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Summary

Diagnosing certain diseases and tracking their progression requires the ability to “see” into the body.
This is typically achieved by taking advantage of intrinsic contrast in biological tissues (such as in X-ray
or magnetic resonance imaging) or by labelling structures with markers such as dyes, fluorescent tags
or quantum dots. Each method has limitations — not all structures have sufficient contrast for high
resolution imaging, fluorescence fades and quantum dots blink randomly. Nanomaterials were
developed for in vitro imaging applications which can overcome the limitations of conventional imaging
probes by combining harmonic nanocrystals with superparamagnetic nanoparticles in a

multimodal/multifunctional diagnostic tool.

Nanocrystals of nonlinear optical bismuth ferrite were prepared by a sol-gel route. In order to enhance
the purity of the nanocrystals and hence improve their nonlinear optical response, a variety of chelating
agents were substituted in the sol-gel synthesis and the enhancements were quantified by Hyper
Rayleigh Scattering. Stable dispersions of the nanocrystals were used as seeds for the synthesis of

superparamagnetic magnetite nanoparticles by co-precipitation.

Magnetite and bismuth ferrite nanoparticles and composites were combined into silica nanowires to
enhance their biocompatibility. This was achieved by incorporating silica sol-gel in which nanoparticles
or composites were suspended into the pores of anodic alumina templates, annealing the silica and

then dissolving the templates to release the wires.

These procedures resulted in novel nanomaterials whose physico-chemical properties such as size-
distribution, morphology, colloidal stability, crystal structure and magnetic and nonlinear optical
response were extensively characterised by a suite of analytical techniques, including Dynamic Light
Scattering, Transmission Electron Microscopy, Zeta-potential measurements, X-ray Diffraction,

Vibrating Sample Magnetometry and Second Harmonic Microscopy.

A safety assessment of the nanomaterials and composites was carried out using High Content Screening
to examine cytotoxicity. Three cell lines were selected to represent different potential exposure routes:
human lung cell epithelial cells, human vein endothelial cells and monocyte-derived macrophages. The
response of these cell lines was evaluated with respect to cell count, cell viability and lysosomal

mass/pH changes after exposure to each of the nanomaterials and composites for 24, 48 and 72 hours.

Composites were functionalised to target specific markers such as epidermal growth factor receptor.

The uptake, specificity and sensitivity of the probes of the functionalised nanomaterials was evaluated



using colorimetric analysis, and the targeting and localisation were assessed using Epifluorescence and

Confocal Microscopy.

As proof-of-concept of their multifunctionality and multimodality, the composites were magnetically
separated from biological media, and imaged using Magnetic Resonance Imaging and Second Harmonic
Microscopy, which was also used to illustrate the advantages of nonlinear optical probes over

conventional, fluorescent markers.

The work carried out in this thesis involved many methods to optimise the synthesis of harmonic and
superparamagnetic nanomaterials and composites and demonstrated their suitability for use as

multifunctional diagnostic probes in multimodal in vitro imaging.
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List of Abbreviations and Conventions

[Core]@[shell]: a nanocomposite consisting of a core nanoparticle surrounded by a shell of
nanoparticles (e.g. BiFeOs@Fes;0.), or functionalised with a layer or linker (e.g.

BiFeO: @APTES)

[Core]@[shell]@[functional coating]: a nanocomposite consisting of a core@shell
nanocomposite which has been further functionalised or capped by the addition of an outer
layer or shell (e.g. BiFeOs@Fe;0s@asc)

[Matrix]&[Embedded]: a nanocomposite consisting of a matrix in which nanoparticles or

nanocomposites are embedded (e.g. SiO.&BiFeOs)

Ab(s): antibody(-ies)

asc: L-Ascorbic acid

BSA: bovine serum albumin
DLS: Dynamic Light Scattering

DMEM: Dulbecco's modified Eagle's medium

EDC: N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
EGF: epidermal growth factor

EGFR: Epidermal Growth Factor Receptor

EtOH: ethanol

FBS: Fetal Bovine Serum

FSC: forward Scatter

HNP(s): harmonic nanoparticle(s)

HRS: Hyper Rayleigh Scattering

(HR)TEM: (High Resolution) Transmission Electron Microscopy

KTP: KTiOPO4

LMPH: Lysosomal mass/pH

MA: mucic acid

MDM: Monocyte-derived Macrophages
MES: 2-(N-Morpholino)ethanesulfonic acid
MRI: Magnetic Resonance Imaging

NLO: Nonlinear optics

NMR: Nuclear Magnetic Resonance
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Non-asc:

NP(s):
NT:
NTA:
NW(s):
PBS:
PFA:
QD(s):
SAED:
SEM:
SHM:
SSC:
TA:
TEOS:
TMAH:
TMAH:
TTA:
TXRD:
VSM:
XRD:
Inh:

not stabilised with ascorbic acid
nanoparticle(s)

Non-treated

Nanoparticle Tracking Analysis
nanowire(s)

phosphate buffered saline
paraformaldehyde

quantum dot(s)

Selected Area Electron Diffraction
Scanning Electron Microscopy
Second Harmonic Microscopy
side scatter

tartaric acid

tetraethyl orthosilicate
tetramethylammonium hydroxide
tetramethylammonium hydroxide
tartronic acid
Temperature-dependent X-ray diffraction
Vibrating Sample Magnetometer
X-ray diffraction

Inhibited with sodium azide
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Chapter 1

Introduction

1.1 Aims and Research Questions

The aim of this study is to develop novel nanomaterials for in vitro imaging applications which can
overcome the limitations of conventional imaging probes by combining harmonic nanocrystals with

superparamagnetic nanoparticles (NPs) in a multimodal/multifunctional diagnostic tool.

Several sub-tasks were identified to reach this aim as outlined in Figure 1.1 and summarised below.

%
Sol-gel: BiFeO3 & Si02 \ 3

Co-precipitation: Fe304 \

B
<
2
%
S,
w

Aim: advanced
imaging probes

o
/.8 .9
/< I~
/ 8 g
/= T
/ 8 &
Silanisation / @ 2
/& o
Maleimide functionalisation / c“ In vitro imaging _g
7 A
Protein domain attachment / ‘E Uptake study o
Binding of antibody / Preliminary toxicity screening 5
: : " /&

Figure 1.1: Schema showing the breakdown of the research tasks.

< Nanomaterial synthesis

«* Functionalisation of BiFeOs; NPs and composites

% Physico-chemical characterisation of ex-synthesis and functionalised nanomaterials
% Invitro characterisation and safety assessment

% Proof-of-concept of multimodality for clinical diagnostic application



1.2 Nanomaterials: nanoparticles, nanowires, nanosheets, nanocomposites

The prefix “nano” applies to anything with active features below 100 nm, i.e. smaller than 100 nm in at

least one dimension (see Figure 1.2).

e

cv 0D e.g. nanoparticles
L=

1D e.g. nanowires

2D e.g. nanosheets

Figure 1.2: Zero-, one-, and two-dimensional nanomaterials. The definition of a nanomaterial refers to the number
of dimensions of freedom. Zero-dimensional therefore means constrained in all three dimensions, 1D means
constrained in two dimensions and 2D means constrained in only one dimension.

Many aspects of nanotechnology distinguish it as an active area of research; there are fundamental

changes in the properties of many materials at these length scales. A highly significant parameter is the

drastic change in ratio between the surface area of the material and the volume it occupies.

If a unit volume is broken up into subunits, more surface area is exposed. The unit volume remains the

same, so the surface area to volume ratio increases as the subunit size decreases (see Figure 1.3).
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Figure 1.3: Exponential increase in surface area to volume ratio (A/V) as a cube is broken into smaller cubes. A
cube of a given volume V (left) is subdivided by cutting each face once (middle) and twice (right), showing the
progressive increase in A/V, with the corresponding subunit cubes unfolded in the background. Bottom, A/V as a
function of unit side length, showing dramatic increase in A/V when the unit side length is below 1um.

This means that more of the material’s atoms or molecules are at the surface and can therefore interact
with their environment. So for a given mass of material, there is greater reactivity when the material is

nanoscale.!

This can have significant influence on the toxicity, solubility and chemical stability or reactivity of
materials. Applications already exist which exploit this and are available on the market such as titanium
dioxide (for cosmetic products) and zinc oxide (for cosmetics products), and silica dioxide (for food and

cosmetic products) nanoparticles.?

At these scales, the traditional distinctions between chemistry, biology and physics are less well
defined. For example, it is not sufficient to consider just the mass of a material in designing a chemical
experiment because the size and dispersion of the material will determine the efficiency of the
reaction. Nanoparticles can have such a significant portion of atoms at their surface that they do not
have the same interactions as the bulk material and their increased reactivity can lead to differences in
e.g. biological interactions. This is why there is a need for a multidisciplinary approach to the synthesis,

development and investigation into potential applications of nanomaterials.?



1.2.1 Challenges

There are intrinsic challenges when working at this scale, such as how to manipulate structures only a
few tens of atoms in size, how to characterise features much smaller than the wavelength of light, how
to ensure reproducibility and how to scale up from individual nanoscale interactions to a macro-scale
effect. In particular, size and shape distribution are of paramount importance in order to exploit and

develop the unique physicochemical properties of nanomaterials in a commercial context.

Other challenging aspects of nanotechnology lie in the regulation of the use of engineered
nanomaterials, in the assessment of the impact and the toxicity of materials, especially when the end-

of-life environmental impact is considered in the life-cycle of products containing nanomaterials.*
1.2.2 Advantages/opportunities

Nanoscience also presents unique opportunities. Some of the opportunities are immediately apparent
when we consider the implications of the rise in reactivity with decreasing particle size or increasing
surface area to volume ratio. As stated above, the more atoms or molecules available at the surface of

the material, the more readily the material can interact with its environment.®

In biomedical imaging applications, for example, it is essential that the probes are small enough to allow
transport and binding at a targeted site or structure but are large enough to provide sufficient signal to

be imaged.

At the nanoscale, we also encounter novel and enhanced properties such as new types of magnetic and

optical behaviour.
1.2.3 Harmonic nanoparticles and nonlinear materials

At higher intensities, such as with light generated by a high-powered laser, the optical response of a
material is nonlinear, resulting in nonlinear optical phenomena such as sum and difference frequency
generation, in which two photons are combined in a nonlinear material and output as a single photon

as shown in the schematic below (see Figure 1.4).

Second Harmonic Generation (SHG) is an example of sum frequency generation—when two photons
of a given frequency are absorbed at the same time they are emitted as a single photon of exactly

double that frequency.
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Figure 1.4: Schematic of the principle of Second Harmonic Generation (SHG), a nonlinear optical phenomenon.
When two photons of a given frequency are absorbed at the same time they are emitted as a single photon of
exactly double that frequency (hence the term second harmonic generation).®

Harmonic nanoparticles (HNPs) have been the subject of much interest because nonlinear optical
effects occur more readily in nanoparticles since they are so much smaller than the wavelength of light
(there is no phase-matching constraint in HNPs). The development of a next generation biomedical
imaging platform, Second Harmonic Microscopy (SHM), has sought to exploit this phenomenon and its

advantages over conventional imaging technologies.”®

For example, quantum dots (QDs) such as Qdot® Probes, blink randomly making quantitative analysis
prohibitively difficult. Spectral overlap and photostability are less of an issue with QDs; they have a very
narrow emission band and their emission can be tuned by synthesising QDs of different sizes.’
However, QDs contain toxic metals such as cadmium and concerns remain over whether surface
corrosion in physiological conditions might cause the heavy metals to leach.!%'! Fluorescent dyes such
as Hoechst, a commercially available DNA stain, require specific excitation wavelengths and also bleach
over time. Indeed, different fluorescent stains must be used in order to excite at different wavelengths

and to avoid channel cross-talk.

SHG is a non-resonant phenomenon so acts on any input frequency in the transparency range of the
material, and the response is stable over the course of days. In contrast to conventional diagnostic
techniques, HNPs do not blink or bleach and have extremely narrow emission bands as illustrated in

Figure 1.5.
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Figure 1.5: Harmonic nanoparticles as advanced biomedical imaging probes. Left, a lung epithelial cell exposed to
harmonic nanoparticles. Harmonic generation is not a resonance-based phenomenon so it occurs anywhere in the
transparency range of the crystal; the ability to tune the excitation wavelength (Top right panel, A-D) means
energy deposition in the sample can be minimised. Unlike fluorescence, harmonic generation is stable over hours
of continuous irradiation (Lower right panel)*?

The ability to tune the excitation frequency holds great promise for the use of HNPs as labels in deep-
tissue imaging. If one can select an input frequency such that neither the input nor the output is
absorbed strongly by the sample, one can reduce the energy deposited in the sample and increase the

penetration depth of the probe. HNPs are therefore of growing interest for use in deep tissue imaging.*3

More importantly, static investigations of single cells, tissue sections and organs (using the well-
established selective staining techniques) are so far poorly appropriate to give insight into the dynamic
processes that govern interactions between cell assemblies and living tissues. Because of their long-
term photostability (there is no exponential bleaching as with fluorescent imaging probes such as
FITC®), HNPs have all the necessary features to better elucidate these living processes that govern
metabolism and (cancer) disease mechanisms.

For these reasons, SHG is an active area of research for next generation imaging probes such as in two-

photon and second harmonic imaging microscopy.'*™°

Origin of Harmonic Generation

Within the volume of a bulk (or nano-) material, nonlinear optical effects such as second or higher order
harmonic generation results from interactions between coherent light and valence electrons of non-
centrosymmetric crystals whose unit cells contain asymmetric building blocks. Distorted motions of the
electrons under the external optical field are related to different asymmetries that arise for instance
from distorted octahedra of d° transition metal cations, such as Nb>* in lithium niobite (LiNbOs), lone

pair cations in asymmetric coordination geometry, such as Bi* in bismuth ferrite (BiFeOs), lone electron



pairs such as on iodine ions in iodate materials, or from m-conjugated planar rigid tetrahedral groups,

such as PO,* in KTiOPO, (KTP).

Brightness of the optical probes is another requirement in biomedical imaging. A first survey of the
well-known nonlinear optical materials such as ZnO, KTP and perovskite compounds was carried out in
2012, in which the averaged nonlinear coefficient, <dune>, was measured (see Table 1.1). The nonlinear
coefficient at 3+2 pm/V could be readily related to that of the corresponding bulk materials thus

demonstrating a volume response and the absence of any size effect for NP size above 50 nm.*?

