
viability, making it an ideal candidate for coating SPIONs and use in cellular
assays with MSCs (Chen et al., 2015). Another study conducted an extensive
assessment on the cytotoxicity of PNIPAM and found no such effects following
direct contact tests with endothelial cells, epithelial cells, smooth muscle cells and
fibroblasts (Cooperstein and Canavan, 2013). | generated PNIPAM with a Mw of
13.26 kDa that was functionalised with NDA at a coupling efficiency of 67% and
could also show that the polymer displayed an LCST at 32°C which was
unchanged following NDA functionalisation. The characterisation of NDA-PNIPAM
agreed well with that of the literature procedure followed for the synthesis
(Kurzhals et al., 2015). A polymer grafting density to the particle surface of 0.275
chains/nm?was calculated, a value which has been suggested in previous studies
to be within a range indicating good colloidal stability of superparamagnetic
nanoparticles in complex media and when undergoing magnetic heating (Amstad
et al., 2011, Zirbs et al., 2015, Amstad et al., 2009). Additionally, | could calculate
that there were 26.1 PNIPAM chains per particle, which has been shown
previously to be important for generating stable solutions, where gold
nanoparticles without PEG coating showed aggregation and could be readily
dispersed following PEG grafting of 50 chains per particle (Liu et al., 2007). Also,
from the grafting density, | could calculate a 27.5% coverage of the SPION
surface, which has previously been shown to impact on nanoparticle
biodistribution, where PEG-PLA nanocapsules were shown to have longer blood
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circulation times and reduced clearance by the liver, spleen, and kidneys with 30%

coverage, as compared to materials with 20% less (Mosqueira et al., 2001).

| also carried out work on the synthesis and characterisation of an additional
polymer, PNIPMAM, which has been reported to exhibit a higher LCST than
PNIPAM that can be influenced by the polymer molecular weight and
concentration (Djokpé and Vogt 2001, Rathfon and Tew, 2008). Since PNIPAM
has an LCST below physiological temperature, encapsulated molecules within a
PNIPAM shell would likely be released when exposed to the body environment,
which would decrease its effectiveness as a tool for drug delivery. It is therefore
important to consider developing alternative polymers for temperature-sensitive
biomolecule delivery that could function to trigger release above physiological
temperature. It has been shown previously that PNIPMAM can release DOX in a
temperature-sensitive manner, where significantly higher amounts of DOX were
released at 48°C than at 37°C (Peters et al., 2018). | reasoned that PNIPMAM-
coated SPIONs could be a temperature-responsive tool for future development
that could release biomolecules to MSCs above physiological temperature with

magnetic heating.

My initial attempt at PNIPMAM synthesis was carried out using the same approach
as with PNIPAM but using the monomer for PNIPMAM instead. However, despite
observing signs of polymerisation over time by an increase in molecular weight
and NMR peak broadening, | was still unable to detect a phase transition in
response to heating as high as 100°C. | reasoned that despite evident
polymerisation occurring, initiation of insufficient polymer chains, resulting in a low
polymer concentration, could be behind the lack of a bulk sample phase transition.
Indeed, it has been suggested in previous work copper catalysts can be inefficient
in inducing radical addition for some amide-containing monomers (Senoo et al.,
1999). Using an alternative approach (Rathfon and Tew, 2008), | could generate
an acid-terminated version of PNIPMAM by the functionalisation of PMASI with
isopropylamine. The generated polymer exhibited an LCST at 42°C which is 10°C
higher than that observed for PNIPAM. Interestingly, the phase transition for
PNIPMAM appeared more gradual than the sharp collapse of PNIPAM at its
LCST, where | could observe an increase in solution turbidity between 37°C-42°C.
In previous work assessing the cloud point of PNIPMAM, transmittance at 500 nm
was measured using a UV-vis spectrophotometer with temperature increased at a

rate of 1°C/min in 5°C increments, where the LCST was determined based on the
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temperature at 50% transmittance (Rathfon and Tew, 2008). This study also
showed that increasing molecular weight correlated with increasing LCST. This
work determined a higher LCST of ~58°C for PNIPMAM with a similar molecular
weight (9.1 kDa) to the PNIPMAM | synthesised at ~10 kDa which displayed an
LCST of 42°C. This difference in observations could be attributable to the different
methodology used in each study. A gradual phase transition has also been seen
previously with other polymers in response to temperature change, such as
polystyrene in the solvent cyclohexanol (Schultz and Flory, 1952). After PNIPMAM
functionalisation with NDA and SPION coating, | could observe that, as well as the
free polymer, PNIPMAM-coated SPIONs showed a gradual phase transition in

