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Abstract

The availability of drugs to treat diseases of the central nervous systems is
severely restricted by the presence of the blood brain barrier (BBB). The blood-
brain barrier prevents the passage of more than 98% of small molecules and 100%
of large molecule pharmaceutics. With the rapid progression of neurodegenerative
conditions arising with the increase in life expectancy, central nervous system dis-
orders are now the leading cause of death in the United Kingdom, highlighting the

urgent need to develop new strategies to effectively cross the blood brain barrier.

Nanoscale particles have shown great potential for specifically identifying and
binding to the BBB and are currently being investigated for enhanced brain penetra-
tion. In this work, the effect of a complex multispiked nanoparticle morphology on
BBB penetration is investigated as an alternative to the conventionally used spher-
ical nano-vehicles. Specifically, a platform matrix of plasmonic gold nanoparticles
in the shape of gold stars were designed for specific brain targeting and effective
transcytosis. The nanostars were synthesised with a highly controllable spectrum
of properties including size, surface spikiness and morphology. Successful con-
formal surface biofunctionalisation with the BBB targeting protein transferrin was
achieved for the complex stars and conformational changes due to packing was ob-
served at high concentration of protein. The shape and functional properties of the
nanostars was thus preserved after coating. The high surface area of the nanostars

enabled superior loading capacity with the transferrin targeting moieties.

In transwell transport studies the human brain endothelial cell line hCMEC/D3
showed preferential uptake of AuStrs over spherical nanoparticles. It was found
that AuStrs with high aspect ratio, and spiky surface topology constituted the best

transcytotic agents. TEM analysis demonstrated that AuStrs penetrate through
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the cells, not through the tight junctions, thus validating a transcellular transport
mechanism. It is demonstrated that the extent of transcytosis and cell uptake can
be tuned based on nanostructure geometry and surface biofunctionalization. This
thesis provides important insights of the nano-bio interface for the future design of

BBB penetrating agents.
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Chapter 1

Introduction

Neurodegenerative diseases are characterised by a group of conditions that are
debilitating for causing a progressive degeneration or death of nerve cells. Neuro-
degenerative conditions including Alzheimer’s disease and other dementias, Par-
kinson’s disease and multiple sclerosis affect different parts of the nervous system
but are in general associated with a set of symptoms including loss of memory,
mood changes, problems with communication and reasoning and a compromised
motor ability. Alarmingly, the incidence of dementia increases exponentially with
age (from the age of 65 years) and doubles at about every 5 years (Corrada et al.,
2010). Between the years of 1990 and 2010, the number of death related to neuro-
degenerative conditions more than tripled, and years lived with disability attributed
to these disorders increased by more than 70% (Neurology, 2013). The World
Health Organisation predicts that the numbers of people affected by neurodegener-
ative conditions will continue to increase as the life expectancy of the population
increases. According to the United Nations, Europe has the world’s highest pro-
portion of older people in the world with 16% of the population being older than 60

years, a percentage that is predicted to increase to 30% by 2030 (Nations, 2017).
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Alzheimer’s disease and other dementias are now the leading cause of death in
the United Kingdom having surpassed in the last decade the other leading causes of
death including ischaemic heart diseases, cerebrovascular diseases, chronic lower
respiratory diseases and lung cancer (Figure 1.1). The incidence of neurodegener-
ative diseases imposes not only a major impact on the patients quality of life but
also a very large economic cost burden on society. In the UK alone, 850 thousand
people suffer from a sort a dementia costing the health care system about 26 billion

pounds per year (Lewis et al., 2014).
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Figure 1.1: Percent deaths caused by different conditions in between 2005 and

2016. The graph shows the increase in the proportion of deaths due to Alzheimer’s

disease and other forms of dementia over the last several years, compared to several

other leading causes of death.Dementia is currently the leading cause of death in
the UK (Alzheimers UK, 2016)

Unlike any other condition in the top 10 causes of death, dementia is the only
one without a treatment to prevent, cure or slow its progression (Alzheimer’s Re-
search UK, 2018). Unlike cancer and cardiovascular diseases, the pace of the de-

velopment of drugs to tackle neurodegenerative diseases has been almost stagnant.
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There are only a few drugs approved to treat neurodegeneration and the majority of
which are limited to mitigating the symptoms rather than acting on its underlaying

cause. Hence the need for promising therapies remains almost entirely unmet.

The transport of diagnostics and therapeutics across the blood brain barrier
(BBB) has been recognised as one of the most challenging fields of biomedical
research and is considered the bottleneck in brain drug development (Pardridge,
2005). In particular, the impermeability of the BBB is considered to be the single
most important factor limiting the future growth of neurotherapeutics (Pardridge,

2007).

Therefore, the knowledge and insights gained from the successful identification
of parameters and or agents to challenge BBB impermeability have a great potential
to be implemented for diagnostics and therapeutics delivery for the treatment of
several brain and neurological diseases thus benefiting the scientific and industrial

communities.

Nanotechnology has great potential to revolutionise the diagnostic and thera-
peutic approaches towards neurodegenerative conditions. More specifically, be-
cause nanotechnology devices (i.e. nanocarriers or vehicles) containing at least one
dimension in the nanoscale (1-100 nm), they can be produced controllably to cross
the BBB, could play a vital role in the early molecular diagnosis of pathologies and
have potential in the development of effective target specific drug therapies.

To reach sites of difficult access such as the brain, it is imperative to develop
vehicles with characteristics that are beneficial for cell penetration and can do so
in efficient doses and in a targeted manner. These vehicles should specifically
target diseased cells, whilst also causing minimal toxic side effects. Over the last
few years, gold nanostars have attracted a great deal of attention in the field of

nanomedicine due to their remarkable optical and theranostic properties.(Schiitz
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et al., 2011; Chen et al., 2013; Sasidharan et al., 2016)

The exact role of a multispiked nanovehicle’s underlying geometry on BBB
crossing ability (i.e. transcytosis) has not yet been investigated. Part of the reason
for this is that the current methods to synthesise gold nanostars (AuStrs) have lim-
ited control over their geometries - a prerequisite required to potentially optimize
their penetrating capabilities. In addition, potential use of these materials in med-
ical applications such as cell-targeting, are limited by the ability to tailor the surface
conformation of the peptides or proteins coated on their surface, at the molecular
level. This lack of control limits our fundamental understanding of the behavior of

gold nanostars at the nano-bio interface.

1.1 Research objectives

The main aim of this thesis was to evaluate the in vitro efficiency of multispiked
AuStr as penetrating vehicles for the BBB. The specific objectives of this project

are to:

1. To synthesise biocompatible AuStrs with controlled geometry, transferrin

(Tf) surface coverage and optical properties for testing in biological systems.

2. To evaluate whether AuStrs cross the BBB more efficiently that spherical Au

nanoparticles.

3. To evaluate the effect of AuStr diameter on their rates of translocation across

the BBB

4. To evaluate whether conjugation of Tf to the surface of both the AuStr and
spherical nanoparticles increases their uptake inside the brain endothelial

cells and their rates of translocation across the BBB.
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5. To image the pathways of each nanostructure (varied diameter, geometry, Tf)
across the BBB to understand the mechanism by which each parameter alters

this pathway.

6. To correlate the intracellular distribution and transcytosis efficiency of the
different nanostructure formulations to the different nanoparticle morpholo-

gies and Tf surface coverage.

1.2 Organization of the thesis

This thesis presents the work that was carried out for this PhD. Chapter 2
presents a review of the literature relevant to this project. Chapter 3 describes
the experimental techniques and instrumentation employed in this work. Chapter
4 presents the results of the size and shape controlled synthesis of AuStr and the
controlled bioconjugation of gold nanostructures (stars and spheres) with the tar-
getting protein transferrin. Chapter 5 presents the results from the toxicity, TEM
intracellular imaging and transport studies of gold nanostructures in hCMEC/D3
brain cells. Finally, conclusions and suggestions of future work are presented in

Chapter 6.
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Chapter 2

Literature Review

2.1 Drug specificity and delivery systems

The delivery of therapeutics in a controllable way to target cells and tissues of
interest represents the major focus of drug delivery system research. New ways
of delivering drugs are being developed as a result of the unveiled knowledge
on the physiological obstacles to drug delivery (i.e. transport in the circulation
and through tissue). The inability of drugs to distinguish between healthy and
unhealthy tissue is causing major limitations in administering therapeutically ef-
fective doses(Allen, 2002) (Figure 2.1). Additionally, the unwanted side effects of
non-specific drug interactions hinder the development of new drugs.(Kuhn et al.,
2016) The specific targeting of unhealthy tissues can be achieved by functional-
izing the surface of the drugs, or their carriers (i.e. vehicles) with molecules, like
proteins able to recognize specific binding sites on the target tissue.(Wronska et al.,

2016; Kumar et al., 2012; Zhang et al., 2013; Richardson et al., 2016)

The fine tuning of drug delivery systems relies on controlling the sites where

the drugs are released and the rate at which the release happens. Strategies for drug
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Figure 2.1: Scheme of drug tissue interactions. Systematically administered non-

specific drugs diffuse into healthy tissue, compromise healthy cells (yellow) due

to off target effects and reach target tissues in sub-optimal amounts (a). Targeted

drugs specifically recognize target tissues, reach target sites in optimal concentra-

tions and exert the intended effect in diseased cells (red) without compromising the
healthy tissue.original figure.

delivery vary according to the target site and thus the drug should be appropriately

modified to cope with the respective target specific challenges. The following sec-
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tion provides an overview of one of the most challenging sites for drug delivery,

the blood brain barrier.

2.2 The blood brain barrier as a challenging site for

drug delivery

2.2.1 The blood brain barrier

The protection that the brain is given, highlights not only its delicate nature
but also its importance. The skull protects the brain from physical damage whilst
the blood brain barrier (BBB) protects the brain from potentially harmful agents
present in the blood stream.

The brain’s biochemical environment needs to be tightly regulated as several
external stimuli can induce fluctuations of the blood levels of amino acids, hor-
mones and potassium amongst other substances. Since some of these molecules
are involved in neuronal excitability it is paramount to maintain the central nervous
system (CNS) interstitial fluid stable after routine activities such as food intake and
exercise. This stability ensures the accurate synaptic transmissions that enable the
CNS to perform its complex integrative functions (Levin, 1980). A highly spe-
cialised and selectively permeable membrane between the blood and the brain is
therefore required.

The concept of the existence of a blood-brain barrier was first introduced in
1900 by Lewandowsky (Ribatti et al., 2006). In their work, it was demonstrated
that the injection of compounds known to be toxic to the nervous tissue would only
cause harm when directly introduced to the brain as opposed to administration

through the vascular system. Similar behaviour had previously been reported in
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1885 by Paul Ehrlich (Ribatti et al., 2006) after observing that the intravenously
administered dye Trypan blue, was able to stain all organs except for the brain
and spinal cord. Later, Reese and Karnovsky (1967), through electron-microscopy
observed that the BBB was localized at the endothelial cells of the capillaries in the

cerebral cortex.

2.2.2 The neurovascular unit

The brain vascular network comprises more than 100 billion capillaries consti-
tuting a total surface area of about 20 m? spread of a length of about 400 miles
(Pardridge, 2007). The BBB consists of the brain the microvasculature endothelial
cells and their supporting cells namely, astrocytes, pericyte and nerve endings at
the vascular surface level (Figure 2.2). However, the vascular permeability of the

BBB is solely dependent on the endothelium barrier of the brain capillaries.
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The brain endothelial cells are brought into very close proximity and are tightly
stitched together by tight junctions. The tight junctions consist of transmembrane
and cytoplasmic proteins including zona occludens (ZO1, ZO2 and ZO-3), junction
adhesion molecules (JAMs), occludin, claudins and accessory proteins. Together
these proteins form a cohesive system that keeps the cells tightly connected (Figure

2.2¢).

These tight junctions are extremely close to one another, with separating gaps of
about 4 nm thus rendering a paracellular transport route highly improbable (Guer-
rero et al., 2010). Therefore, substances of interest carried in the blood need to pass
through two consecutive membranes (luminal and abluminal) in order to reach the
brain. Initially, the solute passes from the blood through the luminal membrane of
the capillary endothelial cell into the endothelial cytoplasm. From here, the solute
only needs to travel a distance of at least 200 nm and cross the abluminal membrane

to reach the brain.

The presence of tight junctions turns the membrane selectively permeable, al-
lowing the passage of substances needed for normal brain functioning including
glucose, water and oxygen whilst restricting pathogenic microorganisms and toxic
solutes. However, this very same barrier is also refusing access to most of the phar-
maceutics designed to tackle diseases of the central nervous system (CNS). More
than 98% of small drugs and virtually all biologics (peptides, antibodies, genes)
are blocked from crossing the BBB in pharmacological relevant concentrations
(Pardridge, 2005).

Several approaches have been investigated to enhance brain access in a safe and
efficient way (Patel et al., 2009). Conventional strategies used to evade this barrier
range from osmotic disruption of the BBB for increasing capillary permeability, to

direct intracerebral or cerebrospinal fluid drug injections (Pardridge, 2007). How-
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ever, such approaches may cause serious risks to patients by allowing immune
cells and toxins to access the brain when the BBB is temporarily opened Pardridge
(2012). There is an urgent need to dwell upon new drug delivery vehicles to target
and penetrate the BBB.

Alternatively, biological delivery strategies can be used in which the cargo is
engineered to utilize the existing surface receptors on the brains endothelial cells to
cross the BBB, in a manner that mimics physiological transport mechanisms. By
understanding the physiology of the BBB, one can take advantage of these influx

pathways to deliver drugs of interest to the brain (Prades et al., 2012).

2.2.3 BBB transvascular transport pathways

The blood brain barrier expresses numerous transport systems on the luminal
side of the BBB that together provide a dynamic barrier. Broadly these pathways
regulate the efflux of substances from the brain, the migration of immune cells
to the brain, the transport of various small molecules through protein mediated
transport or lipophilic diffusion, transport of larger molecules through endocytosis
(receptor or adsorptive mediated transcytosis), as well as the efflux of substances
(Figure 2.3). These pathways can be specific or non-specific in nature. Lipophilic
diffusion, protein mediated transport and adsorptive endocytosis are non-specific
transport routes whilst receptor mediated endocytosis constitutes a specific type of

transport. A brief overview of the different pathways is provided below.

Efflux mechanisms

Active efflux transport systems work towards removing substances out of the
brain as part of a detoxification mechanism. The ATP binding cassete (ABC) trans-

porter family (e.g. P-glycoprotein) are known to be involved in this type of trans-
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Figure 2.3: Overview of the transport pathways across the blood brain barrier.

Pathways a) to f) are commonly for solute molecules; and the route g) involves

monocytes, macrophages and other immune cells. Adapted with permission from
(Chen and Liu, 2012). Copyright 2012 Elsevier

port (Kusuhara and Sugiyama, 2005).

Immune cell migration

Whilst the resident microglia constitute the first and predominant line of de-
fence in the central nervous system, a small amount of immune cells can also
migrate into the CNS to provide non-pathological surveillance (e.g. scavenging
plaques and damaged cells). In conditions like multiple sclerosis, there is an ab-
normally high migration of immune cells to the CNS (Lawrence Steinman, 1996).
The potential use of immune cells for CNS drug delivery(Xue et al., 2017) would
require efficient immune cells engineering with molecules to be delivered, immune

cell extravasation across the barrier and release into the CNS.
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Carrier-mediated transport

Carrier-mediated transport makes use of protein transporters (e.g. glucose trans-
porter GLUT1) to mediate a bidirectional movement of relatively small and water

soluble nutrients (Chen and Liu, 2012).

Lipophilic diffusion for the transport of small molecules

Levin (1980) reported on the link between a molecule’s lipidic solubility and
BBB penetration (Figure 2.4). Moreover, it is possible to estimate the probability
of free diffusion of molecules through the BBB based on their molecular weight

(Fischer et al., 1998) and number of hydrogen bonds.

The passage of molecules with up to 400 Da were thought to be able to diffuse
through the barrier due to the presence of thermal molecular motions of the BBB
phospholipid hydrocarbon tails (Triduble, 1971). These motions generate, for a
finite period, pores of strict sizes that set the threshold for molecular weight at 400

Da.

Furthermore, the number of hydrogen bonds can also be used as a measure of
lipid solubility as this influences the passage of substances across the BBB barrier.
Compounds are more likely to diffuse in sufficient amounts if they form less than
8 hydrogen bonds with water. Not many molecules can meet both criteria for a
low molecular weight and low number of hydrogen bonds. Strategies to increase
lipid solubility can involve conversion chemistry in which hydrogen bonds can be
blocked. However, conversion chemistry is extremely challenging. In fact, one of
the only successful conversion reactions that led to crossing of the BBB in sufficient
amounts was the production of heroin by the modification of morphine’s hydroxyl

groups with acetyl functional groups (Oldendorf et al., 1972).
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Figure 2.4: Graph of BBB permeability (cm/sec) as a function of lipid solubility de-
termined in an octanol/water partition system for several solutes. The open points
represent solutes that fit the correlation between lipid solubility and BBB penetra-
tion. The filled points represents the outliers to the correlation with higher transport
verified for substrates of facilitated diffusion above the regression line (e.g. gluc-
ose) and efflux pumps below the regression line (e.g. cyclosporine). Suc, sucrose;
Cre, creatinine; PCNU, 1-(2-chloroethyl)-3-(2,6-dioxo-1-piperidyl)1-nitrosourea;
BCNU, 1,3-bis(2-chloroethyl)-N-nitrosourea; d-Glu, d-glucose; Ble, bleomycin;
Adr, adriamycin (doxorubicin); Epi, epipodophyllotoxin (etoposide); Cycl, cyc-
losporin A; Vcr, vincristine. Adapted from Levin (1980). Copyright 1980 Amer-
ican Chemical Society

Increasing lipid diffusion is however linked to a few drawbacks for being un-
suitable to larger molecules and due to its non-specific nature. Solubilised com-
pounds in circulation can virtually diffuse across any biological membranes on
their way to the brain. Thus, the lack of specificity associated to this approach may

ultimately affect the compound’s critical concentration making it suboptimal for
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brain permeability.

Endocytic transport of large molecules

The endothelium of the brain microvasculature supports endocytic or vesicular
based transport mechanisms. These transport systems are initiated by the envel-
opment of the substrate/cargo by invaginations of the cell membrane, giving rise
to membranous spherical structures that bud off forming a transport vesicle. Once
formed, these vesicles undergo sorting and can be recycled back to the cell surface
or undergo degradation via a lytic pathway (Mellman, 1996). Alternatively, the
vesicle can be transported to the opposite membrane, in a process known as tran-
scytosis. It is argued that the frequency of transcytotic events is lower at the blood-
brain barrier than at other continuous endothelium tissues (Reese and Karnovsky,
1967).

Transcytosis can be triggered by adsorptive endocytosis or by receptor medi-
ated endocytosis. Adsorptive endocytosis occurs through the binding of usually
strongly cationic cargo molecules to the negatively charged glycocalyx at the en-
dothelium cell membrane (Hervé et al., 2008) . In the receptor-mediated transport,
peptides and proteins in the circulating blood are taken in via peptide-specific re-
ceptors (e.g. leptin, insulin and transferrin receptors). This transport can be uni or
bidirectional (Pardridge, 2002). This route allows the passage of relatively larger
molecules than the previously mentioned systems. In fact, the passage of the im-
munoglobulin G, from the brain to the blood, occurs through this route via the Fc
receptor (Zhang and Pardridge, 2001). Unlike lipidic diffusion, receptor dependant
passage through the BBB is known to increase the specificity of the pathway to and
from the brain. Molecules known to trigger receptor-mediated transcytosis include

transferrin, apolipoproteins and insulin.
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Strategies to cross the BBB: Nanoparticle ligand complexes for BBB crossing

Despite its protective effectiveness, the BBB still needs to allow the passage
of substances carried by the blood and essential for normal brain functioning and
integrity. By understanding the physiology of the BBB, one can take advantage
of these influx pathways to deliver drugs of interest to the brain (Prades et al.,
2012). Receptor mediated pathways are of particular interest as these allow for
the specific targeting of the BBB. Moreover, It is possible to conjugate molecules
known to enter the brain by receptor mediated endocytosis to the surface of drugs or
their vehicles to gain access to the brain. This strategy is commonly known as the
‘trojan horse’ approach (Figure 2.5). Drug vehicles in the nanoscale are currently

being used to complement this delivery approach.

Blood Brain

Trojan horse
approach

® O

Cancer cell
in GBM

Figure 2.5: Illustration of the Trojan horse concept showing the combination of
antibodies and proteins ligands known to cross the BBB to nanoparticle substrates
to mediate their specific entry. A nanoparticle(NP) combined with a monoclonal
antibody (mAb) for receptor R crosses the BBB into the brain by the Trojan horse
approach. The NP, with a ligand targeting the BBB (dark triangle), traverses the
BBB by receptor-mediated transcytosis. The ligand (light triangle) docks on a
cancer cell receptor and the NP delivers its anticancer payload to the cancer cell in
glioblastoma multiforme (GBM). Adapted from (Jain, 2012) with permission from
Future Medicine (2012) 7(8)
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It is known that ligands mounted onto nanoparticles show more in vitro efficacy
in different types of cancer cells compared to the ligands free form counterpart,
even when the latter is used at higher concentrations (Dam et al., 2014a). The
mounting of ligands onto gold nanoparticles is commonly achieved by exposing
these NP to thiol modified biomolecules and their self assembly on the nanoparticle
surface (Dam et al., 2014a).

It is hypothesised that the presence of a localised dense layer of ligands (Mam-
men et al., 1998) in the nanoparticle interface allows it to support multiple sim-
ultaneous interactions with multiple receptors on the target membrane. This type
of interaction, known as polyvalency, can allow for more robust interactions with
the target comparatively to the monovalent biological interaction of the ligand in
its free form (Mammen et al., 1998). Fundamentally, when considered collectively
these interactions are qualitative different than their individual components. This
may account in part for some of the difference in efficiency between the in situ and
free flowing forms of ligands. Furthermore, it was proposed in kinetic studies that
the enhancement observed in high affinity polyvalent interactions is predominately
owing to a decay in the dissociation rate in lieu of an increment in the association

rate (Mammen et al., 1998).
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2.3 Nanoparticles as promising delivery vehicles for

BBB delivery

2.3.1 Nanoparticles based delivery vehicles

Major focus is currently on the use of nanoparticle based systems as several
studies have reported the ability of nanoparticles to cross the BBB and accumu-
late in the CNS (Andrieux et al., 2009; Kreuter, 2001; Calvo et al., 2001; Kreuter
et al., 2002; Ulbrich et al., 2009). Vehicles in the nanoscale offer great delivery
advantages ranging from overcoming biological barriers and increasing cell intern-
alization, to the stable delivery of hydrophobic drugs. In particular nanovehicles
have a large surface area to volume (SA/V) ratio which allows significant loading
of surface molecules ( e.g. proteins), facilitating the local delivery of effective drug

doses.

The way in which a nanoparticle interacts with its surrounding environment
is dependent on its properties including the shape, size, surface charge, chemistry
and material (Nel et al., 2009a; Sau et al., 2010; Alexandridis, 2011). By specific-
ally tailoring these parameters it should be possible to control interactions at the

materials biology interface for specific BBB delivery.

The shape, size and charge of nanoparticles are properties reported to influence
their cellular uptake. For instance, the nanoparticle’s charge can induce repulsive
or attractive interactions with the negatively charged phospholipids of cell mem-
branes which ultimately impact the nanoparticle’s cell penetration. Furthermore,
the particles’ charge determines the type of endocytosis involved in the cellular
internalization. Harush-Frenkel et al. (2007) experiments in HeLa cells revealed

that clatherin mediated endocytosis is the uptake pathway for positively charged
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nanoparticles whilst negatively charged particles are unable to trigger this specific
route and are taken up by the cells relatively slowly. On the other hand, the density
of charges on nanoparticles also directly correlates with membrane damage and
particle uptake (Lin et al., 2010).

Gold is one the most attractive materials for biomedical applications due to its
high stability and quantum properties. Gold is an inert metal, very stable in bio-
logical environments and biocompatible in human cells. Additionally, gold nano-
particles support surface plasmons which can be tuned according to the particle’s
size, shape and structure and are highly relevant for advanced therapeutic and dia-
gnostic applications. Since the properties of noble metal nanoparticles are intrins-
ically linked to their shape and size, a tight control of these properties is necessary
(Niu and Xu, 2011). Understanding the mechanisms through which these particles

grow is of great significance for a controlled synthesis.

2.3.2 Synthesis of AuNP vehicles

Whilst many synthesis methods for gold nanoparticles have been reported over
the years (Daniel and Astruc, 2004), the exact mechanism through which a nan-
oparticle is originated is on ongoing research. This is mainly due to the limited
time-resolution and in sifu information about the conversion of reaction precursors
into particles. Many of the currently applied principles are based on the LaMer’s
theory for the controlled growth of monodispersed colloids (LaMer and Dinegar,
1950; Mer, 1952). In solution-phase systems, particles can arise as a result of
precipitation reactions (Figure 2.6). In conditions where the concentration of the
reaction species reaches a critical supersaturation point, small nucleation bursts
occur. These nucleation events are halted when the species concentrations drops

bellow the critical threshold. Subsequently, solutes from the solution diffuse to the
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surface of the formed nuclei until the concentration of solute is lowered to close to

its solubility level. The final particle size is thus achieved.
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Figure 2.6: LaMer curve describing three stages of metal nanocrystal formation in

solution system. Stage I: atom production, stage II: nucleation, and stage III: seed

formation and growth. Cs = saturation concentration, Cmin = critical concentration

and Cmax = critical concentration representing the limiting state of supersaturation
Adapted from (You and Fang, 2016). Copyright 2016 Elsevier

The separation of growth and nucleation stages is thus key to achieve monod-
ispersity. For transcytosis studies , monodisperse nanoparticle batches are desirable
as they allow for a more controlled study of the nanoparticle’s size and geometry
related effects without interference from heterogeneous nanoparticle aggregates.
Furthermore, for crossing cell membranes size uniformity is of great importance as
cellular uptake mechanisms are size dependent. Nucleation and growth processes

can be artificially separated by introducing pre-formed particles in a solution where
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the monomers concentration is below critical supersaturation. This is known as
seeding. Otherwise, to achieve uniform growth, the solute concentration should
be kept at slightly above the critical concentration required to initiate nucleation.
In this way, short single burst of nucleation can instantly decrease the solute con-
centration below the nucleation threshold, making further nucleation events that
would cause polydispersed particle growth less likely. In theory, forming all the
nuclei at the same time should guarantee that the particles formed follow a narrow

size distribution.

Based on the LaMer’s theory, gold salts are reduced in solution and when the
concentration of Aug atoms saturates the solution the atoms merge into small nano-

meter sized particles which serve as nucleation points.

Pong et al. (2007) suggested a more complex growth mechanism. It was pro-
posed that the reduction of tetrachloroauric acid (HAuCly) by trisodium citrate,
leads to the formation of clusters of about 5 nm that assemble into chains and inter-
mediate networks of nanowires interconnected by amorphous gold. Over time, the
chains increase in diameter and eventually collapse and cleave, and simultaneously
individual particles grow through Ostwald ripening to a final size of about 15 nm.
Ostwald ripening is a phenomenon in which small particles grow at the expense
of the dissolution of even smaller particles to generate nanocrystals with improved
thermodynamic stability as a result of lowered surface area to volume ratio and

thus lowered surface energy.

Polte et al. (2010) monitored the direct precursor reduction and nanoparticle
formation by employing synchrotron radiation. It was found that nanoparticle
formation was a multistep process in which initially, small nuclei (~2 nm) are
quickly formed and then coalesce into bigger particles (~3 nm). Subsequently, the

particles grow (~5 nm) slowly supported the ongoing reduction of gold precursor
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and further coalescence events followed by fast particle growth to their final size

(7.7 nm), with complete precursor consumption (Figure 2.7).
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Figure 2.7: Schematic illustration for the proposed process of gold nanoparticle
formation. Adapted with permission from Polte et al. (2010). Copyright 2010
American Chemical Society

Polte’s arguments counter LaMer’s theory by defending that after nucleation the
number of particles decreases with the particles growing in size but with minimal
Au (IIT) consumption, suggesting the coalescence of particles. The formation of

networks as reported by Pong et al. (2007) were not observed by Polte et al. (2010).

Size Control

In order to be able to more accurately predict and control nanoparticle applic-
ation in in vitro or in vivo environments, it is important to produce nanoparticle
batches with a relatively narrow size distribution that exhibit properties that are
reproducible.

As previously mentioned, the duration of the nucleation stage is a key determ-
inant of the colloid size distribution. During particle growth, the consumption of
monomers may give rise to concentration gradients where supersaturation is lower
at the colloid surface than in the bulk solution. Moreover, following the partial de-
pletion of the monomer concentration, the amount of monomers that diffuse from
the bulk solution is lower than the monomer adsorption to the colloid/nanocrystal

surface. Consequently the monomer diffusion becomes a limiting step.
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In a diffusion-limited regime, the growth rate is found to dependent on the nano-
crystal size. Thus, nanoparticles which size fall bellow a critical value eventually
dissolve, thus having a negative growth rate. This is understandable considering
that small particles have greater surface curvature, higher SA:V ratio, high surface
energy and thus are unstable due their large fraction of active surface atoms (Yin
and Alivisatos, 2005).