Table 1.1: Results summary of a survey of the averaged second harmonic coefficient of well-known nonlinear
optical materials

Nanocrystal < dyyp > (pm/V)

Zn0 1.9
KTP 2.4
KNbOs 3.4
LiNbO3 3.7
BaTiOs 4.6

The best candidate in this survey with respect to the highest coefficient was BaTiOs, although
improvements in the synthesis of LiNbOs have yielded coefficients as high as 5.5 pm/V.2¢ Another key

aspect of using nanoparticles of small size is the absence of phase matching conditions.

Because bismuth is a particularly heavy metal with a 6s® lone pair electrons and distorted octahedra,
BiFeOs is also expected to have a high hyperpolarisability relative to other perovskite materials. BiFeOs
is thus known to have both an NLO response and room temperature antiferromagnetic ordering. For
this reason, it was chosen as the model candidate for the development of HNPs as diagnostic probes in
NAMDIATREAM, Nanotechnological Toolkits for Multi-Modal Disease Diagnostics and Treatment

Monitoring, a large-scale EU-FP7 project coordinated by Prof Volkov and Dr Prina-Mello (as deputy).
1.2.4 Magnetic materials and superparamagnetism

Magnetic nanoparticles and probes such as Fe;04 NPs have been extensively applied in biotechnology

and biomedical assays for magnetic cell labelling and isolation, cell counting and cell differentiation



under common separation assay or Flow Cytometry; a significant amount of research is also focused
on their use as contrast agents in Magnetic Resonance Imaging (MRI), although magnetite
nanoparticles have a tendency to dissolve when unprotected from oxidation and therefore there is a
need for biocompatibility shelling. One approach to preventing this corrosion is to passivate the surface

layer with a coating such as a biocompatible polymer or shell such as a silane capping layer.}’"%!

Further applications of magnetite NPs have been explored such as magnetic hyperthermia in which NPs
internalised into disease-cells are heated using an alternating external magnetic field to induce cell

death 20,22,23

Magnetic separation of cells from suspension is currently achieved via very expensive commercial
solutions such as Dynabeads® or MACS® Microbeads. With these techniques, functionalised magnetic
beads are incubated with cells in a suspension of primary antibodies (Abs) which target the cell type of
interest. The primary Abs attach to receptors on the surface of the cells. The beads, having been
functionalised with the corresponding secondary Abs, attach to the primary Abs, resulting in the
magnetic beads being attached to the cells. This allows the cells to be separated from the suspension

and then characterised by cleaving the antibody and analysing the cells e.g. flow cytometry.

To improve the current procedures, functionalisation of magnetic nanoparticles with antibodies which
attach directly to the receptors would eliminate the need for the cocktail of primary antibodies (which
is prohibitively expensive at approximately 100€ per isolation procedure). One of the aims of this study
is therefore to functionalise multifunctional nanomaterials that combine magnetic and harmonic
properties. To demonstrate the proof-of-principle for this application, the corresponding nanoparticles
were suspended in different media to simulate physiological environments and these were separated

with a magnet.
1.3 Biomedical imaging probes

An imaging probe consists of a targeting moiety which allows it to selectively bind to a structure of
interest and a stain or contrast agent which acts as a label and marks its position for microscopy.
Quantitative data about cellular or intracellular moieties can be derived from the intensity of

accumulated labels, if the intensity is directly proportional to the concentration.

This presents a problem for conventional imaging probes such as those containing fluorescent stains or

guantum dots, as mentioned earlier.



Quantum dots (QDs) are semi-conductor nanoparticles which have gained much interest due to their
brightness, how readily they can be dispersed into a stable suspension and, crucially, their tunability.
In semiconductors, absorption and emission are determined by the energy difference between the
valence band and the conduction band. Electrons in the valence band can be excited to the conduction
band by absorption of a photon whose energy is greater than the band gap energy. A photon is emitted
when an excited electron drops back into the ground state. This is also true of quantum dots, but their
size is so small that the number of possible energy states is constrained (quantum confinement).
Adjusting the dimensions of the quantum dots allows the confinement and hence the emission to be
tuned. This in turn means that a single excitation source can be used to generate a range of colours

despite the fact that blinking of the probe is often observed and might be a limitation.?*?

Similarly, fluorescent stains bleach over time and are therefore not suitable for long-term analysis and
this complicates their use for quantitative measurements. Significant advances have been made in the
development of diagnostic probes based on QDs and fluorescent stains in recent years to address these

issues.26-30

An active area of research is the search for near infrared (NIR) fluorescent stains suitable for in vivo
imaging.?’*13* Biological tissue only weakly absorbs NIR radiation compared to visible or UV light, so
the range of wavelengths from 650 nm to 1350 nm is known as the optical window. This means that
NIR radiation has greater penetration, meaning diagnostic probes are detectable at greater depths in

the tissue.

Upconversion nanoparticles have also been explored as a method of exploiting the optical window.
Upconversion results from the absorption of a photon by an electron which is already in an excited
state. The secondary absorption causes the electron to be promoted to an even higher energy state
before dropping back to the ground state by the emission of a photon. Having been excited by two
photons, for example, a single photon of approximately half the wavelength is emitted, similar to the

combination of photons in Second Harmonic Generation.3>™

Upconversion results from transitions between real electronic energy levels, however; this means that
the excited electrons undergo vibrational relaxation before collapsing to ground. This results in a
spectral band of upconverted photons slightly above half the wavelength of excitation instead of a

single peak at exactly half the excitation as in SHG.39424°

As a result, the relative intensity of UCNPs, i.e. the ratio of the output intensity to that of the pump, is

typically lower than that of SHG for NPs whose diameter approaches 100 nm, because intensity scales



with the square of the volume for SHG but with the volume for UCNPs. When the pump wavelength
induces resonance in the UCNPs, however, the output intensity can far exceed that of SHG. Note that
comparison of the efficiency of each process is so far limited to only a host material and that more
spectral studies are needed with other matrices with different impurity contents to get a definitive

overview 0

However, even when probes exploit the NIR optical window, the record penetration depth of deep-

tissue optical imaging is approximately 1.6 mm.*’

SHG also occurs at any wavelength within the transparency range of the harmonic crystal, as opposed
to requiring excitation to be within a specific band as in upconversion or other photoluminescence. As
aresult, SHG can be exploited further into the NIR such that both the optical pump wavelength and the
generated wavelength are within the biological transparency window (pumping at 2000 nm would
cause SHG at 1000 nm). Femtosecond lasers that can pump at such wavelengths are commercially
available but remain prohibitively expensive. As such, throughout this study, SHG was demonstrated at
lower wavelengths i.e. 750-1550 nm — using existing setups at Université de Savoie and University of
Geneva. Given that the only wavelength dependence of SHG is associated with the first order

susceptibility.*®

1.3.1 Magnetic resonance imaging contrast agents

For greater penetration depth, magnetic resonance imaging (MRI) is undisputedly superior for non-
invasive in vivo imaging. Briefly, MRI involves the polarisation of hydrogen nuclei in a strong magnetic
field. The polarised nuclei orient with the field. An alternating radio frequency (RF) pulse is then applied
at the resonant frequency of the nuclei to excite them to a higher state and precess in phase with the
pulse. As the nuclei relax to the ground state, oriented with the field, they emit RF radiation and the
rate of decay is known as the longitudinal relaxation rate, T1. RF radiation is also emitted as the nuclei
move out of phase with the RF pulse, at the transverse relaxation rate, T2. MRI exploits the different

and characteristic rates of relaxation of tissues and structures in the body.

Paramagnetism arises due to the spin of unpaired electrons in an ion which results in a magnetic dipole
moment. The dipole moments of paramagnetic materials align in the direction of an applied magnetic

field but, once the field is removed, the dipoles orient randomly due to thermal motion of the ions.

By contrast, the remnance of ferromagnetic materials is much higher — their spins can remain oriented
much longer after the field is removed. The magnetic moments of ions in ferromagnetic materials can

10



influence neighbouring ions, resulting in magnetic domains, clusters of ions whose spins orient
together. Indeed, ferromagnetic materials can spontaneously magnetise due to the alignment of
successive domains: each aligned domain contributes to the overall strength of the macroscale
magnetic field, inducing more domains to align, until all the magnetic dipoles are oriented in the same

direction.

Superparamagnetism is a phenomenon observed in ferromagnetic (and ferrimagnetic) nanoparticles,
where all the magnetic ions in the particle belong to a single magnetic domain. The magnetic dipoles
can randomly flip direction — only two orientations are stable, and they are antiparallel. The time
between flips, the Néel relaxation time, is governed by the probability for the magnetisation to reverse

and is a function of temperature, causing behaviour like paramagnetism.

To enhance contrast in MRI and to label structures, analogous to fluorescent labelling, magnetic
materials are used as contrast agents. Paramagnetic materials like gadolinium(lIl) provide contrast for
T1l-weighted images, whereas superparamagnetic materials such as the iron oxide hematite provide

contrast in T2-weighted images.
1.3.2 Targeting diagnostic markers

Diagnostic markers are biological indicators used to diagnose a disease. Such markers can be
guantitative and used to evaluate the severity or progression of the disease (e.g. thyroid hormone
levels in the blood indicate the level of thyroid activity) or qualitative, indicating the presence of a
disease, such as the overexpression of HER2 (human epidermal growth factor receptor 2) in

erythroblastic oncogene B-2 (ErbB-2)-positive breast and lung cancer cells.***°

HER2 belongs to a large family of membrane-bound receptor tyrosine kinases which includes epidermal
growth factor receptor (EGFR) as well as ErbB-3 (HER3) and ErbB-4 (HER4), and whose over-expression
is associated with many human cancers.>® Amplification of HER2 is observed in 25-30% of breast
cancers,®® and EGFR over-expression is observed in more than 90% of head and neck cancer squamous

cell carcinomas and 43% of patients with glioblastoma, for example.>3™®

To ensure that probes ultimately label only the structures of interest or to ensure the label is
transported to the site of interest, probes must be targeted to the relevant moiety or site. For instance,
diagnostic markers such as HER2 and EGFR can be tagged with probes using antibodies which bind to
the receptors (anti-HER2 and anti-EGFR antibodies, respectively). In this study, the label (BiFeOs) was
first coated with a linker, modified to attach a protein binding domain (protein G’) which bound to an

antibody (IgG). The nanocomposite is shown in the following schema (see Figure 1.6).
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Figure 1.6: Principle of targeting. Nanoparticle labels are attached via a linker to a targeting ligand which binds
specifically to a receptor on a diagnostic marker expressed on the surface of a cell.

The functionalised assembly can then be internalised into the cell or be used to indicate the presence

of the receptor on the cell surface in imaging applications.
1.3.3 Size, shape and structure of nanomaterials in diagnostic imaging

The size of nanomaterials is critical to determining biological interactions: below ~50nm, it is
understood that NPs might passively cross through cell membranes, i.e. without requiring active
transport, below ~20nm they could cross the blood-brain barrier. This might provide previously
unattainable opportunities for imaging, however recent studies have shown that other interactions
influence the uptake and transport of nanomaterials.>® For example, high aspect ratio materials such

as hanowires might be taken up into cells if the diameter is sufficiently narrow.>’

This would be desirable in imaging because of the unique appearance — a straight line contrasts well
against globular or rounded cellular structures. However, a disadvantage may be in the danger posed
to the cell structure; as the nanowire is taken into the cell, it might damage the cell membrane, and

subcellular organelles or induce autophagy or necrotic processes.>®

1.3.4 Prerequisites in the development of probes for imaging and diagnostic applications

e For second harmonic imaging applications, nonlinear optical materials must:
% be detectable in culture and/or tissue
» be highly efficient at generating harmonics

= possess high crystallinity
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% be within a narrow size distribution (SHG intensity varies with the square of the volume so there
is a practical lower limit on the size, and too large a size distribution would make quantitative

analysis of e.g. the nonlinear optical response prohibitively difficult to model)

e For advanced imaging applications such as single-particle tracking, the materials must:
«»* be suitable for quantitative characterisation
» form single crystal particles (be monocrystalline)

» form stable suspensions, especially in physiological conditions

e For specific targeting the materials and composites must:
*»+ be tailored to uptake/functionalisation
» have uniform surfaces
» have appropriate surface charge for the target application

» form stable bonds with linkers and/or capping agents

For magnetic cell isolation or hyperthermia applications, the NPs or composites must have sufficiently
high magnetic response to separate cells to which they are bound from suspension
e For use as MRI contrast agents, the NPs must:

¢ be sufficiently small for superparamagnetism

» stable in suspension

- have no remnance

» have high magnetic susceptibility

While some of the above criteria are not necessary for certain applications, the ideal candidate will

satisfy these conditions.
1.4 Diagnostic platforms

Assessing whether the criteria are met requires extensive physico-chemical characterisation at each
stage in the development of the materials from synthesis through functionalisation and in vitro testing.
The characterisation equipment used in this study will be discussed in later chapters as the need arises.
To put in perspective how the end-products of the study might be used, diagnostic platforms in which

they have potential application are discussed below.

13



1.4.1 Flow cytometry

Flow cytometry measures properties of individual cells such as their fluorescence and how they scatter
light. A dilute stream of cells or particles is hydrodynamically focused and passed in the path of a laser,
such that single cells are illuminated. Detectors record the intensity of scattered light at different
wavelengths and at right angles, measuring the forward and side scatter. The intensity and type of
scattered light can be used to count and distinguish cells within a population and identify sub-

populations.

Flow cytometry is often used in conjunction with fluorescent probes which label proteins or other
markers expressed uniquely on a certain cell type. Where a cell type expresses no unique markers,
labels can be multiplexed, and filters applied to the data to extract only information about a specific

subset of the population. This is known as gating.

Flow cytometry has brought about a revolution in diagnosis and clinical analysis, not only for its ability
to identify subpopulations but also for its ability to physically sort cells. Cells are passed in the path of
alaser in a stream of drops. When a cell is identified, an electrostatic charge can be applied to the drop
so it can be diverted from the stream and into a reservoir. This technique can be applied to sort large
populations of cells into a series of reservoirs extremely rapidly (~10° cells per min) and at very high

purity (~99%).

Nonlinear optical flow cytometers are in development. The advantage in using NLO is to extend the
ability to sort cells — certain cell types have intrinsic second and third generation properties. Since the
probes conceived for the current study are multimodal, with non-linear optical and magnetic
properties, next generation flow cytometry and cell-sorting are potential applications and might permit

cells to be separated either magnetic or under flow or both.
1.4.2 Confocal, Two-photon and Second Harmonic Microscopy

Confocal microscopy is a high-resolution imaging technique in which out of focus light is blocked by
directing light emitted from a sample through a pinhole before it reaches the detector. This reduces

blurring, increases the signal to noise ratio and improves the resolution.