response to heating from 37°C to 42°C.
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5.2. Biochemical studies of protein encapsulation and release

from polymer-coated nanoparticles

In Chapter 3, | demonstrated that the PNIPAM-coated nanoparticles generated in
Chapter 2 could be loaded with the model test protein apotransferrin.
Apotransferrin could be released in both a pH- and temperature-sensitive manner
with/without magnetic heating. Temperature-sensitive release of proteins from
PNIPAM using magnetic SPION heating has seldom been done in previous work
and is therefore an area of novelty in the project. Protein encapsulation within the
polymer shell was effective by allowing the polymer to expand around protein
molecules in solution, following a heating/cooling transition of PNIPAM-coated
particles above and below the PNIPAM LCST. The observed effect of increasing
pH on apotransferrin release from PNIPAM-coated SPIONSs likely suggests a
molecular interaction. Since PNIPAM has no charge properties, it is likely that the
nature of the interaction involves hydrogen bonding between protein molecules
and polymer chains. Indeed, a previous study found that binding of BSA to
PNIPAM microparticles was caused by hydrogen bonding between carboxyl
groups of BSA and amide groups of the polymer (Huo et al., 2006). This study also
showed that BSA binding to PNIPAM micrgels was optimum between pH 5-6 and
by increasing the pH above this point, BSA could be released indicating that
PNIPAM is sensitive to pH as well as temperature (Huo et al., 2006). By increasing
the pH this will also give apotransferrin a more negative charge since these
conditions are further away from its isoelectric point (5.4). As a consequence of
this, the interactions between apotrasnferrin and the polymer shell may be
disrupted leading to its release. | found that, presumably due to molecular
interactions, incubating PNIPAM-coated nanopatrticles loaded with apotransferrin
above the PNIPAM LCST was insufficient to release the encapsulated protein.
With the addition of a competing protein RNaseB, | could show a temperature-
sensitive release of apotransferrin from PNIPAM-coated nanoparticles above the
polymer LCST. This is perhaps explained by the temperature-sensitive phase
transition of PNIPAM, where the structural collapse of the polymer could expose
encapsulated apotransferrin to binding competition from RNaseB which triggers its
release. In the expanded PNIPAM form below the LCST, since apotransferrin
remains associated with PNIPAM-coated SPIONS, this release mechanism is likely
not permitted. Also, at neutral pH, RNaseB carries a positive charge since its

isoelectric point is 9.3, which opposes that of apotransferrin. This could be
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responsible for some attraction between the negatively charged apotransferrin and
positively charged RNaseB that contributes somewhat to apotransferrin release,
coupled with competition for hydrogen bonding to the polymer due to the higher
concentration of the competing protein. A diagram depicting apotransferrin pH-
sensitive release and competitive release driven by RNaseB can be seen below in

Figure 5.1.

Neutral

High pH increases
apotransferrin negative
charge and chemically alters
polymer to disrupt hydrogen
bonding and cause release

Hydrogen bonding
interactions between
apotransferrin and polymer
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b)

- RNaseB

Hydrogen bonding
interactions between
apotransferrin and polymer

RNaseB disrupts interactions
between apotransferrin and
polymer through charge
attraction and hydrogen

bonding competition

Figure 5.1. Diagrammatic models to depict possible release mechanisms of

apotransferrin from polymer-coated nanoparticles as a function of pH and

competitive protein binding: a) Zoomed-in diagram of apotransferrin interactions

with polymer at either neutral or basic pH (with hydroxyl ions shown as OH"). b)