The growth rate of particles larger than the critical size, initially increases and
then decreases gradually after reaching a maximum of double the critical size. The
monomer concentration determines the critical size, being that a larger critical size

is favoured by low monomer concentrations.
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Figure 2.8: Focusing size distribution through separation of nucleation and growth.
The growth process of nanocrystals can occur in two different modes, focusing and
defocusing, depending upon the concentration of the monomer present. Adapted
with permission from Yin and Alivisatos (2005). Copyright 2004 Springer Nature

Moreover, according to the LaMer theory, the growth of nanoparticles can oc-

cur in two different regimes, namely focusing and defocusing according to the con-
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centration of monomer present (Figure 2.8). During focusing, the average radius
of the particles increases rapidly and the resulting size distribution is narrower.
A focusing regime occurs at high monomer concentration which favours a small
critical size, allowing all particles to grow. In this regime, the size distribution
can be focused down to one that is mainly monodispersed because small particles
grow faster than the larger ones. Terminating the synthesis in this stage thus yields
monodispersed spherical particles. Conversely, a defocusing regime occurs in the
presence of low monomer concentration. Here, the size distribution broadens due
to the growth of small particles at the expense of depletion of even smaller particles
(Ostwald ripening), thus skewing the size distribution (Yin and Alivisatos, 2005).
Whilst the previously mentioned parameters affect the particle size distribution,

the surface kinetics of the nanocrystals will determine the shape that they grow into.

Shape Control

Asymmetric (anisotropic) shaped particles can be obtained when the growth
rate is increased above that of a focusing regime which yields nearly round but fa-
ceted shapes. At equilibrium, the particle assumes a low aspect ratio shape as this
minimizes the surface energy and allows the adjacent crystal facets to have similar
energies. Anisotropic shapes, for existing in high energy forms, are metastable (Yin
and Alivisatos, 2005). Here surface energy of individual facets determines the indi-
vidual facet growth rate such that low-energy facets grow slower than high-energy
facets. A particles shape can be kinetically controlled through the introduction of
surfactants that selectively adsorb to particular facets during growth thus altering
their respective surface energy (Jana, 2005). Consequently, as the surfactant ex-
change rate may vary across facets, the selective adhesion of ligands causes growth

rate differences across different facets. Moreover, binding of ligands lowers the
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surface energy of a particular facet thus slowing growth on that facet whilst growth
is accentuated in other crystallographic directions.

Furthermore, by strategically adjusting between a kinetic and thermodynamic
growth regime through the control of monomer concentration and temperature, it
is possible to further control the shape. In fact, whilst low monomer concentration
and high temperatures are typical of a thermodynamic regime, high monomer con-
centrations characterizes the kinetic growth regime (Yin and Alivisatos, 2005; Niu
and Xu, 2011).

Over the last decade, research in the field of anisotropic nanoparticles has seen
considerable advances and progress. These advances were made possible due to the
development of the seed-mediated method by Murphy group (Jana et al., 2001). In
terms of anisotropic morphologies, gold nanoparticles have been more extensively
investigated. In fact, these particles may have so far yielded the largest variety of

shapes (Li et al., 2014).

2.3.3 Gold nanoparticle clearance and toxicology

The intravenous administration of nanoparticles allows them to be transported
to peripheral tissues and organs (Yang et al., 2017a). Within the blood, the nan-
oparticles can interact with different cellular components (e.g. erythrocytes and
platelets), serum proteins and coagulation factors. In particular, during transport,
the immune system recognizes the presence of foreign particles based on the ad-
sorption of opsonins to the surface of the nanoparticles. Opsonization effectively
increases the nanoparticles in vivo hydrodynamic size which limits their ability to
be cleared by glomerular filtration in the kidneys being that for renal clearance the
nanoparticle size should be less than 10 nm (Longmire et al., 2008). The surface

modification of nanoparticles with polyethylene glycol molecules (PEGylation) is
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one of the widely used strategies to control the particle half-life in the blood, dis-
tribution and clearance by limiting the adsorption of opsonins to the surface of

nanoparticles(Hamidi et al., 2006; Longmire et al., 2008).

Ultimately, the propensity for such interactions that affect clearance, are de-
termined by the nanoparticles’ intrinsic characteristics such as composition, di-
mension, morphology, surface chemistry and charge. When it comes to particle
composition, gold is an excellent choice of material for being biocompatible and
resistant to oxidation. Gold nanoparticles can be easily synthesised with different
dimensions, they are being used in very small sizes (1.9 nm) for X-ray contrast
(Hainfeld et al., 2006) as well as in larger sizes (50-500 nm) for optical resonance
applications (Oldenburg et al., 1998). Studies by De Jong et al. (2008) show that
hepatobiliary system is the primary site for the clearance of gold nanoparticles in a
size range between 10 and 250 nm in in vivo rat models. In fact, the hepatobiliary
system constitutes the primary route of excretion of particles that are not removed
by renal clearance (Longmire et al., 2008). Physiologically the liver cells (hep-
atocytes) uptake and enzymatically catabolise blood born and foreign particles and
excrete them through the biliary system. This clearance action is complemented
by the presence of Kupffer cells which degrade opsonised particles extracellularly.
Finally, the surface chemistry and charge of gold nanoparticles can be easily mod-

ulated via thiol bonding to favour excretion.

Even though the clearance of more complexly shaped naoparticles such as gold
nanocages (Chen et al., 2005) needs further investigation , its is assumed that they
may behave analogously to conventional gold colloids. Nonetheless, an equilib-
rium should be reached and thus the nanoparticles should be formulated in such
a way that allows them adequate circulation times for their intended diagnostic or

therapeutic function before immunoclearance.
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2.4 Tailoring of nanoparticles for BBB crossing

Tailoring of nanoparticles for BBB crossing can be achieved by attaching pro-
teins associated with receptor-mediated pathways to the surface of the nanoparticles.
Additionally, the nanoparticles baseline characteristic can also be selected to pro-

mote an efficient BBB penetration.

2.4.1 Nanoparticle-ligand complexes for brain access

When it comes to crossing the BBB by taking advantage of the brain’s surface
receptors, nanoparticles can be specifically coated with ligands, such as antibod-
ies or proteins, that can selectively interact with the mentioned receptors. Due to
their relatively large size, antibodies have low mobility in vivo (Kumari and Yadav,
2011). Hence, despite some of the reported use of Abs across the BBB the use of

proteins may be more advantageous.

Using nanoparticle-protein complexes may facilitate the crossing of the BBB
due to a few effects. The combination of proteins with nanoparticles may gen-
erate complexes with beneficially lowered zeta potentials. This may improve the
complex availability as a consequence of decreased retention by the RES (Prades
et al., 2012). The diffusion across the BBB may be improved due to the improved
amphipatic character of the assembled complex. Finally, interactions of the com-
plex with particular plasma proteins (Giljohann et al., 2007) may aid in the process
of receptor-mediated transcytosis. There are a few examples of proteins that have

been reported to enter the BBB, including transferrin, apolipoproteins and leptin.
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Transferrin

Transferrin is non-haem glycoprotein which chief physiological function is in
transport of iron (Aisen and Listowsky, 1980). Tranferrin is composed of two
metal-binding sites located in its N-terminal and C-terminal domains which give
the protein a prolate ellipsoid shape. Transferrin is composed of 678 aminoacid
residues and two glycan moieties which together amount to a molecular weigh of
about 79550 Da (MacGillivray et al., 1982). In the presence of bicarbonate ions,
Iron (III) transferrin combines with two Fe* to form complexes with a character-
istic absorbance between 465 and 470 nm. The binding and dissociation of iron
is a pH dependent reaction with complete dissociation occuring at pH 4.5, partial
dissociation at 6.5 and maximum association between pH 7.5-10.At physiological
conditions, for the specific binding of Fe3™ to transferrin to occur an anion such as
carbonate or bicarbonate must be present. For every Fe3* bound to transferrin, one
bicarbonate ion binds cuncurrentely and three protons are released. The protons
released are believed to originate from the ionization of three tyrosine residues of
the protein (Harris et al., 1985). Equations 2.1 and 2.2 represent the reaction of

iron binding to transferrin(Chung, 1984):

Fe’™ + HgTf + HCO; < [Fe — H3Tf — HCO3)™ +3H" 2.1)

Feé** + [Fe— HyTf— HCO3]™ + HCO; < [Fey — Tf — (HCO3)2) 2 +3H" (2.2)

Following binding iron at the places of absorption (e.g.intestinal mucosal cells)

transferrin transports the iron to sites of utilization such as the brain (Figure 2.9).
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The brain endothelium is know to overexpress transferrin receptors. As the iron
is very tightely bound to transferrin, the binding of the protein to its receptor on
the cell surface constitutes the first stage to transfer the iron from the protein to
the cell. Upon binding, the the ligand-receptor complex is internalised by the cell
via receptor mediated endocytosis. The exact pathway followed by the protein-
receptor complex is unknown. The differic transferrin releases the iron to the cells
in a non-lysososmal acidic compartment (pH 5.4) as a result of reduced affinity at
low pH. Iron is transported across the vesicular membrane and the apotransferrin

and its receptor are recycled back to the plasma membrane and re-utilized.
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Figure 2.9: The transferrin cycle. Fully iron loaded transferrin (holotransferrin,
HOLO-TF) binds to transferrin receptors (TFR) on the cell surface. The com-
plexes localize to clatherin-coated pits, which invaginate to initiate endocytosis.
Specialized endosomes form, and become acidified through the action of a proton
pump. Acidification leads to protein conformational changes of that release iron
from transferrin. Acidification also enables proton-coupled iron transport out of the
endosomes through the activity of the divalent metal transporter 1 protein (DMT1).
Subsequently, iron-free transferrin (apotransferrin, APO-TF) and the transferrin re-
ceptor both return to the cell surface, where they dissociate at neutral pH. Both
proteins participate in further rounds of iron delivery. In non-erythroid cells, iron
is stored as ferritin and haemosiderin. Adapted with permission from Andrews
(2000). Copyright 2000 Springer Nature
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Alternatively it has also been argued that transferrin receptors are responsible
for the transport of tranferrin across the endothelial cells of the BBB via tran-
scytosis and their accumulation in the brain. Similarly to the insulin receptor, trans-
ferrin receptors are involved in transport events to and from the brain parenchyma.
Wiley et al. (2013) demonstrated that the accumulation of transferrin conjugated
to gold nanoparticles in the brain was dependent on the nanoparticles’ transferrin
content. In mice models, a moderate gold nanoparticle tranferrin coating led to
effective penetration and accumulation of the nanoparticles in the brain. It was
proposed that nanoparticles with high transferrin contents fail to be released from
the endothelium following trancytosis, as the complex remains engaged with the
receptor. On the other hand, a scarce transferin coating prevents the nanoparticles

to effectively interact with the receptor to initiate transcytosis.

Apolipoproteins

After transferrin, low density lipoprotein receptor-related protein 1 (LRP1) is
the most extensively studied transcytotic system at the BBB. This receptor is ex-
pressed in both apical and basolateral membranes of the BBB and participates in the
transport of LDLs (low density lipoproteins) across the blood-brain barrier (Herz
and Marschang, 2003). Since LRP1 is expressed in a variety of CNS cells includ-
ing neurons, astrocytes, pericites and microglia, targeting this receptor may cause

side effects.

Leptin

Leptin is a polypeptide composed of 146 amino acids. After being released by
the fat storage cells (adipocytes), leptin is transported in the blood to the central

nervous system where it acts on cells that express the leptin receptor in the brain
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and on the hypothalamus. Due to its size, the passive diffusion of leptin across the
BBB is not a possibility.

Since the receptor interacting regions of leptin have been associated with brain
uptake, it is possible that by identifying the peptide fragments containing these re-
gions of interest one can synthesise constructs for enhanced/selective brain uptake.
In fact, some fragments have so far solely been linked to a transport role. This is
the case for the 61-90 fragment which is thought to be involved in the unidirec-
tional transcytosis across the BBB (Barrett et al., 2009). Whilst being considerably
smaller than the full size leptin, the 61-90 fragment showed a comparable brain
uptake to the parent protein. Further attempts to decrease the size of the peptide

negatively affected it’s uptake properties (Barrett et al., 2009).

Other peptides have also been shown to have the ability to target the brain. In
an in vivo model, Guerrero et al. (2010) was able to increase the concentration of
citrate gold nanoparticles delivered to the brain by four fold by conjugating these
particles with the amphipatic peptide CLPFFD. This peptide was derived from the
B-amyloid peptide and was able to cross the BBB on its own and to identify toxic
aggregates of fB-amyloid. With this conjugation, the author was able to obtain
conjugates with decreased negative charge and greater lipid solubility, which was
argued to decrease the nanoparticle retention by the reticuloendothelial system.
Importantly the integrity of the BBB after exposure to nanoparticles seemed un-

altered.

In a previous in vitro study, Araya et al. (2008) demonstrated the ability of
GNP-peptide conjugate to specifically bind to f-amyloid toxic aggregates and their
dissolution upon the release of heat by the GNPs when irradiated with microwaves.
This was a valuable proof of concept for tackling Alzheimer’s disease with great

potential if the particle conjugates can effectively cross the BBB.
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Ruan et al. (2015) engineered gold nanoparticles to cross the BBB and tar-
get glioma cells. Initially the particles were conjugated with the anticancer drug
doxorubicin (DOX) via the acid-responsive linker hydrazone. To mediate BBB
crossing these particles were then PEGylated and functionalized with angiopep-2,
a substrate for the BBB receptor low density lipoprotein receptor-related protein 1
(LRP1). Since LRPI is also overexpressed in glioma cells the particles synthes-
ised have a dual targeting functionality. In the acidic glioma microenvironment the
hydrazone link is hydrolysed and the drug released. Administration of DOX on
its own was much less effective than attaching the drug to AuNPs. On the other
hand when DOX was conjugated to the NP but without the angiopep-2 component

shows improved but still low glioma targeting.

2.4.2 Effect of geometry in cell uptake and trafficking

The nanoparticle’s morphology is recognised as being a key factor influencing
cellular uptake and distribution. A number of studies have shown how a nano-
particle’s shape strongly influences the particle’s internalization and functional be-
haviour (Champion et al., 2007; Geng et al., 2007). Whilst the interaction of cells
with spherical nanoparticles has been widely investigated, much focus is now being
placed in elongated and anisotropic morphology due to their versatility and very
attractive properties such as cell specific uptake and enhanced circulation times
(Wang et al., 2018). Several studies have provided valuable insights on geomet-
rical traits that make particular shapes more prone to cellular uptake. In general,
shape related effects are hypothesised based on the principles of particle surface
curvature (Chithrani et al., 2006), membrane contact angle, surface area, organ
specific preferential accumulation (Decuzzi et al., 2010) and intracellular traffick-

ing (Chu et al., 2014).
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It has been speculated that the curvature difference between two shapes gov-
erns the binding to the cell surface. Chithrani et al. (2006) showed that elongated
particles block more membrane receptor sites when bound longitudinally and thus
are less internalised than nanospheres.

The particles’ angle of contact with the membrane affects the particle penetra-
tion (Champion and Mitragotri, 2006) (Figure 2.10). An ellipsoidal particle whose
major axis meets the cell membrane normal in a perpendicular angle benefits from
increased penetration (Yang and Ma, 2010) and hence the synthesis of particles
with numerous short protruding features could further enhance the nanoparticle’s
penetrating ability. The effect of sharp features was investigated and it was found
that rod-shaped nanoparticles with high aspect ratio were internalised by cells to a
greater extent than rod shaped particles of lower aspect ratio (Huang et al., 2010;
Gratton et al., 2008). Particles with larger surface area are able to accommodate
more multivalent interactions to promote particle endocytosis (Gratton et al., 2008;
Hao et al., 2012). In this context, anisotropic nanoparticles are able to achieve

larger SA/V ratios to support such multivalent bonds.



73

a) b) Translocation in vertical orientation

0.09ps 081ps 1.08ps 135ps

Long axis of
Bilayer normal particle

c) Translocation in horizontal orientation
0.09us 2.25ps 5.60us 7.02us

Figure 2.10: Schematic showing the angle (P) between the long axis of the particle

and the bilayer normal (a). Computer-simulated diagram showing the translocation

of ellipsoid nanoparticles across a lipid bilayer with vertical (b) and horizontal (c)

starting orientations. Adapted with permission from Yang and Ma (2010). Copy-
right 2010 Springer Nature
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Furthermore, a particle’s preferential accumulation in particular organs is in-
fluenced by the nanoparticle’s shape Decuzzi et al. (2010) (Figure 2.11). In fact,
elongated nanoparticles have been reported to exhibit a 7-fold increase in brain ac-

cumulation compared with their spherical nanoparticle counterparts (Kolhar et al.,

2013).
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Figure 2.11: Uncoated silica particles of different shapes (discoidal, spherical,

hemispherical and cylindrical) were intravenously injected in mice and the rel-

ative Si content is presented for each organ. The bar chart shows clearly a shape-

dependent accumulation in the major organs. The star symbol identifies differences

between the discoidal and the other particles with p < 0.001. Adapted with permis-
sion from Decuzzi et al. (2010). Copyright 2009 Elsevier
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The particle’s shape also influences their intracellular trafficking (Chu et al.,
2014) (Figure 2.12). Following endocytosis, particles with a round morphology
preferentially remained in the endosome and were later cleared by exocytosis when
the enclosing vesicle matured into a lysosome (Chu et al., 2014). Conversely, nan-
oparticles that are sharp could escape the endosome and thus avoided the lysosomal
pathway and its mediated excretion (Chu et al., 2014).

a) b)

000 0003 300 000 333 002 03 933 300 03 000 999 000 900 IIGII V0SO

Cell membrane
0% _,n0000 0006000 000
o

©© . Endosome
o El)

°
S °
Endosome
A E ° S
4 ndocytosis 9
oy .
eg T oy lf:aw,,,c,n;'lus\\maturatlun
9300dg 0 =" eo® N,
s s
¢

lysosome
~a yso

]

Figure 2.12: Intracellular trafficking of nanoparticles with different morphologies:

(a) particles with low sharpness enter the cell by endocytosis, reside in endosomes

which evolve into lysosomes and exits the cells via exocytosis with the lysosome as

a vehicle; (b) sharp-shaped nanoparticles enter the cell by endocytosis, escapes the

endosome by rupturing the endosomal membrane before the lysosome is formed

and accumulate in the cytosol. Adapted from Chu et al. (2014). Copyright 2014
Springer Nature

It is important to point out that these shape related effects are very complex and
thus bring about discrepancies between studies. These are frequently linked to the
nanoparticles’ baseline bio-activity and the differences in cellular systems used for
the uptake studies. In fact, the mechanism of uptake of the same nanoparticle by
different cell types can vary possibly due to different structures in the cell mem-
branes (Santos et al., 2011; Kuhn et al., 2014; Yameen et al., 2014). Therefore,

it is important to establish a link between the nanoparticles’ geometry and their
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penetrating and uptake efficiency directly on BBB models, so that nanocarriers can
be efficiently engineered for BBB interactions. Furthermore, shape influences the
nanomaterials’ preferential accumulation in particular cell types, thus increasing
selectivity.

Currently, the most effective nanoparticle shape to mediate BBB transcytosis
has not yet been identified. In particular, knowledge about the performance of more
complex anisotropic shapes in BBB transcytosis is lacking, although these shapes
could be advantageous to mediate the currently poor transport of macromolecule
drugs across the BBB (Pardridge, 2014).

In summary, the previous studies suggest that features for best BBB penetration
include multiple sharp features of high surface curvature, fixed angle of contact to
the cell membrane and high surface area to volume ratio. A nanostar morphology

could be therefore a promising candidate for effective BBB penetration.

2.5 Gold nanostars as a candidate platform for BBB
targetting and permeability

Nanostars are particles in the nanometer range which consist of branches that
radially protrude from a central body (core). This morphology provides them with
multiple sharp features which ensure fixed perpendicular angles to interact with
cell membranes.

Gold nanostars are advantageous delivery vehicles as they offer large surface
areas that allow for a great loading capacity. This has been shown to be an import-
ant factor in affecting the rate and quantity of aptamer coated gold nanostar uptake
in pancreatic cancer and fibrosarcoma cells (Dam et al., 2014b). Their morphology

also allows them to support plasmonic bands in the NIR that when appropriately
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exposed to lasers generate heat that can be used for photothermal treatment. Tak-
ing advantage of the latter, Yin et al. (2016) group made use of the cell penetrating
peptide Penetratin coated onto gold nanostars to gain access to the brain via the
BBB. This nanoconstruct was able to permeate the Brain and in an enhanced man-
ner comparatively to controls and prevent the formation of Alzheimers’s related
aggregates and to dissociate pre-formed aggregates following photothermal treat-
ment.

It is important to note that whilst nanostars have a more complex morphology,
their shape does not necessarily have an adverse effect on cell uptake. In fact, com-
putational studies (Li et al., 2015b) have shown that the membrane wrapping time
of nanostars is similar to that of nanospheres. Li et al. (2015b)’s study was aimed
at clarifying the role of shape of PEGylated nanoparticles during cellular uptake,
considering simulated particles with the same surface area and grafting density.
The results revealed that spherical gold nanoparticles demonstrated the highest en-
docytic rate comparatively to cube rod and disk morphologies due to their lower
membrane binding energy than the other morphologies. Star shaped nanoparticles
were also quickly enclosed by the cell membrane similarly to spheres. The entry
of asymmetric particles (cube, rod and disk morphologies) was dependent on the
entry angle, with gold nanospheres and gold nanostars, by being relatively sym-
metric, become free of unfavorable docking orientation effects that could increase
the membrane wrapping time. This indicates that the membrane bending potential
is not an adverse factor for nanostars.

Several seed-mediated and one-pot synthesis methods have been used in the
literature to synthesize AuStrs. A review of the literature is presented in tables 2.1,

2.2 and 2.3.
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Seed Mediated Nanostar Synthesis

Study (Reference)

Reaction conditions

Observations

Yuan et al. (2012a)

Seed solution: heated HAuCly solu-
tion reduced by citrate
Growth solution:

AgNO3, ascorbic acid

HAuCly, HCI,

The resulting stars were about 60 nm
in size

Plasmon peak could be shifted to the
red when stars grew in the presence of
concentrations of silver.

Kuo and Huang (2005)

Seed solution: 2.5 nm seeds were syn-
thesized with HAuCly in the presence
of NaBHy and sodium citrate.

Growth solution: HAuCly, sodium
dodecyl sulphate as a surfactant and
ascorbic acid as a reducing agent

The stars were about 40 nm in size
containing 1-5 spikes.

Ascorbic acid promoted branching and
red-shifted the absorption band.

Pallavicini et al. (2013)

Seeds: HAuCly treated with NaBH4 in
a Triton X-100 solution.

Growth solution: HAuCly, AgNO3,
and ascorbic acid in Triton X-
100/water was added to the seeds.

Stars were 70-100 nm in size contain-
ing five spikes.

High amounts of ascorbic acid pro-
moted the formation of longer spikes
and red-shifted the absorption bands.
Two LSPR bands were observed in the
following ranges: 600-900 and 1100-
1600nm.

It was hypothesized that this ex-
treme red-shift was caused by coupling
between the spikes of the nanostars
through the collinear arrangement of
some branches.

Barbosa et al. (2010)

Seeds : HAuCly was reduced in either:

NaBHy4, Polyvinylpyrrolidone (PVP)
and N, N-dimethulformamide
(DMF)/H20 to form 3 nm size
seeds;

Citrate, Ethanol and PVP to form 15
nm seeds;

PVP/DMF to from 30 nm colloids
Growth  solution: HAuCl; in
PVP/DMF

The stars were 30-80 nm in size with
smaller stars being associated to smal-
ler seeds.

Monodispersity was achieved when
the seeds were added only once the
Au** had been completely reduced
to Au' by DMF (in the presence of
PVP).

A low HAuCly to seed molar ratio
led to small rounded particles. Higher
temperatures led to rounded particles.

Kumar et al. (2008)

Seeds: 15 nm PVP-coated seeds in eth-
anol were

Growth solution: HAuCly, PVP, and
DMF.

Stars were about 60 nm in size.

The size distribution improved when
seeds were as opposed to when they
were not used.

Higher concentration of PVP lead to
more branched structures.

Yuan et al. (2007)

Seeds: 14 nm gold seeds were synthes-
ized by boiling HAuCly with sodium
citrate.

Growth solution:
and a AgNO3

HAuCl4 5 NH2 OH

Stars were150-300 nm in size.

The concentration of AgNO; af-
fected spike morphology. At a cer-
tain AgNO3 concentration, the spikes
reached a length of 100 nm.

Thorny multilevel nanostructures were
obtained with repeated growth.

Table 2.1: Literature review of nanostar synthesis mechanisms.



Seed Mediated Nanostar Synthesis (continued)

Study (Reference)

Reaction conditions

Observations

Yuan et al. (2011)

Seeds: 8nm silver seeds were synthes-
ized by adding NaBH4 and sodium
citrate to a solution of AgNO3 under

Stars were 100-500 nm in size.

The redox displacement of silver by
gold produced AgCl, which precipit-
ated on the surface of the nanospheres
and promoted the growth of spikes.
Changing the solution volume altered
the surface morphology.

Smoother particles were obtained at
higher temperature, possibly because
both the rate of gold deposition and the
solubility of AgCl increased.

Schiitz et al. (2011)

heating.
Growth  solution: HAuCly; and
NH,OH
Seeds: 10 nm seeds were synthes-

ized with HAuCly, sodium citrate, and
AgNO3, under boiling .

Growth Solution: HAuCly, glycerol,
sodium citrate, and AgNOs;. Hy-
droquinone was added as a reducing/-
capping agent.

The stars were 60 nm in size

Glycerol slowed the formation of
nanostars and led to monodisperse
particles.

Larger seeds yielded larger stars.

Nehl et al. (2006)

Seeds: commercial colloid seeds and
surfactant-stabilized seeds prepared by
reduction of HAuCly in the presence of
CTAB.

Growth solution:

For the commercial seeds: CTAB,
HAuCly, AgNO3, and ascorbic acid.
For the surfactant-stabilized seeds:
CTAB, HAuCly, and AgNOs, fol-
lowed by the addition of ascorbic
acid and NaOH. The nanostars were
PEGylated.

The stars were 100 nm in size

Table 2.2: Literature review of nanostar synthesis mechanisms (continued).
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One pot-synthesis of Nanostars

Study (Reference)

Reaction conditions

Observations

Umadevi et al. (2013)

Synthesis performed in a hexagonal li-
quid crystal template

HAuCly was treated with AgNO3 and
ascorbic acid

The resulting stars were about 100 nm
in size and had long spikes.

The amount of AgNOs3 affected spike
morphology.

Kedia and Kumar (2013)

HAuCly was treated with PVP and
DMF in the presence of NaOH

The resulting stars were 50-100 nm in
size.
Lower [NaOH] led to sharper tips.

Bakr et al. (2006)

HAuCly reacted in the presence of

H,0,, sodium citrate, and various
ligands (11-mercapto-1-hexanol, 3-
mercacpto-propanoic acid, and 11-
mercaptoundecanoic acid).

The resulting nanoparticles were about
40 nm in size and contained more than
4 spikes.
The rate of addition of HAuCly af-
fected the size and morphology of the
particles.

Kedia and Senthil Kumar (2012)

HAuCly reacted in the presence of

PVP, DMF, and HCL.

The nanostars were about 100 nm in
size

HCl mediated spike formation, but
when in high concentrations it drove
the reaction towards the thermo-
dynamic route, producing spherical
particles.

It was proposed that PVP complexes to
DMF to reduce AuCl™ ions.

Xie et al. (2007)

HAuCly was treated in HEPES buffer
at room temperature

The stars were about 40 nm in size
containing 1-8 spikes.

High temperatures led to the formation
of spherical particles

Cheng et al. (2012)

HAuCly was mixed with AgNOj3 and
ascorbic
Chitosan was used as a stabilizer

Stars were 60-150 nm in size

The concentration of silver nitrate af-
fected spike morphology.

It was proposed that silver ions were
reduced on the surface of the gold
through underpotential deposition.

Table 2.3: Literature review of nanostar synthesis mechanisms (continued).
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Currently there are no studies that elucidate the effect of surface spikiness on

BBB penetration ability.

2.6 In Vitro models of the BBB as a validation tool

Considering the BBB impermeability, several in vitro screening methods were
developed to prognosticate the efficiency of forefront drug delivery systems in
crossing the BBB and accumulating in the target sites in vivo. These constitute
a strong tool that can be introduced early in the drug delivery development pro-
cess, thus potentially preventing latter failure of drug candidates. Failure comes at
a heavy economic and time cost being that on average 1 billion dollars are required
for the development of a treatment for a CNS disorder, which frequently requires
more than a decade of research (Nutt, 2011). These in vitro models are roughly

categorised into cell-based and non-cell based.

2.6.1 Non-cell based in vitro models of the BBB

Non-cell based models include PAMPA (parallel artificial membrane permeab-
ility assay), an assay in which a donor and acceptor compartments are separated
by a lipid artificial membrane dissolved on non-polar solvent and supported onto a
porous filter. Following membrane exposure to nanomedicines for a set period of
time, both compartments are quantified. This assay is thus used as a measure of
passive transcellular permeability. Ideally, the physiological lipid composition of
this membrane should closely resemble that of the BBB as this was shown to more
accurately reflect the permeability of control substances know to cross (BBB pos-
itive) or to be restricted (BBB negative) by the BBB in in vivo data (Mensch et al.,

2010). Additionally, they should be sufficiently dense as to prevent the formation
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water pores (Tsinman et al., 2011), a structure that symbolically represents para-
cellular transport and is thus non-representative of in vivo BBB transport. These
models are simplistic compared to the real BBB membrane dynamics. Apart from
transcellular passive diffusion, this model excludes all other transcellular transport
mechanisms reported in vivo. Finally, the presence of an organic solvent and lack
of a bilayer configuration also come as disadvantages. Nontheless, Prades et al.
(2012) was able to use a PAMPA model, as a complement to a BBB cellular in
vitro model, to demonstrate that Transferrin receptor targeted gold nanoparticles

were unable to cross the BBB by passive diffusion.