Because it allows only in-focus light to return to the detector, a scanning confocal microscope can also
be used to record images in three dimensions by rasterising across a sample to form an XY section, then

scanning in the Z-axis to build up a series of sections.>>%°
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Although confocal microscopy is like two-photon microscopy in some respects — they both use a laser
excitation source and a system of mirrors for scanning — two-photon microscopes achieve optical
sectioning in a different manner. Because two photon excitation requires simultaneous absorption of
two photons at the same time, the probability of two-photon emission is only high where the laser is

most focussed.?/62

This results in some of the advantages discussed earlier over conventional imaging techniques, namely
reduced photobleaching (and hence lower phototoxicity), less absorption and increased penetration

depth.

Second harmonic imaging is carried out on a two-photon microscope but distinguishes itself in a variety
of ways, as discussed earlier. First, second harmonic generation originates from the hyperpolarisability
of a material rather than electronic transitions. Second, because it is a non-resonant phenomenon, it
occurs at any wavelength in the transparency range of the material rather than at a specific excitation
wavelength as in two-photon excited fluorescence. Third, this means that the excitation source can be

tuned such that the second harmonic is shifted to eliminate auto-fluorescence.®%

Therefore, probes which utilise second harmonic generation are highly desirable for long-term tracking

of cells and deep-tissue imaging.
1.4.3 Multimodal imaging

Multimodal imaging is a target application for the multifunctional nanocomposites and particles
described above. By synthesising a novel composite which has a high magnetic and nonlinear optical
response, the same probe might be used for both MRI and SHM. The intensity of signal from the
nanocomposites depends largely on their size distribution as outlined previously but also on the mass
concentration or loading of the embedded materials and, with respect to embedded or harmonic-core
composites, on the optical transparency of the matrix. For its high biocompatibility and low toxicity,
silica is currently the most suitable material to be used as the matrix.®*

Similar to the procedure published by the Nanomedicine and Molecular imaging group in conjunction

5785 in which magnetic probes

with the Chemistry Department, Trinity College, the University of Dublin,
were incorporated into silica nanowires, the strategy employed in the current study was to incorporate
multiple types of nanoparticles into silica wires to form composites with multimodal properties as

outlined in the table below.
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Table 1.2: Matrix of nanomaterials, their properties and the nanocomposites in which the properties are to be
combined. Legend: v' known property © target property

g S
5 5 z =
Q 'y = = ©
g o 2 = g -y
= 2 2 2 | & | %
2 2 8 § = | g
Nanomaterial o o £ S < 2
= 5 o oo 3
=2 > n o T —
BiFeOs NPs vvv |V
FesO4 NPs vvv vv vV
SiO; NWs v Vv v
BiFeOs@Fe304 NPs ®
BiF903@FezO3 NPs ® ®
SiO, NWs with BiFeOs ® ® ® ® ®
SiO, NWs with Fes04 ® ® ® ® ®
SiO, NWs with BiFeOs & Fe;03 | ® ® ® ® ® ®

An immediate further advantage is the flexibility of the system and the ease with which nanoparticles

of different functionalities can be combined in the silica matrix.

Chapter 2 will discuss the synthesis of the nanomaterials and composites. In Chapter 3, the
functionalisation of the materials is described. Chapter 4 details the cytotoxicity and safety assessment.
In Chapter 5, the multimodal applications of the materials are discussed. Chapter 6 summarises the

future research which it is forecast will lead from the results reported here.
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Chapter 2

Nanomaterial synthesis

2.1 Introduction

2.1.1 Bismuth ferrite nanoparticles: a model candidate for second harmonic microscopy

66-68

BiFeOs; is a very important material in fields as diverse as energy harvesting, non-volatile

69,70 71,72

memory,®7% spintronics,’’? photocatalysis’®’# and nonlinear optics*>'*”®> due to its magneto-electric,

piezoelectric and nonlinear optical properties.’®® BiFeOs is a highly ferroelectric, multiferroic material
with a rhombohedrally distorted perovskite structure with an R3c space group. BiFeOs displays

antiferromagnetic ordering below its Néel temperature (310 — 370°C).%5-88

BiFeOs; is a rhombohedrally distorted perovskite and its noncentrosymmetry arises from the rotation

of the oxygen octahedrons around the [111] axis, as shown in Figure 2.1.

11114
P .90

A /
2\

0O

Figure 2.1: Image of two BiFeOs primitive cells. 3D image created with Autodesk MAYA

The non-centrosymmetric structure of BiFeOs enables even-order nonlinear optical responses such as
second harmonic generation. As outlined in Chapter 1, SHG occurs when two photons of one frequency
are combined in a crystal, resulting in a single photon of exactly double the input frequency. Because
harmonic generation is a non-resonant process, the excitation can be tuned to any frequency within
the crystal’s transparency range.?°3 Harmonic generation in a nonlinear optical nanocrystal allows
long term observation®®°*%> and the ability to tune the input frequency (and hence also the output

frequency) is very significant for biomedical applications — frequencies can be tuned to avoid sample
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absorbance and to prevent energy deposition in the sample. Applications in the biomedical field include
deep-tissue imaging with second but also third harmonic, for instance, as an unmet clinical
challenge.®®%” Consequently, the desirable optical and magnetic properties of BiFeOs combined with its

low cytotoxicity®® have motivated this work.

Applications using BiFeOs nanoparticles are however still limited by the difficulty in determining a facile,
scalable synthesis route which yields nanoscale, monodisperse and monocrystalline nanoparticles.
Conventional solid-state processing is restricted by inherent thermodynamic and kinetic aspects, as

previously discussed.%:*%®

Phase purity, size control and dispersion are also a significant challenge often mentioned in the
literature for the many other existing routes that include hydrothermal, sol-gel combustion,
sonochemical and microemulsion techniques.'®™'> As preparation of monocrystalline harmonic
biomarkers are here foreseen, we further develop the most promising wet chemical routes, namely
Pechini’s sol-gel method and Ghosh'’s solvent evaporation approach.!*® Much research has been done
to determine the best chelating agent for use as a template, particularly by Selbach et al.'*” Carboxyl
groups are required for complexing the Bi®* and Fe3* metal ions to obtain a homogeneous polyester
precursor whereas hydroxyl groups are necessary for the subsequent polyesterification of the carboxyl

groups.

The choice of chelating and complexation agents has however a considerable impact on the phase-

purity, size distribution and crystallinity of the products for a given annealing temperature.

In the current study, we present a modification of the Ghosh’s solvent evaporation method!®in which
a chelating agent not previously reported in the synthesis of BiFeOs (tartronic acid) was used in place
of tartaric acid. We also present a novel sol-gel combustion method in which mucic acid was used both
as chelating agent and fuel. We then further investigate the interplay of key synthesis parameters which
affect the nanoparticle size, polydispersity and crystallinity such as addition of extra hydroxyl groups

and an excess of NaCl acting as a spacer before the crystallization step.
2.1.2 Magnetite nanoparticles: superparamagnetic applications

Due to their low toxicity and biocompatibility, iron oxides, e.g. magnetite (Fes04) and hematite (Fe;0s),
are considered very promising candidates for biomedical applications such as biosensing, MRI contrast

agents, cell isolation and manipulation, targeted drug delivery, and magnetic hyperthermia.11¥120

Massart’s co-precipitation method is the most widely used in the synthesis of monodisperse magnetic

nanoparticles due to its low cost, simplicity and narrow size distribution.'?

18



2.1.3 Silica nanowires: low-cost, low toxicity 1D nanomaterials

Sol-gels are fundamentally synthetic glasses, organic-inorganic ceramics formed from transition metal
alkoxide precursors reacted with a silane gel. The importance of sol-gels is in the compositional and
microstructural control they facilitate. By adjusting the treatment of the sol or gel phases, the
morphology of the end-product can be tailored to yield an assortment of shapes (fibres, films, powders
and monoliths). The various microstructures have different applications in separations, filtration,
insulation, sensors and antireflective surfaces.

The formation of sol-gels involves four stages: hydrolysis, condensation, gelation and aging. See Figure

2.2 for an overview of the four stages.

Solution L M(OR), ,. Solvent ]

Hydrolysis Stirring
(H20)

b{I(OH)x , ROH, Solvent ]

l -H,0 , Gelation
Aging

Gelation Continues

/— solvent

TS
\4}/7/7/(2 AN

Solvent removal,
drying

Powder, ] ]
Xerogel or Aerogel Hydroxide Nanoparticles

Heat Treatment

/
[ Nanocrystalline Oxide ]

Figure 2.2: Schema of sol-gel formation. M indicates a metal ion, OR represents an alkoxide functional group, OH
signifies a hydroxyl ion. Reproduced from Brinker et al 1??
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Although many metal alkoxides can be used as precursors to form sol-gels, tetraethoxysilane (TEOS)
was used exclusively in this study due to the low toxicity of the silica sol-gel that it forms.
Hydrolysis

1. —S5i—O0R + HOH =—/]— —Si—0H + ROH
| Re-esterification |

Condensation
| | of water
2A. —Gj—OH + —Si—OH —_— —Si—0—S5—— + HOH

Hydrolysis

Condensation
| | of alcohol
2B. —65i—OH + —Si—OR =——= —S5i—O0—S5i— + ROH
| | Alcohalysis | I

Figure 2.3: The first two steps of the sol-gel process with an alkoxysilane. 1: The alkoxysilane reacts with water.
Alkoxide groups attached to the silane are replaced by hydroxyl groups, forming silanol functional groups (Si-OH)
with an alcohol as a by-product. 2: Siloxane bonds (Si-O-Si) are formed as silanol groups react with other silanol
groups (2A: condensation of water) or with an alkoxysilane (2B: condensation of alcohol).*?

With the condensation step, siloxane bonds form links between molecules. With successive links, the
network of molecules grows, ultimately forming the gel. The solvents and by-products are then

removed by drying.

Before gelation has completed, the sol can be drawn into a template, such as into the pores of an
alumina membrane. Once the gel has hardened (either in air or by annealing) the template can be
removed to leave a cast of the pores.

The synthesis of nanomaterials from the templated sol-gel method has been abundantly described in

123-128

the literature, particularly silica nanowires, as it provides a low-cost and simple route to 1D

materials which are biocompatible and exhibit very low toxicity.

A schema of the one-pot templated sol-gel synthesis of silica nanowires is shown in Figure 2.4.
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sol-gel porous membrane dispersed silica wires

2. drop solution onto 3. dissolve membrane
1. prepare sol-gel porous membrane to release wires

Figure 2.4: Silica Nanowire synthesis by the templated sol-gel method. Wires are formed by incorporating sols into
the pores of an anodic alumina membrane, allowing the sol to dry out and form the solid gel. The gel is annealed
and finally the membrane template is dissolved to release the nanowires.

Alumina membranes with pores in ranges of diameters from 20 - 400 nm are commercially available

and are typically used in this synthesis. The sol is drawn into the pores with vacuum.

2.2 Materials and Methods

2.2.1 Nanoparticle synthesis
FesO, nanoparticle synthesis
Magnetite was synthesised via the co-precipitation method.*?13!

In a typical synthesis, NaOH (2 g) was dispersed with vigorous stirring in 100 ml distilled and filtered
water (Millipore) in a round bottom flask. The iron solution was prepared by dissolving FeCl3e6H,0
(2.59 g, 96 mmol) and FeCl,*4H,0 (0.95 g, 48 mmol) in 40 ml Millipore water in another round bottom
flask, and both flasks were degassed under vacuum for 20-30 minutes. The NaOH solution was heated
to 80°C before the iron solution was added dropwise, slowly at first. The mixture was kept at 80°C for
one hour under stirring and then allowed to cool. The black powder was then separated magnetically
and washed four times with Millipore water until the pH was neutral. The yield was approximately 95%

(10.5 g, theoretical yield 11.1 g).
BiFeO3 nanoparticle synthesis

BiFeOs; nanoparticles have been prepared by modifying Ghosh et al’s'*? sol-gel method with the

following improvements:

e Two new chelating agents, tartronic acid and mucic acid, were used instead of previously reported
agents with a view to lowering the annealing temperature in order to inhibit Ostwald ripening and

reduce the final NP size and size distribution.
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e To promote crystallization and to impede particle growth, the mucic acid procedure was also carried

out in the presence of salt by dissolving excess NaCl in the solution prior to evaporating the solvent.

Briefly, Bi(NOs)s:5H,0 (0.485 g, 1 mmol) was dissolved in 2M HNOs (100 ml), followed by Fe(NOs);-9H,0
(0.404 g, 1 mmol). 2 mmol of chelating agent (see below) was added, then the solution was heated
under stirring at 165°C for approximately one hour, until the solvent had evaporated. It is vitally
important to prevent the gel from combusting if phase-pure powders are desired at lower
temperatures. This was achieved by removing the beaker to a furnace at 140°C as soon as the gel began
to form and allowing the remaining nitrates to evaporate for two hours. Organics were removed by
baking at 350°C for a further two hours. For the temperature dependent studies, the powder was
collected and then annealed at temperatures starting from 200°C for periods of 30 minutes at intervals
of 50°C at 2°C per minute, with a rest of 30 minutes after each ramp before XRD diffraction patterns

were recorded.

A variety of chelating agents were used: tartronic acid, tartaric acid and mucic acid, which are of

increasing length with an increasing number of hydroxyl groups along their carbon chain.

Glycerol was added to determine whether the ratio of hydroxyl groups to carboxylic acid had an
influence on the crystallization of BiFeOs. In order to establish the optimal ratio of hydroxyl groups to
carboxylic acid groups, the above protocol with mucic acid was repeated, but glycerol (0.184 g, 2 mmol)

was added to the solution before evaporating, yielding a final -OH:-COOH ratio of 5:1.

To promote crystallization and to inhibit Ostwald ripening, the mucic acid procedure was also carried
out in the presence of salt by dissolving excess NaCl (10 mmol) in the solution prior to evaporating the

solvent.

After annealing, powders were washed four times in ethanol and Millipore water.
2.2.2 Nanowire synthesis - One-pot acidic sol-gel synthesis of SiO, nanowires

The one-pot acidic sol-gel method is similar to previously reported procedures®’*?” with some
alterations. EtOH (4.5 ml) was added to Millipore water (3.32 ml). 3 drops of concentrated HCL (30 pL,
37%) was added to the solution and stirred for two minutes. The solution was then added to TEOS (8.2
ml) and stirred for two hours. AAO membrane filters (Whatman PLC, 200 nm pores) were then placed

in the solution to allow the sol to fill the pores for one hour.
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The filters were removed and left to dry overnight before excess was removed from the surface by fine
sanding the membranes. The membranes were then annealed at 400°C for one hour and dissolved in

H3PO4 under stirring with mild sonication.