Zoomed-in diagram of apotransferrin interactions with polymer in the

absence/presence of RNaseB at neutral pH.
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Through magnetically heating PNIPAM-coated nanopatrticles, | could also show
temperature-sensitive release, interestingly at temperatures below the polymer
LCST, an effect which was dependant on alternating magnetic field application
either through constant or pulsed heating. The pulsed magnetic heating results
allowed maintenance of a relatively constant sample volume temperature, through
heating/cooling cycles, and is therefore a useful readout of heating effects on
protein release within the nanoparticle surface environment. The data suggests
that the nanoscale environment immediate to the nanopatrticle surface is sufficient
during magnetic heating to trigger protein release through temperature-induced
structural alterations of PNIPAM. It is likely that a phase transition is occurring to
cause protein release, despite the bulk volume temperature not exceeding the
PNIPAM LCST, since encapsulated Wnt3a is hidden when added to Wnt reporter
MSC:s slightly below the LCST and only triggers a cellular response following
magnetically-triggered release. The particle surface-localised magnetic heating
effect on protein release could be an advantageous property in future clinical
applications, in that it should be unnecessary to magnetically heat whole tissue
environments to trigger biomolecule release when a subtler heating approach is
sufficient. Modelling the temperature immediate to the nanoparticle surface during
magnetic heating may help to elucidate the observed release by understanding the
polymer/protein environment better. Studies on drug release using magnetic
heating and PNIPAM-based polymers are better characterised than that of
proteins. Indeed, a previous study investigating mitoxantrone drug release from
iron oxide nanoparticle-PNIPAM composite microgels also showed magnetically
heated temperature-sensitive release below the PNIPAM LCST (Regmi et al.,
2010). The temperature on the particle surface was not modelled in this study,
therefore it is unclear what temperature the encapsulated drug was exposed to
during magnetic heating and whether any PNIPAM structural alterations occurred
as a consequence of heating. It may be possible to model the surface heating of
nanoparticles by considering the heat capacity of a particular solvent during
magnetic heating measurements relative to the heating rate of nanopatrticles.
Understanding the heat dissipation into the environment at the particle surface,
relative to the bulk volume temperature, could help highlight the differences
between the two during magnetic heating. This could provide information about the

environment that proteins encapsulated in the polymer shell are exposed to, thus
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leading to a better understanding of the structural changes that the temperature-

sensitive polymer shell may undergo to cause protein release.

Using the PNIPMAM-coated SPIONs generated in Chapter 2, | characterised their
ability to encapsulate and release apotransferrin in a temperature-sensitive
manner in Chapter 3. | had previously observed that PNIPMAM displayed a more
gradual phase transition than PNIPAM between 37°C-42°C, at which point
complete collapse from solution was seen. Interestingly, after incubating
apotransferrin-loaded PNIPAM-coated SPIONSs at both 37°C and 42°C, | saw an
enhanced rate of release at 42°C compared to 37°C. As with PNIPAM-coated
particles, | could not observe any apotransferrin release at room temperature,
where no signs of a phase transition were evident. The protein release observed
at 37°C may be a consequence of a partial PNIPMAM phase transition that is
markedly enhanced upon complete collapse of the polymer shell. | could also
show that pulses of magnetic heating were sufficient to trigger apotransferrin
release from PNIPMAM-coated SPIONSs at 37°C significantly faster than without
magnetic heating. Here | have generated a tool that can release proteins at an
enhanced rate above physiological temperatures. Further PNIPMAM development
may optimise its retention of encapsulated proteins at physiological temperature
and allow for triggered, magnetically-dependant release above such temperatures.
This could perhaps be achieved by generating a version of PNIPMAM with slightly
increased LCST at 42°C, which can be achieved through increasing the polymer
molecular weight (Rathfon and Tew, 2008). If protein leaking occurs during the
gradual phase transition of PNIPMAM, increasing the phase transition temperature
slightly, so the polymer is still soluble at physiological temperature, may aid

retention of the encapsulated protein content.