2.6.2 Cell based in vitro models of the BBB

Cellular models allow the evaluation of the permeability of compounds that
pass by passive diffusion or by active transport. This constitutes a more thorough
model with the possibility of providing mechanistic insights into the BBB crossing
mechanism by compounds. The characteristics of different cellular in vitro models
depend, amongst other factors, on the type of cells employed. Different cell types
have different expression levels of cellular receptors and form cellular monolayers
of particular tightness. In particular, the tightness of the monolayer is evaluated by
measuring the transendothelial electrical resistance (TEER). This consists on the
appliance of an electrical current on both sides of the transwell and registration of
the barrier resistance on a voltmeter.

Before nanomedicine exposure, TEER is used to validate tight junction expres-
sion by evaluating whether the paracellular route is being appropriately restricted,
similarly to the physiological conditions. After exposure, TEER can also be used
to demonstrate that the nanoparticles did not compromise the membrane integrity.

As part of their maintenance, primary brain capillary endothelial cells for these
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in vitro models need to be subcultured periodically and passed onto fresh growth
media. It is known that cells of low passage bear the closest phenotypic resemb-
lance to in vivo BBB cells. Hence, to minimize batch to batch variability overtime
(e.g. loss of transporter expression), these cells were genetically engineered to

generate immortalised cell models.

The most commonly used, and thus most extensively characterised, human ori-
gin BBB immortalised cell line for drug uptake studies is the hCMEC/D3 (Weksler
et al., 2013), reported for the first time by Weksler et al. (2005). This cell line is de-
rived from human temporal lobe microvessels obtained during surgery. These cells
form contact-inhibited monolayers on collagen (type I and IV) coated substrates.
This cell line also expresses a number of important BBB characteristic junction
associated proteins, transporters (e.g Glut 1 and LAT-1), receptors (e.g transfer-
rin and insulin), endothelial cell markers (e.g. CD31 and CD40), and ABC efflux

transporters (e.g. P-gp) (Banerjee et al., 2016; Helms et al., 2016).

Monolayers of this cell line form an effective barrier for the passage of mo-
lecules of high molecular weight. Conversely, low molecular weight compounds
may experience enhanced permeability through paracellular route. In fact, whilst
in mammalian systems (e.g rat) (Butt et al., 1990) the TEER value is commonly
accepted to be above 1000 Q cm 2, in hCMED/D3 nonolayers low TEER values

around 9-50 Q cm 2 are reported (Biemans et al., 2016; Weksler et al., 2005, 2013).

In this regard, optimization work is still being employed in order to improve
their relatively low junctional tightness for low molecular weight compounds. Strategies
include co-culture with other cell types of the neurovascular unit (Hatherell et al.,
2011) and stimulation of the Wnt/f3-catenin pathway (Paolinelli et al., 2013), the
signalling pathway involved in the regulation of expression of tight junction pro-

teins.
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Recently, microfluidic based models of the BBB have started to emerge. Simil-
arly to the mentioned examples, in these systems, cells are grown in a porous filter
support membrane. However, here the filter sits in between two microfluidic chan-
nels trough which culture media circulates. Unlike transwell systems, these allow
the introduction of fluidic shear stress (Booth and Kim, 2012) to closely represent

the dynamic interface of the BBB in vivo.

2.6.3 Reported nanostructure efficiencies in in vitro BBB mod-

els

Different nanoparticle based carrier systems are being developed and their per-
formance tested in in vitro BBB transwell models.

Zhao et al. (2016) produced magnetic nanoparticles and conjugated them with
the cell penetrating peptide Tat (Si0, @Fe3O4-Tat) (Figure 2.13 a and b).

A U251/hCMEC/D3 co-culture transwell based cell model was used for the
permeability studies. It was found that Si0, @Fe3;O4-Tat nanoparticles were able
to pass through the BBB however this was greatly facilitated by the aid of an ex-
ternal magnetic field for magnetically mediated dragging (Figure 2.13 c). The nan-
oparticles performance was attributed to a synergetic effect of Tat conjugation and

magnetic field.
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Figure 2.13: Design of FezO4 @Si0;-Tat nanoparticles for BBB crossing (a);TEM

images of Fe304@SiO; NPs (b); transport efficiency of FezO4@SiO,-Tat and
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Kafa et al. (2015) used primary porcine brain endothelial cells (PBEC) and
primary rat astrocytes co-culture BBB model to investigate the transcytosis ability
of amino-functionalized multi-walled carbon nanotubes (MWNTs-NH3 ") (Figure
2.14). A complete crossing of the nanostructures was only achieved after 48 hours
of exposure. The maximum transport achieved was 13 £+ 1.1 % following 72
hours of exposure. It was hypothesised that MWNTs-NH3" could be taken into
endothelial cells by adsorptive-mediated endocytosis due to their slight cationic

nature.
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Figure 2.14: TEM images of MWNTs-NH3" (a) and DTPA-MWNTs (b).
MWNTs-NH3 " that crossed the PBEC layer was quantitatively assessed using ra-
dioactive tracers. DTPA-MWNTs were synthesised from MWNTs-NH3" and ra-
dioactively labelled with ['!'Indium] . The radioactivity of [!!'In]-DTPA-MWNTs
was measured in the basal chamber at different time points and a maximum of 13.0
4 1.1% was reached after 72 hours. The incubation at 4 C significantly decreased
the uptake of ['In]-DTPA-MWNTs . [!'In]JEDTA was used as a marker to ensure
that ['''In] was due to ['!'In]-DTPA-MWNTs transport and not [' ' InJEDTA.(One
way ANOVA test; *p < 0.05, ***p < 0.001, ****p < 0.0001, n = 3). Adapted from
Kafa et al. (2015). Copyright 2015 Elsevier
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Clark and Davis (2015) applied a murine endothelial cell line (bEnd.3) transwell
BBB model to evaluate the transcytosis of spherical 80 nm gold nanoparticles con-
jugated to transferrin via an acid cleavable linkage (DAK-PEG-OPSS). In the pres-
ence of this cleavable group, the nanoparticles were capable of more efficiently
undergoing transcytosis comparatively to control transferrin gold conjugates (Fig-
ure 2.15). The difference in transcytosis capacity was attributed to the the ability
of high avidity (densely loaded) transferrin conjugated gold nanoparticles to com-
pletely detach from transferrin receptors following hydrolysis of the DAK group
in the transport vesicles acidic pH. In these conditions the nanoparticles were able
to completely detach from the endothelial cells at the basolateral membrane whilst

control Tf conjugated gold nanoparticles remained attached to the endothelium.



89

3  BLoop b)
1.000 *
= 0.800
— v g ®
0. %5 0.600
| e -0-0‘6
- I~ : §g 0.400
® / = =
o ®
- = & 0.200
o m
ENDOTHELIAL o i i i -
CELL S 0.000
8 P I S RN <IN <N

<& <& <& <& <&
—y NN

BRAIN

Figure 2.15: Proposed scheme of transcytosis mechanism for transferrin containing
nanoparticles with an acid-cleavable linkage(a). Following endocytosis the trans-
ferrin ligand separates from the nanoparticle core due to rapid acidification of the
endosome, allowing the nanoparticle to freely transcytose into the brain. Graph
showing the percentage of injected nanoparticles reaching the basal well of bEnd.3
coated transwells 8 h after introduction (b). The number in the formulation name
indicates the number of ligands per nanoparticle, -N indicates noncleavable PEG
conjugate, and -C indicates cleavable PEG conjugate. 120Tf-C and 200Tf-C show
greater ability to cross the transwells compared with 200Tf-N. Error bars given are
SE. *P < 0.001. Adapted from Clark and Davis (2015). Copyright 2015 PNAS
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A summary of reported nanoparticle efficiencies is provided in table 2.4.

Nanoparticle ~ Materials and Formula-  Administered Type of  Size (nm) % Tran-  Reference

shape tion dose Cell in scytosis
monolayer (maximum

reported)

Spherical PEG-Silica (PSiNPs) 200 pg/ml Mouse 25 26.1 (Liu et al,
cerebral en- 2014)
dothelial
cells
(bEnd.3)

50 19.2
100 10.6
LF-Silica (PSi-Lf NPs) ND Rat brain 25 21.3 (Song et al.,
VECs 2017)
50 11.6
100 5.8
Amino-Fe304@Si02 200 pug (un-  hCMEC/D3 76.4 0.34 (Zhao et al.,
NPs der 8h mag- 2016)
netic effect)
TAT-Fe304@SiO2 NPs 87.6 0.25
Phosphorylcholine 50 pg/ml hCMEC/D3 112 17 (Ivask et al.,
coated iron oxide nano- 2018)
particles (IONP-PC)
LPFFD and TGN con- 0.1 mg/ml bEnd.3 cells 103.12 68 (Yang et al.,
jugated Selenium nano- DMEM + 2017b)
particles (L1T1-SeNPs) 10%FBS
200Tf-C  gold nano- 1 x 10 bEnd3- 80 75 (Clark  and
particle AuNPs in  coated Davis, 2015)
serum-free
DMEM
Nanocluster Dopa@GQC (Gluta- 1 mg/ml  bEnd3cells 0.7-14 >90 (Nair et al.,
thione stabilized gold  vehicle not 2017)
quantum cluster function-  disclosed
alized with L-Dopa)

Nanotubes carbon MWNTs-NH3+ 20 pug/ml Primary L=500 nm, 13 (Kafa et al.,
porcine ¢=18.9 nm 2015)
brain en-
dothelial
cells
(PBEC)
in co culture

Table 2.4: Summary of reported transcytosis efficiencies in in vitro BBB models
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2.7 Scope of the work and Project Outline

2.7.1 Project motivation

The blood brain barrier (BBB) is arguably the main obstacle for the adminis-
tration of therapeutic and diagnostic compounds for conditions such as brain can-
cer, Alzheimer’s and Parkinson’s diseases. Nanoparticles are being investigated
as agents to cross this barrier, however further understanding of cell-nanoparticle

interactions are needed to enable the effective design of these agents.

2.7.2 Project aims

The work in this thesis will focus on the development of a nanoparticle-based
vehicle capable of selectively targeting and efficiently crossing the BBB. Assess-
ment of the available literature suggests that highly structured nanovehicles, with
spiky protrusions, could have many beneficial features for efficient BBB penetra-
tion. However, the effect of a nanovehicle with designed and controllable surface

spikiness on BBB penetration and transcytosis has not yet been studied.

2.7.3 Ciriteria followed for nanoparticle design

In summary, the design of the nanoparticles for BBB penetration should meet
particular design criteria to maximise the nanoparticles potential in vivo use. Amongst
the factors for consideration for nanoparticle design are a low toxicity material,
stability and circulation time, appropriate size, active targeting and efficient cell

penetration.
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Low toxicity material

As the nanomaterial is to be implemented in a biological environment it should
be made of a biocompatible/bio-inert material to avoid toxic effects. For this work
gold was chosen for being a known biocompatible material (Shukla et al., 2005).
Ideally, the nanovehicle should be designed for long circulation times and be phys-
ically stable to allow them sufficient time to reach the target sites and perform their
designed function. These desired properties can be controlled based on the choice

of surface coating (and its stability in biological media) and size.

Stability and circulation time

In this work we opted for conjugating the gold nanostars with the biocompatible
polymer polyethylene glycol (PEG). PEG provides physical stability to the nano-
structures, preventing them from aggregating in biological media through steric
repulsion forces. Additionally, PEG is reported to considerably increase nano-
particles circulatory retention time by evading the reticuloendotheliul system, as
nanoparticles are prone to uptake by macrophages (Owens and Peppas, 2006). Spe-
cifically, PEG creates a hydrophilic protective layer around the nanostructure sur-
face that prevents or delays the binding of blood serum proteins known as opsonins
(Owens and Peppas, 2006). Opsonins binding to nanoparticles would otherwise
mediate macrophage recognition and removal from circulation before the nano-

structures have the chance to perform their function.

Appropriate size range

The size of the nanoparticle influences its fate within the system. For nano-

carrier applications, nanoparticles are typically designed with diameters ranging
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between 40 to 150 nm. This range promotes a greater nanoparticle retention.
Particles with smaller dimensions are removed from the blood circulation by kid-
neys, whilst bigger than 150 nm are removed by the liver’s reticuloendothelial sys-
tem. (Kumar, 2010).

In this project the main nanoparticles were synthesized with a target diameter
of 100 nm. Being that the size limit for brain penetration is 100 nm (Nance et al.,
2012), using nanoparticles in this upper limit should allow for the administration
of versatile payloads of targeting molecules for efficient brain targeting. Addition-
ally, 100 nm nanoparticles can pass through the fenestrae in liver endothelial cell
(Snoeys et al., 2007) and have been previously reported to spontaneously accumu-
late in tumours following a systemic injection due to enhanced permeability and
retention (EPR) effect (Maeda et al., 2000). Whilst beneficial, this size-dependent

accumulation occurs passively.

Active targeting

To promote promote the active recognition and attachment to the BBB cells
the nanoparticles should display a targeting molecule on their surface. Here, the
gold nanostructures are bioconjugated with transferrin molecules to target and en-
courage the crossing of the nanoparticles through the BBB. As discussed in the
literature review, transferrin molecules can enter the endothelium via transferrin

receptor mediated pathways.

Efficient cell penetration

Finally, the nanocarrier should be able to cross the plasma membrane and avoid
intracellular entrapment to successfully complete BBB transcytosis. From the as-

sessment of the literature, it is clear that nanoparticle shape influences the cel-
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lular penetration (Yang and Ma, 2010) and intracellular trafficking (Chu et al.,
2014, 2015). In this thesis, a nanostar morphology is explored as their high as-
pect ratio features and large surface areas could be beneficial for effective BBB
trafficking and transcytosis. A transwell-based in vitro model of the BBB employ-
ing hCMEC/D3 cells was used here to evaluate the BBB crossing ability of the
nanoparticle candidates. This cell line is well-characterised and known to express

transferrin receptors (Weksler et al., 2013).

2.7.4 Study Outline

The first experimental studies focus on the shape controlled synthesis of can-
didate nanostar morphologies and their respective stabilization and bioconjugation
with transferrin proteins (Figure 2.16). Spherical nanoparticles are also studied for

comparison purposes.
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Figure 2.16: Schematic representation of the study outline showing the different
stages of nanostructure assembly for BBB targeting

The second experimental section focuses on the evaluation of AuStr transcytotic
performance across an in vitro BBB model: a transwell based in vitro model of the

BBB using the hCMEC/D3 cell line is used for this study.



Chapter 3

Characterization techniques

The present chapter provides a theoretical overview of the main analytical tech-
niques used to characterise the study samples prepared in chapters 4 and 5. Sample

preparation details are provided in the respective experimental chapters 4 and 5.

3.1 Microscopy techniques

3.1.1 Transmission electron microscopy

Transmission electron microscopy is a valuable analytical technique for the
visualisation of samples at the nanometre level. By making use of a focused beam
of electrons, it is able to reach resolution and magnification levels beyond the cap-
ability of light microscopes. Moreover, the ability to distinguish the shortest dis-
tance between two separate points defines the resolution of the microscope. Res-
olution depends on the wavelength of the electron beam. Being that electrons have
particle and wave-like properties, their wavelength can be defined by the Broglie’s

theory on wave particle duality by taking into account the particles momentum, p,
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through the Plank’s constant, 4 (Williams and Carter, 2009).

A= (3.1)

h
P

To achieve higher resolutions shorter wavelengths are required. This implies
that the electrons require a high momentum. High momentum is achieved in elec-
tron microscopes through the acceleration of the electrons through a potential, V,

thus imparting them with kinetic energy:

h
A= — 3.2
v 2myeV (3-2)

where myg is the rest mass of the electron. However, at such velocities, it is im-
portant to take into account the relativistic effects and thus the equation (Williams

and Carter, 2009):

h

A=
\/2moeV+(1 +555)

(3.3)

where c is the speed of light.

From the above relationship (Equation 1.3), it is shown that by increasing the
acceleration voltage, the electron momentum can be increased and thus decreasing
the wavelength. Whilst the wavelengths in an electron microscope are typically in
the range of 1073 to 10~2 nm, light microscopes operate with visible light with
wavelengths between 400 to 700 nm and thus the resolution of light microscopes
is substantially inferior to that of electron microscopes where resolutions can go

down to 0.05 nm.

In TEM imaging, thin samples (< 100 nm) placed in vacuum, are illuminated

by an electron beam which is mostly transmitted straight through the sample. How-
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ever, sample irradiation can also give rise to electrons that are scattered at different
angles, either elastically (with undetectable energy loss) or inelastically (with de-
tectable energy loss). Furthermore, a number of secondary signals are also gener-
ated from the electron-specimen interaction that can be used to further characterise

the sample (Figure 3.1).

Incident
high-kV beam  Secondary
Backscattered electron (SE)
electrons (BSE) Characteristic
X-rays
Auger electrons Visible
light
_
Speclmen Eremsstrahlung
X-rays
Elastically Inelastically
scattered Direct scattered
electrons beam electrons

Figure 3.1: Schematic representation of some of secondary signals generated when
a beam of high speed electrons interacts with a thin sample. Adapted from (Willi-
ams and Carter, 2009)

Elastically scattered electrons, are focused through a system of lens and a TEM
image is eventually projected onto a phosphorescence screen. Due to the specific
characteristics of the sample including its thickness and the atomic number (Z) of
the sample species interacting with the electron beam, the electrons are deflected

to different extents. This generates the contrast required to form an image ranging
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from the dark areas where the sample has higher density and/or atomic number
and brighter regions representing low mass thickness areas where electrons are
unscattered (Figure 3.2). The sample contrast can be improved through the use of

the objective aperture.
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mass or Incident
thickness beam
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mass
thickness
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lens

Objective
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Image plane

Intensity
profile

Figure 3.2: Schematic representation of the mechanism by which differences in
mass or thickness generate image contrast in a bright field TEM image. Adapted
from (Williams and Carter, 2009)

The electron beam is generated, by either thermionic or field emission, by the
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electron gun placed at the top of the electron column where a set of electromagnetic
lenses are placed to shape and direct the beam through the column. The condenser
lenses focus the electrons after the first crossover image onto the specimen and
condenser apertures are used below these lenses to decrease spherical aberrations.
The electrons emerging from the sample are focused by the objective lens which
can also be used to initially magnify the image. Finally, the intermediate lenses
further magnify the image from the objective lens followed by the projector lenses
that project the image onto the phosphorescent screen.

It is essential to maintain vacuum environment inside the column to decrease

the density of contaminant molecules that can interfere with the beam.

Scanning Transmission Electron Microscopy

As previously mentioned, secondary signals can arise from the electron spe-
cimen interaction. Scanning trasnmission electron microscopy (STEM) imaging
mode is used in correlation to TEM imaging to allow the detection of electron
energy loss, X-rays and to detect elastically scattered electrons at low and high
angles (Lupini et al., 2015). In STEM, the incident beam is focused through a
series of lenses to a probe and scanned across the sample in an area of interest. The
differently scattered electrons are collected by detectors present at different post-
specimen locations. In particular, electrons that are scattered at relatively high
angles, >50 mrad, can be collected by the high angle annular dark field (HAADF)
detector. The intensity of the HAADF signal is directly proportional to Z" (n~2),
since at such high scattering angles nuclear scattering dominates over the effect of
the electron cloud on electrons (Lupini et al., 2015). Such property, allow the gen-
eration of images with great contrast, where bright features are generated against a

dark background (dark-field STEM)(Lupini et al., 2015).
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3.1.2 Scanning Electron Microscope

In scanning transmission electron microscopy (SEM) an image is produced by
a nanometer sized electron probe that is rastered over an area of interest in the
sample. The SEM operates at voltages up to 30 kV and is used for the analysis of
a variety of samples including bulk materials, powders and thin films (Erdman and
Bell, 2015). Whilst a combination between diameter of the electron probe, lens
design and electron source size determine the instrument spatial resolution, beam-
specimen interactions can limit the achievable resolution. Nonetheless, the interac-
tion of the electron beam with the sample originates various signals from resulting
backscattered, secondary and transmitted electrons. Furthermore, by changing the
arrangement of the detectors in the instrument signals like characteristic x-rays and
photons can be suitably detected (Erdman and Bell, 2015). In particular, the num-
ber of secondary electrons generated depends of the angle at which the beam meets
the surface of the sample. Hence, the use of SEM in secondary electron detection

mode generates insightful surface topology information (Erdman and Bell, 2015).

3.1.3 Focused Ion beam-SEM

By having the ability to combine both nano and macroscale observations SEM
imaging is particularly useful for the observation of cellular samples and their in-
tricate morphological systems whilst allowing tracking the intracellular presence
of nanoparticles. SEM instruments can be fitted with a focused ion beam column
which allow imaging, milling and specific chemical deposition on substrates sur-
faces using a finely focused beam of ions. Gallium is conventionally used as an
ion source (Ga®*t) due to its advantageous properties including its liquid state close

to room temperature (30 °C), it is easily ionisable and causes low analytical inter-
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ferences (Erdman and Bell, 2015). By rastering a beam of ions across a region of
interest on the sample surface, the specimen can be finely milled. FIB-SEM allows
for sequential in situ cross sectioning of resin embedded sample block followed
by SEM imaging. Imaging in SEM mode allows for the highest resolution whilst
preserving the sample blockface from ion beam damage. Milling is performed at
low beam currents to prevent debris re-deposition onto the imaging surface. This
process allows the collection of a tomographic dataset that can be reconstructed in

3D models to provide structural and dimensional sample information.

In chapter 4 FIB-SEM is used for the tomographic reconstructions of BBB

endothelial cell monolayers.

3.2 Spectroscopy techniques

3.2.1 Energy Dispersive X-ray Spectroscopy

As electrons pass through the sample X-rays can be generated. The so-called
characteristic X-rays have energies that are element specific, hence their analysis
allows for quantitative and qualitative analysis of the sample composition. X-rays
are produced, when incident electrons interact with inner-shell electrons causing
the ejection of the latter when the incident electron transfers enough energy (Willi-
ams and Carter, 2009). Following ejection, and electron hole is formed in the inner
shell which can be filled by an outer shell electron, thus returning the atom from
an excited to a ground state. This electronic transition involves the emission of a
characteristic X-ray which energy is equivalent to the energy difference between
the two electron shells involved. For instance, Ky X-ray is generated when a hole

in the K-shell is filled by an L-shell electron. Ultimately, the elements present in a
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sample can be identified by analysing the x-ray energy detected in a semiconductor
detector. Finally, EDX spectrum is generated in which the x-ray intensity is plotted
against a range of energies (Williams and Carter, 2009). Quantitative information
regarding the ratio between elements can be obtained following background sub-

traction fitting.

3.2.2 Inductively Coupled Plasma-Optical Emission Spectroscopy(ICP-
OES)

The use of electromagnetically generated flames or inductively coupled plas-
mas allows the conversion of trace metals and inorganic analytes in solution into
excited atoms and ions (Fassel and Kniseley, 1974). Once generated these ions and
atoms can be quantified even at trace levels by using optical emission spectrophoto-
meters. In this technique multiple elements can be analysed simultaneously as ele-
ments are determined at characteristic element specific wavelengths. Plasmas are
most commonly generated from ignited argon gas which can sustain temperatures
of approximately 8000K, thus generating a more inert environment and preventing
the generation of contaminants (e.g. oxides) (Fassel and Kniseley, 1974). Samples
are injected in a liquid state in the instrument, and the solution is turned to an aer-
osol in a nebulizer before reaching the central channel of the plasma. Within the
plasma, the aerosol is quickly vaporized at such high temperatures liberating the
analyte elements as free atoms. Free atoms and ions in the plasma are promoted
to excited states due to energy imparted onto them a result of collisional excita-
tion. The spontaneous relaxation of the exited atoms and ions to the ground state
is followed by the emission of photons. The energy associated with these photons

is quantized and is characteristically associated with the energy level structure of
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the originating atom or ion. Consequently, the photon wavelength can be used to
identify the element. The elemental concentration can also be determined due to
the direct proportionality with the number of photons generated and hence intensity
of the signal.

In this thesis, the ICP elemental analysis were performed on a Thermo Sci-
entific iICAP 6000 series Optical Spectrophotometer with an attached CETAC ASX-

520 Autosampler, and the data were collected by iTEVA ICP software.

3.2.3 Dynamic Light Scattering (DLS)

Dynamic light scattering is a commonly used optical technique for the determ-
ination of particle size down to diameters of 1 nm. DLS operates on the basic
principle of scattered coherent light by analytes in a spatially confined volume of
sample(Berne and Pecora, 1976). Moreover, the illumination of particles in sus-
pension with monochromatic light gives rise to waves of scatter light that spreads
across all directions, ultimately giving rise to a net scattered light intensity. As the
particles in the colloidal solution undergo Brownian motion over time, the relative
distance between particles fluctuates thus causing fluctuations in the phase of the
scattered light that can contribute to or subtract from the stochastic light intensity
signal. Thus, the intensity of the scattered light fluctuates over time. These fluctu-
ations are related to the particles diffusion rate in the solution and can be quantified
in a intensity correlation function g2(q,7), with 7 being the time delay and ¢ the
scattering vector module. By means of this correlation and by relating it to the
electric field the diffusion coefficient of the scatters can be determined (Berne and

Pecora, 1976).

g2(q,7) = exp(—7'1) (3.4)
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Where .7 is the decay rate. Ultimately, with the use of the diffusion coeffi-
cient, the time-variant intensities can be used to determine the hydrodynamic dia-
meter of the particles in solution. This is achieved based on the Stokes-Einstein
which relates the particles hydrodynamic diameter (D )to their aleatory motion in

a solvent with a particular viscosity (n):

kT

Dy,

where k is the Boltzmann constant, T is the temperature in Kelvins and D is the
diffusion coefficient of the scatters.

This relationship is valid for single scattered light consequently the samples
are significantly diluted prior to DLS analysis. In overly concentrated samples,
multiple scattering events occur thus rendering the relationship invalid. Consider-
ably large particles and particle aggregates can also cause signal saturation. Non-
etheless, hydrodynamic size determinations are formulated for spherically shaped
particles and thus is not directly suitable for the evaluation of other particle struc-
tures.

In this thesis, samples for DLS analysis were performed using a Malvern Zetas-

izer Nano. The results are presented as a plot of Number of particles vs Size (d,nm).



Chapter 4

Development of AuStr Based

Vehicles for BBB Permeation

4.1 Introduction

Nanoparticles are very promising delivery vehicles for biomedical applications.
Importantly, it has been recognized that the interaction of these nanomaterials with
the body is greatly influenced by the nanoparticle’s properties (Nel et al., 2009b;
Sau et al., 2010; Alexandridis, 2011). This opens a window of possibilities to spe-
cifically design nanoparticles to carry out precise programmed instructions. It is
therefore essential to understand how to tailor different nanoparticle related para-
meters, including shape, morphology and surface chemistry in order to fine tune
this response.

In particular, the loading of targeting proteins on the surface of the nanoparticles
should be carried out strategically to optimize packing efficiency and increase the
chances of an efficient BBB targeting. Gold nanostars (AuStrs) offer high surface

are to volume (SA/V) ratios that can accommodate efficient cargo loading since the
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synthesis parameters that dictate SA/V ratio and surface biofunctionalisation can

be appropriately controlled.

Additionally, the geometry and size of the AuStr candidates needs to be con-
trollably tuned in order to understand, and ultimately optimize, the effect of mor-
phology in BBB penetration ability (described in chapter 5). This chapter reports
on the synthesis, functionalization and characterization of AuStrs with complex

morphology, coated with transferrin for effective BBB targeting and penetration.

Protein-AuStr constructs have been used for multiple applications, however the
way in which the protein binds to the spiky surface was not explored (Li et al.,

2015a; Sasidharan et al., 2016; Dam et al., 2014a).

In this study, we aim to synthesise of a matrix of AuStrs with a highly con-
trollable spectrum of properties including size, surface spikiness and spike mor-
phology. After gaining morphological control of the nanoparticle’s surface area to
volume ratio, we aim to optimize the surface loading of the gold nanostructures

through the control of the protein reacting conditions.

As proof-of-concept, surface functionalization with transferrin protein, was car-
ried out to test the level of control over the amount of protein loading, and the
protein conformation on the star surface. Tf receptors are typically overexpressed
on cancer and brain endothelial cells and is thus a promising molecule for tar-
geting applications (Clark and Davis, 2015). Initially, the procedure is tested on
conventional isotropic gold nanospheres (AuNPs) produced by the standard citrate
reduction method and finally translated to the anisotropic AuStrs (Turkevich et al.,

1951; Frens, 1973).
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4.2 Experimental

4.2.1 Materials:

All the chemicals used were purchased from Sigma-Aldrich unless otherwise

stated. Milli-Q water was used in all experiments.

4.2.2 Gold nanostructure synthesis:

Standard procedures for seed-mediated synthesis were used to prepare the nan-
oparticles (Frens, 1973; Cheng et al., 2012; Ramsey et al., 2015). Briefly, 100
mL of a 1 mM HAuCly aqueous solution were boiled under stirring followed by
the rapid addition of 10 mL of a 38.8 mM solution of sodium citrate trihydrate.
Following a series of colour changes the solution stabilised with a deed ruby red
colour. This synthesis yielded monodispersed 12 nm gold nanoparticles here on
referred to as seed solution. For the synthesis of personalised gold nanostars, dif-
ferent volumes of seed were allowed to react in the presence of HAuCly, AgNO3
and ascorbic acid in conditions specified in the summary Figure 4.40, Graphs I to
V. Gold nanostructures were conjugated with transferrin via a thiol group and salt

titration was used to test the stability of the resulting bioconstructs.