The resulting suspension was then centrifuged and washed until pH neutral.
2.2.3 Nanocomposite synthesis

Multimodal nanowires: embedding NPs in NWs

To incorporate NPs into the wires required only minor modification of the protocol outlined in section

2.2.2; the relevant materials were simply dispersed in the silica precursor sol by sonicating as shown in

magnetite/ W

_>.

Figure 2.5.

BFO

— 0

Figure 2.5: Embedding small nanoparticles within the longer 1D nanowires.

silica precursor sol stack of membranes

The silica precursor sol was prepared as described earlier — the acidified EtOH solution was added to
TEOS and stirred for two hours. In this study, iron oxide or bismuth ferrite nanoparticles or both were

added.

AAO membrane filters (Whatman PLC, 200 nm pores) were then placed in the solution to allow the sol

to fill the pores for one hour.

The filters were removed and left to dry overnight before excess was removed from the surface by fine
sanding the membranes. The membranes were then annealed at 350°C for one hour and dissolved in

HsPO4 under stirring with mild sonication.

The membranes were then processed as described in section 2.2.2. Please note that “&” is used as an
indication that nanoparticles have been embedded in a matrix, e.g. SiO, & Fes0s means that Fe3O4 NPs
were added to a silica matrix. This is to distinguish embedded particles from those which form a core

and shell, denoted by @, e.g. BiFeOs@Fes04 means a BiFeOs; core has a shell of Fe;0,).
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BiFeOs;@FeO, nanocomposites

The BiFeOs NPs described previously were used as seeds in the co-precipitation synthesis of Fe304 to

grow BiFeOs@Fes04 core@shell NPs.

To determine the mass of BiFeOs to use in the synthesis, as a first order approximation, it was assumed
that the FesO4 particles formed a complete monolayer on the surface of the BiFeOs NP seeds. It was
further assumed as a first order approximation that the FesO, NPs were spherical, with a diameter of
10 nm based on literature values,? and that the spheres occupied all possible sites around each BiFeO3
core as in Figure 2.6, below. These simplifying assumptions are justified on the basis that the goal is to
calculate an upper estimate of the ratio of Fe304 to BiFeOs NPs, in order to ensure there was an excess
of Fes04. These calculations are later confirmed by Vibrating Sample Magnetometry measurements in

which the ratio of the magnetic Fe;0, to antiferromagnetic BiFeOs is measured (see section 2.3.4).

BiFeO3 core

Figure 2.6: Model of iron oxide particles around a bismuth ferrite core. 3D image created with Autodesk Fusion
360

The maximum packing of 10 nm iron oxide particles around 20 nm BiFeOs cores resulted in a ratio of

25 Fe304 NPs to each BiFeOs; NP.

To calculate the mass of BiFeOs required to add to a reaction of Fe;0,, the surface area of BiFeO3; NPs
is required. Assuming the BiFeOs; NPs had a radius r of 10 nm and that the NPs are approximately

spherical, the surface area, Anp, and volume per NP, Ve, are calculated as follows:

Ayp = 4mr? = 41(10 X 107°m)? Equation 2.1

Equation 2.2
Vnp = 9

W >

4
nrd = §rr(10 x 107°m)?3

The mass per NP (mpyp) is given by:
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Myp = Vyp X p Equation 2.3

where Vyp is the volume of a single nanoparticle and p is the density.

The theoretical density can be calculated from the unit cell as follows 33

W (ZAc + ZAy)

PTTTUXN,

where n’ is the number of formula units in the unit cell, YA is the sum of the atomic masses of each
of the cations in the formula unit, YA, is the sum of the atomic masses of the anions in the formula

unit, V¢ is the volume of a unit cell and Na is Avogadro’s constant.'3

Since there is only one formula unit per unit cell, 0’ (XAc + Y A,) is simply the molecular mass of BiFeOs,

Mpgireo,-

_ Mpireo, Equation 2.4

Ve X Ny

BiFeOs’s unit cell is a pseudocubic rhombohedron and its volume can be calculated from its lattice
parameter and first angle (a = 0.3965 nm and a = 89.35° 1*°). The volume of a rhombohedron with edge

length a and first angle a is given by:*®

Vinomp = @* * (1= cos(a)) * /1 + 2 cos(a)

= Vpireos ceu = (0.3965 x 1072m)3 x (1 — cos 89.35°) X v/1 + 2 cos 89.35°

E tion 2.5
= Vbireos ceu = 6.232 x 10729 m3 quation

From Equation 2.4 and Equation 2.5:

_Mgipeo, 312.82 g - mol™t
VXN, 6.232x10"22m3 x 6.022 x 1023 mol-1

Equation 2.6
= p=8335x%x10°g-m™3

From Equation 2.2, Equation 2.3 and Equation 2.6, the mass of an individual nanoparticle can be

derived:
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4 .
Myp =Vyp X p = §Er3 X p Equation 2.7

= m =£ 10 X 107°m)3 x 8.335 x 10%g - m™3
NP 37T( m) g-m

= myp =3.491x 107 g Equation 2.8

Given that the density of magnetite is 5.17 g/cm?3,%37138 using Equation 2.7, the mass of a single Fes0,
NP (mpge,0, np) and hence the total mass of Fes0s NPs in a cluster (mpge, o, ciuster) is therefore given

by:

4
Myp = gnr3 X p

4
= Mpe,o,np = §n(5 nm)3 x 5.17 g/cm™3
> Mpeo,np =2707x10718 g

= Mge,0, cluster = 25 % Mpes0, NP

Equation 2.9
= Mpe,0, cluster = 6.768 x 10717 g
From Equation 2.8, the mass ratio (rm) of BiFeOs to Fe304 can be calculated:
o o _UBiFEOSNP 3491 x107"g Equation 2.10
" Mrpey0, cluster 6.768 x 1017 g
=1, =0.516 Equation 2.11

Therefore, for a synthesis with a theoretical yield (mp,,¢,) of 11.1 g (see Fes04 nanoparticle synthesis

in section 2.2.1), the mass of BiFeO3 used to seed the synthesis of magnetite is given by:

= Mpipeo, = Mreg0, X Tm = 11.1 g X 0.516
= Mpipep, =5.73 g
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The synthesis procedure was then followed as described in the Fe;04 nanoparticle synthesis section
(under section 2.2.1), except that BiFeOs NPs (5.73 g, 18.3 mmol) were dispersed in the NaOH solution
with sonication and the pH adjusted to 13.5 with concentrated NaOH before heating to 80°C. The acidic
iron solution was then added dropwise and the solution was kept at 80°C for one hour under stirring,
allowed to cool and washed with magnetic separation. The yield was approximately 95%, similar to the

synthesis of magnetite (16.0 g, theoretical yield 16.8 g).

To obtain BiFeOs;@Fe;03 NPs, a sample of BiFeOs@Fe304 NPs (200 mg) was annealed at 350°C for

1 hour.*®

This reduction of Fe®* in Fes0,4 to Fe?* on the surface of the BiFeOs was expected to enhance the second
harmonic generation in BiFeOs; by modifying the electric field distribution, due to work reported in the
literature on enhancement of nonlinear optical effects by the reduction of metal containing

nanoparticles attached to NLO materials.4014!

2.2.4 Physico-chemical characterisation

Comprehensive characterisation of the probes at each development stage was necessary for their
targeted applications and because the end-product properties (i.e. magnetic response and nonlinear
signal strength) are size dependent. Their size and surface chemistry also determine their toxicity and
biocompatibility, so it was necessary to employ a full suite of characterisation techniques including the

following to determine the suitability of the probes for biomedical application development.

e Dynamic Light Scattering (DLS) and Zeta-potential (ZP): Malvern ZetaSizer Nano ZS (Malvern, UK)

e Nanoparticle Tracking Analysis: NanoSight NS500, (Malvern, UK)

e X-ray diffractometry (XRD): Philips X'pert PIW3020 using Cu Ka radiation (Philips, France), and INEL
CPS 120, for temperature dependent studies (TXRD), using Co Ka radiation (INEL, US)

e Scanning electron microscope (SEM): Zeiss SEM Ultra (Zeiss, Germany)

e (High resolution) transmission electron microscope ([HR]TEM): FEI Titan (FEI, US)

e Magnetic hysteresis: custom-made Vibrating Sample Magnetometer (VSM)

e Nonlinear optical response by Hyper Rayleigh Scattering (HRS): custom-built optical setup (see

Figure 2.8) and by Two-photon Microscopy
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Crystal structure identification by X-Ray Diffractometry (XRD)

XRD was used to identify the crystal structure and determine phase purity, according to literature
guidelines.*?714* Similarly, temperature dependent X-Ray Diffractometry (TXRD) was carried out to

determine the evolution of the phase purity and structure as a function of temperature.

Scattering of x-rays from successive planes of atoms in a crystal cause constructive and destructive

interference (see Figure 2.7).

incident scattered
rays rays

crystal
Z planes
6 d

Figure 2.7: Scattering of x-rays by successive crystal planes

An x-ray detector directed at the crystal registers constructive interference as a large increase in the
intensity of scattered x-rays at specific angles of incidence. The angle of incidence is related to the

interplanar spacing and the x-ray wavelength by the Bragg equation:
nl = 2d sin@ Equation 2.12

where n is a whole number multiple of the wavelength (A), d is the interplanar spacing and 8 is the

angle of incidence.

The interplanar spacing is equivalent to interatomic distance where the atoms of which the material is
composed are ordered and repeated throughout the crystal. The angles at which peaks are observed
are therefore characteristic of the crystal’s unit cell and the family of peaks present identify the atoms

and lattice parameters of the unit cell.

Broadening of peaks in XRD

When a crystal with small grain sizes or a powder of small crystals is placed in the path of the X-ray
beam, the broadening of peaks in the XRD pattern can be related to crystallite size by the Scherrer
equation:'#®

d= K2
" BcosH

Equation 2.13
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where d is the average size of the crystalline domains, K is a dimensionless constant related to the
shape of the crystals with a value close to 0.9; A is the X-ray wavelength; B is the line broadening at half

the maximum intensity and 6 is the Bragg diffraction angle.

Particle size measurement was also carried out on SEM and TEM images (see below) to quantify

nominal size distribution.
Size distribution analysis

DLS was carried out immediately after sonication and again after 3-5 days of sedimentation following

established protocols.'®'4¢

DLS measures intensity fluctuations in light scattered from particles in suspension and relates the
measurement to the hydrodynamic radius of the particles. Larger particles diffuse more slowly,'* so
the signal can be self-correlated to determine the size of the particles.

Principle of Brownian motion of molecules and particles in suspension?#4-130

The calculation of size from DLS measurements as described below is based on the simplifying

assumption that the particles have an approximative spherical geometrical shape.

In suspension, electrostatic charges on the surface of a particle attract ions from solution. The
hydrodynamic radius is the radius of the sphere of ions that surround a particle in agueous suspension

and that moves with it as the particle moves through the solution.

The velocity of spheres undergoing Brownian motion in suspension, known as their translational
diffusion, is a function of temperature (molecules have more kinetic energy) and viscosity (also a
function of temperature) and relates to the size of the particles by the Stokes-Einstein equation,

kT
™™ 6mnry

Equation 2.14

In Equation 2.14, Dy is the translational diffusion, k is Boltzmann’s constant, T is the temperature in

Kelvin, n is the viscosity of the fluid and ry is the hydrodynamic radius of the sphere.

The hydrodynamic radius of a particle suspended in the fluid can be calculated from the correlation

function, C:
C = exp(-2I) Equation 2.15
where I'is the decay constant

' =Drq? Equation 2.16
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where q is the magnitude of the scattering vector given by:

4nn\ . (6 .
q= (T) sin (E) Equation 2.17

where 0 is the scattering angle, A is the wavelength of the laser in vacuum and n is the refractive index

of the fluid.

Hence,
ry = kT (from Equation 2.14)
6nmnDy
2
S1y = kTq (from Equation 2.16)
é6nnl’
_ 2
>71 = ﬂ (from Equation 2.15)
3mninC
kT (4 'N%
Sy = Lnsin <_> (from Equation 2.17)
3mninC\ 2 2

The hydrodynamic radius of spheres suspended in a fluid can therefore be calculated from the

properties of the fluid and the correlation of fluctuations of light scattered from the spheres.

d= KA
" BcosO

Equation 2.18

Colloidal stability

Zeta potential (7) was calculated from electrophoretic mobility (1e) measurements as a function of pH

at fixed ionic strength (1) as per IUPAC recommendations.?

Electrophoretic mobility is calculated by measuring particle velocity (V) in an applied electric field

strength (E), using a Malvern ZetaSizer Nano from the following equation:

Up = Equation 2.19

SRS

Henry’s equation is used to calculate the zeta potential from the electrophoretic mobility:

26,60 % f(Ka)
_ =

e

Equation 2.20
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where € is the dielectric constant of the solution, €, is the permittivity of free space, n is the viscosity
of the fluid and f(Ka) is Henry’s function — a factor which accounts for the thickness of the electric

double layer (EDL) surrounding the particle which moves with it through the suspension.

In the case of nanoparticles whose diameters are less than < 100 nm in low ionic strength (10 M) this
EDL is much bigger than the particle and Henry’s function approaches 1 (known as the Huckel

approximation), simplifying Henry’s equation to the following:

f, = 2668 Equation 2.21
e 377

>{ = ﬁ Equation 2.22
2€,€,

Surface morphology and size distribution by SEM

To image the surface morphology and carry out size distribution analysis of the nanomaterials, a drop
of nanoparticle suspension was deposited on a carbon tab and scanned at low incident energy (2-5 kV)
at short working distance (~2.5 mm), following a protocol optimised from instrumental documentation
and literature.’>'*3 A minimum of 100 particles were measured using image analysis software Image)

on three independently prepared samples.

Size distribution, surface morphology and lattice spacing measurement by TEM, STEM and

HRTEM

To qualitatively and quantitatively assess the quality of the nanoparticles and nanowires synthesised a
combination of techniques was used on each sample during the same recording session. These were:

TEM, STEM and HRTEM and SAED which were carried out after tool calibration.