239



5.3. Activation of MSCs using magnetically-triggered Wnt3a

release from PNIPAM-coated particles

As well as apotransferrin, | was also able show in Chapter 4 that | could
encapsulate Wnt3a into PNIPAM-coated nanoparticles. Wnt3a is a growth factor
and natural ligand of the Wnt/B-catenin pathway which has been shown to
enhance MSC proliferation (Boland et al., 2004). | used an MSC Wnt reporter line
that produces eGFP upon Wnt3a activation as a readout of Wnt3a release and
functional activity. Also, using Wnt reporter MSCs, | could characterise the
temperature sensitivity of Wnt3a itself as | reasoned that magnetic heating could
be detrimental to the protein function. | treated Wnt3a at temperatures ranging
from 37°C — 50°C before ascertaining protein function by its exposure to Wnt
reporter cells. | observed losses in Wnt3a activity following pre-treatment at
temperatures above 37°C with almost no cellular response following a 50°C
treatment. This indicates that any heating above physiological temperatures would
be detrimental to Wnt3a activity. For magnetic heating assays with MSCs, custom-
made vessels were designed for compatibility with the setup. PEEK was chosen
for the design as a material suitable for cell work based on previous work
highlighting its relatively inert properties and compatibility with MSCs (Roskies et
al., 2016). | could show that the designed vessels were suitable for MSC work
after conducting an MTT cell viability assay. | was able to detect a Wnt reporter
cell response above background autofluorescence using Wnt3a concentrations as
low as 6.25 ng/mL, which is much lower than the lowest amounts used in the
literature (Saleh et al., 2016). The sensitivity of FACS for eGFP positive cell
detection was advantageous for measuring low levels of Wnt3a release from
PNIPAM-coated nanopatrticles. As with apotransferrin, | could detect Wnt3a
release from PNIPAM-coated nanopatrticles following magnetic heating which did
not exceed temperatures above the polymer LCST. Triggering an eGFP response
from the Wnt reporter cells shows that at least a proportion of the magnetically-
released Wnt3a is bioactive and suggests that the magnetic heating does not
completely deteriorate the protein function, despite Wnt3a showing temperature
sensitivity. By analysing the Wnt3a and apotransferrin released after 30 min
magnetic heating, | could calculate almost a 4-fold increase in apotransferrin
release by comparison which perhaps indicates a proportion of the released
Wnt3a is not bioactive. However, this assumes that Wnt3a is being released at the

same rate as apotransferrin, which is perhaps naive since Wnt3a has very
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different molecular properties that could impact release, being significantly smaller
than apotransferrin with a higher isoelectric point. Recombinant Wnt3a is not
phosphorylated which likely contributes to its instability. Therefore, it would be
interesting, if possible, to engineer a more thermally-stable version of Wnt3a. This
could perhaps be more resistant to any detrimental effects of magnetic heating
during its release from temperature-responsive nanoparticles and may lead to an

improved bioactive response from cells.

It was encouraging to see that Wnt3a-loaded nanoparticles do not trigger a cellular
response when exposed to Wnt reporter MSCs overnight below the polymer LCST
(30°C). This suggests that magnetic heating is essential to release the
encapsulated, bioactive protein as a consequence of triggering a PNIPAM phase
transition. Additionally, this result provides an insight into the nature of the Wnt3a
encapsulation within the PNIPAM shell, suggesting that the protein is associated
deeper within the polymer matrix, rather than being bound to the surface. Surface-
bound Wnt3a would likely be able to interact with Fz receptors on the surface of

Wnt reporter MSCs and trigger a response, whereas entrapped protein would not.

Prior to proliferation assays, it was necessary to ascertain the exogenous Wnt3a
concentration required to significantly enhance proliferation by conducting a Wnt3a
dose response with MSCs. In previous work investigating Wnt3a influence on
MSC proliferation, Wnt3a was added in the form of conditioned media rather than
purified protein, therefore the amount of Wnt3a required to enhance proliferation
was unknown (Boland et al., 2004). | could determine that an overnight exposure
of MSCs to Wnt3a followed by either a 5- or 10-day growth period, for
immortalised or primary cell respectively, was sufficient to trigger a significant
enhancement in proliferation at certain concentrations. This data was used to
calibrate Wnt3a release from the nanoparticles where | could show bioactive
Wnt3a was released following magnetic heating in concentrations sufficient to
significantly stimulate MSC proliferation. As with the protein, it may have also been
possible to titrate the amount of nanoparticles used in the experiments and
quantify how much was present. This could perhaps have been achieved using a
dye for iron, such as Prussian blue, to stain for oxidation of ferrous ferrocyanide
salts relative to standard amounts of iron oxide nanoparticles (Dunbar & Heintz,
1997). Perhaps this could then help to accurately correlate the cellular response
with the exact amount of iron-containing nanoparticles added. Also, cell viability