4.2.3 AuStr and AuNP Characterization:

The size and morphology of the nanoparticles at different synthetic conditions
were assessed by using a JEOL JEM-2100F and a FEI Titan TEM, at the accel-
eration voltage of 200 kV and 300 kV respectively. Negative staining of the nan-
oparticles was performed using 2% (w/v) solution of uranyl acetate to reveal the

presence of a transferrin corona on the surface of the nanoparticle drop-casted onto
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300 mesh copper grids (Agar Scientific), coated with holey carbon film. The nano-
particle hydrodynamic diameter was measured in suspension using Dynamic Light
Scattering (DLS, Malvern Zetasizer Nano) operated at 25 °C. In this work, Image
J was used to manually measure nanoparticles and nanoparticle related parameters
following an initial calibration of the pixels from TEM and SEM micrographs into
their corresponding length in nm. Image J is an open source imaging processing

software designed for multidimensional images.

4.2.4 Elemental Quantification:

The elemental concentration of gold in the samples was measured by induct-
ively coupled plasma optical emission spectrometry (ICP-OES, Thermo Scientific
1CAP 6000 series). The nanoparticles were dissolved in Aqua-Regia prepared by
mixing hydrochloric acid and nitric acid in a 3:1 ratio. The volume of the solution

was brought to a final volume of 10 mL with Milli-Q water.

4.2.5 Chapter contributions

High Performance Liquid Chromatography analysis were performed with the
assistance of Dr Lisa Haigh from the Chemistry Department. EDS elemental ana-
lysis were performed with the assistance of Dr Mahmoud Ardakani from the Har-
vey Flowers characterisation suit, Materials Department. Atomic Force Micro-
scopy analysis were performed with the assistance of Dr. Jiahui Qi. Thermogravi-

metric analysis were performed with the assistance of Dr. Richard Sweeney.
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4.3 Results: Nanoparticle Synthesis

In this study, the anisotropic growth of AuStrs was investigated under differ-
ent reaction conditions. The nanostar size and morphology were tuned through
variations of reacting conditions, namely total amount of metal precursor, ratio
between metallic species (Au:Ag), reducing agent concentration, seed addition for

a mediated synthesis, and hydrochloric acid (HCI) concentration.

4.3.1 Effect of total amount of metal precursor

Initially, the AuStrs were synthesized in a seedless one-pot reaction based on an
approach adapted from previous reports (Cheng et al., 2012; Ramsey et al., 2015).
Considering the intended application of the AuStrs, our method does not employ
potentially cytotoxic surfactants (e.g. CTAB), to ensure biocompatibility.

The effect of the total amount of metal precursor on AuStr synthesis was tested
whilst maintaining constant the molar ratios between the reactants and the reaction
volume. It is known that the optical response of materials in the nanometer range is
dependent on their size and shape. UV/Vis spectroscopy and TEM were therefore
used in combination to monitor the effects of reacting conditions on nanoparticle
synthesis and to characterize changes in particle size and morphology, respectively.

By changing the HAuCly, concentration, the AuStrs optical response progress-
ively shifted to the NIR (Figure 4.1), indicating changes to the resulting nanostruc-
tures. In fact, TEM of the resulting AuStrs (Figure 4.2 a to d) revealed that the
average AuStr size increased from 36 + 2 to 125 4+ 6 nm when the concentration
of HAuCly in the mixture increased from 0.05 to 0.2 mM (Figure 4.2 e).

At HAuCly concentrations as low as 0.05 mM, the synthesis yielded mainly

spherical nanoparticles with rough surfaces (Figure 4.2 a). When spikes were
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Figure 4.1: UV-VIS spectra of AuStrs synthesised at different HAuCly concentra-
tions.

present (here defined as protrusions longer than 7 nm), these did not exceed one
spike per particle. For HAuCl, concentration of 0.1 mM, the resulting particles
showed several spikes with mainly round tips (Figure 4.2 b). Increasing the con-
centration of gold from this critical point generated AuStrs with a more pronounced
morphology and spikes of higher aspect ratio (Figure 4.2 ¢ and d).

However, due to the inherent variability associated with this synthesis method,
the AuStrs are subject to size dispersity (Figure 4.2 a to d). To confirm that the
average AuStr size could be controlled by varying the HAuCly concentration, the
mean size of the samples were statistically analyzed using ANOVA (Figure 4.2 e).
The test showed sufficient evidence indicating that the mean size of the AuStrs is
statically different between the samples reacted at different HAuCl, concentrations
(p<0.05). A tukey-kramer post hoc comparison test was used to complement the
ANOVA to understand which samples differed from one another. The test revealed

that all sample means were statistically different from each other.

These results indicate that HAuCl, concentration can be varied to control AuStr
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size. However, the main limitation of the one-pot synthesis method is the sample
polydispersity. Monodispersity is particularly important in the nanometer regime
as the size of the nanostructure has a considerable effect on its optical/physical
properties. Additionally, for biomedical applications in which nanoparticles are

required to pass through the cell membrane, size uniformity is of great importance.
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Figure 4.2: TEM images of AuStrs synthesized with different concentrations of

HAuCly: (a) 0.05, (b) 0.10, (c) 0.15 and (d) 0.20 mM. Graph (e) shows the AuStr

size distribution as a function of HAuCl, concentration. The size of the nano-
particles was determined using the image J software.
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4.3.2 Effect of metallic precursor ratio (Au:Ag)

Subsequently, the effect of changing the Au:Ag ratio was studied. The Au:Ag
ratio was varied across a range of values, and the reaction was studied by UV/Vis
spectroscopy as shown in Figure 4.3.
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Figure 4.3: UV-Vis spectra of nanostars synthesised at different gold to silver ra-
tios.

When increasing the Au:Ag ratio from 3.3:1 to 5:1, two surface plasmon res-
onance (SPR) peaks were observed in the spectra of the AuStrs, which correspond
to the transverse and longitudinal modes of the core and elongated AuStr tips (Xie
etal., 2017), respectively. Increase of the Au:Ag ratios to 10:1 and 15:1, caused the
spectra to red-shift. Above the ratio of 15, the AuStr spectra blue-shifted. Previous
studies have shown that longitudinal plasmonic mode red-shifts can be linked to

changes in the particle morphology (El-Brolossy et al., 2008).
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The morphology of the nanostars was investigated by TEM revealing that in-
creasing the proportion of silver in the reaction mixture increased the spike density
per particle (Figure 4.4 f). Stars synthesized at Au:Ag of 10:1 (Figure 4.4 b) were
particularly spiky with an average of 14 spikes counted per AuStr, measured on the
2D TEM images using Image J. Conversely, when the Au:Ag ratio increased above
10:1, the number, size and aspect ratio of the spikes on the AuStr surface decreased
dramatically. At the maximum Au:Ag ratio of 80:1 (Figure 4.4 e), AuStrs with a
less irregular shape were observed containing less than 2 cross-sectional spikes per

AuStr.
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Figure 4.4: Bright field TEM images of AuStrs synthesised at different Au:Ag

ratios of 3 (a), 10 (b), 20 (c), 40 (d) and 80:1 (e). Graph (f) shows the spike

count per AuStr as a function of Au:Ag ratio. The nanostructures spike count was
analysed using the image J software.
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4.3.3 Effect of seed addition for a mediated synthesis

Whilst the one pot synthesis approach provides a high yield of star shaped
nanoparticles, these vary in size and are not trivially separated by centrifugation.

Subsequently, pre-formed 12 nm gold citrate seeds were introduced to restrict
the nucleation events, and encourage subsequent particle growth onto the surface of
the gold seeds (Frens, 1973; Jana et al., 2001). The reaction was monitored by UV-
Vis spectroscopy, as shown in figure 4.5. TEM of AuStr samples before (Figure
4.6 a) and after (Figure 4.6 b) seed addition revealed that the seeds clearly contrib-
uted towards the size homogenization of the nanostars, indicating that prolonged
nucleation in the 1 pot method was responsible for the polydispersity (Figure 4.6

).
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Figure 4.5: UV-Vis spectra of AuStrs synthesised with different volumes of seed
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Figure 4.6: Bright field TEM images of AuStrs synthesised at 0.2 mM HAuCly

concentration in the absence (a) or presence (b) of gold seeds. Graph (c) shows the

size distribution of nanostructures as a function of the seedless or seed-mediated

synthesis mechanism . The nanostructures size distribution was analysed using the
image J software.

The addition of seeds had a similar effect in improving the sample homogeneity
for AuStrs synthesised at lower gold concentrations (0.10mM HAuCly a and b)as

shown in (Figure 4.7). However, for HAuCly concentrations below 0.10 mM the
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sample homogeneity did not improve, possibly due to the low amounts of metal
precursor. TEM micrographs of AuStrs synthesised at very low HAuCly4 concen-

trations of 0.05 mM are shown in Figure 4.7 before (Figure 4.7 ¢) and after (Figure

4.7 d) seed addition .

100 m)

(c) 0.05 mM HAuCly (d) 0.05 mM HAuCly+seeds

Figure 4.7: Bright field TEM images of AuStrs synthesised at 0.1 mM HAuCly

concentrations in the absence (a) or presence (b) of gold seeds. TEM images AuS-

trs synthesised at 0.05 mM HAuCl, concentrations in the absence (c) or presence
(d) of gold seeds.
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The nanostructure size was effectively tuned by varying the ratio of seeds to
metal precursor (Figure 4.8). This size tunability reached a limit when the AuStr
size approached the size of the seed. Thus, indicating that the availability of the
metal precursors becomes a limiting factor in the reaction with increasing amount

of seeds.
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39 1

Figure 4.8: Bright field TEM images of AuStrs synthesised with increasing seed

solution volumes of 6 (a), 12.5 (b), 50 (c), 100 (d) and 400 (e) uL. Graph (f)

shows the size distribution of the AuStrs as a function of the seed volume. The
nanostructures size distribution was analysed using the image J software.
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4.3.4 Effect of hydrochloric acid (HCI) concentration

Finally, hydrochloric acid (HCI) was introduced to the reaction to further fine
tune the crystalographic growth (Grzelczak et al., 2008). The nanostar synthesis
reaction was performed in the presence of increasing volumes of HCI and the res-
ulting samples were analysed by TEM and UV-Vis (Figure 4.9).

The presence of HCI significantly changed the spike morphology (Figure 4.9 a,
b and c). In the absence of HCI (Figure 4.4 a), the nanostars contained monocrys-
tal branches that protruded from the core and became gradually thinner, forming
spikes. In the presence of HCI (Figure 4.9 b), the spike morphology is altered and
some monocrystals exhibit secondary spikes with a "crown-like" morphology. The
spike aspect ratio also increases in the presence of HCI (Figure 4.9 a -c¢) and notice-
ably the maximum absorbance wavelength (A,x) shifted towards the near infrared

region (Figure 4.9 d).
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(a) 1.5 uL HCI (b) 2.5 uL HCI (c) 3.5 uL HCl
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Figure 4.9: Bright field TEM images of AuStrs synthesised with increasing

volumes of 1N Hydrochloric acid of 1.5 (a), 2.5 (b) and 3.5 (c) uL. Graph (d)

shows the peak wavelength of the AuStr (Amax ) and spike aspect ratio as a func-

tion of volume of HCI. The nanostructures spike aspect ratio was analysed using
the image J software.
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Figure 4.10: Bright field TEM images of AuStrs depicting both the secondary spike
and body regions.

4.3.5 Nanostar Elemental Analysis

The elemental composition of the AuStr spike and body regions (Figure 4.10)
were analyzed by using spatially resolved Energy Dispersive X-Ray Spectroscopy
(EDS) in the TEM. The results revealed that the AuStr body, primary and second-
ary spikes are all primarily composed of gold (93.17 £ 0.65 atomic %) with silver
making up the minor component (6.83 + 0.65 atomic %) (Figure 4.11). The per-
centage of silver of the AuStr branches was similar to that reported in the percent
composition of nanorods (2-4.5%) synthesised in the presence of silver and gold
precursors (Orendorff and Murphy, 2006). This elemental analysis was performed
for the optimum 100 nm AuStrs and future systematic analysis may be performed
to understand how the atomic composition varies with the different reaction para-

meters.
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Figure 4.11: EDS spectra of AuStrs (a) AuStr spike(b) and AuStr body (c) syn-

thesised in the presence of HCI. Both spike and body regions have a similar com-

position of gold and silver. The samples are supported in a TEM copper grid as
indicated by the presence of a Cu peak
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To further elucidate the elemental distribution within the nanoparticle, an ele-
mental mapping was carried out in STEM mode (Figure 4.12). In accordance to
the atomic quantitative analysis, the map shows a higher density of gold atoms in
comparison to that of silver. Both silver and gold can be found in the nanoparticles

body as well as on its spikes.

Figure 4.12: STEM-EDS elemental mapping of AuStrs showing the spatial distri-
bution of Au (blue) and Ag (red) elements in the nanostructure.
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4.3.6 Experimental characterization of nanostar Au mass

Given the irregular shape of the nanostars there is no easy method to convert the
particles dimensions into their equivalent mass. Hence, we proceeded to develop
an experimental method to determine the amount of gold per star to thoroughly
characterize the nanovehicle. For the reported complex shape nanoparticles we
produced a self-assembled monolayer of nanostars in MPTMS (mercaptopropyl

trimethoxysilane) silanized glass substrates.

Formation of a nanostar monolayer on 3-Mercaptopropyl)trimethoxy silane
(MPTS) functionalised glass Initially the substrate is modified by silanization
with an alkoxysilane which provides functionality to the glass surface according to
its terminal group. This functionalisation allows the glass to establish a chemical
link with the gold nanostars. For silanisation MPTS (3-Mercaptopropyl)trimethoxy
silane) was used.

Prior to silanization, the glass is thoroughly cleaned with piranha solution. This
is believed to increase the surface density of hydroxyl groups (Bai and Cheng,
2008). The glass substrates were modified by immersing them vertically in 5%
MPTS solution (Sigma). MPTS is composed by an organofunctional group and a
hydrolysable group which can interact with hydroxyl terminated substrate (Figure

4.13).
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Figure 4.13: Schematic representation of the substrate silanization with MPTS mo-

lecules. Scheme drawn in ChemDraw software

The substrates were subsequently incubated in a nanostar solution to promote

binding of the nanoparticles to the substrates surface (Figure 4.14).

(' i Au Au o AU Au

SH : § —_— SH | — | JFH LH
s||-| : 5H TH ‘ SIH S|H
L L . wl v

The thiol of MPTS forms a coordinate covalent bond to the gold of the nanostar,
Note: for simpheity the substrates are represented with thewr terminal functional groups.

Figure 4.14: Schematic representation of the self-assembly of gold nanoparticles
on the thiol functionalized substrate.Scheme drawn in ChemDraw software

AuStrs successfully self-assembled on to the glass substrates as shown by SEM
imaging (Figure 4.15 a). It was possible to change the density of the gold film
on the substrate by modifying the substrate incubation time in nanostar solution.
The best substrate coverage with AuStrs was obtained when incubation in nanostar
solution, was allowed to occur for 48hours (Figure 4.15 b). The density of star cov-
erage following 48 hours was determined to be as high as 30%. Further systematic
analysis including more incubation periods may be performed in future work to

understand how surface coverage varies as a function of time.
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(c) AFM of Nanostars on MPTS layer

Figure 4.15: Surface characterization of 100nm AuStr substrates. SEM images

of 100 nm AuStr monolayers formed on glass following 24 (a) and 48 (b) hours

incubation in nanoparticle solution. Atomic Force Micrograph (AFM) of the 48
hour substrate surface.

Finally, to determine the amount of gold per AuStr, the assemblies were dis-
solved in Aqua-regia and the amount of gold on the substrates was assessed by
inductively coupled plasma optical emission spectrometry (ICP-OES). The gold
mass per AuStr was obtained by dividing the total amount of gold dissolved from
the substrate by the number of particles in the surface of the substrate obtained
from imaging. Using this method, it was determined that the average gold mass for

the optimum 100 nm AuStrs was 2.4 £ 0.1 x 10 ~°ug per nanostar.
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4.4 Results: Nanoparticle surface stabilization

4.4.1 Passivation of the gold nanoparticles by PEGylation

To minimize aggregation events and maintain the AuStr samples in a highly
dispersed state, the as-synthesized gold nanostars were stabilised with polyethylene
glycol (PEG)-based thiols. The AuStrs were reacted in the presence of a large
excess of PEG molecules. The binding of the polymer was based on the attachment
of the PEG thiol group to the gold surface.

To test whether the surface of the nanoparticles was successfully modified by
this organic layer thermogravimetric analysis (TGA) was performed for the op-
timum 100 nm AuStrs (Figure 4.16). In this procedure, a known mass of dry AuStr
sample (1.35 mg) is placed in a controlled atmosphere (Nitrogen and oxygen) and
the sample mass monitored as the temperature is ramped up to 800 °C at a heat-
ing rate of 10°C/min. A 12% mass change was registered and associated to the
degradation of the PEG polymer. PEGylation was therefore deemed successfully.

TEM imaging confirmed a highly dispersed state of the PEGylated AuStrs (Fig-
ure 4.17).

For active targeting applications the AuStrs need to be conjugated with bio-
molecules, e.g. proteins, capable of recognizing the tissue to be targeted. The fol-
lowing sections describe the bioconjugation of AuNPs and AuStrs with the protein
transferrin. Initially, the conjugation was studied in simple spherical gold nano-

particles and subsequently applied to AuStrs.
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Figure 4.16: TGA curve of 100 nm AuStrs conjugated with polyethylene glycol

polymer. The graph shows two mass loss regions, the first (20-90 °C) correspond-

ing to solvent loss and the second (90-650 °C) corresponding to PEG degradation,
followed by the plateau of the curve, indicating no further mass changes.
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Figure 4.17: Bright field TEM image of monodisperse 100 nm PEG-AuStr.
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4.4.2 Bioconjugation of the gold nanoparticles with transferrin

protein
Transferrin PEGylation for nanoparticle attachment

AuStrs were modified with transferrin for targeting the transferrin receptors ex-
pressed on the surface of the BBB endothelial cells. Transferrin attachment to the
surface of the AuStrs has been shown to be achievable by either a passive or co-
valent manner (Jazayeri et al., 2016). Passive protein adsorption relies mainly on
electrostatic interactions between the protein and gold surface. However, proteins
adsorbed in this manner can be easily displaced from the Au surface. Hence cova-
lent protein attachment provides a more stable alternative as it relies on a permanent

bond to attach the protein the nanoparticle surface.

N O S
\O/u\/ ) 4 \EN)
n =

NHS QPS5

Figure 4.18: Chemical structure of the NHS-PEG-OPSS molecule with the orange
square marking the NHS (N-hydroxysuccinimide) group and blue square the OPSS
group (orthopyridyl disulfide)

For conjugating the protein to the surface of the nanoparticle, transferrin was
directly modified with the heterobifunctional PEG linker (PEG containing two
different end groups) alpha-Pyridyl-2-disulfid-omega-carboxy succinimidyl ester
poly(ethylene glycol) (NHS-PEG;5x-OPSS) with a molecular weigth of 5 kDa (Fig-
ure 4.18). Modification of the protein with PEG not only allows the immobilization

of the protein to the nanoparticle surface but may also maximise the accessibility
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of surface receptors to the immobilised protein.

Initially, PEG is attached to the protein via the reaction of the transferrin primary
amines on lysine groups with the PEG’s N-hydroxysuccinimide (NHS) ester group
(Bellocq et al., 2003). The remaining PEG terminal group, orthopyridyl disulfide

(OPSS), attaches to the nanoparticles surface via gold thiol dative bonding.
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Figure 4.19: High perfomace liquid chromatography (HPLC) analysis showing

successful protein PEGylation. Top graph shows the elution time of non PEGylated

transferrin control and bottom graph shows the elution time of PEGylated Tf
samples. The signal was recorded at 280 nm using a UV-Vis detector.

Prior to nanoparticle attachment, the outcome of protein PEGylation reaction is
confirmed and characterised by high performance liquid chromatography analysis.
The modified transferrin was run against an unmodified transferrin reference under
the same operating conditions and the signal was recorded at 280 nm using a UV-

Vis detector. The elution times of the control and reference samples are expected to
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differ when the PEGylation reaction is successful. Conversely, if the modification
procedure is unsuccessful the retention time of the samples should coincide. Figure
4.19 demonstrates that not only were the elution times between the sample and
the reference different but also the modified protein elution profile was consistent
with a mono-pegylated protein profile (Wiley et al., 2013). The PEGylation state
is important as higher states (e.g. di-PEGylation) can induce a small degree of
aggregation (Wiley et al., 2013).

Following the successful protein preparation for nanoparticle attachment, it is
important to determine how much protein is needed in a bioconjugation reaction to

form stable transferrin-gold nanostructures bioconjugates.

Determining critical tranferrin concentration for bioconjugation with AuNPs

Spherical gold nanoparticles are extensively characterized systems making them
suitable models for the study of bioconjugation reactions in the absence of sur-
face spikiness. The bioconjugation reaction of transferrin with nanospheres is con-
ducted in aqueous solution at room temperature under constant stirring to allow
the protein to adsorb homogeneously to all the nanoparticles. Transferrin itself is
soluble in aqueous solutions, which aids in the prevention of flocculation events.
Hypothesizing that appropriately coating nanoparticles with protein can minimize
aggregation events, transferrin-gold bioconjugates were prepared, via thiol-gold
chemistry, at different protein to gold ratios. The bioconjugates stability were eval-
uated in a high ionic strength solution tested to aggregate control AuNPs, being
that the biological environment in which the AuNPs are to be used is also of high
ionic strength. In the presence of salt, the electrostatic repulsion between nano-
particles is shielded as the salt ions bind to the particle surface. The neutralization

of the surface charges halts particle repulsion, predisposing them to aggregation.
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Conversely, an appropriate protein coating is expected to minimize these events be-
cause it provides steric hindrance to aggregation as opposed to stabilization based
on electrostatic repulsion.

Monodisperse gold nanoparticles have a characteristic ruby red colour, and
when aggregated reflect a characteristic blue colour. These changes in colorimetric
state can be used to grossly evaluate the stability of the Tf-AuNP conjugates re-
acted at different protein concentrations (Figure 4.20 a). After stability is reached,
the characteristic gold red colour is preserved and from this point, further colori-
metric changes are not perceptibly to the naked eye.

Additionally, the stability of the Tf-AuNP complexes was finely monitored
based on how well the complexes were able to preserve their characteristic local-
ized surface plasmon resonance (LSPR) in aggregating salt conditions (Figure 4.20
b). Gold citrate nanoparticles with a size of 12 nm possess a very distinct LSPR
peak at 520 nm, allowing changes associated with aggregation events to be easily
identified in their spectra (Frens, 1973). Thus, the A, was used as a measure of
stability. The greater the shift in A4y, the more unstable the Tf-AuNP complex.
As expected, uncoated AuNP were the most unstable species, showing a AA, ;. of
more than 100 nm. The stability of Tf-AuNP complexes increased with increas-
ing volumes of stock protein (Figure 4.20 b). At optimal protein concentrations,
only a small 6-8 nm shift was observed (Figure 4.20 c); this is indicative not of
aggregation but of the formation of nanoparticle-protein complexes resulting in the

modification of the refractive index of the nanoparticle.
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(a) Determination of minimum protein concentration required to form of stable AuNP-Tf constructs.
Tf concentration increases from well 1 to well 10.
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(b) Determination of the stability of various Tf-(c) Absorbance spectra of unconjugated (AuNP)
AuNP constructs based on LSPR shift. and transferrin conjugated (Tf-Peg-AuNP). The A
max shifted by 6nm from 521 to 527.

Figure 4.20: NaCl based titration of Tf-AuNPs synthesised at different Tf con-
centration (a).(b) Spectrophotometric evaluation of Tf-AuNP stability. Tf-AuNP
bioconstructs dispersed in water were read across a range of wavelengths and the
wavelength at which the signal is the highest is identified as the peak wavelength
position ( Amax). The wavelength spectra peaks were fitted to filter out interfering
background noise. The Amax of the different Tf-AuNP bioconstructs dispersed in
water is taken as a reference and is subtracted from that of Tf-AuNP biconstructs
reacted in the presence of NaCl to obtain the LSPR shift. (c) UV-VIS spectra of
AuNPs before and after bioconjugation with Tf.

Confirmation of Tf corona on the AuNP surface Finally, the presence of trans-
ferrin on the surface of the AuNPs was confirmed by negative staining of Tf-AuNPs
drop-casted onto TEM carbon grids. Negative staining was performed because the
amorphous protein layer is relatively ineffective in scattering electrons and hence
provides insufficient contrast to detect its presence at the particle surface. Uranyl

acetate is known to strongly stain proteins, nucleic acids and phospholipids (Hayat,
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2000). To generate contrast, the sample was stained using 2% aqueous solution of
the heavy metal uranyl acetate.

Moreover, in negative staining, the sample background is stained, with the stain
surrounding the sample but being however excluded from the volume occupied by
the sample itself. Figure 4.21 shows the negatively stained unconjugated nano-
particles. As expected, there was no clear formation of a bright halo around the
AuNPs due to the absence of Tf. It is therefore expected that in the presence of a
Tf corona, a brighter region forms between the stain and the AuNP surface. In fact,
this can be observed in Figure 4.22. In Figure 4.22 a), AuNPs are found at the edge
of a stain patch on the carbon film thus facilitating the identification of the protein
at the AuNP surface due to the frontier of non-interaction between the stain and
these nanoparticles. Consequently, the stain boundary line becomes irregular only
in the proximity to the AuNPs (Figure 4.22 a). For particles fully surrounded by
the stain, a Tf corona halo around the nanoparticles is observed (Figure 4.22 b, c,

d).

Figure 4.21: Bright field TEM images (a) and (b) showing negatively stained un-
conjugated AuNP
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Negative stain

Figure 4.22: Bright field TEM images (a-d) showing negatively stained Tf-AuNPs
with black arrows pointing to Tf coronas.

The surface presence of transferrin is therefore confirmed, and the bioconjuga-

tion methodology used is therefore deemed successful.

Determining Critical Transferrin concentration for Bioconjugation with AuS-

trs

The colorimetric and optical analysis of the AuNP allowed the successful iden-
tification of the critical protein concentration required to generate stable Tf-AuNPs
bioconstructs. For comparison purposes, the Tf:Au ratio identified will be pre-
served for the bioconjugation reaction with the AuStrs. By using the same Tf:Au
ratio, it is possible to normalise the AuStrs and AuNP reaction systems which ulti-
mately allows to compare and study the effect of morphology in protein loading.

To validate this mass normalization, it is important to demonstrate that the
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amount of Tf to be used is sufficient to generate stable AuStr constructs. To this
purpose, AuStrs were submitted to different salt concentrations to determine their
aggregation profile. Fully monodispersed AuStrs have a Amax at approximately
850 nm. Successive addition of salt causes the spectra Amax to redshift to 858,
965, 967 and 972 nm in the presence of 0.6, 0.8, 1.0 and 2 M NaCl, respectively
(Figure 4.23 a). NaCl concentrations above 0.8 M were therefore found suitable to
induce AuStr aggregation (Figure 4.23 b).

Subsequently, the AuStrs were conjugated with different amounts of Tf (Figure
4.23 c) and the stability of the different conjugates was challenged in aggregating
conditions (Figure 4.23 d). It was found that the AuStrs achieved a similar min-
imum LSPR shift to the AuNPs of 7.6 nm when reacted with 2 uL of Tf (Figure
4.23 e). It is therefore confirmed that the critical amount of Tf required to create

stable Tf-AuStr conjugates is met and that mass normalization is therefore valid.
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4.5 Results: Monitoring and Quantification of con-
trolled protein attachment to AuNP

For bionanotechnology applications, it is important to appropriately character-
ise protein-nanoparticle conjugates. In this section, a non-destructive approach to

quantify protein attachment to Au nanostructures was explored (Figure 4.24).
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Figure 4.24: Schematic illustration of the procedure used quantify Tf binding to

AuNPs. Tf (blue triangles) react with AuNPs (red spheres) for 18 hours following

which the solution is centrifuged to separate the unreacted protein from the Tf-

AuNPs pellet. The unreacted Tf in the supernatant is concentrated in spin columns

and the recovered volume is measured by UV-VIS spectroscopy to determine the

protein concentration in solution. The formed Tf-AuNP constructs are further char-
acterised by dynamic light scattering (DLS).
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The amount of protein adsorbed to the gold nanoparticles was determined through
UV/Vis spectroscopy. Briefly, Au nanoparticles were reacted with Tf following
which the unreacted Tf excess is separated from the protein-nanoparticle conjug-
ates through several cycles of centrifugation, until no more protein is detected on
the supernatant. The recovered unreacted Tf supernatant is concentrated in ultra-
filtration columns (thermofisher) and the absorbance of the recovered Tf fraction
measured at 269 nm. The amount of bound protein is thus obtained indirectly by
means of a calibration curve of known standard protein solutions. At 269 nm, a
linear relationship (where R was >0.98 ) between absorption and protein concen-

tration was found in the concentration range of 0-8 ttg/mL.
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Figure 4.25: UV-VIS calibration curve of transferrin taken at 269 nm
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Formation of tunabligthe protein coronas on the AuNPs

The amount of protein successfully attached to the nanoparticles was obtained
by subtracting the amount of unreacted protein, recovered in the sample, from
that of a control reacted in identical conditions to the sample but in the absence
of particles. The unreacted protein in the supernatant was spectrophotometrically

measured against a protein calibration curve (Figure 4.25).
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Figure 4.26: Quantification of Tf loading for biconstructs reacted at fixed Tf con-

centrations but with different amounts of AuNPs. Tf-AuNP2 were reacted with

double the amount of gold to that of standard Tf-AuNP constructs. The graph
shows that decreasing the Tf to AuNP ratio decreases protein binding.