Note that care was taken to ensure that TEM samples were representative of the sample under study
— dispersions were sonicated immediately before being deposited on top of carbon-coated TEM grids
held in reversed anti-capillary tweezers. The grids were then allowed to dry in air (protocol adapted

from training literature).12154-156

Crystal structure and monocrystallinity by SAED

For SAED, individual nanoparticles were identified from TEM imaging and the appropriate aperture was
selected such that only the individual nanoparticle was visible, and the corresponding diffraction spot

pattern was imaged. Where no individual nanoparticles could be identified sufficiently separated from
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aggregates, HRTEM images were post-processed by Fast-Fourier Transform (using Imagel) to confirm

the crystal structure.>*%7

Magnetic response and hysteresis by VSM

Typically, ~50 pg of dried powder was analysed by a custom-made VSM within CRANN Institute, the
University of Dublin. The magnetic moment of the samples was measured as a function of an externally
applied magnetic field to obtain the magnetic hysteresis curve showing remanence (if any) and the

saturation magnetisation of the sample.*®
Hyper-Rayleigh Scattering Measurement

Decanted suspensions of BiFeOs; were placed in the path of a vertically polarized laser of wavelength
1064 nm. A photomultiplier, set at 90° to the input, was used to detect the unpolarised scattered

second harmonic light using a boxcar to gate at 532 nm (see Figure 2.8).

BOXCAR

Figure 2.8: Optical Setup for Hyper Rayleigh Scattering Measurement.

Five solutions were prepared by dilution of the original concentration with 1ImM aqueous solution of
NaOH and, for each of the five concentrations, the intensity was measured. The HRS intensity was
plotted as a function of relative concentration and the nanoparticles’ effective hyperpolarisibility,

<Bnp>>, was calculated from the linear portion of the curve from the equation:
Ly = GNTyy, < By > 12 Equation 2.23

where G is an experimental constant, N is the concentration, and Ty, is an internal field factor calculated

from the solvent and nanocrystal refractive indices (here n, ~2.76 and ny, ~3.20 for BiFe03).*°
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The nanoparticle concentration N is estimated by preparing a larger volume sample in the same way as
for HRS analysis, dispersing 10mg of BiFeOs in 1L of ImM NaOH and decanting over three days. 950mL
of the supernatant was then evaporated in aliquots and weighed. Finally, the averaged SH coefficient
<d> is calculated as follows, using Vn, calculated from the DLS Size by number measurement as an

estimate of the nanoparticle volume:

<Pup >=<d> Wy Equation 2.24

Two-photon microscopy

Two-photon microscopy was kindly carried out by Dr Andrii Rogov, GAP Biophotonics, Université de
Geneve using a Nikon A1R-MultiPhoton inverted microscope coupled with a Spectra-Physics Mai-Tai
tuneable oscillator (100 fs, 80 MHz, 700 - 1020 nm). Typical intensities at the focal spot were
approximately 10'* W/cm?. No box car was used — the Epi detected signal was spectrally dispersed onto

an array of 32 photomultipliers and the signal was not time-resolved.

2.3 Results

2.3.1 Nanoparticles
FesO4 nanoparticles

Phase-pure Fe;s04 nanoparticles were synthesised via the Massart co-precipitation method as can be
seen in Figure 2.9. The significant peak broadening observed is mainly due to the small size of the
nanoparticles. After correction of the instrumental broadening, the Scherrer equation (Equation 2.12)

was used to calculate an approximate crystallite size of 15 nm from the three main peaks.

The Fes04 NPs were relatively monodisperse (see Figure 2.10), although aggregation is evident.
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Figure 2.9: XRD patterns of Fes0,. In red above, ICSD #96012 is the literature XRD pattern for bulk FesO,. Below,
in black, the XRD pattern for the FesO4 nanoparticles. The peak broadening observed is due to the small size of the
nanoparticles.

The suspension medium must be evaporated from the TEM imaging grid which induces aggregation.
Pains were taken to ensure that the sample presentation on the TEM grids was representative,
however. For example, the sample suspension was sonicated immediately before removing an aliquot.
Second, the aliquot was deposited directly onto the TEM grid, rather than placing the grid to float on

top of the sample droplet as is often done in TEM sample preparation (see Figure 2.10).

—

Figure 2.10: TEM image of aggregated Fes04 NPs
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TEM images were analysed to determine the size — termed the physical size — of the nanoparticles.
Measurements were made of 100 particles each from three independent preparations of TEM grids

and the size distribution was prepared as a histogram (see Figure 2.11).
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Figure 2.11: Representative size distribution histogram of FesO4 NPs. The histogram shows measurement of over
100 particles, repeated for three independent TEM grid preparations of a sample.

The average size of the Fes04 NPs was calculated from the histogram datain Figure 2.11to be 13.5+ 0.5

nm. This is consistent with the approximate size calculated from XRD data using the Scherrer equation.

The magnetic hysteresis curve obtained by VSM is shown in Figure 2.12 qualitatively confirms that the
nanoparticles are small. As expected for such small nanoparticles, the sample displays

superparamagnetic behaviour in that there is negligible remanence.
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Figure 2.12: Magnetic hysteresis curve of FesO4 NPs in an applied field from -1 to 1 Tesla. Note the very low
remnant magnetisation (0.001 T), indicating that the particles were superparamagnetic.

The saturation magnetisation is approximately 58 Am?2kg™?, consistent with literature values for

superparamagnetic Fes04 nanoparticles of this size at room temperature, 121130137
Next, BiFeOs; NPs were prepared due to their advantageous nonlinear optical properties.
Bismuth ferrite nanoparticles

Alternative chelating agents toward narrower size distribution

BiFeOs; nanoparticles were synthesized with chelating agents of increasing length and increasing ratio
of hydroxyl groups to carboxylic acid groups, such as tartronic (1:2), tartaric (1:1) and mucic acid (2:1),
resulting in different annealing temperatures required to form phase pure NPs as can be seen from the

XRD patterns in Figure 2.13, below.
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Figure 2.13: XRD patterns of BiFeOs synthesized with chelating agents of increasing length. Left, tartronic acid;
middle, tartaric acid; right, mucic acid. The longer the carbon backbone, the lower the temperature required to
form bismuth ferrite, albeit with phase impurities.

The increasing length (and the increasing —OH: —COOH ratio) of the carboxylic acids and the influence

on temperature is presented in Table 2.1.

Table 2.1: Structure, ratio of hydroxyl groups to carboxylic acids and lowest annealing temperature of each of the
chelating agents used in this study

Structure

-OH:-COOH

Lowest annealing temperature
>500°C >450°C <350°C*

(30 min annealing)

* Care must be taken to inhibit combustion as suggested by Selbach*® as soon as the solution has evaporated
(at approximately 160°C). By removing the sample from the hotplate and transferring to a furnace at 140°C to
allow nitric compounds to evaporate slowly, the sample still undergoes a colour change when the temperature is
raised to 300°C to eliminate the organic compounds. However, if the nitrous compounds have been driven off,
phase impurities are not introduced.
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Influence of additional —OH groups on crystal formation at lower temperature

To determine whether the annealing temperature could be lowered further by increasing the
concentration of —OH groups in the precursor, glycerol was added to the sol. Figure 2.14 shows the

evolution of the crystal phases present as a function of temperature.
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Figure 2.14: Temperature-resolved XRD patterns of powder prepared without and with glycerol. Left, without
glycerol: although BiFeOs peaks are observed, there is a substantial amorphous background from 200 - 400°C.
Right, with glycerol: temperature-resolved XRD pattern of powder prepared with glycerol: from 200 - 400°C the
background is less visible and the crystal peaks more prominent. The highest peak visible at lower temperatures
at 2theta = ~28° corresponds to the bismuth rich phase Bi,sFeOsq

Having identified that glycerol promotes the formation of the parasitic phases, the effect of salt on
crystallinity was investigated next. Samples were annealed for only 30 minutes to reduce Ostwald
ripening and at 450°C to ensure phase purity.

Influence of NaCl on crystal formation

To inhibit particle growth, NaCl was added to the precursor. Surprisingly, the presence of the salt
resulted in phase-pure powders after annealing at lower temperatures. For comparison, Figure 2.15

shows the XRD patterns of BiFeO; prepared with and without NaCl and glycerol all annealed at 450°C.
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Figure 2.15: XRD patterns of BiFeOs; samples without and with NaCl and glycerol added to the precursors. The
BiFeOs reference spectrum corresponds to ICSD #15299.

Note from the XRD patterns in Figure 2.15 that after only 30 mins annealing at 450°C, the sample
prepared with salt is entirely phase-pure and exhibits no amorphous background. By contrast, samples
prepared without salt have a substantial background and small peaks of the parasitic phase BizsFeOsq
and the sample prepared with glycerol shows little background, but the parasitic phases is more

obvious.

The improvement in phase-purity was confirmed by HRTEM and SAED (see Figure 2.16).
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Figure 2.16: TEM, HRTEM and SAED patterns of BiFeO; prepared with and without NaCl. A) TEM image showing
panoramic view of aggregated BiFeOs; nanoparticles prepared without NaCl; B) HRTEM image showing amorphous
surface of BiFeOs NPs prepared without NaCl; C) SAED pattern of the individual nanoparticle in C, showing
diffraction spots of BiFeOs but from multiple crystal domains. D) TEM image showing panoramic view of
aggregated BiFeOs NPs prepared with NaCl; E) HRTEM image showing the lattice spacings of well-crystallized
BiFeOs; NPs prepared with NaCl; F) SAED pattern of the individual nanoparticle in E, showing diffraction spots of
BiFeOs, indicating that the NP is monocrystalline.

Importantly, the single, periodic array of spots in the SAED pattern (Figure 2.15, F) confirms that, not

only are the NPs phase-pure BiFeOs, they are also monocrystalline.

The BiFeOs NPs prepared without and with NaCl and glycerol were probed using VSM to investigate

how the improved crystallinity affected the magnetic properties (see Figure 2.17).
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Figure 2.17: VSM measurements of BiFeO; prepared via MA, MA + NaCl + glycerol, and MA + NaCl.

Influence of improved crystallinity on Nonlinear Optical response

To ensure only individual NPs were probed, suspensions were prepared from pH 3 to pH 11.
Sedimentation of residual aggregates was observed by time-resolved DLS, as well as by the change in
the opaqueness of the sample over two days across the pH range investigated (the sample changed
from yellow to transparent). Samples were therefore allowed to sediment for three days. At pH 11, the

sample was still pale yellow after three days of sedimentation.
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Figure 2.18: DLS measurements of BiFeOs prepared via MA + NaCl, suspended in aqueous solution at pH 11 before
and after sedimentation. A decrease in size by number (top left), intensity (top right), mean sizes and Z-average
(table) were observed.

The DLS measurements in Figure 2.18 show the dispersion of BiFeOs; NPs in aqueous solution at pH 11
before and after the sedimentation period. These measurements were carried out to ensure that any
aggregates could precipitate out of suspension, as the HRS intensity is a function of the crystallite size

rather than the size of aggregates.

The presence of aggregates can be seen in the bimodal distribution observed in the DLS sizing
measurement by intensity graph (top right in Figure 2.18). The relative size of the peaks in the bimodal
distribution in the intensity graph might suggest there are a large number of aggregates present in the
suspension. This is not the case - the scattered signal intensity scales to the sixth power of the diameter
of the particle. The DLS intensity can be used to calculate the size by number of scattering particles (top

left in Figure 2.18) to represent the relative numbers of particles of different sizes present.

Z-average, defined by the International Organization for Standardization (ISO) as the “harmonic
intensity averaged particle diameter”, represents the hydrodynamic diameter of particles in
suspension, calculated as the intensity-weighted mean size reported by DLS.'*! However, this
calculation assumes a monomodal distribution to apply cumulant analysis to the correlation curve and

therefore does not accurately reflect the size of bimodal distributions.
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More accurate calculations of the particles present in solution might have been resolved by adopting
an orthogonal approach in particle sizing and concentration calculations.®? This would have been an
interesting scientific aspect to resolve despite being secondary to the main objective presented here.
Hyper Rayleigh Scattering Measurements

Once a colloidal suspension of sufficient stability and monodispersity had been achieved, the NLO

response was determined by HRS measurements (see Figure 2.19).
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Figure 2.19: HRS intensity as a function of relative concentration. Only the lower, linear portion of the graph is
used to calculate the effective hyperpolarisibility (and hence the nonlinear coefficient) because the deviation from
linearity is due to absorption and multiple scattering in the sample.

The slope (a) of the linear portion of the graph was compared to that of a reference (para-nitroaniline)

to determine the effective hyperpolarisibility < ﬁ,%p >:
I, = GNTyy, < ﬂ%p > 2 (see Equation 2.23)

where G is an experimental constant, N is the concentration and Ty, is an internal field factor calculated

from the solvent and nanocrystal refractive indices (here n, ~2.76 and ny, ~3.20 for BiFe0s;).1>°

_ 2 2
a= GL<PB*>TI Equation 2.25
I
> <p?>= « % Equation 2.26
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ANP
= < PBup >= GPpna tpNa (from Equation 2.24)

-9
= <Bup >= 8.53 x 2.59 x 10729 esu X /% Equation 2.27
2.53x10~21
= <Pnp >= 2.73%x107%2 esu Equation 2.28
<Bnp> .
<d> = T (from Equation 2.24)
np

where Vy, is the DLS size by number of the nanoparticles after sedimentation (100 nm, see section on
DLS measurements, above).

2.73x10722 esu

> <d> =
100x10~°m

= <d> 218.6 pm/V

Hence the hyperpolarisibility was used to calculate the averaged nonlinear coefficient, yielding a value
of 220 pm/V with a typical 15% uncertainty.'®

Second harmonic imaging microscopy

To demonstrate the potential for these NPs to be used as diagnostic marker labels, a sample was
dispersed in saline solution and deposited in agarose to simulate in vitro culture conditions. Analysis
was carried out using second harmonic microscopy (see Figure 2.20) which confirmed that the

improved crystallinity also led to greater nonlinear optical response from individual nanoparticles.

44



@«

®=® SHG and TPEF ® ® SHG
= TPEF, impurities

Nonlinear signal, a.u.
w » w (=2 ~

N

=
—

400 450 500 550 400 450 500 550 400 450 500 550
wavelength/nm wavelength/nm wavelength/nm

o

Figure 2.20: Second Harmonic Microscopy images of BiFeOs nanoparticle aggregates immobilized in agarose, with
the corresponding two-photon emission spectra. a, using MA without NaCl or glycerol, b using MA + NaCl +
glycerol; and ¢, using MA + NaCl. Each image is a composite of 32 colours (from violet to red, corresponding to 32
detection channels): excitation was at 810nm. Violet represents second harmonic (405nm), white corresponds to
the mix of other colours and represents two-photon excited fluorescence. In sample a, in which neither NaCl nor
glycerol was used, the SH signal was almost entirely occluded by two-photon excited luminescence. Typical
intensity at the focal spot was 10** W/cm?

Some luminescence was observed in sample b where NaCl and glycerol were used, but it did not co-
localize with the SH, suggesting that the phase impurities are not merely present within the BiFeO;
nanoparticles but form particles and aggregates separately. By contrast, there was no stray two-photon

excited luminescence when the sample was prepared using mucic acid and NaCl.