appeared largely unaffected following a prolonged 7-day exposure to PNIPAM-
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coated patrticles, highlighting their bio-suitability. Indeed, it has been shown
previously that the cytotoxicity was unaffected for both HeLa and HEK293 cells
exposed to composite nanogels using iron oxide nanoparticles and PNIPAM
(Deptuta et al., 2015). Also, | could show that exposure to PNIPAM-coated
nanoparticles for 7 days resulted in cell uptake. It has been shown previously that
there is nanoparticle size dependence on clathrin-mediated endocytosis with 20-
30 nm being optimal for uptake (Banerjee et al., 2013). Given that MSCs were
cultured at 37°C for 7 days the PNIPAM shell of the nanoparticles would have
been collapsed, significantly reducing the diameter, which likely permitted cellular
uptake via clathrin-mediated endocytosis. Larger particles between sizes of 0.5 -5
pum are taken up more commonly through macropinocytosis or circular dorsal
ruffles where cells simply envelop materials into the cytoplasm. By contrast, for
smaller particles between 20 — 500 nm the slower, more regulated mechanism for
uptake is clathrin-mediated endocytosis. Scavenger, mannose and Toll-like
receptors are known recognition and induction mechanisms for the process,
involving formation of clathrin pits in the cell membrane that wrap and pull their
cargo into the cell (Gustafson et al., 2015).

In previous tissue engineering work, scaffolds have largely been used for the
incorporation and delivery of growth factors. For example, polycaprolactone
(PCL)/PLGA scaffolds could release BMP-2 in an initial burst, before sustained
release over 28 days that could enhance osteoblast activity in vitro and also bone
formation in vivo (Kim et al., 2014). The release of BMP-2 in this study was ~13
ng/mL during the first day, followed by a gradual increase over 28 days to ~20
ng/mL (Kim et al., 2014). This release rate is significantly slower than that
observed for Wnt3a release from PNIPAM-coated SPIONs, where over 40 ng/mL
was released after just 30 min magnetic heating. Another study showed that HA
hydrogel scaffolds could release growth and differentiation factor 5 (GDF-5) to
enhance osteogenic differentiation, which as shown by Kim et al., (2014), showed
an initial burst, followed by gradual sustained release over 28 days (Bae et al.,
2014). Increased rates of release were found to correlate with higher amounts of
initial GDF-5 loading, where after 7 hrs, 2.18, 15.05, and 152.09 ng/mL of the
growth factor was released from hydrogels loaded with 10, 100 or 1000 ng/mL
GDF-5 respectively (Bae et al., 2014). A drawback from the approaches

highlighted above could be the lack of a specific trigger to release the growth

242



factor content at a desired point, which could result in a proportion of protein loss

during delivery of the scaffold to the site of interest.

Nanoparticles offer advantages over scaffold-based approaches for growth factor
delivery and release with their vastly higher surface area to volume ratio which
contributes to much more efficient biomolecule encapsulation efficiency. The small
size of nanopatrticles and their capacity for surface functionalisation also add to
their potential as a growth factor delivery system that show effective biodistribution
and can be modified to target specific cells/tissues of interest. Nanoparticles that
have been used in previous work for growth factor delivery have largely been used
in Alzheimer’s research. These nanoparticles are generally composed of natural
polymers such as chitosan or synthetic polymers like PLA or PLGA. A study
showed that for growth factor biodistribution in brain tissues, an intranasal spray
administration of chitosan nanoparticles loaded with bFGF was much more
effective than intravenous injection of bFGF, showing over two-fold more effective
uptake in the olfactory bulb, cerebrum, cerebellum and hippocampus (Feng et al.,
2012). The biodistribution of the bFGF-containing chitosan nanopatrticles varied
between tissues, where the majority of the cargo was released in an initial burst for
each, notably in the olfactory bulb at ~19 ng/g after 5 min (Feng et al., 2012).
Although this approach shows effective biodistribution and growth factor release
throughout brain tissue, this may not be suitable for other applications where
growth factor release is desired at a specific site using a trigger to prevent losses
during delivery. Another intranasal approach could deliver synthetic polymer-
based nanoparticles of PEG-PLGA that facilitated the transport of bFGF across
the blood brain barrier (Zhang et al., 2014). These particles could release the
growth factor in a more gradual manner than that observed for the aforementioned
chitosan patrticle studies over a 24-hr period, where roughly 3 pg (10% of the input
protein) was released within the initial hour and reached around 60% after 24 hr
(Zhang et al., 2014). Losses of about 40% could be detected in the nasal wash,

indicating a large proportion of the growth factor was released during delivery.