On average, for the standard bioconjugation reaction, we estimated the bind-
ing of approximately 0.226 ug of Tf to 46.36ug of gold nanoparticles (Figure
4.26). This corresponds to a binding of approximately 654 proteins per each of the
2.64x10 ' gold nanoparticles reacted. Additionally, when double the amount of

gold nanoparticles (5.31 x 10 1?) reacted in the same volume with the same amount
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Number of particles reacted

2.65E+12 5.31E+12
Total Mass of gold reacted (pg)
4.63E+01 9.27E+01
Total mass of protein bound (ug) 0.226+0.013 0.319+0.013
Number of proteins per nanoparticle 654+ 37 46119

Figure 4.27: Figure summarising the Tf-AuNP reactions that affect protein binding

of protein, a binding of about 440 proteins per particle was observed (Figure 4.27).
Hydrodynamic diameter measured through Dynamic Light Scattering (DLS) for
uncoated AuNP (Figure 4.28 a), Tf-AuNP2 (Figure 4.28 b) and Tf-AuNP (Figure
4.28 c). Figure 4.28 d shows the superimposed size distribution curve of the three
nanoparticle formulations

To establish whether protein binding correlated with a change in particle size,
DLS was used to characterize Tf-AuNP complexes (Figure 4.28 c) reacted in the
presence of excess protein. Tf-AuNP constructs synthesized in identical condi-
tions, but in the presence of double the amount of gold particles (Tf-AuNP2),
resulted in a significantly smaller hydrodynamic size compared to the Tf-AuNP
constructs synthesized with the standard amount of spherical AuNPs. Thus, by re-
stricting the reaction time, it was possible to control the hydrodynamic bioconstruct

size by changing the protein to nanoparticle ratio.
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Figure 4.28: Hydrodynamic diameter measured through Dynamic Light scattering
(DLS) for uncoated AuNP (a), Tf-AuNP2 (b) and Tf-AuNP (c). Figure (d) shows
the superimposed size distribution curve of the three nanoparticle formulations.

Influence of reaction time in formation of protein corona To evaluate the dir-

ect influence of reaction time on the formation of the protein corona, Tf and gold
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nanoparticles were allowed to react for either 2 or for 18 hours. Following the re-
spective reaction times, the nanoparticles’ hydrodynamic diameters and amount of
protein binding were measured. It was found that the amount of protein bound to
the AuNPs did not vary when the reaction time increased (Figure 4.29). This in-
dicates that the binding occurs rapidly and thus differences in protein binding may
be detectable at shorter times. Being that the protein binding remained constant
in both cases, the hydrodynamic size of the bioconstructs was the same ( 40 nm)
as demonstrated by the overlap between the hydrodynamic size frequency curves
(Figure 4.30). The obtained results suggest that the majority of the protein binding
events occur during the first two hours of the reaction. Additional reaction time did

not contribute to increasing protein binding.

0.007
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0.005 4

0.004 1
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Figure 4.29: Quantification of Tf loaded to AuNPs following a 2 hour and a 18
hour reaction. The graph shows similar protein loading for both reaction times.
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Figure 4.30: Evaluation of Tf-AuNP bioconstruct hydrodynamic size as a function
of reaction time measured by dynamic light scattering.

Figure 4.31 shows the TEM image of the negatively stained Tf-AuNP (hydro-

dynamic size of 40nm) reacted at standard reaction conditions.

Figure 4.31: TEM of a Tf-AuNP biocunstruct with black arrows showing the pres-
ence of surface protein layer with an average thickness of 2.15 + 0.29 nm.
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Formation of tunable protein coronas on the AuStrs

Finally, we tested the previously described method for the conjugation of Tf
to the optimum 100 nm AuStrs, whose complex morphology includes branches of
high aspect ratio, separated by valleys radially arranged on a gold core. In partic-
ular, we aim to clarify whether particle anisotropy affects the conjugation reaction
and formation of the protein corona. To study the protein nanoparticle interface, we
used high resolution TEM at 300 kV on negatively stained Tf-AuStr samples. Fig-
ure 4.32 shows TEM images of the negatively stained Tf-AuStr conjugates. It was
found that transferrin binds to the surface of the 100 nm gold nanostars in a con-
formal manner, tracing all of the AuStr morphology and leading to the formation

of a 2.28 nm thick protein film.

Figure 4.32: Bright field TEM micrographs of negatively stained 100 nm Tf-AuStrs
with black arrows showing the presence of a surface protein layer with an average
thickness of 2.28 nm
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This conformal coating occurred irrespective of the AuStr diameter, as con-

firmed for the 25 nm (Figure 4.33) and 50 nm ((Figure 4.34)) Tf-AuStrs.

Carbon film

Figure 4.33: Bright field TEM micrographs of negatively stained 25 nm Tf-AuStrs
with black arrows pointing at Tf protein coronas on the nanoparticles surfaces

Figure 4.34: Bright field TEM micrographs of negatively stained 50 nm Tf-AuStrs
with black arrows pointing at Tf protein coronas on the nanoparticles surfaces.

In order to assess the effects of excess protein, we proceeded to substantially
increase the amount of reacting protein by a factor of 10 to test whether the con-
formal arrangement of the 100 nm AuStrs could be challenged. At this extreme
condition (Figure 4.35), the thickness of the protein coating along the side of the

nanostars spikes almost doubled, increasing from 2.28 nm to 5.24 nm. The overall
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conformal behaviour of the coating remained, however multilayer protein packing
bridging particularly small inter-spike distances was occasionally observed. In-
terestingly, the thickness of the protein layer at the tip of the nanostar’s spikes

remained undisturbed, irrespective of protein concentration (Figure 4.36).

20 nm 10 nm

20 _nm

20 nm 10 nm

Figure 4.35: Bright field TEM micrographs of negatively stained 100 nm Tf-AuStrs
conjugated at high Tf to AuStr ratios [10x].
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Corona thickness Tf-AuStr [1] Tf-AuStr [10]
Tip of spike (nm) 2.077+0.01 2.769+0.12
Side of the spike (nm) 2.283+0.11 5.24425+0.51

Figure 4.36: Corona thickness on the surface of AuStrs reacted in standard protein
concentrations [1Tf] and at high protein concentrations [10Tf]. Thickness meas-
urement analysis were performed in Image j.
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In fact, this was consistent with the hydrodynamic size measurements of the of
the Tf-AuStrs showing that both biconstructs share the same diameter of about 100

nm (Figure 4.37)
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Figure 4.37: Hydrodynamic diameter measured through Dynamic Light scattering

(DLS) for AuStrs reacted at high tf concentrations Tf-AuStr[10Tf] (b) and stand-

ards tf concentrations Tf-AuStr [1Tf]. Figure (c) shows the superimposed size

distribution curve of the two AuStr formulations. The graphs show that changing
the Tf to AuStr ratio did not affect bioconstruct size.
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A difference in nanoparticle surface corona thickness between AuStrs reacted
at standard (Figure 4.38 a and b) and high (Figure 4.38 ¢ and d) transferrin concen-
trations is consistent with an increased surface binding of the protein. The amount
of protein that binds to the AuStrs surface in the presence of the high protein con-
centration was quantified as 78.25 £ 5.08 ug of protein when the same 229 ug of

gold were reacted (Figure 4.39).

20 nm
A auL

50 nm 10 nm
—— L

Figure 4.38: TEM image showing the presence of a conformal protein coating

surrounding the AuStr reacted at standard Tf concentration [1Tf] (a and b). The

thickness of this coating (c and d) increased when the standard amount of reacting

protein is raised by a factor of ten [10Tf]. At the tip of the spikes the protein
thickness remained unaltered.
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Figure 4.39: Graph showing Tf loading on AuStrs increased when the standard
amount of reacting protein [1Tf] is raised by a factor of ten [10Tf].
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4.6 Discussion

4.6.1 Controlled synthesis of AuStrs

The production of nanostructures with controlled size and shape is commonly
achieved through the reduction of solution phase metal salts in the presence of
stabilizers (surfactants or polymers). In solution-phase chemical synthesis, ther-
modynamic and kinetic parameters dictate the final nanocrystal shape through the
control of the nucleation and growth stages of the nanocrystals. Hence, by manip-
ulating these factors, crystallographic and morphological control may be achieved.

The influence of different reactant concentrations on AuStr growth in the pres-
ence or absence of pre-formed seeds was explored in order to be able to control-
lably tune the particle’s size and morphology. Initially the AuStrs were synthesised
based on a seedless one-pot approach. Briefly, HAuCly is reduced by ascorbic acid

in the presence of silver nitrate to produce AuStrs.

Effect of total amount of metal precursor

It was found that by varying the total amount of metal precursor the size of
the AuStrs could be controlled between 36 + 2 nm and 125 & 6 nm. At HAuCly
concentrations below 0.1 mM the synthesis resulted mainly in spherical particles
with rough surfaces with little to no spikes, whilst in the presence of increasing
amounts of HAuCly the AuStrs progressively attained a more pronounced ’spiky’
morphology.

The formation of a AuStr includes formation of the core and formation of the
spikes. These events could occur either simultaneously or consecutively. Our data
shows that the gold core is formed first, followed by the spikes. At low gold con-

centrations of 0.05 mM, spherical gold particles are formed almost exclusively
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(Figure 4.2 a); indicating that the spikes do not form simultaneously to (or be-
fore) the core. If the amount of metal post-core formation is sufficient, spikes
will form on to the core (Figure 4.2 ¢). Higher availability of gold will contribute
further to spike growth, increasing the probability that they become sharp (Figure
4.2 d). The presence of silver ions promote anisotropic growth in certain crystal-
lographic facets on the gold core thus preventing the formation of simply bigger

single particles.

Effect of metallic precursor ratio (Au:Ag)

It was found that by changing the Au:Ag ratio the spikiness of the nanoparticle
could be altered. In particular, increasing the amount of silver increased the AuStrs
spike count. The optical spectrum of the nanostars synthesized at Au:Ag of 10:1
is significantly red-shifted when compared to the nanostars synthesized at Au:Ag
ratio of 80:1. The spectra of the latter particles assimilates to that of more spherical
morphologies and thus the NIR plasmonic shift of the Au:Ag of 10:1 AuStrs could
be attributed to the increased presence of spikes, as shown by TEM.

Previous publications support the role of silver ions in asymmetrical growth of
particles. (Ahmed et al., 2010; Yuan et al., 2012b, 2007) These effects were also
observed in this study.

It is believed that silver ions act to direct the growth of Au branches rather than
forming Ag branches. In the synthesis of nanorods, low amounts of silver ions have
been shown not only to improve the yield of gold nanorods but also improved their
aspect ratio (Sau and Murphy (2004); Khoury and Vo-Dinh (2008)). Silver nitrate
(AgNOy) is believed to trigger both the nucleation and growth of multispiked Au
nanoparticles (Sau et al., 2011).

Even though a few theories have been used to explain the branching mechanism
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for spike formation, it remains unclear which factor ultimately drives this mode of
growth. It has been proposed that, in spike growth, gold may act to displace silver
similarly to the synthesis mechanism of cubic Ag/Au alloy nanocages (Hrelescu
et al., 2009). However, one of the most accepted arguments is the underpotential
deposition (UDP) of silver on the different facets of an initial gold nuclei(Yuan
et al. (2012a) ; Sau et al. (2011) ; Cheng et al. (2012)). A silver monolayer is
expected to deposit on to particular gold facets as silver has a lower work function
than gold. This deposition may occur preferentially on the gold (110) crystalline
facets as these have a higher number of neighboring gold atoms causing the silver
adatom to experience a stronger attractive potential. (Yu et al., 2013) (Sun and Xia,
2002) This process acts as a symmetry breaking mechanism, as the growth rate of
gold is considerably slowed down on the (110) facets whilst faster growth occurs
on facets that are only partially covered with silver. (Ahmed et al., 2010; Liu and
Guyot-Sionnest, 2005) This growth mechanism is consistent with our study where

varying the silver concentration changed the number of spikes.

Effect of seed addition for a mediated synthesis

To improve the sample polydispersity, preformed citrate capped 12 nm gold
seeds (Frens, 1973) were introduced to the standard one-pot nanoparticle syn-
thesis. In general, two stages are assumed during the synthesis of nanoparticles,
namely nucleation and growth stages. It is believed that by separating these two
events in time, one can achieve a more controlled size-distribution of the product
nanoparticles (Kuo and Huang, 2005). The addition of seeds to the reaction sys-
tem provided preformed and uniform nucleation points. As a result, subsequent
particle growth occurred on the surface of these seeds thus yielding homogenous

AuStr samples as opposed to those obtained in the seedless approach.
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The introduction of seed provided an additional point of control over the AuStr
size. It is commonly assumed that in the presence of more seeds the size of the
resulting nanoparticle decreases due to the even distribution of the metal precursor
per seed (Sau et al., 2001). In fact, by decreasing the Au:Seed ratio (Figure 4.40
1V), the AuStr size could be tuned between 103 and 28 nm, which also decreased
the spike size and number of spikes per particle.

Jana et al. (2001) investigated upon the mechanism of seed mediated nucle-
ation on the formation of gold nanoparticles. It was found that in the presence of
high seed concentrations there was a better control over the nanoparticle growth,

in concentration limited growth conditions.

Effect of hydrochloric acid (HCl) concentration

Finally, hydrochloric acid (HCl) was added to the reaction to contribute to the
controlled growth of the spikes nanocrystals. This resulted in the appearance of
secondary spikes and increased spike aspect ratio.

The altered spike morphology may be attributed to the chloride ion capping
particular nanoparticle facets, alteration of the redox potential of the gold precursor
in the presence of halides and even change the degree of UPD of silver on the
surfaces of nanocrystals (Lohse et al., 2014). Other halides such as iodide (I-) and
bromide (Br-) have previously been reported to influence the shape development of
nanostructures (Grzelczak et al., 2008).

Figure 4.9 d shows the optical response of the nanostars previously synthesized
in the presence of hydrochloric acid. It is observed that the nanostar plasmon shifts
to the red with increasing concentration of HCl acid. One could conjecture that
the morphology of the stars’ spikes synthesized with HCI acid is responsible for

the plasmon shifts observed in figure 4.9 d. Besides the number of spikes, spike
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morphological factors known to influence the plasmon frequency and intensity are
length, angle of the spike on the core and aspect ratio (Yuan et al., 2012b). The
appearance of these secondary spikes may interplay with the previous factors.

In summary, the data show that being able to modify the number and shape of
the spikes offers a possibility to change the nanoparticles surface area without sig-
nificantly changing their volume. Finally, as a consequence of this morphological
fine-tuning, we are able to modulate particular optical responses (Figure 4.40 V) in
the near infra-red window, a medically relevant spectral region for its deep tissue

imaging potential (Smith et al., 2009).
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4.6.2 Nanostar elemental analysis

The elemental composition of the 100 nm AuStrs was analaysed by EDS. The
analysis revealed that both metallic elements, Au and Ag are evenly distributed
through the nanostar core and spikes. This further supports a UPD type of mech-
anism for branch formation. Since EDS is qualitative in nature, a new approach
was developed to attempt to convert the AuStr morphology into their equivalent
mass. Due to the challenging morphology of the AuStrs (i.e. multiple spike hier-
arquies) mass values cannot be easily computed based on geometry. Hence, by
using a combination of approaches and techniques including self-assembly of nan-
oparticles, SEM imaging and ICP-OES quantification it was possible to sucessfully
determine the mass of gold per AuStr and thoroughly characterize the nanostruc-
tures. The value here produced may be useful for future dosing considerations for

biomedical applications.

4.6.3 Formation of tunable protein coronas on the AuNPs

For BBB targetting applications, the nanoparticles were modified with the tar-
getting protein transferrin The bioconjugation reaction was first optimised in non-
spiky spherical nanoparticles and later applied to the complex nanostars. Different
Tf-AuNP bioconjugates were synthesised and their stability evaluated based on a
Na(l titration to find a critical protein concentration for the assembly of stable
bioconstructs. After optimizing the concentration, the amount of protein loading
per nanoparticle was tuned. It was found that, for the AuNPs, the surface loading of
transferrin could be controlled by altering the number of nanoparticles in the reac-
tion under fixed protein concentrations and time. Specifically, Tf binding decreased

by 32% when the number of nanoparticles in the reaction mixture doubled.
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This change in Tf binding can be explained based on the kinetic factors to which
the reaction of gold nanoparticles with protein is subjected to. Here, a higher con-
centration of the reactants results in a higher probability of particle-protein colli-
sions, thus driving the reaction equilibrium in the direction of bioconstruct forma-
tion.

In the condition of excess protein, a surface protein coating will occur, the
density of which is influenced by the total time of contact between the proteins
and the nanoparticle. With a larger number of nanoparticles to be coated, in a
fixed reaction time, the total time of contact of a nanoparticle with freely available
proteins decreases. Therefore, the density of the coverage also decreases. This
explains why doubling the number of gold particles whilst restricting the reaction
time decreased the average number of proteins per particle. This may represent an
effective way to tailor the amount of protein complexed to the gold nanoparticles.

The changes in surface binding correlated with changes to the bioconstruct size.
Thus, by restricting the reaction time, it was possible to control the hydrodynamic

bioconstruct size by changing the protein to nanoparticle ratio.

4.6.4 Conformal protein coating of the AuStrs

Despite their different shape, AuStrs can be successfully bioconjugated when
reacted at the same protein:Au mass ratio of the AuNPs. The thickness of the
protein coating on the nanoparticle surface (Figure 4.32) was 2.28 nm, similar to
previously determined ellipsoidal axial measurements of Transferrin of 2.76 nm
and 5.52 nm. (Rosseneu-motreff et al., 1971) This indicates that a protein mono-
layer has successfully formed on the nanoparticles’ surface. These nanostars bound
about 5.23 ug of protein when 229 ug of gold reacted. This shows that, per mi-

crogram of gold reacted, the nanostars bind about 4.6 times more protein than
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AuNPs. As demonstrated by TEM analysis, the protein conformally accesses all
the nanostar surface and the above binding ratio is consistent with surface area
effects.

In an attempt to challenge the conformal coating on the surface of the AuStr,
the protein concentration in the reaction mixture was dramatically increased to 10
times that of a standard synthesis. It was found that, whilst the overall thickness of
the coating about doubled and surface binding increased by /4 times, the thickness
of the coating at the spike tip did not change.

This behaviour is likely due to the protein binding being influenced by nano-
particle surface energy, a property that is dependent on the local radius of curvature
(Nanda et al., 2003).

It is important to note that whilst the surface binding of protein increased in
saturated conditions, the thickness of the corresponding protein coating did not
exceed the dimensions of the protein longest axis (5.52 nm), indicating that mono-

layer behavior is maintained but the Tf orientation is changed (Figure 4.41).

Transferrin

5.52nm I .

2.76 nm

AuStr

[1oT]

Figure 4.41: Manipulation of the orientation of Transferrin on the surface of AuS-

trs. Tf changes binding orientation from horizontal (a) at standard Tf concentra-

tions [1Tf] to a double layer (b) or vertical orientation (c) at high Tf concentrations
[10TH].
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Transferrin can bind to the surface the gold nanoparticle along its longest or
shortest axis. At high Tf concentrations, the thickness of the protein corona is 5.24
nm. The preferential binding of Tf along its longest axis would allow the binding of
about two layers of the protein on the surface of the nanoparticle, as the height per
layer is 2.76 nm (Tf short axis) (Figure 4.41 b). The /4 times higher surface binding
is however not consistent with a simple bilayer but suggestive of a change in protein
orientation, to bind along its shortest axis under the saturation pressures of the
environment (Figure 4.41 c). This would enable more proteins to be packed on the
surface of the nanomaterial. At the AuStrs branch tips, it is likely that the protein
remains bound along its longest axis as independently of the Tf concentration the
thickness of the corona in this region did not change. Alternatively, alterations
to the protein native conformation upon nanoparticle binding could also alter the
complexity of the binding events thus influencing corona thickness (Woods et al.,

2016).
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4.7 Conclusions

In summary, the flexibility of wet chemistry approaches provides exciting pos-
sibilities for the generation of tunable particles. In this study, we demonstrated
how gold nanostructures can be finely tailored in a systematic manner to achieve
unique morphologies. Transferrin was successfully and conformally conjugated
onto AuStrs with a loading efficiency 4.6 higher than that of AuNPs. The result-
ing corona preserved the nanostructures high index features even at high protein
concentrations. The particle protein loading was tuned by controlling the particle
to protein ratio for a fixed reaction time. The experimental procedure here studied
can be translated and tuned across different nano-topologies and is compatible with
applications in which preservation of particle morphology is desired, for example
in retention of optical properties or why ’spikiness’ is related to uptake. The plat-
form here developed is biocompatible and constitutes an important addition to the

thoughtful design of targeted drug delivery nanovehicles.



Chapter 5

In Vitro Evaluation of AuStr based

vehicles for BBB crossing

5.1 Introduction

The blood-brain barrier (BBB) is a protective endothelial barrier lining the
brain microvasculature that tightly regulates the brain’s biochemical environment.
Whilst the BBB allows the passage of small lipophilic molecules, carbon dioxide
and oxygen (Zlokovic, 2008), it is highly impermeable to other substances due to
the presence of complex tight junctions and efflux pumps (Pardridge, 2007). The
latter tight junctions and efflux pumps confer protection from pathogens, but also
severely impede brain penetration of the majority of therapies into the brain to treat
brain diseases.

Conventional strategies used to evade this barrier range from osmotic disrup-
tion of the BBB for increasing capillary permeability, to direct intracerebral or
cerebrospinal fluid drug injections (Pardridge, 2007). However, such approaches

may cause serious risks to patients by allowing immune cells and toxins to access
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the brain when the BBB is temporarily opened Pardridge (2012). There is an urgent
need to develop new drug delivery vehicles to target and penetrate the BBB.

Several studies have reported the ability of nanoparticle-based systems to cross
the BBB and accumulate in the CNS (Andrieux et al., 2009; Kreuter, 2001; Calvo
et al., 2001; Kreuter et al., 2002; Ulbrich et al., 2009).

A major focus is currently on the use of gold nanoparticles as these are biocom-
patible and offer very attractive options for theranostic applications.

These nano-sized particles are advantageous as they fall within the dimensional
scale of endothelial endocytic transport mechanisms, their surface characteristics
can be tailored to increase circulation times and can improve the bioavailability
and stability of therapeutic agents encapsulated onto them or attached to the large
surface area of these particles (Mudshinge et al., 2011)

Over the years, nanoparticles with different dimensions and surface chemistries
have been investigated with respect to their behaviour/bioreactivity (Etame et al.,
2011) and their mechanisms of internalization into cells. For instance, whilst small
particles with less than 10 nm may enter the cells via passive diffusion (Zhang
et al., 2009), bigger nanoparticles (<50 nm) may enter through endocytic pathways
(Zhang et al., 2009; Shan et al., 2011). It is known that the size limitation for the
crossing of particles across the BBB is <100 nm (Nance et al., 2012). To enable
more efficient brain drug delivery it is important to use particles in the upper limit
of this size range ( 100 nm).

In other work using silica nanoparticles it was shown that transport efficiency
was also affected by size, with large PEG-Silica NPs crossing less than the smaller
NPs which achieved the maximum crossing efficacy of 25% in vitro (Liu et al.,
2014).

The transport across brain endothelial cells is also influenced by nanoparticles



167

shape. It was demonstrated that mammalian epithelial cells incubated with nan-
oparticle with different aspect ratios preferentially internalized disk-shaped PEG
NPs compared to rod-like and smaller disk-like PEG NPs (Agarwal et al., 2013).
Also, high aspect ratio carbon nanotubes were shown to have a unique ability to

penetrate the BBB (Kafa et al., 2015).

Zeta potential is another important parameter when considering the nanoparticle’s
design for BBB penetration. Whilst strongly positive nanoparticles have been re-
ported to cause BBB toxicity (Lockman et al., 2004), moderate (- 1 to - 15 mV)
(Wiley et al., 2013) to high (- 15 to - 45 mV) (Kreuter et al., 2007) negative zeta

potentials were found to have the best transport performance .

Protein-conjugated gold nanoparticles that use receptors overexpressed by the
brain endothelium as targets are attractive candidates for controlled BBB target-
ing. Transferrin is a type of protein capable of entering the BBB by means of
receptor mediated endocytosis. Brain blood vessels are highly impermeable due
to the presence of tight junctions, thus the overexpressed transferrin receptors on
the BBB endothelium (Uchida et al., 2011) represent an attractive target opportun-
ity for selective brain crossing. Following this rationale, nanoparticles containing
transferrin molecules have been prepared to target selectively transferrin receptors

and consequently enter the brain via receptor mediated endocytosis.
Transferrin bioconstructs have been tested in in vitro and in vivo environments.

It was found that Tf-NP conjugates need specific receptor avidities to allow
transcytosis. Wiley et al. (2013) showed that Tf-coated gold nanoparticles could
reach the brain of mice by receptor mediated transcytosis following systematic
administration. In this study BBB transcytosis was achieved by controlling the
avidity of the bioconstructs for the transferrin receptors. Nanoparticle avidity was

regulated by tuning the density of Tf in the NP surface and the particle size. It
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was found that nanoparticles with high avidity for the transferrin receptor (TfR)
remained strongly bounded to the BBB and had reduced accumulation in the brain
whilst nanoparticles with very low avidity failed to engage the BBB. Particles with
optimised intermediate avidity were able to engage with TfR, transcytose and be
released in the brain. Furthermore, the formulation of these Tf-coated gold nan-
oparticles was later enhanced by using an acid-cleavable linkage to connect Tf to
the surface of gold nanoparticles (Clark and Davis, 2015). With such approach
Clark and Davis (2015) were able to increase BBB crossing in vitro and in vivo
by facilitating nanoparticle retention in the BBB following receptor-mediated tran-
scytosis. Contrary to these reports of nanoparticle accumulation in the brain fol-
lowing systematic administration, /n vivo studies by Talamini et al. (2017) repor-
ted that PEGylated gold nanoparticles of varying morphologies (spherical, rod and
star) were unable to accumulate in the brain of mice. However, no nanostar related

data were shown.

Filter based transwell systems are commonly used for in vitro BBB models and
have now also been adopted for nanoparticle applications. Ye et al. (2013) invest-
igated the transcytotic efficiency of Tf conjugated AuNPs and other nanoparticle
formulations across hCMEC/D3 in vitro models of the BBB. It was observed that
Tf-AuNPs localised mainly to endosomal vesicles and lysososmes, but a few Tf-
AuNPs were observed both in intercellular spaces and in the basal side. Neither
the presence of protein nor particle size (5 and 25 nm) appeared to favour the oc-
currence of transcytosis. This study however was based on TEM observations and

therefore qualitative in nature.

A few studies have found that the baseline physical and chemical characteristics
of the nanoparticles play an important role on their overall performance. Amongst

the strategies employed to achieve nanomaterials transcytosis across the BBB, the
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most commonly investigated approach is to control the surface functionalization of
the nanoparticle (Bhaskar et al., 2010; Georgieva et al., 2014). This is achieved
by the selective attachment of targeting agents to the particles surface to actively
target receptor-mediated pathways across the BBB (Xu et al., 2013). However,
the role of the nanoparticle underlying features in BBB transcytosis should also be

established.

Size and morphology both impact nanoparticle interaction with cells. Whilst it
was shown that particle uptake decreases with particle size (for diameters > 50 nm)
(Chithrani et al., 2006), this was performed for spherical nanoparticles and others
studies show that the size dependency uptake effects can be opposite for different

geometries (Nambara et al., 2016).

It is important to establish the optimum nanoparticle morphology to mediate the
best transcytotic effect. In particular, there is a lack of the studies on the transcytotic
performance of more complex nanoparticle shapes although these may mediate the
currently poor transport of large molecules. Gold nanostars (AuStrs) have large
surface areas for drug loading, discussed in chapter 4, enabling therapeutic relevant

concentrations to cross the BBB to tackle CNS conditions.

Taken together, these studies highlight the need to target selectively transport-
ers that are overexpressed on the BBB and to carefully control the nanomaterials
physicochemistry to promote targeted BBB penetration, recognising that trade-offs
in performance targets are required.

Initially, we tried to elucidate the effect of geometry, namely surface spikiness,
on cellular uptake and transcytosis. The nanostar morphology was chosen as it
possesses spikes with high curvature tips and of increasing cross-sectional area
anchored onto a gold core. To verify the effect of morphology, the transcytosis

efficiency of PEGylated gold stars (PEG-AuStrs) was compared to that of non-
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spiky 12 nm gold nanospheres (AuNPs). These AuNPs were selected because the
synthesis mechanism is well established (Frens, 1973), controllable and yields high
quality monodisperse nanoparticles batches that are highly reproducible.

Subsequently, we investigated the effect of nanostar diameter on uptake and
transcytosis. Here, AuStrs were synthesised in three different diameters (25, 50
and 100 nm).

Additionally, we evaluated in parallel experiments to establish whether geo-
metry and diameter effects could be enhanced or negated when the nanoparticles
were conjugated with transferrin.

Transcytosis efficiency was evaluated using the well-established hCMEC/D3
cell based in vitro model of the BBB (Weksler et al., 2005, 2013). Monolayer cul-
tured human hCMEC/D3 cells in transwell inserts are used as an in vitro model
of the BBB, as these have been shown to be a robust human BBB model (Wek-
sler et al., 2005, 2013) and to overexpress transferrin receptors (Weksler et al.,
2005; Uchida et al., 2011). We hypothesise that the presence of the nanostar sharp
features and the spikes’ core restricted orientation can enable efficient membrane

penetration and transcytosis.

5.2 Experimental

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

Milli-Q water was used in all experiments.

5.2.1 Cell Culture

Immortalised human brain microvascular endothelial cells (hCMEC/D3) de-

rived from human temporal lobe microvessels were cultured in 75 cm? CellBIND
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culture flasks (Corning Inc.). The cells were cultured in EBM-2 medium (Lonza)
supplemented as per manufacturer’s instructions with 2.5% (V/V) foetal bovine
serum, ascorbic acid, gentamicin, EGF, hydrocortisone, basic fibroblast growth
factor, insulin-like growth factor-1 and vascular endothelial growth factor (VEGF).
The cells were cultured in humidified chamber at 37 C in 5 % CO, and the media

replaced every 3 days.