2.3.2 Reagents

Chemicals: FeCl,-4H,0, FeCls-6H,0, Bi(NOs)s-5H,0, Fe(NOs)s-9H,0, tartronic acid (TTA), mucic acid
(MA), tartaric acid (TA), NaCl, tetraethyl orthosilicate (TEOS), were obtained from Sigma (lreland);

HsPO,, ethanol (EtOH), NaOH, HCI, glycerol and citric acid were obtained from Fisher Scientific (Ireland).

2.3.3 Nanowires

One-dimensional silica nanowires with diameter of ~200 nm and 5-25 um in length were prepared using

the AAO template synthesis (see Figure 2.21).
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Figure 2.21: SEM image of silica nanowires via AAO template synthesis.

Much refinement was carried out on the synthesis to increase the reproducibility of the method and
the uniformity of the end-products.

2.3.4 Multimodal nanomaterials

SiO; NWs with Fe3O4 NPs

Silica nanowires embedded with Fes0, NPs were prepared as described in the materials and methods
section and as previously published.>” With this method, only the smallest Fes0, NPs were incorporated
into the silica wires due to the lack of stability of the NPs in the silica precursor sol, as can be seen in

Figure 2.22.
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Figure 2.22: TEM images of ultra-small Fes04 NPs embedded in silica nanowires. Arrows indicate Fes04 NPs and
aggregates.

The concentration of the Fe;04 NPs in the SiO; nanowires was measured by VSM, i.e. by measuring the
magnetic response of the Fes0, and that of the nanowires embedded with Fe3;0,, as detailed above

(see Figure 2.23).
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Figure 2.23: VSM of SiO, nanowires embedded with FesO4 in an applied field from -1 to 1 Tesla. Main panel:

Magnetic susceptibility measurement of magnetite (m Fe304) NPs and silica nanowires embedded with Fes04 (x
Si0; & Fe304 NWs). Inset: zoom of the Y-axis.

The induced magnetic moment of the SiO; & Fes0, NWs was significantly lower than the induced
moment of the Fes04 NPs. This supports the conclusion that the loading of Fe30,4 in the nanowires was
low. The mass ratio of Fe;04 to SiO, was calculated to be approximately 0.5%, much lower than the

concentration required for magnetic applications.

It was therefore necessary to enhance the loading by improving the stability of the Fes04 NPs in the
silica sol. By far the most successful route explored was the one-pot synthesis route; the results can be

seen in Figure 2.24.
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Figure 2.24: TEM image showing improved loading of Fes04 NP in SiO; NW. The arrows indicate aggregates of

F€304.

The increased loading was ascribed to the change in preparation protocol. Whereas previously an

aqueous suspension of magnetite NPs was prepared using citric acid which was then incorporated into

the silica precursor and drawn into the membrane under vacuum, the one-pot method allowed much

higher concentrations of magnetite to be added directly to the sol. The presence of much larger

aggregates of Fes0, implies that sonicating the sol containing the NPs and the membranes facilitated

the NPs being incorporated into the membrane pores as borne out by VSM measurements (see Figure

2.25)
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Figure 2.25: Magnetic hysteresis plot of bare FesO4 and SiO; nanowires prepared by the one-pot method

embedded with FesO4 in an applied field from -1 to 1 Tesla.
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VSM was used to confirm that the loading had increased to approximately 18%, with a final saturation

magnetisation of 9.7 +0.5 Am?kg* (see Table 2.2).

Table 2.2: Saturation magnetisation and loading of magnetite and corresponding silica nanowires

Saturation
magnetisation Loading
(Am?kg™)
Fe304 58+4 NA
SiO, & Fe30, via vacuum loading 0.22£0.05 0.40%
SiO, & Fe30, via one-pot synthesis 9.7+ 0.5 18%

This was sufficient loading to orient the wires in a magnetic field as can be seen in Figure 2.26.

Figure 2.26: Transmitted light microscopy images of SiO, NWs embedded with Fes04 NPs aligned in a magnetic
field. Right, control showing no preferred orientation in the absence of a magnetic field.

SiO, NWs with BiFeOs; NPs

The same one-pot method was used to disperse BiFeOs; NPs and incorporate them into silica nanowires

(see Figure 2.27).
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Figure 2.27: TEM image of BiFeOs NPs in SiO; NWs.

VSM was again used to determine the mass loading, yielding a final saturation magnetisation of

0.12 Am?kg™as can be seen in Figure 2.28.
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Figure 2.28: Magnetic hysteresis plot of bare BiFeOs; NPs and SiO; NWs embedded with BiFeOs NPs in an applied

field from -1 to 1 Tesla. Composite nanowires (SiO; & BiFeOs; NWs) had lower induced magnetic moment than the
bare BiFeOs NPs.
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The magnetic response of the BiFeOs-embedded wires was far lower than of those embedded with
Fes04 (because the saturation magnetisation of BiFeOs is much lower than that of Fe;0,4) and, even with

the increased loading, the saturation magnetisation was at the noise limit of the apparatus.

This saturation magnetisation corresponds to a mass loading of approximately 33%. While this is much
larger than the mass loading of Fes04 NPs in the silica wires reported above, observations from TEM
indicate that the number of particles or aggregates per section is approximately the same. Not only are

the BiFeOs; NPs larger, the density of BiFeOs is higher than that of Fes;0,.

Table 2.3: Saturation magnetisation and loading of magnetite and corresponding silica nanowires

Saturation
magnetisation Loading
(Am’kg™)
BiFeOs 0.310.1 NA
SiO, & BiFeO; via one-pot synthesis 0.10 +0.06 33%

Similarly, nanowires were prepared with FesO4 and BiFeOs NPs together (SiO; & BiFeOs;@Fe;04 NWs)
and Fe,03 and BiFeOs; NPs (SiO, & BiFeOs@Fe,03 NWs).

SiO,; NWs with FesO4 and BiFeOs NPs

Fes0. and BiFeOs NPs were dispersed together in the silica precursor sol to incorporate both NPs in the
wires by the same method. After dissolving the membrane to release the wires, the composites were

imaged using phase contrast microscopy (Figure 2.29).

Figure 2.29: Phase contrast image of SiO; NWs embedded with BiFeOs and Fe304 NPs.
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These wires were also imaged via two-photon microscopy to determine whether there was sufficient

nonlinear optical signal for their application in diagnostic probes (see Figure 2.30).

Figure 2.30: Two-photon microscopy image of SiO, NWs embedded with Fes0, and BiFeOs; NPs. No stray two-
photon excited fluorescence was observed (the blue dots indicated by white arrows correspond to SHG). No
fluorescent signal was recorded.

BiFeOs;@Fe30, nanoparticles

Composite BiFeOs@Fes04 nanoparticles were formed by incorporating BiFeOs into the co-precipitation
synthesis of magnetite. Their structure was probed using XRD to determine whether the products were

well crystallised (see Figure 2.31).
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Figure 2.31: X-ray pattern of BiFeOs;@Fes04 NPs. > Peaks corresponding to BiFeOs (ICSD #15299), m Peaks
corresponding to FesO, (ICSD #96012)

The relative heights of the peaks in the XRD pattern suggest that there is a greater proportion of well-
crystallised BiFeOs in the sample than of Fes0, (see Figure 2.31). The difference in peak height can be
attributed to the relative sizes of the NPs, however, as the particle diameter of the BiFeOs; NPs was
approximately double that of Fes0s NPs — and broadening is more evident on the peaks ascribed to

FE304.

TEM imaging was used to determine the structure of the composite (see Figure 2.32)
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Figure 2.32: TEM and HRTEM images of BiFeOs@Fes0, NPs. A, a panoramic image of an aggregate of
BiFeOs;@Fes0, composites. B, a cluster of BiFeOs;@Fes04 NPs, in which larger, denser (BiFeOs) NPs are surrounded
by less electron-dense, smaller NPs. C, HRTEM showing the crystal planes of the BiFeOs NP core surrounded by the
F23O4 NPs.

It was assumed in calculating the required amounts of reagents that the Fe304 NPs would be the same
approximate size (~10nm) whether BiFeOs was used as a seed or not (see the section on BiFeO;@Fe 0,
nanocomposites synthesis, under section 2.2.3) and that the BiFeOs; NPs would be approximately
double that of Fes04 NPs. Determining the physical size of either the core BiFeOs or seeded Fe304 from
TEM images is hampered where they overlap, especially where the electron beam transmits through

clusters. As expected, panoramic images like Figure 2.32 A demonstrate that there is a distribution of
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sizes in the core and seeded particles. This may have implications for the calculated mass ratios.
Magnetic susceptibility measurements carried out by Vibrating Sample Magnetometry indicate that

the mass ratio of BiFeOs is higher than that assumed above (see Figure 2.33).
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Figure 2.33: VSM measurement of FesO4 NPs and BiFeOs@Fe304 NPs in an applied field from -1 to 1 Tesla. The
remnance of both materials is very close to zero, indicating superparamagnetic particles, but the saturation
magnetisation of Fes0y4 is more than double that of the composite.

The saturation magnetisation of the BiFeOs@Fe304 composites was approximately 25 Am2kg™, whereas

the saturation magnetisation of the Fe30; NPs was 58 Am?kg™.

Assuming the Fes04 NPs seeded onto the BiFeOs cores were the same size as those synthesised without

BiFeOs, the mass ratio of Fe30,, in the composite and hence that of BiFeOs,

mrexp (Fe304) mrexp (BiFe03)’

was determined as follows:

m ~ 1"45aturco-,m[,osm3 Equation 2.29
Texp (Fe304) ~—
P (Fes0w) Msaturmagnetite

Msaturcomposite
Texp (BiFeO3) — ~
Msaturmagnetite

->m
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25 Am?kg~?!
=My oy BiFeos) = 1 — 58 AmZkg 1

25

= Mrp (BiFeoy) = 1— ﬁ

= Mrep (BiFe03) ~ 0.57

where M is the saturation magnetisation of the composite and M is the

atUrcomposite atUTmagnetite

saturation magnetisation of magnetite nanoparticles (see section 2.3.1).

The mass ratio of BiFeOs is higher than the estimated mass ratio (0.516, see Equation 2.11). Several
factors may individually explain this discrepancy. First, the estimate assumed that the magnetite
nanoparticles were 10 nm and BiFeOs; nanoparticles were 20 nm in diameter whereas the synthesised
particles had a size distribution. Second, the estimate assumed close packing of spherical Fe;0,4 seeds
around spherical BiFeOs cores, but it can be seen from the TEM images that the experimental results

deviate from the ideal.
BiFeOs;@Fe,0; nanoparticles

BiFeOs;@Fes04 composites were annealed at 350°C in air to cause the Fe3* ions to be reduced to Fe?,
resulting in BiFeOs@Fe,0s; nanocomposites. Their structure was probed using XRD to determine

whether the products were well crystallised (see Figure 2.34).
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Figure 2.34: X-ray Diffractometer pattern of BiFeOs;@Fe,03 NPs. »* Peaks corresponding to BiFeO; (ICSD #15299),
m Peaks corresponding to Fe;0s (ICSD #79196)

The presence of y-Fe;0; (maghemite) was confirmed by XRD (see Figure 2.34). Other small peaks
relating to iron oxides are present, but these appear in many different iron oxides such as FeO, FeOOH,
and a-Fe;0s, and are almost indistinguishable from the background. Superficially, the ratio of BiFeOs is
higher than that of the maghemite, there is greater broadening in the maghemite peaks than in those
ascribed to BiFeOs. Finally, the slightly elevated background compared to BiFeOs;@Fes0s, suggests that

some of the powder is amorphous which may be due to the presence of the iron oxide impurities.

BiFeOs@Fe,03 NPs formed clusters, with larger BiFeOs; NPs being surrounded by less electron-dense,

smaller NPs (see Figure 2.35).
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Figure 2.35: TEM and HRTEM images of BiFeOs@Fe,Os; NPs. A, a panoramic image of an aggregate of
BiFeOs;@Fe,03; composites. B, a cluster of BiFeOs;@Fe,03 NPs, in which larger, denser (BiFeOs) NPs are surrounded
by less electron-dense, smaller NPs. C, HRTEM showing an individual BiFeO3 NP core surrounded by the Fe;03 NPs.

The remnance of BiFeO;@Fe,03; composites is very close to zero indicating superparamagnetic particles

(see Figure 2.36).

59



60

— Fe, 0,
— BiFeOs@ Fe,O,

Moment (Am’kg™)

_20_
-40 4
'60 T T T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
u,H (T)

Figure 2.36: VSM measurement of Fe;O3 NPs and BiFeOs@Fe,0s; NPs in an applied field from -1 to 1 Tesla. The
remnance of both materials is very close to zero, indicating superparamagnetic particles, but the saturation
magnetisation of Fe,03 is more than double that of the composite.

In measuring the magnetic susceptibility, a control was prepared in the same way as the composite —
by annealing FesO4 NPs in air at 350°C — to obtain y-Fe;0s NPs. A commercially available maghemite
powder was not considered appropriate because variations in particle size can lead to large deviations
in magnetic susceptibility. The saturation magnetisation of the BiFeOs;@Fe;0; composites was

approximately 19 Am?kg™, whereas that of the Fe;0; NPs was 41 Am2kg™* (see Figure 2.36).

Using Equation 2.29, this means the mass ratio of BiFeOs to Fe,03 NPs in the composite is given by:

M

saturcomposite

m =
Texp (Fep03) M ]
saturmagnetite

Msaturcomposite
Texp (BiFeO3) — ~
Msaturmagnetite

=m

19 Am?kg™?!

sm -1-—
41 Am?kg=1

Texp (BiFeO3)
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41

=2 Mr oy BiFeos) = 1

=2 Mooy BiFeos) = 0.54

The ratio of the core to seeded shell therefore decreased (from 0.57 in BiFeOs@Fe304 to 0.54 in
BiFeOs@Fe,03) on annealing at 350°C, contrary to expectation. This may be due to an increase in the
size of the iron oxide particles or to surface reconstruction of the BiFeOs core due to interactions with

the reduction of Fe30,4 to Fe,0s.

This decrease may be evident in the high resolution TEM imaging carried out (see Figure 2.32 and Figure
2.35). However, because TEM is a transmission microscopy technique, it is prohibitively difficult to
identify the edges of individual Fes04 NPs in Figure 2.32 or Fe,03 NPs in Figure 2.35 or to identify where

the NPs overlap, so quantitative image analysis was not justified.

2.4 Discussion

For the nanocomposites to be used in biomedical imaging applications, several prerequisites have to
be met: the materials must have a sufficiently high response (magnetic or nonlinear optical response
or a combination of both) and they must be suitable for quantitative characterisation and

functionalisation.