The magnetically-responsive, temperature-sensitive particles | have generated
could be a useful tool for growth factor delivery and triggered release that will

maximise the efficiency and effectiveness of this approach in tissue engineering.
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5.4. Future work

Potential future directions for this work could involve further optimisation of the
PNIPMAM-coated patrticles to prevent protein release at physiological
temperatures. This could generate a temperature-sensitive polymer that only
releases proteins above 37°C which could be triggered by magnetic nanoparticle
heating. Prevention of protein leakage during transit when particles are being
delivered to cells is important to allow for magnetically-activated release at the
desired site only. The preliminary work | have carried out using this polymer
showed that the rate of protein release is elevated at temperatures above
physiological levels and there could be scope to further develop this delivery
system. However, when considering magnetically-triggered release at
temperatures above 37°C, it will be important to consider the thermal stability of
proteins being used. As | have already seen, Wnt3a becomes increasingly
unstable after heating to levels only slightly above physiological temperatures and
therefore selecting the most suitable biomolecules to use for this work will be

important to ensure optimum bioactivity following heating.

It would also be interesting to functionalise the surface of the polymer shell with an
antibody that recognises a specific cell surface marker of MSCs, such as CD44
(Corradetti et al., 2017). This could confer specific targeting to MSCs in vivo which
would make the developed particles much more suitable as a biomolecule delivery
application.

Additionally, it would be important to assess the temperature-responsive release of
proteins in vivo to assess how effective magnetic nanoparticle heating is through
tissue. In order to optimise the SPION magnetic heating properties, it would be
useful to improve the SPION dispersity and size. Whether magnetically-triggered
protein release will be effective in a more complex biological environment remains
to be seen, but certainly should be addressed. For example, the delivery and
magnetically-triggered release of a growth factor that stimulates MSCs to drive
bone regeneration in vivo, would be a highly robust measure of the system
effectiveness. The penetration of an alternating magnetic field through tissue to
activate magnetic nanoparticles will certainly be more difficult to achieve than in a
controlled, cell culture environment. Moreover, the parameters of the alternating
magnetic field could be modified to improve the magnetic heating efficiency in a

more complex biological environment. This can be achieved by increasing the
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frequency of the field oscillation, thus leading to an increase in the rate at which
the magnetic moment of the nanoparticles flips. Optimising both the nanoparticle
and magnetic heating properties could be interesting for the development of a
system that can effectively trigger the release of bioactive molecules in biological

tissue as a result of magnetically heating thermally-sensitive nanopatrticles.
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5.5. Conclusions

| have generated PNIPAM surface-functionalised iron oxide nanoparticles that are
both magnetically-responsive and temperature-sensitive. | could encapsulate the
model test protein apotransferrin within the PNIPAM shell and trigger protein
release upon changes in temperature with/without magnetic heating. Using these
tools and mechanisms, | was able to engineer conditions where Wnt3a could be
released from PNIPAM-coated nanoparticles upon magnetic heating. | found that
the release occurred at bulk solution temperatures that were below that of the
PNIPAM LCST. Activity of released Wnt3a was shown both by a Wnt reporter
MSC line response and enhanced proliferation of both immortalised and primary
MSCs. | could show nanoparticle stability over long periods as well as
biocompatibility with MSCs. This study provides evidence to support the use of
temperature-sensitive nanoparticles to deliver and release complex biomolecules

upon magnetic heating to bioactive MSCs in cell culture.
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Abbreviations

5-FU = 5-fuorouracil

ALP = Alkaline phosphatase

APC = Adenomatosis polyposis coll
APS = Ammonium persulfate

ATRP = Atom transfer radical polymerisation
BCL9 = B-cell CLL/lymphoma 9 protein
bFGF = Basic fibroblast growth factor
BMI = Body mass index

BMP = Bone morphogenetic protein
BSA = Bovine serum albumin

CDCls = Deuterated chloroform

CK1a = Casein kinase 1a

Col2al = Collagen type 2 alpha 1

COMU = 1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-

carbenium hexafluorophosphate

dH20 = Deionised water

DIPEA = N, N-diisopropylethylamine

DLS = Dynamic light scattering

DMEM = Dulbecco’s Modified Eagle’s Medium
DMF = Dimethylformamide

DMSO-Ds = Deuterated dimethyl sulfoxide
DOX = Doxorubicin

Dsh = Dishevelled

EBIB = Ethyl 2-bromoisobutyrate

EBs = Embryonic bodies
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eGFP = Enhanced green fluorescent protein

emu = Electromagnetic units/magnetic moment
FACS = Fluorescence-activated cell sorting
FOXO3A = Forkhead box O3A