Construction of the BBB Model For the invitro BBB model hCMEC/D3 cells
were cultured in porous (© = 1 um) transwell inserts (Millipore) lined with the
extracellular matrix fibres collagen and fibronectin (Sigma)in 12 well tissue cul-
ture plates. Once the cells reach a confluent state, the culture media was replaced
to one without the VEGF supplement to promote cell differentiation into a BBB

phenotype whilts avoiding cell overgrowth.

5.2.2 Immunofluorescence Staining

To confirm the expression of tight junctions on the monolayer, the tight junc-
tion protein occludin was immune-stained for confocal microscopy observation.
Briefly, the cell monolayer was fixed with 4% paraformaldehyde for 10 min and
blocked with 1% bovine serum albumin (BSA) for a further 30 minutes. The mono-
layer was washed thrice with PBS and incubated with a monoclonal rabbit anti-
occludin antibody (diluted 1/50 in 1% BSA in PBS overnight. Next, Alex Fluor
F488 conjugated mouse anti-rabbit IgG (Invitrogen, UK)(diluted 1/50 in 1% BSA
in PBS) was added and incubated for 1 hour. Following washing, the cells were
stained with DAPI (1 u/mL) for 30 min. Finally, the cell monolayer on transwell

inserts was clipped and mounted onto glass slides with Prolong Gold.
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Transendothelial electrical resistance

The tightness of the cellular monolayer was evaluated by measuring the transen-
dothelial electrical resistance (TEER) with a EVOM ohm meter (World Precision
Instruments) (Ragnaill et al., 2011). For the measurement two electrodes were
placed on either side of the cell monolayer supported on the pourous filter and the
ohmic resistance of the path between the electrodes was recorded. After subtracting
the resistance of the porous filter membrane per se and multiplying by the surface
area of the transwell (1.12 cm?), the resistance of the monolayer can be obtained

in Qcm?.

5.2.3 Gold nanostructure toxicity

Cell toxicity was assayed using the LDH (Abcam ab65393) and MTS (Abcam,
ab197010 kits) kits. To evaluate the bioconstruct toxicity, hCMEM/D3 cells were
exposed to PEGylated and transferrin coated AuStr and AuNPs in a concentration
range of 5 -50 pg/mL. Quantification of cytosolic LDH release following 24 hour
bioconstruct exposure was measured at 490 nm in a Bio-Rad plate reader in ab-
sorbance mode. MTS assay was performed in cells exposed in same concentration
range conditions to measure cell viability. The reduction of the MTS tetrazolium
reagent to a coloured formazan by metabolic active cells was used as a measure of
cell viability and monitored at 490 nm. For both assays, the negative control con-
sisted of the cell wells not exposed to nanoparticles and the positive control wells
were treated with 1% Triton-x100 for maximum LDH release and minimum cell
viability.Possible colorimetric interferences of the nanostructures with the LDH
and MTS reagents were tested in cell-free conditions, however, no dye conversion

were observed at these conditions.
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5.2.4 Statistical Analysis

Results are presented as mean =+ the standard error of the mean. Statistical
analyses were performed on GraphPad Prism 6. Differences were considered sig-
nificant from p < 0.1. Sample means were compared with a two way ANOVA and
a Sidak multiple comparisons test to determine which groups differed from one

another.

Permeability Coefficient

Prior to each transport study the transwells were rinsed with pre-warmed as-
say medium. Subsequently, the apical and basolateral chambers were respectively
filled with 0.5 mL and 1.5 mL of fresh medium and were allowed to equilibrate
for 60 minutes. The paracellular permeability of hCMEC/D3 cells to 4 and 70
KDa fluorescein isothiocyanate (FITC)-labelled dextrans (Sigma) was measured
as reported by (Weksler et al., 2005). Briefly, 0.5 mL of FITC-dextrans solution
(Img/mL) were added into the apical chamber and the flux of the dextran solution
into the basolateral chamber (containing 1.5 mL of assay medium) was sampled
at every 10 minutes and immediately replaced with fresh medium. Fluorescence
measurement of the sampled basolateral medium was performed at an excitation
wavelength of 490 nm and emission wavelength of 510 nm. Subsequently, the dex-
tran concentration in the basolateral compartment was used to calculate the volume

of dextran solution cleared from the apical to the basolateral compartment:

Cbasolateral X Vbasolateral (5 l)

VCleared = C. ;
apica

where V and C stand for volume and concentration,respectively.

As the clearance volume increases linearly over the timecourse of the experi-
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ment, it is possible to determine the transport rate (Tr) from the slope of a linear
regression of cumulative cleared volume against time.
The transport rate across the cells (Tr..;;) was obtained by subtracting the Tr of
an empty transwell filter (Try) from that of a transwell containing cells (Tr;,,):
1 1 1

= — (5.2)
Trcel 1 Tr,w Tr f

Finally, the permeability coefficent (cm/min) across the cells is obtained by

dividing Tr..;; by the surface area (SA) of the transwell filter:

_ Tr, cell
SA

Pe

(5.3)

5.2.5 Transport assay

For the nanoparticle transport studies, 0.5 mL of the test gold nanostructures
solution at a concentration of 50 u/mL were administered in the apical chamber
and incubated for 24 hours (Figure 5.1). The mass of gold recovered in the apical
chamber, associated to the cells and in the basolateral chamber were collected in
three separate test tubes, dissolved in Aqua regia (3:1 HNO3:HCl) and quantified
by ICP-OES. By determining the amount of gold that travells through the barrier,

the transport efficiency of the different nanostructures can be ranked.

Sample preparation for TEM imaging

Following exposure to the gold nanostructures, hCMEC/D3 cells were rinsed
with 0.1 M HEPES (pH = 7.2) and fixed for 2 hours with 2.5% glutaraldehyde.
Subsequently, the cells were post fixed with 1% osmium tetroxide for 1 hour and

dehydrated through a series of graded ethanol solutions 50, 70, 95, and 100 per-
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Figure 5.1: Scheme illustrating the transwell based in vitro model of the BBB
setup.

cent for 15 min in each solution. Each dehydration was performed three times.
Finally, the membrane was excised from the filter insert and dehydrated in 100%
acetronitrile. The samples were then infiltrated with 50, 75 and 100% of resin in
ethanol, in overnight incubations. The samples are subsequently incubated with
fresh 100% resin in the presence of the cross linker BDMA under vacuum for 1
hour followed by incubation at 60 °C for 48 hours. The embedded samples were
sectioned (80-100) nm using a diamond knife at a 35° angle on a Leica Micro-
tome. The samples were then imaged by transmission electron microscopy set at

the accelerating voltage of 80 kV to increase the contrast from the cells organelles.

Chapter contributions

STEM-HAADF imaging was performed with the assistance of Dr Jiahui Qi.
Cryo-TEM imaging was performed with the assistance of Dr. Catriona McGilvery.

Dr Angela Goode provided assistance with FIB-SEM.
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5.3 Results

5.3.1 Nanoparticle Selection for the BBB studies

For the permeability studies, AuStrs were synthesised in a size-controlled man-
ner using the seed-mediated method described in chapter 2. The nanoparticles were
monodisperse and with defined diameters of 25, 50 and 100 nm in diameter (Fig-
ure 5.2). Nanoparticles were synthesized within a size range that should prevent
passive diffusion (> 10 nm) (Zhang et al., 2009) and within the reported limits for

the crossing of the BBB (<100 nm) and diffusing in the brain (Nance et al., 2012).

. . Py e

Number (Percent)
Number (P

B -
Size (nm) 50 100 1 ]
Size (nm) Size (nm) Seed Diameter (nm)

Figure 5.2: Synthesis of gold nanoparticles for transcytosis studies. Monodispersed
AuStrs were synthesised with 25 (a), 50 (b) and 100 nm (c¢) in diameter and AuNPs
were 12 nm in diameter (d).

The presence of protein on the surface of the nanostructures was confirmed by

transmission electron microscopy (Figure 5.3)
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Figure 5.3: Gold nanostars conjugated to transferrin. (a) 25 nm (b) 50 nm (c) 100
nm diameter Tf-AuStr

The nanostructure’s Zeta potential was measured in cell culture medium (Table
5.1). It was found that all the nanostructures had negative near-neutral zeta po-
tentials. Zeta potential values in this range are associated with improved transport

performance in previous reports (Lockman et al., 2004).

Table 5.1: Zeta potential of gold nanostructures in media+FBS (pH = 7).

Nanostructures  Zeta Potential in Media+FBS (mV)

Peg-AuNP -10.50 £+ 1.74
Tf-AuNP -7.08 + 3.39
Peg-AuStr 100 nm -2.27 £ 0.06
Tf-AuStr 100 nm -3.25 £0.59
Peg-AuStr 50 nm -3.52 +1.42
Tf-AuStr 50 nm -5.67 +2.80
Peg-AuStr 25 nm -2.82 £0.89
Tf-AuStr 25 nm -8.47 + 3.31

5.3.2 Establishing an in Vitro BBB model to study nanoparticle

transcytosis

Nanoparticle permeability was tested in a representative in vitro transwell model

of the brain endothelium (Weksler et al., 2005, 2013). To establish this model,
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monolayers of hCMEC/D3 were cultured on the surface of transwell filter inserts
coated with collagen and fibronectin fibres. Once the cells were fully grown and
differentiated, the monolayer was assessed for it’s BBB-like phenotype through the
evaluation of cell ability to form tight junctions and measurement of cell permeab-
ility.

The in vitro BBB successfully acquired a BBB like architecture (Weksler et al.,
2005), the brain endothelial cells grew in non-overlapping monolayers (Figure 5.4
a). The cells were joined together by tight junctions, confirmed by the positive
immunostaining of the tight junction-marker protein Occludin (Furuse et al., 1994)
(Figure 5.4 b). Transmission electron microscopy further showed the formation of

tight junction complexes between adjacent cell membranes (Figure 5.4 ¢).
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Figure 5.4: Evaluation of the in vitro hCMEC/D3 blood brain barrier model. The
formation of non overlapping cell monolayers was shown by confocal microscopy
of DAPI stained nuclei, shown in blue (a). The formation of tight junctions was
confirmed by the positive staining of cells with the tight junction protein Occludin,
shown in green (b) and by transmission electron microscopy, indicated by the red
arrows (c). (d) Evolution of BBB transendothelial electrical resistance during 200
hours (10 days) of culture. (e) The cells model showed low paracellular permeab-
ility as evidenced by both 70kDa and 4 kDa dextran molecules.

The transendothelial electrical resistance (TEER) of the cells was monitored
and following the 10 days of culture, the cell resistance registered was about 20
Q.cm?. This value fell within the expected range of 9-50 Q.cm? (Biemans et al.,

2016; Weksler et al., 2005, 2013).

Furthermore, the ability of fluorescently labelled flux markers with different

molecular weights to cross the endothelial cells was used as a measure of paracel-
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lular membrane permeability (Figure 5.4 e). Both 4 and 70 kDa FTIC (Fluorescein
Isothiocyanate) dextrans revealed low paracellular permeability, comparable with

previous BBB in vitro models (Weksler et al., 2013) (Forster et al., 2008).

5.3.3 Evaluation of nanoparticle cytotoxicity

The effects of PEGylated and transferrin conjugated nanostructures on hCMEC/D3
cells viability were evaluated. The effect of AuNPs (12 nm) and of AuStrs (25, 50
and 100 nm) was tested in a dose response study by incubating hCMEC/D3 cells
with nanostructure concentrations ranging from 5 to 50 ug/mL for 24 hours. The
concentration range was chosen based on a previous study on the effect of differ-
ent sizes of gold nanoparticles in the mice brain microvasculature showing that
between 0.8 and 50 pg/mL nanoparticles were biocompatible following 24 hour
exposure (Trickler et al., 2011; Yildirimer et al., 2011).

To assess the response of cells, the cellular activity of two markers was eval-
uated, namely lactate dehydrogenase (LDH) and 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (a MTS tetrazolium
compound). MTS was used to assess the cells’ metabolic activity and LDH to

provide information on damage to the cell membrane.

LDH Assay

LDH is present in all cells and is confined in their cytoplasm. When disrupted,
the cell membranes is unable to restrict the leakage of cytoplasmic enzymes, res-
ulting in LDH release to the extracellular environment The concentration of LDH
released can therefore be used as a marker for cell membrane damage.

Moreover in the cell culture medium LDH converts lactate to pyruvate, redu-

cing NAD" to NADH/H™ in the process (Weyermann et al., 2005). In the presence
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of NADH/H™, tetrazolium salts like iodonitrotetrazolium (INT) can be reduced,
consequently yielding a characteristic red formazan, indicative of LDH activity.
The formed formazan can be readily detected by spectrophotometry at 490 nm.

Initially the cells were permeabilised by the action of a triton X-100 surfact-
ant, a known cytotoxic agent (Borner et al., 1994; Xiong et al., 2009). Following
membrane lysis, the LDH released to the extracellular fluid was analysed.

Figure 5.5 shows the LDH release by hCMEC/D3 cells treated with AuNPs
and AuStrs, as a function of nanoparticle concentration. Neither spherical nor star
shaped Au nanostructures caused significant cellular toxicity following 24 hour

exposure.
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Figure 5.5: LDH viability assay of hCMEC/D3 cell cells treated with increasing

doses of gold nanostructures of 5, 10, 25 and 50 pg/mL for 24 hours. hCMEC/D3

cell membrane integrity was unaffected by neither the nanostructures morphologies

(AuStr and AuNP) over the treatment period. Triton was used as the positive con-

trol for toxicity and untreated cells were used as negative controls.(*p <0.05,**p
<0.01,***p <0.001,****p <0.0001, n=3)

MTS assay

A cells metabolic ability can also be used as a control parameter for cellular

viability. The MTS assay quantifies the enzymatic reduction of MTS to a coloured
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formazan by the mitochondria of viable cells. The amount of formazan formed is
directly proportional to the number of living cells in culture.

Figure 5.6 shows the cell viability measured by the conversion of MTS tet-
razolium as a function of nanoparticle size and concentration. It was found that the
nanoparticle’s viability was not statistically lower from that of the negative control,
and therefore did not impair the cells viability irrespective of the nanostructure
size, surface conjugation, morphology nor concentration. For the 50ug/mL, 100

nm Tf-AuStrs, the cells viability was statistically higher than that of the negative

control.
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Figure 5.6: MTS viability assay of hCMEC/D3 cells treated with increasing doses
of gold nanostructures of 5, 10, 25 and 50 pg/mL for 24 hours. The hCMEC/D3
cell viability was unaffected by the different AuStrs nor AuNP morphologies
following 24 hr nanostructure exposure. Triton was used as the positive con-

trol for toxicity and untreated cells were used as negative controls.(*p <0.05,**p
<0.01,***p <0.001,****p <0.0001, n=3)
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5.3.4 TEM Investigation of Nanoparticle Uptake and Transport

events

Following treatment with nanoparticles, the cell samples were resin embedded
and 80 um ultramicrotomed sections were produced for transmission electron mi-
croscopy analysis at 80 kV. The samples were surveyed to study uptake, intracellu-
lar distribution and transcytosis events. The study is initiated with hCMEC/D3 cell
exposure to nanoparticles with fully developed high aspect ratio surface spikiness,
represented by the 100 nm AuStrs modified with PEG or transferrin. Subsequently,
the effect of decreasing AuStr diameter and thus decreasing spikiness aspect ratio
in cellular events were imaged using the smaller AuStrs of 50 and 25 nm. Finally,
the cellular processing of completely spherical AuNPs was investigated to elucid-

ate the effect of morphology on hCMEC/D3 uptake, transport and transcytosis.

Effect of 100 nm AuStrs with high aspect ratio surface spikiness in hCMEC/D3

cell association and transcytosis

100 nm PEG-AuStr AuStrs anchor to the hCMEC/D3 cell membrane and the
spikes protrude to the intracellular space (Figure 5.7 a-c). Cell protrusions were
also found interacting with the AuStrs in at the apical surface (Figure 5.7 d). Gold
stars were found both in the cytoplasm (Figure 5.7 e and f) and in transport vesicles
(Figure 5.7 g), and still exhibited highly structured and sharp morphological fea-
tures. These transport vesicles were observed both close to the apical membrane
(Figure 5.7 g and h) and close to the basolateral side of the cell (Figure 5.7 g and
1). A single particle was observed in the cytoplasm, near the basolateral side, in
close proximity to a transport vesicle containing several nanoparticles (Figure 5.7

1). A gold nanostar cluster was found inside a large vesicle with a central narrowing
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and with different electronic densities in each side of the narrowing (Figure 5.7 j).
Close to the basolateral membrane, AuStrs were also found inside round vesicles
of high electron density and in the cytoplasm in close proximity to these vesicles
(Figure 5.7 k and 1). At the basolateral membrane, PEG-Austrs were found in the
cytoplasm, in very close contact with the filter surface (Figure 5.7 m) nearby a ves-
icle containing AuStrs, close to a filter pore. AuStrs were found in between the cell
membrane and the transwell filter (Figure 5.7 n), on the basolateral side of the cell

(Figure 5.7 0), and inside a filter pore.
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Figure 5.7: Bright field TEM images of uptake, transport and transcytosis events
of 100 nm PEG-AuStrs in hCMEC/D3 cells monolayers. Cells were exposed to 50
ug/mL in assay medium containing 2.5% FBS for 24 hours. Panels a-d are repres-
entative images uptake events. Red arrows in panel a shows three AuStrs inserted
into the cell membrane and a large cylindrical vesicle inside the cell. Panel b and
¢ are higher magnification images of panel a. Panel d shows a AuStr aggregate
interacting with cellular membrane protrusions (red arrow) prior to uptake. Pan-
els e-1 are representative images of intracellular transport events, with red arrows
showing nanoparticles in the cytoplasm close to transport vesicles. Panels m-t are
representative images of transcytosis events, with red arrows showing AuStrs in the
cytoplasm close to the filter surface.
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100 nm Tf-AuStr AuStrs were also found anchored to the cell surface, with the
spikes facing the cell membrane (Figure 5.8 a and b). Nanostructure clusters were
observed in the vicinity of the cell membrane, associated with protruding cell mem-
brane structures (Figure 5.8 c¢). AuStrs clusters were also found apically, in asso-
ciation with the previously identified cell membrane structures (Figure 5.8 d). The
plasma membrane shape grooved under the shape of the nanoparticles cluster (Fig-
ure 5.8 e). Tf-AuStrs were also found inside the cell within vesicles (Figure 5.8
f-1). Inside the vesicles the AuStrs are found attached to and aligned along the
vesicle wall (Figure 5.8 f)-1). AuStr containing vesicles were observed close to the
basolateral membrane (Figure 5.8 m). AuStrs were found in the space between the

cell and the filter (Figure 5.8 n and o).
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Figure 5.8: TEM images of uptake, transport and transcytosis events of 100 nm
Tf-AuStrs in hCMEC/D3 cells monolayers. Panels a-i were obtained in HAADF-
STEM mode and panels j-o were obtained in bright field mode. Cells were exposed
to 50 1 g/mL in assay medium containing 2.5% FBS for 24 hours. Panels a-e are
representative images of uptake events. Panel b and e are higher magnification
images of the AuStr entry events observed in panel a and d respectively. Panels f-i
are representative images of intracellular transport events, with red arrows showing
nanoparticles attached to the vesicle wall. Panels m-o are representative images of
transcytosis events, with red arrows showing nanoparticles between the basolateral
membrane and the filter surface.

Effect of decreasing AuStr diameter on hCMEC/D3 cell association and tran-

scytosis

50 nm PEG-AuStr AuStr aggregates were observed in the apical side in the

vicinity of the cells (Figure 5.9 a and b). AuStrs were internalized by the cells and
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the vesicles containing nanostructure aggregates are found close to the basolateral
membrane 5.9 c-f). AuStr aggregates and individual AuStrs were released in the
pore of the transwell filter (Figure 5.9 g). Nanoparticles were found between the

filter and the basolateral membrane (Figure 5.9 h).
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Figure 5.9: Bright field TEM images of uptake, transport and transcytosis events
of 50 nm PEG-AuStrs in hCMEC/D3 cells monolayers. Cells were exposed to 50
ug/mL in assay medium containing 2.5% FBS for 24 hours. Panel a and b are
representative images of uptake events, with panel b being a higher magnification
image of panel a. Panels c-f are representative images of intracellular transport
events, with panels d and f being higher magnification images of panels ¢ and e,
respectively. Panels g and h are representative images of transcytosis events.
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It was observed that AuStrs in between the filter and basolateral membrane
were surrounded by a dark halo (Figure 5.10 a-c). EDS analysis of these nano-

structures is presented in Figure 5.10 d).

Figure 5.10: Bright field TEM images of transcytosis events of 50 nm PEG-AuStrs

in hCMEC/D3 cells monolayers. In panel a-c red circles highlight nanoparticles

surrounded in a dark halo following crossing of the basolateral membrane. Panel d

shows the EDS spectra of the nanoparticle in panel c. The detected osmium signal
is due to the AuStr proximity to the osmium stained cells.
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Tf-AuStr 50 nm 50 nm Tf-AuStrs with spikes interacted directly with the ap-
ical cell membrane (Figure 5.11 a and b). 50 nm Tf-AuStrs aggregate interacted
with the cell membrane at the apical side next to a small cell protrusion (Figure
5.11 ¢ and d). Gold star cluster were observed in close association with the apical
membrane covered by a protruding cell membrane structure (Figure 5.11 e and f).
Gold clusters were also found inside vesicles in close association with the vesicles’
membranous components in the vicinity of the basolateral side of the hCMEC/D3
cells (Figure 5.11 g-i). AuStr clusters were observed inside transport vesicles in-

side the cell and close to the basolateral membrane (Figure 5.11 j-1).
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Figure 5.11: TEM images of uptake and transport events of 50 nm Tf-AuStrs in
hCMEC/D3 cells monolayers. All panels except f and i were obtained in bright
field mode and panels f and 1 were obtained in HAADF-STEM mode. Cells were
exposed to 50 pg/mL in assay medium containing 2.5% FBS for 24 hours. Panel
a-f are representative images of uptake events, with panels b and d being a higher
magnifications images of panels a and c, respectively. Panel f is a representative
HAADF-STEM image of panel e. Panels g-i are representative images of intra-
cellular transport events, with panels h and i being higher magnification images
of panels g in bright field and HAADF-STEM modes, respectively. Panel j is a
representative image of pre-transcytotic events with panel k and 1 being higher

magnification images of panel j.
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25 nm PEG-AuStr Aggregates of 25 nm Peg-AuStrs were found anchored to
the cell membrane with sharp edges penetrating the cell membrane (Figure 5.12
a-c). Aggregates of 25 nm PEGylated AuStrs were observed in close association
with cells’ apical surface and enveloped in membranous structures (Figure 5.12
d-f). AuStrs were found inside heavily loaded vesicles intracellularly. Individual
gold nanoparticles were also found in the cytoplasm in proximity to these vesicles

(Figure 5.12 g-i).
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Figure 5.12: TEM images of uptake and transport events of 25 nm PEG-AuStrs in
hCMEC/D3 cells monolayers. Panels c, f and i were obtained in HAADF-STEM
mode, with the remaining panels being obtained in bright field mode. Cells were
exposed to 50 pg/mL in assay medium containing 2.5% FBS for 24 hours. Panel a-f
are representative images of uptake events. Panels b and c are higher magnifications
images of panel a in bright field and HAADF-STEM modes, respectively. Panels
g-1 are representative images of intracellular transport events, with panels h and 1
being higher magnification images of panel g in bright field and HAADF-STEM
modes, respectively.
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25 nm Tf-AuStr AuStrs were found inside vesicles close to the apical membrane
(Figures 5.13 a-b). Numerous AuStrs were found inside transport vesicles both
as individual particles and as aggregates (Figures 5.13 ¢ and d). Nanoparticles
successfully crossed the cells and were found between the cell and the transwell

filter in a linear arrangement (Figures 5.13 e and f) and also as aggregates (Figure

5.13 g and h).
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Figure 5.13: TEM images of uptake, transport and transcytosis events of 25 nm
Tf-AuStrs in hCMEC/D3 cells monolayers. Panels a-f were obtained in bright
field mode, with panels g and h being obtained in HAADF-STEM mode. Cells
were exposed to 50 ug/mL in assay medium containing 2.5% FBS for 24 hours.
Panel a and b are representative images of uptake events, with panel b being a
higher magnification image of panel a. Panels c and d are representative images of
intracellular transport events, with panel d being a higher magnification images of
panel c. Panels e-h are representative images of transcytotic events. Panels f and h
are higher magnification images of panels e and g, respectively.
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Effect of smooth spherical morphology in hCMEC/D3 cell association and

transcytosis

PEG-AuNP Unlike the gold nanostars, AuNPs were mainly found as individual
entities inside intracellular compartments 5.14 (a-d). Occasionally, vesicles con-

taining a larger amount of spherical gold nanoparticles were identified 5.14 e and

f).
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| 500 nm o

Figure 5.14: HAADF-STEM images of PEG-AuNPs in hCMEC/D3 cells mono-

layers. Cells were exposed to 50 tg/mL in assay medium containing 2.5% FBS for

24 hours. Panels a-f are representative images of transport events and intracellular

distribution of the nanoparticles. Panels b, d and f are higher magnification images
of panels a, ¢ and e, respectively.
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Tf-AuNP Tf-AuNPs were found intracellularly inside transport vesicles of low
electronic density 5.15 a). These vesicles were found close to the apical and
basolateral membranes. In between two neighbouring cells, a small plasma mem-
brane indentation was found in the proximity of an internalized AuNP 5.15 b). In
these vesicles the NPs aligned along the wall either directly or interacting with a
vesicle wall component 5.15 ¢ and d). This event also occurred for Tf-AuNP ag-
gregates that were observed engaging with the vesicular wall components 5.15 ¢
and d). Several single nanoparticles were imaged inside electronically dense ves-

icles 5.15 f).
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Figure 5.15: HAADF-STEM images of uptake and transport events of Tf-AuNPs

in hCMEC/D3 cells monolayers. Cells were exposed to 50 ttg/mL in assay medium

containing 2.5% FBS for 24 hours. Panel a is a representative image of uptake and

transport events. Panel b is a higher magnification image of panel a, showing a cell

membrane indentation. Panel ¢ and d are higher magnification images of panel a,

showing vesicular transport. Panels e and f are representative images of transport
events.
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Tomography of hCMEC/D3 cells exposed to 100 nm PEG-AuStrs The previ-
ously presented images were obtained by transmission electron microscopy which
generates two-dimensional (2D) projections of the sample being imaged. How-
ever, one of the disadvantages of imaging samples in 2D is the superimposition of
the features of the sample present at different depths and thus it is not possible to
assess the sample position along the direction of the electron beam. In focused ion-
beam (FIB)-SEM tomography, sequential 2-D images of the area of interest in the
sample are acquired at a 52 degree angle and the information collected is used to
reconstruct a three-dimensional (3D) volume to represent the original object. FIB
tomography was used in this section to gain further insights into the intracellular
distribution of the gold nanostructures and map transcytosis events. The collection
of data for tomography was performed for the 100 nm PEG-AuStrs in an attempt

to further understand the effect of surface spikiness in cell events.

Figure 5.16 a) shows the 3D reconstructed monolayer of hCMEC/D3 cells ex-
posed to 100 nm PEG-AuStr. A large number of AuStrs were found both on the
surface of the endothelial cells and intracellularly, inside a vesicle close to the
basolateral membrane (Figure 5.16 b and d). Figure 5.16 d) shows a side view of

the monolayer where multiple transcytotic points can be observed.

Figure 5.17 shows the different stages of interaction of the 100 nm PEG-Austrs
with the hCMEC/D3 cells, and in particular emphasises sites of nanostructure tran-
scytosis. The nanostructures were found associated to the cell membrane (Figure
5.17 aand I). A group of AuStrs was found possibly in an early stage of uptake, the
nanostructures were found enveloped in the apical surface of the plasma membrane
in an enclosure that sits above the cell level (Figure 5.17 b and II). A large group
of nanostructures was observed inside the cell close to the basolateral membrane

(Figure 5.17 b). Vesicles containing AuStrs fuse with the basolateral membrane
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(Figure 5.17 c and III). Several sites of transcytosis were identified in the basolat-

eral side of the cell monolayer, marked by the red arrows in Figures 5.17 a), ¢), d),

IV and V.

Figure 5.16: (a) 3D tomographic reconstructution model of hCMEC/D3 monolay-

ers exposed to 50 pug/mL of 100 nm PEG-AuStr for.The cells are shown in blue

and the areas of high intensity corresponding to the AuStrs are shown in gold. (b)

A large cell in the monolayer with AuStrs aggregates on the cell membrane surface

and inside the cell close to the basolateral membrane. (c) SEM image of the cell in
planel (b). (d) Lateral view of the 3D cell monolayer model.
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Figure 5.17: Tomographic investigation of uptake, transport and transcytosis of
100 nm PEG-AusStrs across hCMEC/D3 cells following 24 hour exposure. The 3D
reconstrution was performed in the software Avizo lite. Panels (a) to (d) show 3D
volume reconstructions of the cell monolayer (I) to (V) show the corresponding
FIB-SEM images of the depicted 3D events. The 3D volume reconstructions and
the FIB-SEM images revealed AuStrs at different stages of interaction with the
cells. (a) and (I) nanoparticles closely engaged with the apical side of the blood
brain barrier and crossing the cell monolayer (a). b) and II) Nanoparticles are
observed enveloped in the plasma membrane lipid bilayer. A group of AuStrs
can also was also found intracellularly close to the basolateral membrane (b). (c)
and (IIT) Nanoparticles enclosed in transport vesicle.AuStr transcytotic events can
also be observed in the volume reconstruction (c). (d) and (III- IV) Nanoparticles
successfully found on the basolateral side of the blood brain barrier The red arrows
in 3D BBB volume reconstruction represent the multiple transcytosis events. The
cell cytoplasm is shown in blue and the areas of high intensity shown in yellow
represent the AuStrs.
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5.3.5 Quantification of nanostructure transcytosis across the BBB

To understand the influence of nanoparticle geometry and surface functionalisa-
tion (transferrin and PEG) on the nanostructures ability to complete transcytosis,
endothelial cell monolayers cultured on porous transwell inserts were incubated
with different nanostructure formulations for 24 hours. The nanoparticles’ cell as-
sociation and transport across the hCMEC/D3 cells were analysed by quantifying
the recovered amount of gold from three different compartments in the transwell
cell model: apical, cell and basolateral using ICP-OES. The apical fraction consists
of gold nanoparticles recovered in the cell culture medium. The cell associated
fraction consists of gold nanostructures that are bound to the cell membrane and
inside the cells. Finally the transcytosed fraction consists of gold nanostructures
that had successfully crossed the cells, diffused through the pores and reached the
basolateral compartment. It is important to note that the basolateral fraction does
not account for nanoparticles entrapped between the cells and the filter, or attached
to the 1 um filter pores.