Size and size distribution are of utmost importance in quantifying the response of the materials. Both
colloidal stability and monocrystallinity are also crucial to the use of such materials in broader
applications — the properties of monocrystalline nanomaterials are far easier to model than
polycrystalline or polydisperse materials. Therefore, particle size was determined by several routes
(DLS, XRD-Scherrer and TEM). The signal to noise ratio of XRD patterns also gave an initial indication of
how well-crystallised the materials were and the appearance of lattice spacings in the HRTEM of BiFeO;
NPs demonstrated improved crystallinity and the periodicity of the SAED spot patterns confirmed that

the particles are monocrystalline.

While the magnetic response determined by VSM is a function of the mass of the sample rather than
the particle size, the high magnetic response with minimal hysteresis of the Fe304 and BiFeOs confirm

that the NPs are smaller than the magnetic domain size, i.e. the NPs are superparamagnetic.

Itis important to note that although BiFeO3; was present as the dominant phase in the sample at 350°C,

higher temperatures were required to eliminate residual parasitic phases.
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2.4.1 Additional —OH groups increase crystallinity of BiFeOs at lower temperatures

The addition of glycerol significantly increased the ratio of metal to hydroxyl groups. Comparing the
height of the XRD peaks to the height of the amorphous background, additional —OH groups increased
the crystallinity of any phases present at lower temperatures. If the size of the largest peaks relative to
the amorphous background is taken as a measure of how well-crystallized the nanoparticles are, at
500°C the presence of glycerol had no significant impact on the crystallinity, whereas at 200°C, there is
significant enhancement as can be seen in Figure 2.14, but parasitic phases were also promoted and

even higher temperatures required to eliminate them.

To fully optimize the synthesis and to extend these results to broader applications, further research
avenues include characterizing the coordination of the metal ions by the dicarboxylic acids in the
precursor and the subsequent complexation by glycerol (or other alcohols). This could lead to new

methods for controlling the size and morphology of the nanoparticles.

Narrower size distribution and smaller size are essential to the development of diagnostic probes. The
NPs need to be on the order of 10-20 nm if they are to be used to label subcellular structures or to be

internalised within cells.

It is also essential that the particles be very monodisperse (have a very narrow size distribution) for
guantitative imaging applications, especially for applications including single molecule tracking to

monitor cellular processes and events.®3

2.4.2 Increased salt concentration enhances crystallization of BiFeO3

At any given temperature, the presence of salt increased the degree of crystallization and reduced the
amorphous background in the XRD diffraction patterns. Again, taking the size of the largest peaks
relative to the amorphous background to indicate how well-crystallized the nanoparticles are, it can be
seen in Figure 2.15 that the addition of salt significantly enhances the crystallization of NPs on

annealing.

Comparing these spectra with the high resolution TEM and Selected Area Diffraction (SAED) images
shown in Figure 2.16, those particles prepared without salt have an amorphous surface layer (as well
as trace impurities of BizsFeOsg). It is deduced that only the surface is amorphous because the selected
area electron diffraction patterns indicate a high degree of crystallinity even in the sample whose lattice
spacings could not be imaged (Figure 2.16, top row). However, it is also apparent from the rings visible

and the large number of spots in the SAED that the sample is polycrystalline.
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By contrast, HRTEM images and SAED patterns of individual nanoparticles prepared via NaCl showed
the samples to be monocrystalline as the same crystal lattice extends throughout the particles and the

spot pattern is a clean array, without amorphous rings or multiple scatterings.

By comparing the VSM results to the corresponding XRD patterns the magnetic response of the BiFeOs
nanoparticles falls off the lower the degree of doping by parasitic iron oxide phases. Furthermore, it
can be seen from Figure 2.17 that the nanoparticles are superparamagnetic, meaning that the particle
size is smaller than the magnetic domain size, which is considered to be the spin cycloid length of 62

nm.135

The precise mechanism by which the crystallinity is enhanced is not fully understood. Greater
concentration of salt may permit more salt bridges to form between the hydroxyl and carboxylate
groups thus promoting the formation of the polymeric precursor. On the other hand, it is possible that
simply the physical separation of the nucleation sites is responsible: Ostwald ripening proceeds by the

fusion of smaller nucleation sites with larger grains. If diffusion is inhibited, larger crystals form.

For imaging applications, this enhanced signal is crucial because the intensity of the signal is so heavily
influenced by the size of the crystallites within the NP.® Not only do these results demonstrate that the
full volume of each particle is involved in generating the second harmonic, the entire NP is made up of

a single crystal (as opposed to each NP being comprised of several crystals).

The presence of multiple crystals in a polycrystalline particle results in a lower intensity output due to
the non-constructive interferences between signals from the different crystal domains.'#¢% This
suggests that, where the entire NP comprises an individual crystal, for a given size of NP the harmonic

signal should be much brighter when imaging.

The improved crystallinity was assessed quantitatively by probing the nonlinear optical response of the

NPs.
2.4.3 Enhanced NLO response of BiFeO3

Comparing the nonlinear coefficient calculated from HRS measurements (220 pm/V) to a value of
5.5pm/V measured with LiNbOs NPs using the same setup,'® it is clear that BiFeOs is a very promising
candidate for nonlinear optical applications. This also constitutes a significant improvement in the
nonlinear coefficient of BiFeOs NPs; a previously reported study carried out on the same setup
analysing BiFeOs; NPs (synthesized via sol-gel combustion using TRIS as a starting fuel) determined the
averaged <d> coefficient to be 79pm/V, % further corroborating the conclusion that the synthesis route

described here leads to more monocrystalline nanoparticles. It also confirms that there is an increase
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in the portion of the particles which is crystalline (since the intensity of the harmonic varies with the
sixth power of the crystal diameter, I, « d®). This is crucial for biomedical imaging applications — the
smaller size of NP required for subcellular labelling and single molecule tracking impose a heavy cost
on the signal intensity, so the enhanced NLO response of BiFeOs; with improved crystallinity ensures

that they are sufficiently bright to label the diagnostic markers of interest.
2.4.4 One-pot synthesis is a more efficient route to obtain silica nanowires

Rather than requiring separately catalysed precursors then transferring to a membrane filter which is
connected to a vacuum, silica nanowires synthesised via the templated sol-gel method can be formed
by simply combining all reagents in a single beaker, allowing the reaction to begin and then adding the

templates.

Without the addition of a base to catalyse the condensation which results in gel formation, the reaction

proceeds slowly, allowing the template to fill gradually.

This prevents the destruction of the fragile, costly templates. Furthermore, multiple templates can be
immersed at once. The disadvantage is the time it takes to fill one membrane - the templates must be

left immersed in the sol for one hour under sonication.
2.4.5 Increased loading of magnetite and/or BiFeOs in silica nanowires

A more significant advantage manifests when incorporating nanoparticles into the silica matrix. Existing
methods require that the nanoparticles be stabilised in aqueous suspension, to be added during the
hydrolysis step in the sol-gel reaction. The nanoparticles used in this study have low colloidal stability

at the relevant pH, so loading was very limited with conventional approaches.

By incorporating the bare nanopowders directly into the sonicating sol, the loading of Fes04
nanoparticles was increased from approximately 0.5% by mass to 18% and the loading of BiFeOs; NPs
was increased to 33%. This yielded magnetic silica nanowires that oriented themselves in the direction
of an applied magnetic field. This confirms that the composite nanowires synthesised have the desired

physico-chemical properties.
2.4.6 Magnetic-harmonic nanoparticles were synthesised

Fes0, seeds were grown on the surface of BiFeOs; by a simple modification of Massart’s protocol,
yielding the novel composite BiFeOz;@Fes04. These nanoparticles were reduced to form BiFeOs;@Fe;03

nanocomposites, and both products were characterised by XRD, TEM and VSM. The increased magnetic
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response of these composites is of particular interest for multimodal applications because the magnetic

response of pure-phase BiFeOs was shown to be so low.

2.5 Conclusion

Bismuth ferrite and magnetite nanoparticles and composites were synthesised and characterised with
a suite of analytical techniques to quantify their material properties. Novel, simple routes were
developed to enhance their crystallinity and nonlinear optical response and to prepare them for
downstream applications. To enhance their biocompatibility, BiFeOs; and iron oxide NPs and composites

were incorporated into silica nanowires.

Multimodal composites of bismuth ferrite, iron oxides and silica were also prepared and analysed by a

full suite of physico-chemical characterisation.
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Chapter 3

Functionalisation of nanoparticles

3.1 Introduction

This chapter presents the surface modification and properties needed to deliver multimodal probes for
biomedical applications. Starting from the importance of functionalisation as a route to achieve
biocompatibility, the uptake and targeting are also investigated to determine the functionalised

nanomaterials’ viability as diagnostic probes.
3.1.1 Functionalisation

To engineer probes that target specific cellular structures or carry out specific functions, it is necessary
to modify the surface of nanoparticles. The attachment of targeting compounds can also serve to

passivate the surface and to modulate the cytotoxic response.

By functionalising nanoparticles with antibodies which only bind to one specific antigen, the
nanoparticles can then be targeted to sites where those antigens are expressed. Common targets are
receptors expressed on the surface of cells as depicted in Figure 3.1. Targeting is discussed in further

detail in section 3.1.3.

ceea, functionalised
. nanoparticle

g diagnostic
marker

targeting
antibody

Figure 3.1: Functionalisation of a nanoparticle with a targeting ligand. The antibody binds specifically to a
diagnostic marker on the surface of a cell.

Several steps are involved in functionalising nanoparticles for targeting. After synthesis of the

nanoparticles, the surface must be prepared by silanisation. This procedure passivates the surface of
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the nanoparticle and allows control over the surface chemistry, providing a linker between the

nanoparticle and subsequent conjugation agents.

The success of functionalisation is determined by several factors such as aggregation and flocculation
of the nanoparticles at each step, the degree of surface cover of functionalisation layers, and the
availability of binding sites on the nanoparticle and on the antibody. Should the nanoparticles
aggregate before they are silanised, for example, the silane layer will form around aggregates rather
than around individual nanoparticles. This is undesirable because not only does it increase the effective

size of the particles, but also raises the polydispersity in the sample.

Silanisation is an active area of research and several protocols have been developed which include the
use of ultra-sonication before and during the reaction to add energy to the reaction and disperse

aggregates.

The degree and nature of the surface cover are measures of adlayer formation. If ideal surface cover is
achieved, with the attached molecules forming a perfect monolayer, all available sites on the surface
of the nanoparticle would bind to individual silane molecules such as APTES before they polymerise.
APTES molecules have an effective diameter of approximately 0.4 nm? once they bind to the surface,
so to achieve ideal close packing, available binding sites would also have to be spaced at matching

intervals, i.e. with ordered periodicity.

The reality can be far from the ideal. Dangling bonds and surface tension result in strain and defects in

the lattice and cause surface reconstruction, which breaks the periodicity of the crystal at the surface.

Furthermore, APTES molecules polymerise, and may do so before bonding to the surface. Finally, rather
than a closely packed single layer forming, further layers of APTES molecules can attach to those which
have bound to the nanoparticle surface, which could lead to the formation of islands around the

nanoparticle, rather than a uniform monolayer.

Several research groups have indicated that the above challenges can be mitigated by using sonication
to disperse the nanoparticles and by reacting in the presence of an acid to inhibit polymerisation and
promote attachment to the surface.'®%%” However, lowering the pH affects the colloidal stability and,
depending on the interaction between the nanoparticle’s surface chemistry and the solvent, may

increase aggregation and polydispersity.

Colloidal stability is also a challenge when conjugating the silanised nanoparticles — they must be re-
dispersed in aqueous suspension at pH 7. Bioconjugation then involves incubation of the silanised

nanoparticle with a targeting moiety such as an antibody in the presence of a crosslinker, a catalyst
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which promotes binding. Here stability is even more critical as this step must be carried out without

sonication, to be avoided as it would denature the biological moieties.

The advantage of functionalisation is to ensure biocompatibility or extend circulation time, control
membrane internalization but also to enable coupling with biomarkers for diagnostics. The next
sections provide some insight into specific markers, modifying the surface to extend the circulation

time in vivo, increase tissue penetration and also control the cellular uptake of nanoparticles.
3.1.2 Biocompatibility

A biomaterial or diagnostic probe is biocompatible if it can enter a host, be transported and carry out
its intended function without disrupting the normal processes in the recipient. The biocompatibility of
a biomaterial is a measure of how well it can elicit its devised function while minimising any undesired
impacts on the host.'®® Silane coating is biocompatible and protective to and from the core to the
environment.'®¥7% A Silane layer protects the nanoparticle surface from degradation in a biological
environment and inhibits the metal ions of the crystalline core from leaching into the suspension,

thereby minimising unwanted interactions and increasing their biocompatibility.
3.1.3 Targeting

Targeting is the delivery of therapeutic or pharmaceutical agents to their intended site of action. This
isachieved by either encapsulating with or conjugating to a ligand which binds specifically at the desired
location. The purpose of targeting is to improve the efficiency and/or reduce the non-specific effects
of the agent.'’! This is particularly important for diagnostic probes, to increase their accumulation at

the site of interest and maximise their efficacy and biocompatibility.

To ensure that probes ultimately label only the structures of interest or to ensure the label is
transported to the site of interest, probes must be targeted to the relevant moiety or site. For instance,
diagnostic markers such as HER2 and EGFR can be tagged with probes using antibodies which bind to

the receptors (anti-HER2 and anti-EGFR antibodies)**° and this also induces particle uptake.
Epidermal growth factor receptor

Epidermal growth factor receptor is a transmembrane glycoprotein which exists in its inactive
monomeric form until activated by growth factors which bind to specific ligand sites on its extracellular
domain (see Figure 3.2). Dimerization induces tyrosine autophosphorylation at intracellular domain
sites, initiating several signal transduction cascades which effect the cell’s phenotype including cell

proliferation, migration, adhesion, angiogenesis, and inhibition of apoptosis.’?
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Figure 3.2: Simplified schematic illustration of EGFR stimulation of cell cycle progression and its effects.
Reproduced from Harari et al.?”?

It is an oncogene — several mutations associated with cancers lead to overexpression, mis-regulation
and amplification of EGFR, including non-small cell carcinoma of the lungs, head and neck and
glioblastoma. Consequently, EGFR is a promising target for a class of anticancer tyrosine kinase

inhibitors, including erlotinib, afatinib and gefitinib.’4"’
Specificity and sensitivity

The performance of a probe or sensor is reported with respect to specificity and sensitivity. Specificity
describes to what degree a response is triggered by untargeted moieties; sensitivity describes how

accurately the response tracks changes in the target’s concentration.