FRP = Free radical polymerisation

Fz = Frizzled

GAR-HRP = Goat anti rabbit-horseradish peroxidase
GDF-5 = Growth and differentiation factor 5

GSK3 = Glycogen synthase 3

HA = Hyaluronic acid

HABA = 2-(4-hydroxyphenylazo)benzoic acid
hESCs = Human embryonic stem cells

Hh = Hedgehog

HPA = H3PW12040

HRP = Horseradish peroxidase

HSCs = Haematopoietic stem cells

HSP70 = Heat shock protein 70

hTERT = Human telomerase reverse transcriptase
HUVECs = Human umbilical vein endothelial cells
IHh = Indian hedgehog

intl = integration 1

LCST = Lower critical solution temperature

LEF = Lymphoid enhancer factor

LRP5/6 = Low-density lipoprotein receptor-related protein 5/6
m/z = Mass-to-charge ratio

MALDI-TOF = Matrix-assisted laser desorption/ionisation-time of flight
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MASI = N-succinimidyl methacrylate

MesTREN = Tris[2-(dimethylamino)ethyl]amine

Mn = Number average molar mass

MRI = Magnetic resonance imaging

MSCs = Mesenchymal stem/stromal cells

MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Mw = Mass average molar mass

NDA = 6-Nitrodopamine hydrogensulfate

NDA-PNIPAM = 6-Nitrodopamine hydrogensulfate-terminated poly(N-

isopropylacrylamide)

NDA-PNIPMAM = 6-Nitrodopamine hydrogensulfate-terminated poly(N-

isopropylmethacrylamide)

NIPAM = N-isopropylacrylamide

NIPMAM = N-isopropylmethacrylamide
NIR = Near infrared

NMP = Nitroxide-mediated polymerisation
NMR = Nuclear magnetic resonance

NTA = Nanopatrticle tracking analysis

P/S = Penicillin/streptomycin

PBS = Phosphate buffered saline

PBST = Phosphate buffered saline tween-20
PCL = Polycaprolactone

PDA = Polydopamine

PDI = Polydispersity index

PEEK = Polyether ether ketone

PEG = Polyethylene glycol
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https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl

PLA = Poly(lactic acid)

PLGA = Poly(lactic-co-glycolic acid)

PMASI = Poly(N-succinimidyl methacrylate)

PMDETA =N, N, N’, N”, N- pentamethyldiethylenetriamine
PNB = Poly(4,5-dimethoxy-2-nitrobenzyl methacrylate)
PNIPAM = Poly(N-isopropylacrylamide)

PNIPMAM = Poly(N-isopropylmethacrylamide)

POEG = Poly(methoxy polyethylene glycol monomethacrylate)
PP2A = Protein phosphatase 2A

PVDF = Polyvinylidenefluoride

R6G = Rhodamine 6G

RA = Retinoic acid

RAFT = Reversible addition-fragmentation chain transfer
RDRP = Reversible-deactivation radical polymerisation
RGD = Arginine-glycine-aspartic acid

Runx2 = Runt-related transcription factor 2

SAR = Specific absorption rate

SDF-1a = Stromal-derived factor 1a

SDS = Sodium dodecyl sulfate

SDS-PAGE = Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Sox9 = SRY-related high mobility group-box gene 9

SPINUS = Structure-based Predictions in Nuclear Magnetic Resonance

Spectroscopy
SPIONs = Superparamagnetic iron oxide nanoparticles
TCF = T-cell factor

TEM = Transmission electron microscopy
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TEMED = N,N,N’,N'-tetramethylethylenediamine
TGA = Thermal gravimetric analysis

TGF-B = Transforming growth factor 3

THF = Tetrahydrofuran

UCST = Upper critical solution temperature
VEGF = Vascular endothelial growth factor
VSM = Vibrating sample magnometry

Wg = Wingless

XPS = X-ray photoelectron spectroscopy

ZNF145 = Zinc-finger protein 145
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