Figure 5.18 presents the Au content measured in the apical, cell and basolat-
eral compartments, for AuNPs and AuStrs with both PEG and Transferrin surface
coatings. The sample means were compared with a two way ANOVA and a Sidak
multiple comparisons test was performed with a 90% confidence interval. The
following sections will focus on the effect of morphology, AuStr diameter and

transferrin coating on cell association and transport.
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Figure 5.18: Transcytosis of PEGylated and transferrin conjugated gold nanostruc-
tures across hCMEC/D3 monolayers cultured on transwell filters. Graphs show-
ing the effect of particle morphology, diameter and surface conjugation (Tf or
PEG) in: (a) transcytosis, (b) cell association, (c) apical, (d) summed cell asso-
ciation and transport and (e) total Au recovered (*p<0.1, **p<0.01, ***p<0.001,
*#*%p<(.0001). Nanoparticles were added to the apical compartment and incub-
ated for 24 hours. Cells were treated with 50 pg/mL nanostructure solution for
24 hours. The amount of gold in the apical, cellular and basolateral compartments
were quantified by ICP-OES. The values are expressed as percentage of the admin-
istered dose of gold.
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Effect of Morphology on cell association and transport

To study the effect of nanoparticle morphology on both cell-association and
transcytosis, PEG-AuNPs were compared to 100 nm PEG-AuStrs. It was found
that over the 24 hour experimental period, the 100 nm PEG-AuStrs transcytosed
across the hCMEC/D3 cells in a significantly higher percentage than PEG-AuNPs
(***p<0.001, Figure 5.18a). Specifically, 65.7 & 1.4% of the administered dose
of 100 nm PEG-AuStrs reached the basolateral compartment comparatively to
16.6+ 1.9% of the PEG-AuNPs. The 100 nm PEG-AuStrs showed a higher cell as-
sociation percentage (14.8 +=2.7%) than the PEG-AuNPs (1.71 +0.37%), however
this difference was not statistically significant. When the percent cell association
and transcytosis are summed, there is a statistically significant difference between
100 nm PEG-AuStrs (80.5 £ 1.3%) and PEG-AuNPs (18.3 £2.2%) (***p<0.001,
Figure 5.18d)), thus showing that the change in morphology had an overall sig-
nificant effect. A significantly lower percentage of 100 nm PEG-AuStrs were
recovered apically (7.4 + 1.3%) comparatively to PEG-AuNPs (69.34 + 0.76%)
(****p<0.0001, Figure 5.18c). Subsequently, we proceeded to investigate how

these trends varied for different AuStr diameters.

Effect of AuStr diameter on cell association and transport

To evaluate the effect of AuStr diameter on both cell association and tran-
scytosis, hCMEC/D3 cells were incubated with AuStrs of increasing diameters
(25, 50 and 100 nm). The percent nanoparticles that undergo transcytosis changed
significantly with AuStr diameter. Decreasing the PEG-AuStr size from 100 to
50 nm decreased the percentage transcytosis from 65.7 +1.4% to 17.1 £3.3%

(***p<0.001, Figure 5.18a). Further decreasing the PEG-AuStr size from 100 to
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25 nm caused transcytosis to decrease further to 12.9 £2.1% (***p<0.001, Fig-
ure 5.18a). Whilst the average percentage of transcytosis decreased with decreased
PEG-AuStr diameter, no statistically significant difference was found between the
two small PEG-AuStr diameters of 25 and 50 nm. In fact, there was no statist-
ically significant differences between the percentage of transcytosis of spherical
PEG-AuNPs and that of the 25 nm and 50 nm PEG-AuStrs. This indicates that
only the 100 nm PEG-AuStrs had statistically significant percent transcytosis to

the PEG-AuNPs.

The decrease in transcytosis with decreasing PEG-AuStr diameter was comple-
mentary to the percentage of the cell association fraction. Specifically, the nano-
structure cell association increased significantly from 14.8 £2.7% to 55 £ 12%
when the Peg-AuStr diameter decreased from 100 nm to 25 nm (*p<0.1, Figure
5.18b). In contrast to transcytosis, the percent cell association for 25 nm and 50
nm AuStrs was significantly higher than that of PEG-AuNPs (**p<0.01, Figure
5.18b).

Overall the summed cell associated and transcytosis fractions were similar
for all the PEG-AuStr diameters, being on average 72.3 + 3.7% with no statist-
ical differences between AuStr sizes. The percentage of gold resulting from the
summed cell-associated and transcytosis fractions was significantly lower for the
PEG-AuNPs comparatively to 25 nm (**p<0.01, Figure 5.18d), 50 nm (***p<0.001,
Figure 5.18d) and 100 nm ((***p<0.001, Figure 5.18d) diameter PEG-AuStrs.

The percentage of gold recovered apically was significantly higher for AuNPs

comparatively to all AuStr diameters (****p<0.01, Figure 5.18c).
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Effect of transferrin on cell association and transport

Furthermore, the effect of transferrin conjugation on transport and cell associ-
ation was evaluated for the spherical and star morphologies and for the different
diameters. In general, transferrin conjugated Au nanostructures followed the same
trends of their PEGylated counterparts. The transcytosis of Tf-AuStrs decreased
from 45 +12% to 3.66 £0.11% when the Tf-AuStr diameter decreased from 100

to 25 nm.

The transcytosis of transferrin conjugated nanostructures was significantly dif-
ferent to that of PEGylated counterparts (*p<0.1, Figure 5.18a). In particular, in
the presence of transferrin, the transcytosis efficiency of the best performing 100
nm PEG-AuStrs decreased from 65.7 +1.4% to 45 £ 12%. The Tf-AuNP tran-
scytosis efficiency (14.56 +-0.32%) also decreased comparatively to PEG-AuNP
(16.6 £1.9%).

Overall, Tf-AuStrs had a significantly higher cell-association compared to the
PEG-AuStrs (*p<0.1). Specifically, transferrin conjugation increased cell asso-
ciation from 14.8 +=2.7% to 38.1 £8.5% for 100 nm AuStrs, from 51.2 +4.3%
to 56 &+ 13% for the 50 nm Tf-AuStr. The cell association of Tf-AuNPs (1.42 &+
0.15%) was similar to that of the PEG-AuNPs (1.71 +=0.37%).

There were no statistically significant differences for the amount of gold re-
covered in the assay between the PEGylated and transferrin conjugated nanostruc-
tures (Figure 5.18 e). Similarly, the summed cell association and transcytosis was
not significantly different between PEGylated and transferrin conjugated nano-

structures (Figure 5.18 d).

In summary, it was found that transferrin increased the association of AuStrs

to the brain endothelium (cell surface bound or intracellularly) but this did not
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correlate with increased transcytosis. In fact, Tf-AuStrs transcytosed less than their

PEGylated counterparts for all AuStr diameters.

Validation of the transwell transport assay

The observed nanostructure transport differences are unlikely to be due to filtra-
tions effects as bigger nanoparticles would be expected to suffer greater difficulty
crossing the filter than smaller ones. Furthermore, the integrity of the monolayers
following nanoparticle exposure were assessed. After 24 hrs nanoparticle expos-
ure, the cell monolayer dextran permeability did not increase (Figure 5.19). This
confirmed that the nanoparticles did not increase membrane permeability, confirm-
ing there was no loss of membrane integrity and thus invalidading a paracellular
route of transport. In fact, Figure 5.20 shows that AuStrs do not open tight junc-

tions.
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Figure 5.19: Graph showing the paracellular permeability (cm/min) of 70 KDa dex-

tran across hCMEC/D3 cells following 24 hour nanostructure exposure at a con-

centration of 50 ug/mL. The D3 control group consists of untreated hCMEC/D3

cell samples. Where, PS25 is 25 nm PEG-AuStr, TS25 is 25 nm Tf-AuStr,PS50 is

50 nm PEG-AuStr, TS50 is 50 nm Tf-AuStr, PS100 is 100 nm PEG-AuStr, TS100
1s 100 nm Tf-AuStr, PP is PEG-AuNP and TP is Tf-AuNP
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Figure 5.20: Brigth field TEM images showing AuStrs found apically above cell
regions containing intact tight junctions. Panel shows (a) 50 Tf-AuStrs and panel
b is a high magnification image of panel a. Panel ¢ shows 100 nm Tf-AuStr.

Finally, the dispersity of the nanoparticles in cell media was analysed to test
whether the observed size transcytosis effects were due to the extent of particle
aggregation in media. PEGylated AuStrs (25, 50 and 100) and Pegylated AuNPs
were suspended in FBS supplemented cell culture media and freeze-dried for TEM
examination (Figure 5.21) . Freeze drying fixes the nanoparticles samples in a
state resembling the one the nanoparticles have in solution. Conventional drop
casting onto TEM grids may cause sample disturbances (e.g. aggregation) linked
to sample preparation and not representative of the nanoparticle’s dispersion state.
The number of aggregates per total amount of particles analysed was counted and
presented as percent aggregation (% aggregation) in Figure 5.22 a. Cryo-TEM
analysis revealed that the degree of aggregation across the different sample sizes
was below 5%. In fact, Figure 5.22 b shows that the majority of the nanostructures
reside in solution as single entities. When present, the aggregates of 25nm PEG-
AuStr were on average composed of more nanoparticles than the aggregates found

in the other samples (Figures 5.21 e and 5.22' b) .
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Figure 5.21: Representative cryo-TEM images of the dispersity state of PEGylated

AuStrs of 25 (a-e) 50 (f-j) and 100 nm (k-0) in diameter and PEG-AuNPs (p-

t) in cell culture media supplemented with 2.5 % FBS. The gold nanostructures

were found mainly as single particles in cell culture medium. Gold nanostructure
aggregates were occasionally observed (e, j and o)

Limitations of transwell system

Whilst transwell in vitro models are widely used for transport studies they are
linked to a few limitations. This system does not distinguish between nanoparticles
internalised by the cells and those bound to the cell surface. Additionally, nano-
particles may bind to and be entrapped on the filter pores (1um). It is therefore
important to correlate the measured quantitative findings with qualitative analysis

of the nanoparticles crossing through the BBB monolayer to obtain representat-
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Figure 5.22: Evaluation of nanoparticle aggregation in cell culture media. (a)Graph

of percent aggregation as a function of gold nanostructure type. The percent ag-

gregation was below 5% for all the nanoparticle samples.(b) Graph showing the

aggregation profile of 25, 50 and 100 nm diameter AuStr samples in the form of a

frequency distribution. The majority of the stars exist in the form of single particles
independently of AuStr diameter.

ive data of the nanoparticles cellular fate. It was found that transmission electron

microscopy was a powerful complementary technique to ICP-OES.

5.4 Discussion

This study was structured to elucidate the influence of nanostructure’s mor-
phology and size on their ability to successfully penetrate cells and complete tran-
scytosis. Additionally, we sought to evaluate whether this effect could be enhanced
or changed when the bio-identity of the nanoparticle is changed by attachment
of transferrin. The transferrin receptor was selected for nanostar targeting to the
BBB as its expression is limited to the endothelium of the brain as opposed to the
peripheral endothelium. Here, gold nanoparticles of two different morphologies,
non-spiky nanospheres and spiky nanostars, were synthesised and their uptake and
ability to cross the blood brain barrier in a safe and targeted manner were evalu-
ated. The extensively characterised hCMEC/D3 cell line was used as a model of

the blood brain barrier for these studies.



213

Monodispersed gold nanoparticles were synthesised in a size controlled man-
ner, with nanostars having diameters of 25, 50 and 100 nm and gold nanospheres
having 12 nm in size, as determined by TEM. Both morphologies were successfully

conjugated with transferrin in a conformal manner.

5.4.1 Establishing an in Vitro BBB model to study nanoparticle

transcytosis

In vitro models of the BBB constitute a fundamental tool for the study of the
BBB and development of penetrating nanoparticle-based delivery vehicles to the
brain. The brain microvasculature endothelial cell line hCMEC/D3 represents a
suitable model for BBB studies as it retains many of the cellular and molecular
signatures of in vivo endothelial cells and can be cultured in a reproducible man-
ner. hCMEC/D3 cells were derived from microvessels of a human temporal lobe.
When grown under specified conditions the cells can sustain a stable growth and

characteristic endothelial markers for up to 35 cell passages.

The cells were cultured in culture plate lined with the extracellular matrix
fibres collagen and fibronectin. This was done as hCMEC/D3 cells show adhesion-
dependent growth under which they are able to form contact inhibited monolayers.
In fact, fluorescence staining of the cells nuclei showed that the cells did not over-
lap in the monolayer thus indicating contact inhibition. The culture conditions also
proved suitable for the cells to acquire a BBB like phenotype and express tight
junction proteins. Amongst the tight junction proteins known to be expressed by
hCMEC/D3 cells is occludin. The expression of occludin is optimal when the cells
grow in the presence of an anti-inflamatory steroids like hydrocortisone believed

to have modulatory role over tight junctions (Forster et al., 2008). Moreover, the
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formation of tight junctions requires the cells to achieve full differentiation. This
was achieved by stimulating a non-proliferating state (i.e. cellular quiescence)
through the removal of a key growth factor namely vascular endothelial growth
factor (VEGF) from the culture medium. However, other growth factors like the
basic fibroblast growth factor (bFGF) were maintained in culture as they are known

to enhance the expression of tight junctions (Weksler et al., 2013).

For the present model, the cells were allowed to grow to confluence, taking on
average between 76 and 100 hours after which VEGF was removed from the cul-
ture media. As Figure 5.4 d) shows, from 100 hours onwards the transendothelial
electrical resistance increased linearly and after 200 hours it started to stabilised.
Transendothelial electrical resistance provides a quantitative indication of tight
junction integrity or membrane tightness in an non-invasive manner (Srinivasan
et al., 2015). This indicates that in between 100 and 200 hours the tight junctions
successfully develop and mature, resulting in a progressively higher ohmic resist-
ance as the cells differentiate. For in vitro hCMEC/D3 BBB models, cultured under
static conditions, the reported TEER value is only between low and medium (9-50
Q.cmz) (Biemans et al., 2016; Weksler et al., 2005, 2013). The maximum TEER
achieved was about 20 Q.cm? thus falling within the above mentioned range. Pre-
vious reports indicate that TEER values increase in co-culture models with other
CNS cells (e.g. astrocytes and pericytes) (Forster et al., 2008) and under sheer
flow (Cucullo et al., 2008). Allowing further cell growth after confluency is not

advisable due to cell overgrowth (Biemans et al., 2016).

Following differentiation, the cell’s periphery stained positive for the tight junc-
tion protein occludin. This is consistent with this protein’s location in the cell, as
occludin is a known transmembrane protein located peripherally at the intercellular

junctions.
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Finally the permeability of the membrane to paracellular tracers was tested.
hCMEC/D3 cells showed limited permeability to low and high molecular weight
dextrans. The reported values for dextrans permeability are 0.72 + 0.07 x 1073
cm/min and 0.09 + 0.01 x 10~ ¢cm/min for 4 kDa- and 70 kDa-dextrans, respect-
ively (Weksler et al., 2013; Forster et al., 2008). The values obtained here were
0.2 x 1073 cm/min and 0.02 x 10~2 cm/min for 4 kDa- and 70 kDa-dextrans,

respectively, thus validating the BBB model.

5.4.2 Evaluation of nanoparticle cytotoxicity

Disruption of the cell’s membrane occurs as a result of induced necrosis and
results in the release of cytoplamic LDH into the medium (Decker and Lohmann-
Matthes, 1988). The effect of PEGylated and transferrin conjugated AuStrs and
AuNPs on plasma membrane permeability of hCMEC/D3 cells was evaluated using
the LDH assay. The cells were treated nanoparticles at a concentration range from
5-50 ng/mkL for 24 hours. The cells did not show a dose response toxicity following
the exposure period.

For the MTS assay, the viability of the cells was not reduced for any of the con-
centrations. In fact, only the cells treated with 100 nm Tf-AuStr at a concentration
of 50 ug/ml showed increase in cell viability comparatively to that of untreated
cells, with statistical significance (p<0.05). This difference in viability between
the untreated and 100 nm Tf-AuStr treated hCMEC/D3 cells could be due to dif-
ferences in the metabolic activity of the treated endothelial cells. The metabolic
rate (metabolic redox activity) may be stimulated in the presence of this nano-
particle formulation. Differences could also be due to differences in number of
cell between the control well and this particular cell well due to volume dispensing

differences or particle induced proliferation. On the other hand, the fact the coun-
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terpart PEGylated 100 nm AuStr did not cause an increase in cellular activity could
indicate that the presence of the iron carrier transferrin on the surface of the 100 nm
star bioconstruct can affect the cell metabolism as the cells process the iron. Over-
all, it was found that toxicity was not dose dependent in the concentration range

tested, and was not dependent on particle size or morphology.

5.4.3 TEM Investigation of Nanoparticle Uptake and Transport

events

Effect of 100 nm AuStrs with high aspect ratio surface spikiness in hCMEC/D3

cell association and transcytosis

100 nm PEG-AuStr Individual nanoparticles were found directly interacting
with the cell surface with their spikes protruding through the cell membrane (Fig-
ure 5.7 ¢). Successful internalization could have been facilitated by the AuStrs
surface roughness at the bio-interface. Studies have shown that ensuring a per-
pendicular angle between areas of high curvature (spikes) and the cell membrane
may facilitate cell penetration (Yang and Ma, 2010; Ding et al., 2012). Cell mem-
brane structures that are resembling of membrane protrusions were imaged inter-
acting with the PEGylated AuStrs at the plasma membrane (Figure 5.7 d). These
protrusions resembling of cell membrane pseudopods are associated with a mac-
ropynocytotic uptake mechanism (Lim and Gleeson, 2011). Macropinocytosis is
a mechanism used by the cells for the uptake of a large amount of substances in
solution at the same concentration as in the surrounding medium. In fact, a large
number of nanoparticles were found in large cylindrically shaped vesicles (Figure
5.7 a). Large cylindrical vesicles are observed during the maturation (tubulation)

of macropynosomes which is consistent with a macropynocytic uptake (Lim and
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Gleeson, 2011). Whilst clatherin-dependent endocytic vesicles are approximately
100 nm, macropinosomes by being clatherin independent, and by lacking any other
type of structural coating structures, can reach sizes in between the range of 0.2 to

Spum in diameter (Lim and Gleeson, 2011).

Ye et al. (2013) reported the presence of cell protrusions in the uptake of 50
nm SiO, nanoparticles by hCMEC/D3 cells, thus resembling macropinocytic up-
take. A macropinocytic uptake mechanism has also been reported in an in vitro
BMVEC based model for the uptake of human immunodeficiency virus type 1 by

brain macrovascular cells (Liu et al., 2002).

Following complete particle enveloping, the nanoparticles reside inside ves-
icles possibly entering the endosomal sorting system (Figure 5.7 g). Intracellu-
larly, the AuStrs reside inside endosomal vesicles located both close to the apical
and basolateral membranes, suggesting an apical to basolateral pathway (Figure
5.7 g). In particular, single AuStrs were found in the cytoplasm in close proximity
to nanoparticle transport vesicles (Figure 5.7 1). It is possible that these single entit-
ies were able to escape into the cytoplasm from the transport vesicle by benefiting

from their preserved sharp morphology (Chu et al., 2014).

Different types of vesicles could be identified inside the cells based on their
electron density, due to the fact that lysosomes are characteristically electron dense
vacuoles and endosomes are electron lucent vacuoles (Eskelinen, 2008), (Ye et al.,
2013). During transport, the AuStrs may enter the endolysosomal pathway when
endosomes containing AuStrs fuse with lysosomes. Figure 5.7 j) could illustrate
the fusion between an electron-dense lysosome and an electron-lucent endosome
(endolysosome). Additionally, sharp 100 nm Peg-Austrs were found in the cyto-
plasm in proximity to these vesicles of high electronic density (lysosomes) con-

taining AuStrs (Figure 5.7 1). Importantly, a multispiked morphology could have
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allowed the PEG-AuStrs to successfully escape endolysosomal entrapment, allow-
ing the particle to evade the lytic pathway and resume its journey to the basolateral

membrane (Figure 5.7 m).

Despite the different trafficking challenges the nanostars successfully complete
transcytosis when vesicles containing 100 nm PEGylated AuStrs possibly fuse with
the basolateral membrane (Figure 5.7 n) and release the nanostructures (Figure 5.7

o and p).

100nm Tf-AuStr Similarly to the their PEGylated 100nm Austr counterpart, cell
membrane protrusions are observed extending from the cell surface to engage with
AuStrs in the viccinity of the apical cell membrane. Specifically, the cell mem-
brane protrusions were observed bridging the gap (50-200 nm) between the AuStrs
and the cell surface (Figure 5.8 c). Above the cells the nanoparticles seem to be
found in an aggregated state. As the AuStrs are negatively charged, agglomeration
could occur as a result of electrostatic repulsion between the negatively charged
cell glycocalyx and the AuStrs surface (Mockl et al., 2017). AuStrs were also
found directly anchored onto the apical cell membrane with spikes facing the cell
membrane possibly in the preliminary stages of penetration (Figure 5.8 b). Figure
5.8 e) shows a more advanced stage of internalization involving AuStrs entangled
in membrane protrusions, and apical membrane topology grooved to accommodate
the entry of the Tf-AuStrs.

Within the cells, 100 nm Tf-AuStrs are found inside vesicles, similarly to
PEGylated 100 nm AuStrs (Figure 5.8 f-1). However, within these electron lucent
vesicles (endosomes), the Tf-AuStrs were aligned along the vesicle wall (Figure
5.8 f, h and 1). This engagement with the endosome could occur as a result of

transferrin in the surface of the nanostars attaching to their corresponding transfer-
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rin receptors on the endosomal wall (Wiley et al., 2013). This strong avidity for
the endosomal wall may hinder the disengaging of the bioconstruct from the cell
wall during exocytosis, thus decreasing the amount of Tf-AuStrs that can reach the
basolateral compartment (Clark and Davis, 2015).

Gold stars were found between the cell and the filter (Figure 5.8 n and o),

indicating successful transcytosis.

Comparison Cell membrane protrusions were identified in the uptake of both
PEGylated and Tf coated AuStrs. Both types of AuStrs were also found directly
anchored to the cell membrane possibly initiating penetration, indicating an addi-
tional entry route to macropinocytosis.

Alternatively to being cell protrusions, the cell structures observed could be
linked to the cells glycocalyx. The internalization of the nanoparticles is subject
to the interaction between the nanoparticles and the enothelial glycocalyx (eGCX)
layer at the apical surface of the cell membrane. The eGCX layer is a network
of membrane bound glycosaminoglycans, proteoglycans, glycoproteins, sialic acid
and plasma proteins (Reitsma et al., 2007; Weinbaum et al., 2007). The eGCX has
vasculoprotective properties, functioning to maintain fluid balance and in the reg-
ulation of vascular permeability (Becker et al., 2010), coagulation (Kolarova et al.,
2014) and constituting a physical barrier to the interaction of blood componenents
(radi > 5.7 nm) (Vink and Duling, 2000) with the vascular wall (Alphonsus and
Rodseth, 2014; Lipowsky, 2012).

Mockl et al. (2017) investigated the role of the endothelial glycocalyx on the
uptake of 50 nm polystyrene nanoparticles in human umbilical vein endothelial
cells. It was found that the glycocalyx acted as a barrier for the internalization

of nanoparticles. In fact, it was possible to significantly increase the uptake of
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nanoparticles into the endothelial cells when the glycocalyx was enzymatically
degraded to enable the nanoparticles to reach the cell membrane. Furthermore,
in the presence of the eGCX, the nanoparticles’ native charge was an important
determinant for their cell internalization despite particle size. Positively charged
nanoparticles were able to interact with the negatively charged eGCX resulting in
significantly higher uptake than that of negatively charged nanoparticles that are
possibly electrostatically repelled by the eGCX. However, such charge interactions
are complex events due to the presence of oppositely charged species in the media

and formation of the protein corona (Pino et al., 2014).

The interaction between the negatively charged nanostructures with the posit-
ively charged glycocalyx could cause the nanostructures to aggregate at the cell

surface as observed in Figure 5.8 c).

PEGylated and Tf conjugated Star shaped nanoparticles successfully iternalised
hCMEC/D3 cells. Both AuStr formulations were found intracellularly inside ves-
icles. PEGylated AuStrs were found evenly distributed within these vesicles and
also in the cytosol in the vesicles’ vicinity. Tf-AuStrs, on the other hand, aligned
to the endosomal wall and were not found in the cytosol close to vesicles. PEG-
AuStrs cytososlic presence possibly reflects the ability of PEG-AuStrs to escape to
the cytosol during vesicular transport. The morphology of the 100 nm AuStrs, with
both PEG and Tf coatings, within the intracellular environment was not altered.
Even though Tf-AuStrs share the same sharp geometrical features to PEGylated
AuStrs, Tf-AuStrs attachment to the endothelium could halt their escape from the
vesicles, thus explaining the lack of transferrin particles in the cytosol close to

transport vesicles.

Both formulations showed the ability of successfully completing transcytosis,

having been found in between the basolateral membrane and the filter.
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Effect of decreasing AuStr diameter in hCMEC/D3 cell association and tran-

scytosis

50 nm PEG-AuStr 50 nm PEGylated AuStrs were found next to protruding cell
membrane structures in an aggregated state in the apical side (Figure 5.9 a) possibly
due to electrostatic interaction with glycocalyx (Mockl et al., 2017). Inside the cells
the AuStrs aggregates were densely packed inside vesicles (Figure 5.9 f). 50 nm
PEGylated AuStrs are released in the basolateral side both as single particles and
as aggregates (Figure 5.9 g). This indicates that nanoparticles can be transported
in both forms inside the vesicles.

Additionally, individual AuStrs were also observed successfully completing
transcytosis. Some of these AuStrs were surrounded by a dark halo in BF-TEM
micrographs (Figure 5.9 d) indicating the presence of surrounding biomolecules
(e.g. lipids). It is possible that the nanoparticles cause some lipid loosening on their
exit from the cell. This phenomena has been previously identified by Taraska and
Almers (2004) and Chithrani and Chan (2007) that following content release from
vesicles the membrane lipids were loosened. Importantly, this possible loosening
did not compromise the integrity of the membrane as confirmed by the non signi-
ficant levels of LDH released by the treated cells (Figure 5.5).

Alternatively, a protein corona may have formed on the surface of this AuStrs
before or during transport through the BBB. In fact, Cox et al. (2018) demonstrated
that the surface of the nanoparticles undergoes dynamic molecular modifications

upon crossing the BBB.

Tf-AuStr S0 nm Small cell protrusions were observed next to Tf-AuStr aggreg-
ates at the cell membrane surface (Figure 5.11 d). This could represent the early

formation of macropinocytic membrane ruffles during the preliminary stage of in-
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ternalization (Lim and Gleeson, 2011). In fact, possibly in a more advanced stage
of macropinocytic uptake, membrane ruffles were found enveloping most of a nan-
oparticle aggregate (Figure 5.11 f). The AuStrs also interacted with the cell mem-
brane direactely via their spikes (Figure 5.11 b). Once inside the cell, the nano-
particle enclosed in vesicles moved towards the basolateral membrane to complete
transcytosis (Figure 5.11 j). Like for the 100 nm Tf-AuStrs, here the aggregates of
50 nm Tf-AuStrs are observed in close proximity to the vesicle wall, possibly due
to Tf-Tf receptor linkages (Figure 5.11 k). These bioconstructs were also closely

associated with the vesicles membranous structures (Figure 5.11 h).

25 nm PEG-AuStr AuStrs aggregates were also found anchored to the cell and
penetrating the membrane surface (Figure 5.12 ¢). AuStrs at the cell vicinity were
also found captured by a large protrusion of the plasma membrane (Figure 5.12 d).
Thus, consistent with the previous nanoparticle sizes, 25 nm PEGylated stars also
seem to be taken up by macropinocytosis (Lim and Gleeson, 2011). The forma-
tion of the pseudopod-like structures allows the internalization of a bulk amount
of gold nanostars, and thus numerous AuStrs can be found intracellularly (Figure
5.12 g and h). Interestingly, one AuStr was also found next to a transport vesicle,
suggesting that these particles were also capable of crossing the vesicle into the

cytoplasm.

25 nm Tf-AuStr Internalised nanoparticles were enclosed within vesicles and
move towards the basolateral side of the membrane (Figure 5.13 c¢). AuStrs were
found in vesicles as individual particles, which again attached to the vesicles mem-
branous wall (Figure 5.13 d). Vesicles also transported AuStrs as aggregates, how-

ever, the AuStrs that did not integrate this main aggregate structure attached to the
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vesicle wall (Figure 5.13 d, red arrows). This occurrence highlights once more
transferrin to transferrin receptor (Tf:TfR) interactions for the small AuStrs (Wiley
et al., 2013). Post-transcytosis, AuStrs were found as aggregates (Figure 5.13 h) or
aligned along the basolateral membrane (Figure 5.13 f). These configurations may
be consistent with the pre-transcytotic particle architecture during transport, with
individual particles corresponding to the vesicle wall linearly attached AuStrs and

aggregates to vesicles transporting aggregates.

Comparing the effect of diameter Particles of smaller diameter showed beha-
viours in common with the 100 nm AuStrs. In summary, both PEG and Tf coated
AuStrs were uptaken in an aggregated state and found mostly as aggregates inside
vesicles. Similarly to the 100 nm Tf-AuStrs, smaller Tf-AuStrs were not observed
outside of vesicles and also engaged with the vesicles” walls. However, there were
relatively fewer instances of small PEGylated AuStrs in the cytoplasm, in compar-
ison to 100 nm PEG-AuStrs.

Vesicles containing Tf or PEG AuStrs of smaller diameter carried relatively
more nanoparticles than vesicles transporting 100 nm AuStrs. This higher packing
of smaller AuStrs can be explained if on average the transport vesicles had rel-
atively similar dimensions across the samples, limiting the maximum number of
AuStrs that can be transported per vesicle, given the comparable vesicle dimen-
sions.

Whilst the transport vesicles contained more smaller particles, this did not
translate into more transcytosis as shown by the ICP transport data. In fact, the
transcytosis fraction decreased for smaller particle sizes (Figure 5.18). Vesicle
transport was predominantly observed on all cell samples. Following the transport

of vesicles across the cell, transcytosis can occur either by direct vesicle fusion with
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the basolateral membrane or by Austr escape from vesicle followed by transcytosis.

For being polarized cells, vesicular transport in the BBB endothelium can occur
either in a blood-to-brain or brain-to-blood direction, in accordance to the cellular
needs (Barar et al., 2016). By supporting this bidirectional movement, the cells
are able to constantly recycle endocytosed receptors back to the apical membrane
unless the transport vesicles contain specific signals for degradation or transcytosis
(Barar et al., 2016). Particle escape is particularly important for vesicles that may
be retained by the cell and recycled back to the apical cell membrane (Roberts
et al., 1993) instead of exocytosing basolateraly. In these instances particle escape

could be a non-negligible source of nanoparticles for transcytosis.

It is known that the majority of monodisperse AuNP formulations are found in
intracellular vesicles in an aggregated state (Chithrani et al., 2006; Chithrani and
Chan, 2007; Albanese and Chan, 2011). It is possible that as more AuStrs become
aggregated inside vesicles, their escape becomes more difficult due to a decrease
in aggregate aspect ratio (Chu et al., 2014) in comparison to single particles (same
spike length to induce the escape of a bigger aggregate core). Interestingly, ICP
data showed that the cell associated fraction was larger for smaller AuStrs, which
formed larger aggregates inside vesicles than bigger AuStrs. This is consistent with
Albanese et al. (2012) in which the uptake of aggregates by MDA-MB-435 cells
led to aggregate accumulation inside vesicles. However, this behaviour was cell

type dependent (Albanese et al., 2012).

Also, geometrically, smaller AuStrs have lower aspect ratios than larger AuS-
trs, which could further reduce the ability of small AuStrs to escape from vesicles
and complete transcytosis. Both the increase in AuStr aggregation inside vesicles
and the decrease in aspect ratio of smaller AuStrs may justify the higher cell asso-

ciation fraction and the lower transcytosis fraction as a consequence of decreased



225

AuStr diameter.

Effect of smooth spherical morphology in hCMEC/D3 cell association and

transcytosis

PEG-AuNP Since AuNPs were found at different intracellular locations as in-
dividual particles and only occasionally as aggregates, it is possible that the cell
uptake occurred through endocytosis. In fact, Liu et al. (2017) used real-time visu-
alization studies to show that, following the uptake of DNA-coated gold nano-
particles, the AuNPs appeared mostly as single particles during the early stages of
endocytosis and clustered during vesicular transport and maturation. The presence
of individual and clustered AuNPs could therefore be an indication of the stage of

endocytic vesicle maturation.

Tf-AuNP Similarly to PEGylated AuNP, transferrin AuNPs were also found in-
side endosomes, given the low electronic density of these vesicles (Eskelinen,
2008; Ye et al., 2013). Transferrin AuNPs attached to the endosomal wall similarly
to previous transferrin bioconstructs in this study, suggesting Tf-TfR interactions
(Wiley et al., 2013). The electronically dense vesicles in which AuNPs were found

probably correspond to lysosomes (Eskelinen, 2008; Ye et al., 2013).

Uptake and transport of AuNPs in comparison to that of AuStrs Tf-AuNP
were able to enter the cells, however to a lower extent than the star shaped nano-
particles. Once inside the endosomes the transferrin coated nanoparticles are found
attached to the endosomal wall, due to their possible engagement with the trans-
ferrin receptor. Some of the bioconstructs were observed inside lysosomes. Unlike

the AuStrs, AuNP were not observed escaping this organelle. AuNPs were not
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found in the cytoplasm near any of the vesicles imaged.

Tomography of hCMEC/D3 cells exposed to 100 nm PEG-AuStrs The tomo-
graphic datasets presented in this chapter were acquired from a section of cells
that were exposed to PEG-AuStrs for 24 hours before fixation (Figures 5.16 and
5.17). In these datasets PEG-AuStrs can be seen associated with the outer surface
of the cell’s plasma membrane. Evaluation of the reconstructed volume reveals
that the nanostructures were also indeed located inside the cell. The AuStrs were
distributed throughout the entire monolayer. In fact, multiple points of PEG-AuStr
transcytosis were mapped in the 3D reconstructed model. These findings correlate
with the 2-D TEM images confirming that the 2D observations were not artefacts

from the sheering during the ultramicrotomy process.

5.4.4 Quantification of nanostructure transcytosis across the BBB
Effect of Morphology on cell association and transport

It was found that after incubation for 24 hours at 37°C the 100 nm PEG-AuStrs
showed an outstanding summed cell association and transcytosis (80.5 £ 1.3%)
over that of PEG-AuNPs (18.3 +2.2%). This effect was observed for all AuStr
diameters comparatively to the spherical AuNPs and was statistically significant.
Thus, hCMEC/D3 cells show preferential uptake of PEG AuStrs over the spher-
ical AuNP counterparts, strongly suggesting that the nanostructure’s morphology
played a crucial role. This difference in the extent of cellular uptake may result
from the interplay between several factors including surface contact area (includ-
ing SA/V and surface spikiness), and the preferred biological pathways of entry
(Kuo and Huang, 2005).

Being that prior to their internalization the nanoparticles need to adhere to the
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cell membrane, it is important to consider the cell membrane to nanoparticle con-
tact area. The PEG-AuStrs have a larger surface area to volume ratio than AuNPs,
being that spheres have the smallest surface area to volume ratio of all other mor-
phologies. This indicates that the AuStrs may be able to support more multivalent
interactions and thus have stronger adhesion force to the membrane (Mammen
et al., 1998) than the PEG-AuNPs to drive internalisation. Gao et al. (2005) repor-
ted that the docking of single bioparticles with sizes below 50 nm did not engage
with the critical receptor density at the cell membrane wrapping front required
to generate enough free energy to trigger their complete enclosement by the cell

membrane.

Additionally, in contrast to the PEG-AuNP, PEG-AuStrs contain several areas
of high local curvature (surface spikiness), which are reported to accelerate cellular
internalization when the particle angle is perpendicular to the cell membrane (Yang
and Ma, 2010; Ding et al., 2012). Nambara et al. (2016) showed that both surface
area to volume ratio and the presence of vertices allowed the better performance
of triangular gold nanoparticles over spherical particles in HeLa cells by 20-fold.
In particular, Champion and Mitragotri (2006) reports that the particle shape at the
point of contact with the membrane determine their internalisation rate rather than
the particle’s overall size. In fact, the needle-like morphology of carbon nanotubes
allows them to cross biological membranes by direct translocation and thus evading

conventional endocytic processes (Kafa et al., 2015).

The TEM images provided valuable information on the possible preferred path-
way of nanostructure entry into the cells. Whilst the spherical nanoparticles were
mainly found in the cells as individual entities (Figure 5.14 a), the nanostars were
frequently observed inside the cells as aggregates inside vesicles (Figure 5.7 a and

g). The AuStrs are possibly internalised by macropinocytic pathway as indicated
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by the presence of pseudopods surrounding AuStrs (Figure 5.7 d). This uptake
pathway allows the internalization of a large amount of nanoparticles and may thus
be a great contributor to the observed enhanced uptake of star shaped particles
compared to nanospheres.

Importantly, this study also shows that the star morphology was the most effi-
cient for BBB transcytosis. The 100 nm PEG-AuStrs showed a significantly higher
transcytotic capacity comparatively to the spherical nanoparticles (***p<0.001,
Figure 5.18a). Peg-AuStrs translocated the membrane with an impressive 65.7 &
1.4% efficiency whilst only 16.6+ 1.9% of the PEG-AuNP dose translocated to the

basolateral compartment.

Effect of AuStr diameter on cell association and transport

The summed cell associated and transcytosis fractions following 24 hours treat-
ment were on average 72.3 +3.7% for all PEG-AuStr diameters, with no statistical
differences between them. When the cell associated gold fraction is deconvoluted
from transcytosis, it is found that the % cell association decreases with AuStr size
(Figure 5.18b). More specifically, particle retention decreases from 55 + 12% to
14.8 +2.7% when the gold star size increases from 25 to 100 nm. The decrease in
particle retention with increase in particle size can be due to a decreased particle
residence time in cell, as larger particles seem to be more easily released from the
cells (Figure 5.18a). The fact that larger AuStrs had a higher transcytosis fraction
than smaller AuStrs indicates that bigger AuStrs either have a smaller residence
time on the cells or that they get transported preferentially to the basolateral mem-
brane rather than entering a different trafficking pathway.

Whilst it was conventionally thought that particles should be smaller than 64

nm for brain penetration (Thorne and Nicholson, 2006), Nance et al. (2012) showed
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in ex vivo human and mouse brain tissue and in vivo mouse brain that particles up
to 114 nm in diameter were able to penetrate the brain given that they are densely
PEGylated, unlike 200 nm particles. This effect was due to the great presence
of brain extracellular space pores bigger than 100 nm (28%) but low presence of
pores above 200 nm. Irrespective of the size, the penetration of uncoated nano-
particles in the brain were limited by hydrophobic and electrostatic interactions.
Heavily PEGylated nanoparticles had near neutral zeta surface charge (< -4 mV)
which was correlated with greater rat brain tissue penetration. For PEGylated nan-
oparticles to successfully penetrate the brain, the PEG layers should be in a brush
arrangement occurring when roughly with 9 PEG molecules (5 kDa) per 100 nm?.
The formation of PEG coating in this regime possibly limits nanoparticle adhesion
to the brain extracellular space and facilitates particle diffusion. Like Nance et al.
(2012) all of the 100 nm PEG-AuStrs in this study had a near neutral zeta surface

charge (< -4 mV) in the culture medium (Table 5.1).

Furthermore, in this study it was shown that by changing the AuStr diameter it
was possible to significantly change the extent of nanostructure transcytosis from
12.942.1% to 65.7 +1.4% (***p<0.001), when particle size was increased from
25 nm to 100 nm, respectively. Hence, whilst the summed cell association and
transcytosis fraction were similar across the AuStrs with different diameters (Fig-
ure 5.18e), the AuStrs ability to complete basolateral transcytosis increased with

particle size.

This effect may be justified based on the nanostructures geometrical features.
As the size of the AuStrs increases to 100 nm, their shape becomes more promin-
ent, the spikes become longer (Figure 5.23 a), and the spike aspect ratio increases
(Figure 5.23 b). These features proved to be beneficial to the AuStrs ability to

complete their path across the cell. In fact, TEM images suggested that 100 nm
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spiky AuStrs were able to pierce and escape both endosomal and lysosomal com-
partments and move towards the basolateral membrane (Figure 5.7 m). This escape
from the endolysosomal pathway (Figure 5.7 1) together with the successful dock-
ing of transport vesicles to the basolateral membrane (Figure 5.7 n) contribute to

the successful transcytosis of the 100 nm AuStrs with high aspect ratio surface

AuStr 25 nm AuStr 50 nm AuStr 100nm AuStr 25 nm AuStr 50 nm AuStr 100 nm

spikiness.
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Figure 5.23: Graphs showing the average spike length (a) and average spike aspect
ratio as a function of AuStr diameter. The AuStr spike measurements determined
using the image J software.



231

Size dependency of nanoparticle transport across the BBB has previously been
identified for lactofferin (Song et al., 2017) and PEG (Liu et al., 2014) conjugated
spherical silica nanoparticles. Here, the particle size showed a negative correlation
with BBB transport, with 25 nm particles crossing more than 50 nm particles whilst
100 nm particles crossed the least. Unlike Liu et al. (2014), Song et al. (2017) was
not able to demonstrate size dependence for the spherical PEGylated nanoparticles.

In our study it is shown for the first time that the transcytosis of nanostars
increases with gold star diameter. Thus, the reverse size dependence effects pre-
viously reported between isotropic and anysotropic nanoparticles (Nambara et al.,
2016; Agarwal et al., 2013) seem to hold for the transport between anisotropic and

spherical nanoparticles across the BBB.

Effect of transferrin on cell association and transport

Overall, the Tf-AuStrs followed the previously observed uptake and transcytosis
trends observed for PEG-AuStrs, with increased particle size resulting in lower cell
retention and increased nanostructure transcytosis. Furthermore, it was found that
whilst the cell associated fraction of Tf-AuStrs was higher than that of PEGylated
AuStrs (*p<0.1, Figure 5.18b) the transcytosis of the Tf-AuStrs was lower (*p<0.1,
Figure 5.18a). The difference in transcytosis between PEGylated AuStrs and Tf-
AuStrs could be attributed to receptor ligand (Tf-TfR) interactions. The transferrin
receptor is known to internalize transferrin via receptor mediated endocytosis, with
subsequent transcytosis across the endothelial cell (Pardridge et al., 1987). The
presence of transferrin on the surface of the nanoparticles may therefore increase
the binding of the bioconstructs to the cell membrane leading to increased nano-
particle entry by transferrin receptor mediated endocytosis.

The effects of ligand receptor interactions have been reported in previous stud-
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ies and strategies to improve the transcytosis of bioconstructs are currently be-
ing investigated. Clark and Davis (2015) group tackled the entrapment of high-
avidity Tf-AuNP conjugates within the endothelium by adding a cleavable group
that releases AuNP from Tf-TfR complexes when the endosomal pH decreases.
This modification increased by 10-fold the amount of nanoparticles reaching the
basolateral compartment. Furthermore, Cui et al. (2018) investigated the bypass of
the endolysosomal entrapment by accelerating basolateral exocytosis as a way of

promoting transcytosis of nanoparticles in epithelial cells.

AuStrs bioconstructs are densely conjugated in a conformal coat of transferrin
(chapter 3). The release of the nanostars on the basolateral side is dependent on
the dissociation of the ligand coated nanoparticles from the membrane receptors.
As showed by Clark and Davis (2015), the multivalent interactions of Tf-AuStrs
with the cell membrane may make it more difficult for the nanostructures to dis-
engage from the basolateral membrane comparatively to the PEGylated nanostruc-
tures. TEM shows that Tf-AuStrs (Figure 5.8 g) and Tf-AuNPs (Figure 5.15 ¢)
are engaged with the vesicular wall during transport. Whilst the AuStrs’ sharp
features are favourable for endosomal escape, the physical attachment of the Tf-
AuStrs to these organelles hinders their escape compared to PEG-AuStrs. The
above-mentioned factors increase the residence of the Tf nanoparticles within the
cells comparatively to PEGylated nanostructures, thus decreasing the transcytosis

amount of the bionconstructs.

Alternatively the observed results are possibly in agreement with an alternative
mechanism for transferrin’s role in the iron transport cycle in the BBB. Roberts
et al. (1993) demonstrated in murine models that, unlike other epithelial cells,
transferrin receptors are highly polarized at the BBB and are localized only at the

apical membrane. The results indicated that iron transport occurred in three main
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stages: holo-transferrin binding to surface TfR, iron release in endosomes and iron
transcytosis to the brain by unknown mechanisms with TfR being recycled back to
the apical membrane. Later studies by Skjgrringe et al. (2015) agreed with Roberts
et al. (1993) findings and proposed that iron is pumped to the cytosol by a metal
transporter (divalent metal transporter 1) present on the endosomal membrane and
finally transported across the basolateral membrane, possibly by ferroportin (iron
export protein) (Figure 5.24). According to this proposed mechanism, Tf endocyt-
osis allows for iron transcytosis but the protein is recycled back to the luminal side

(Moos et al., 2006).

Figure 5.24: Image showing two proposed models of iron transport through the
BBB without (left) or with (rigth)transcytosis of transferrin (Skjgrringe et al.,
2015).Copyright 2015 Skjorringe, Burkhart, Johnsen and Moos.

If iron transport in fact happens through this alternative mechanism, the pres-
ence of transferrin on the surface on the AuStrs and AuNPs would not necessarily
guarantee their transcytosis. If these vesicles are destined to be recycled back to
the apical membrane then vesicle escape would be beneficial to transcytosis.

Also, Gunduz et al. (2017) studies revealed that intracellular nanoparticle ac-
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cumulation following prolonged AuNP exposure caused HUVEc cells to inhibit
further AuNP uptake by macropinocytosis when an intracellular AuNP concentra-
tion threshold level was achieved. In this way cells were able to actively regulate
nanoparticle uptake. Interestingly, AuNP accumulation did not interfere with the
clatherin nor calveoly-mediated endocytic uptake of transferrin proteins and chol-

eratoxin, respectively Gunduz et al. (2017).

The findings presented in the previous study support the observation in this
chapter that Tf-AuStrs are retained more within the endothelium than PEG-AuStrs.
Being that the summed cell association and transcytosis fraction was relatively
constant across the different AuStr diameters (Figure 5.18d) it could be postulated
that hCMEC/D3 cells are defined by a threshold of the total percent of gold that
can be processed by the cells in 24 hours, for the star morphology. Thus, in this
study this threshold value would be around 72.3 £ 3.7%. Therefore, according to
Gunduz et al. (2017), once this threshold is achieved, further AuStr uptake by the
endothelial cells through macropynocytosis would be inhibited whilst the cellular
uptake through transferrin-receptor mediated endocytosis would still be permit-
ted. Under these conditions, only AuStrs that enter the cell via transferrin-receptor
mediated endocytosis would continue to enter the cells, i.e. Tf-AuStrs. This addi-
tional Tf-AuStr entry beyond the threshold point would therefore account for the

extra 2.7% of the found Tf threshold comparatively to the PEG-AuStr threshold.

Furthermore, the amount of Tf-AuStrs that would be permitted to enter the cells
via Tf-receptor mediated transcytosis would depend on the nanostructure dispersity
state at the point immediately before internalization. It has been shown that multi-
walled carbon nanotubes are found in epithelial cells in endocytic cups when taken
up as individual entities whilst larger aggregates were found inside macropyno-

somes (Ruenraroengsak et al., 2016).
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In the transwell culture model, the nanostructures are introduced in the apical
side of the BBB endothelial cells. Before the nanostructures interact with the cell
membrane, they first encounter the endothelial glycocalyx layer at the apical sur-
face of the cell membrane (Mockl et al., 2017).

Being that all the nanoparticle formulations in this study have near neutral to
negative charge (Figure 5.27), it is possible that their interaction with the negatively
charged glycocalyx causes them to aggregate at the cell surface to exclude the in-
teraction with the glycocalyx by electrostatic repulsion. As Figure 5.8 ¢ shows,
most of the Tf-AuStrs in close proximity to the cell membrane are in an aggregated
state. Therefore, even though the Tf-AuStrs are targeted to the BBB, the nanostruc-
ture aggregation at the apical cell surface could affect their entry (Ruenraroengsak
et al., 2016) by receptor mediated endocytosis because aggregation increases the
overall size of the nanostructures to be internalised. Therefore, Tf-AuStrs would

have limited access to a receptor mediated route.
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5.4.5 Evaluation transcytosis efficiency in correlation with geo-

metry

To understand the parameters that ultimately influence the transcytotic beha-
viour of the different gold nanostructures, the effect of surface charge (zeta po-
tential), geometry and surface coating were evaluated in respect to transcytotic
efficiency. It was verified that all nanostructures had near neutral zeta potential as
expected due to PEG stabilization , and there were no statistically significant effect
of the small differences in zeta potential on transcytosis (Figure 5.25). The effect
of different zeta potentials in nanostructure transcytosis was not explored in this
this study as highly charged particles are less stable in the biological media and

would therefore not fit with the current design strategy.
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Figure 5.25: Transcytosis as a function of zeta potential for PEGylated (a) and
Tf coated nanostructures (b), with slope deviation from zero being not significant
(p=0.6 and p=0.06, for graphs a and b respectively.

Overall, geometry had a statistically significant effect on transcytosis (Figure
5.26). Spike length showed the most direct correlation to transcytotic efficiency for

PEGylated AuStrs (p=0.004). However, in the presence of transferrin, the effect of
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length was not significant, and AuStr diameter and spike aspect ratio were the only
statistically significant variables to affect transcytosis. However, it is worth noting
that spike length and aspect ratio are co-dependent variables, and therefore have to

be considered in combination.
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Figure 5.26: Transcytosis as a function of AuStr diameter for PEGylated (a) and
Tf coated nanostructures (b), with slope deviation from zero only being significant
for Tf coated nanostructures (p=0.13 and p=0.04, for graphs a and b respectively).
Transcytosis as a function of spike length for PEGylated (c) and Tf coated nano-
structures (d), with slope deviation from zero only being significant for PEGylated
nanostructures (p=0.004 and p=0.09, for graphs ¢ and d respectively). Transcytosis
as a function of spike aspect ratio for PEGylated (e) and Tf coated nanostructures
(f), with slope deviation from zero being significant for Tf coated nanostructures
(p=0.06 and p=0.03, for graphs e and f respectively).
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5.5 Conclusions

A hCMEC/D3 cell based in vitro model of the BBB was successfully estab-
lished and implemented to evaluate the effect of particle geometry, diameter and
surface coating in nanostructure transcytotic efficiency. It was found that the nanostars

were about 50% more efficient than nanospheres in crossing the BBB (Table 5.27).

Geometry (TEM analysis) Zeta Potential (mV) e
A

Spike Parameters ddH20 Media +FBS
Diameter (nm)

Morphology Length (nm) ' Aspect ratio PEG Tf PEG Tf Peg Tf
AuNP 12 N/A N/A -23.43+2.7 -23.2+0.9 -10.59+1.74|-7.08 + 3.39| 16.6+1.9 | 14.56+0.32
AuStr 25 28 6.35+1.87  094+0.33 | -23.33+2.8 | -47.4+043 | -2.82+0.89 -8.47+3.31 12.9+2.1 | 3.66%0.11
AuStr 50 47 9.42+3.22  1.36+0.43 -245+1.8 -29.1+0.44 | -3.52+1.42 |-5.67 +2.80 17.1+¥3.3 | 13.2+#3.0
AuStr 100 94 41.73+7.33 3.19+0.6 -20.53+3.8 | -22.33+5.37 -2.27£0.06 -3.25%0.59  65.7+1.4 45+12

Figure 5.27: Summary of nanostructures geometrical features and their effect in
transcytosis.

The maximum transcytotic efficiency, 65.7 4+ 1.4 %, was achieved for 100 nm
PEGylated AuStrs and the extent of transcytosis diminished with decreased AuStr
diameter. All the gold nanostructures had near neutral zeta potentials in the test-
ing cell media which did not significantly correlate with the different transcytotic
efficiencies.

Moreover, increasing AuStr size was linked to a well-developed spiky surface
morphology with long spike lengths and of greater aspect ratio. As the AuStrs get
smaller and their shape closer assimilates that of a spherical morphology, the effect
of AuStr morphology in transcytosis is lost. It is postulated that the high aspect
ratio features in AuStrs are beneficial for transcytosis for allowing the AuStrs to
efficiently penetrate the cells, escape endolysososomal entrapment, and reduce cell

retention. Transferrin based bioconstructs engaged strongly with the basolateral
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cell membrane during transcytosis and thus did not contribute to enhance tran-
scytosis efficiency. However, Tf bioconstructs increased cell association and cell
residence.

Taken together, the analysis show that the transcytotic efficiency was strongly
influenced by geometrical factors, specifically spike length, aspect ratio and AuStr
diameter. 1t is therefore concluded that a spiky surface topology is key for nano-
particle transcytosis, and can therefore be considered in the future design of BBB

penetrating nanoparticles.



Chapter 6

Conclusions and Future work

The work has highlighted the promising use of a nanostar based morphology
for successful crossing of the BBB. Characterisation of the nanostructures revealed
that the presence of a multispiked surface topology on the synthesised nanoparticles
allows for preferential cell uptake by the brain endothelium, and for a high load-
ing capacity with the ligand of interest Tf comparatively to nanoparticles of less

structured topology.

Specifically, the synthesis of three different sizes of AuStrs, namely 25, 50 and
100 nm in diameter, through a solution based seed mediated method, were demon-
strated to change the nanostructure association to the cells, and extent of tran-
scytosis across the BBB in vitro. The observed effects were obtained for PEGylated
AuStrs and thus a PEG coating has proven to be an applicable stabilising ligand for
effective AuStr transcytosis.

The biconjugation of the AuStrs was highly efficient with the formation of a
conformal Tf coating on the nanostar surface. Additionally the AuStrs had high
loading capacity and the protein packing was concentration dependent. Further-

more, the bio-functionalization of the gold nanostructures with the Tf increased
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the nanostructures association to the brain endothelium but did not translate into
enhanced trasncytotic ability. These observations highlight that following sur-
face bio-functionalization, the complexity of the nanostructure trafficking events

increase.

Further experiments could be performed aimed at understanding bio-functionalisation
factors and their effect in cell trafficking. Specifically, it would be important to
identify in a systematic study the optimal Tf surface density for each nanoparticle
morphology and diameter that leads to the bioconstructs’ best transcytotic perform-
ance. Similarly it is important to fully understand the structure and loading beha-
viour of the protein on the surface of the nanostructures as a quality control ana-
lysis of the bioconstructs (Kelly et al., 2005); techniques such as circular dichroism

could be applied to yield this information.

The hCMEC/D3 in vitro model of the BBB was an essential tool in the valida-
tion of the design of nanoparticles for BBB crossing. The culturing of the cells in
a porous transwell set-up allowed for the successful quantification of transcytotic
events of the different nanostructure formulations by using ICP-OES. However, this
approach has some limitations. Specifically, when it came to analysing the amount
of cell-associated gold, ICP-OES was not able to distinguish between intracellular
gold content and that solely anchored to the cell surface. Therefore, correlative
confocal microscopy analysis of live-cell systems could provide an estimation of

the proportion of surface bound nanostructures to those that have been internalised.

The imaging of resin preserved cell samples by transmission electron micro-
scopy provided valuable information on the uptake and intracellular distribution
of the gold nanostructures in the brain endothelium. Furthermore, confocal fluor-
escence microscopy could complement the hypothesis that sharp 100 nm AuStrs

escape organelle entrapment and contribute to transcytosis. The immunofluores-
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cent tagging of the different cell organelles and vesicles can allow the unambigu-
ous colocalization analysis of the nanostructures in the intracellular environment.
Such study would provide further insights into the interaction of the nanoparticles
within cells. Live cell imaging studies can also be carried out in order to visualise
the uptake trafficking and transcytosis of different nanostructure formulations in
live cells to complement the TEM studies.

Future work could also be aimed at elucidating the pathways involved in the
uptake of the different nanoparticle formulations by the hCMEC/D3 cells. Cell
inhibition studies with substances known to selectively inhibit particular transport
pathways would be a complementary experiment to this work. Ultimately, murine
models could be used to extensively study the ability of the promising nanoparticle
formulations to cross the BBB in vivo.

Ultimately, the gold nanostar based platform developed here is versatile and
can be specifically adapted to enable brain targeting for therapeutic or diagnostic
purposes. Future work should extend on the application of the developed system.
Specifically, other proteins or peptides can be explored to target and translocate
the BBB. Furthermore, owing to the large surface area conferred by the gold star
morphology, a multiplexed platform could be built, with the simultaneous incor-
poration of targeting therapeutic and diagnostic agents for the management of con-

ditions in a holistic manner.
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Nanovehicle Drug Dosing: Conformal Protein Loading of Gold Nanostruc-

tures with highly Tailored Surface Morphology. (ready for submission)

2. Rodrigues, R., Qi, J., Ruenraroengsak, P., Goode, A., Porter, A.E. and Ryan,
M.P. (2018) Gold star based vehicles for blood-brain-barrier crossing: in

Vitro permeability evaluation of BBB targeted bioconstructs. (in preparation)
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1. 21/07/2016 Rodrigues, R., Porter, A.E. and Ryan, M.P. The Use of Smart
Nanoparticles for Crossing the Blood-Brain Barrier, Year 2 PhD seminar,

Materials Department, Imperial College, London (UK)

2. 29/06/2018 Rodrigues, R., Porter, A.E. and Ryan, M.P. Synthesis of Gold
Nanovehicles for Controlled Drug Delivery Applications, The 4th edition
of Nanotech France 2018 International Conference and Exhibition, Paris

(France)
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Appendix

The toxicity of nanostars in neuron cells was evaluated to test the potential fo

AuStrs as BBB drug delivery vehicles (Figure 1).

Neuronal cells (N27)
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Figure 1: LDH and MTS cytotoxicity assays of N27 cells exposed to 100 nm PEG
AuStrs at the concentration of 50 pg/mL. The figure shows that the nanostars were
not toxic in neuronal cells with statistical significance.
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