Both measures are required to understand the effectiveness and accuracy of a sensor. For example,
while a sensor might correctly detect the presence of EGFR in 99% of samples, a specificity of 95% will
mean that many false positives will also be reported. This is especially significant where the true or
background rate is low. Consider an experiment where EGFR expression is inhibited such that only 10%

of cells have surface markers for EGFR. If 1,000,000 cells were plated, that will mean 100,000 express
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EGFR, and the probe described above will correctly identify 99,000 of those cells. 1,000 cells are

incorrectly identified as lacking EGFR (known as a false negative or Type Il error).

However, because the probe only has a specificity of 95%, the probe will randomly bind to 50,000 cells—
only 10% of which express EGFR. Hence, for every two cells correctly labelled as expressing HER2, there
will be approximately one cell which is incorrectly labelled expressing EGFR (known as a false positive

or Type 1 error).

Therefore, the performance of a probe is measured by its specificity and sensitivity, but its effectiveness

is a function of the frequency of occurrence or concentration of the target.
3.1.4 Uptake

There are several mechanisms of endocytosis allowing chemicals or material to be internalised by cells.
Phagocytosis, clathrin-mediated endocytosis, caveolae and micropinocytosis are four routes of active
transport by which small molecules are moved through the cell membrane against a concentration
gradient.'”® These pathways may all be exploited to increase the uptake of nanoparticles by cells, with

a view to raising the loading at the target site.
3.1.5 Diagnostic probes

Diagnostic markers are biological indicators used to diagnose a disease. Such markers can be
guantitative and used to evaluate the severity or progression of the disease (e.g. thyroid hormone
levels in the blood indicate the level of thyroid activity) or qualitative, indicating the presence of a

disease, such as the overexpression of EGFR in lung cancer cells.'”®

Diagnostic markers specific to certain cells, targeted with magnetic/harmonic probes, allow those cells
to be imaged by both magnetic resonance and second harmonic imaging. The magnetic properties of
these probes can be further exploited by magnetic separation, cell counting and sorting, drug delivery
and magnetic hyperthermia, while the harmonic-generating properties has potential application for in

vivo imaging, flow cytometry and photodynamic therapy.

Diagnostic probes made from NLO materials therefore need to be functionalised for biocompatibility
targeting and to ensure they are safe to use. Reagents, protocols and methodologies must be optimised
for each different metallic nanoparticle requiring the characterisation of each intermediate product as

outlined in the table below.
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Table 3.1: Matrix of nanomaterials, their properties and the nanocomposites in which the properties are to be
combined. Legend: v' known property © target property. The relative importance of each is represented by the

frequency of each symbol.
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Nanomaterial/composite g.

BiFeOs NPs v

F6304 NPs

SiOz NWs

SiO, NWs with BiFeOs v

SiOz NWs with BiF803 & Fe203 v

SiOz NWs with BiFGO3 & FE304 v

BiFeO;@Fe304 NPs

BiFeO;@Fe,0; NPs v
BiFeOz@asc NPs O]
BiFeO3;@APTES NPs ®
BiFeO;@Fe,0;@asc NPs O]
BiFeO;@Fe;0,@asc NPs O]
BiFeO;@Fe,0: @APTES NPs O]

3.2 Materials and Methods

3.2.1 Reagents

< Magnetic properties

vvv

vv

vv

Surface properties

Geometric properties

vv

vv

vv

Composite structure

Metal oxide
Metal oxide
Dielectric material

Dielectric material embedded with metal
oxide

Dielectric material embedded with two
metal oxides

Dielectric material embedded with two
metal oxides

Core@shell composite of two metal
oxides

Core@shell composite of two metal
oxides

Metal oxide with stabilising ligand
(ascorbic acid)

Metal oxide with passivated surface (-NH;
from aminopropyltriethoxylsilane)

Core@shell composite of two metal
oxides with stabilising ligands

Core@shell composite of two metal
oxides with stabilising ligands

Core@shell composite of two metal
oxides with passivated surface

MES Buffer, N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), L-Ascorbic acid

sodium salt, bovine serum albumin, 3-(2-pyridyl)-5,6-bis(phenyl sulfonic acid)-1,2,4-triazine (ferrozine),
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gentamicin, streptomycin sulfate, para formaldehyde (PFA), sterile water and phosphate buffered
saline (PBS), Nuclear fast red and tetramethylammonium hydroxide (TMAH) were obtained from Sigma
(Ireland); H3PQ4, ethanol (EtOH), NaOH, HCI, glycerol and citric acid were obtained from Fisher Scientific
(Ireland). Recombinant goat anti-human EGFR antibody, Mix-n-Stain™ CF™, Dulbecco's modified
Eagle's medium (DMEM) manufactured by Gibco were obtained from Invitrogen Ltd (Ireland). RPMI
1640 medium with 25 mM HEPES, HyClone medium, TrypLE, Fetal Bovine Serum (FBS), L-glutamine,
penicillin G, epidermal growth factor (EGF), hydrocortisone, Hoechst, propium iodide, and JC-1
manufactured by Gibco were obtained from Invitrogen Ltd (Ireland). Endothelial Growth Medium 2 and

Endothelial Cell Growth Medium 2 Supplement Mix were obtained from PromoCell (Ireland).
Cell culturing

Human lung epithelial carcinoma cells (A549 cells) from American Type Culture Collection (ATCC) were

kindly provided by Dr Dania Movia, Trinity College Dublin.

A549 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 2 mM L-glutamine,
supplemented with 10% fetal bovine serum and 50 pg/mL gentamicin in a 37°C incubator at 100%

humidity and 5% CO,.
3.2.2 Protocols
Stabilisation

Stabilising nanoparticles was the first step explored where ascorbic acid was selected as a chelating
ligand for nanoparticles prepared via aqueous routes as the molecule is non-toxic and small relative to
the size of the nanoparticle.®°

Large batch stabilisation

A large quantity of BiFeOs (200 mg) was stabilised in smaller batches by using slurry of 40 mg with
NH4OH (10M, approx. 2mL per batch) using a mortar and pestle. Aliquots of the slurry were transferred

to a beaker which was topped up with NH,OH (10M) for a final volume of 100 mL.

Ascorbic acid was added (39 mg) and the pH adjusted to 12.5 with concentrated NH,OH and the mixture

was left stirring at 80°C for 1 h.

The ascorbic acid is in vast excess (about twenty times that needed to cover the surface of the
nanoparticles assuming a diameter of 20nm, calculations below). At least 5 washing steps were needed.

Ethanol (5%) was used to promote precipitation.
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To calculate the total mass of ascorbic acid adsorbed onto the surface of the NPs, the total surface area

of all NPs in the suspension is first required.

This was achieved by calculating the mass of an individual BiFeO3 NP which, recall from Chapter 2,

resulted in the following:

Anp = 4mr? = 4m(10 X 1079m)? Equation 3.1
4 4 i
Vyp ==1r3 = —m(10 x 10~°m)3 Equation 3.2
3 3
This led to a mass of:
4 3
myp= Vyp Xp= gnr Xp Equation 3.3
= myp= 3491x107g Equation 3.4

Thus, the number of NPs (Ns) in a given mass of BiFeO3 (ms), and hence the total surface area of all NPs

in the sample (As) can be calculated using Equation 3.1:

mg 02g

Ns = s 3491 x10-17g

N = 5.729 X 10'° nanoparticles
Equation 3.5
:AS=NS XANP =NS><4-T[T2
= A; =5.729 X 10%° x 47(10 x 107° m)?

Equation 3.6
= Ag =7.199 m?

The topological polar surface area of ascorbic acid, asca, is 1.07 x 108 m?, and assuming complete
surface cover, the number of ascorbic acid molecules which adsorb onto the surface (Na) is therefore

given by:
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A, 7199 m?
Ay 1.07 x 10718 m2

= Nya= 6.728 X 10® = 1.117 x 107° mol

= mua = Nase X Myge = 1.117 X 1075 mol x 176.12 g - mol~2

= my, = 1.96 X107 3g

This is required to achieve complete surface cover of nanoparticles with a diameter of 20nm. There are
many reasons why complete monolayer formation will not occur — the binding sites on the surface of
the BiFeOs; may not be ideally presented due to the morphology or surface chemistry of the NPs, and
this may vary depending from face to face on the nanocrystal; the diameter of the nanoparticles is
derived from a distribution of differently sized nanoparticles; the surfaces of aggregates may also be
covered, thereby reducing the number of individual nanoparticles and decreasing the total binding

areas.

To prevent all mechanical and physical aggregations, sonication was used to achieve optimal
stabilisation. However, the synthesis was carried out with ascorbic acid in vast excess (under sonication)

to optimise the adsorption of the ascorbic acid onto the NP surface.
Functionalisation of BiFeO3; nanoparticles

The next step was to functionalise the NP and base capping agent. Thus, the functionalisation was
based in principle on encapsulation and bioconjugation of the core following literature examples and

as outlined in the following schematic (see Figure 3.3).
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Figure 3.3 Schematic for surface modification functionalisation of BiFeOs NP. From Left to Right, the bare BiFeOs
nanocrystal, silanization with APTES, followed by functionalisation with a primary antibody.
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Coating of BiFeOs NP with APTES (BiFeOs@arres)

Large batches of nanoparticles (1g) were dispersed in a 1% acetic acid solution of bench EtOH (100 mL)
by sonication for 30 minutes for a concentration of 10 mg/ml. Coating with APTES (6mL) was achieved
and the mixture was left to sonicate at room temperature for one hour, then washed once with the 1%

acetic acid EtOH solution and three times with EtOH.

BiFeOs; nanoparticles and BiFeO;@Fe304 nanoparticles were coated with APTES as also described above
then set aside for direct conjugation with both unlabelled recombinant goat anti-human EGFR antibody
(anti-hEGFR) and fluorescently labelled hEGFR.

Targeting: bioconjugation with a fluorescently labelled antibody (@anti-hEGFR)

Fluorescently labelled anti-EGFR antibodies were prepared then conjugated to nanocomposites for

imaging and flow cytometry.

Fluorescent labelling of anti-EGFR antibody was achieved by using CF™ 488A (CF488). Anti-hEGFR was

labelled with a fluorescent stain using Mix-n-Stain™ CF™ 488A as follows:

Vials of the staining buffers were warmed to room temperature and then centrifuged. The reaction
buffer (10 pL, “10x” solution) was added to the anti-hEGFR (90 pL, 100 mg/mL in PBS), vortexed briefly
and added to the CF dye. The mixture was vortexed again, covered with aluminium foil, incubated for

30 min and marked as anti-hEGFR-CF488.

Bioconjugation with anti-EGFR antibody was obtained as sterile product as outlined below:

Under sterile conditions, BiFeOs@APTES (50 pg) was dispersed in PBS (100 uL) by agitation on a
vortex/shaker with. Anti-hEGFR-CF488 (114 pL, 1 mg/mL in PBS) was added and the mixture was left
overnight on a shaker at 4°C, then washed three times with PBS (2.5 mL) with centrifugation at 1400 x
g, again maintaining sterile conditions. The suspension was marked BiFeOs;@anti-hEGFR-CF488 and set
aside. The same procedure was carried out with unlabelled recombinant human anti-hEGFR antibody
and marked BiFeOs;@anti-hEGFR, and again with BiFeOs;@Fe30, to obtain BiFeO;@Fe;0,@anti-hEGFR-
CF488 and BiFeOs;@Fe;0s@anti-hEGFR.

3.2.3 Incubation of cells with nanomaterials

To assess the uptake of BiFeOs@Fe304 nanocomposites, ascorbic acid-stabilised nanoparticles were
dispersed from sterile stock solution at a concentration of 10 mg/ml, then diluted with serum-free
medium to 750 pg Fe/ml (C1), 500 pg Fe/ml (C2), and 250 pg Fe/ml (C3) with ultra-sonication for 30

min. Suspensions of ascorbic-acid (asc) stabilised BiFeOs; nanoparticles (BiFeOs), BiFeOs;@Fes04
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nanoparticles without ascorbic acid (non-asc NP) and fluorescently labelled, functionalised
nanoparticles (fNP) were prepared in the same way as C2, i.e. at 500 pg Fe/ml, as controls for the
different stages of synthesis. A suspension of 9 nm Fe304 nanoparticles (MF66, 500 pug Fe/ml) were
used as positive control for iron content (POS). To determine whether the uptake could be inhibited,
500 pg Fe/ml of BiFeOs@Fes;0s@asc were also prepared with 1% sodium azide, as were each of the
controls. To distinguish inhibited controls from the uninhibited treatments, the suffix -Inh was used.

(C2-Inh, BiFeOs-Inh, non-asc NP-Inh, fNP-Inh, POS-Inh respectively).
Incubation in 24-well plates for iron and protein quantitation analysis

Cells were dispensed on 24-well plates at 5 x 10° cells per mL in 2 mL of complete medium, allowed to
attach and incubate for 24h before being rinsed with warmed serum-free DMEM. The complete
medium was then replaced (2mL).

Treatment of cells for nanomaterial uptake analysis

A549 cells were then treated with 500 pL of either serum-free medium (untreated control, NT);
BiFeOs;@Fe30s@asc nanoparticles C1, C2 and C3; BiFeOs; non-asc NP; fNP; C2-Inh; POS; BiFeOs-Inh;
non-asc NP-Inh; fNP-Inh and POS-Inh. This resulted in final concentrations of 150 pug Fe/mL, 100 pg
Fe/mL, 50 ug Fe/mL for C1, C2 and C3, and of 100 ug Fe/mL for all the controls except NT.

Each of the samples was prepared in triplicate and the experiment was carried out three times.

To assess the impact of temperature and time on the uptake plates were prepared as above for
treatment at 0°C and 37°C over two time-points, 1h and 24h after treatment. For the 0°C treatment,

the plates were placed on melting ice in an insulated box and placed in cold storage at 4°C.

Using a protocol adapted from Riemer et al,'®! the uptake of iron was halted by washing the plates at
the desired time-points with several washes of ice-cold PBS. The first two washes contained

deferoxamine (2mL per wash, 1 mM) to remove any extracellular iron.

Cells were lysed by replacing the PBS with NaOH (200 pL per well, 50 mM) and placing on a shaker for
2h at room temperature, then set aside for use in colorimetric assays for quantitation of both the iron
and protein content (see below).

Colorimetric-based assay for quantitation of iron

To release the iron, the cells lysates were digested by transferring aliquots (100 pL) into Eppendorf
tubes, adding aqueous HCl (solution A, 10 mM, 100 pL) and iron releasing agent (solution B, 100 L) to
each tube. Solution B consisted of equal volumes of aqueous HCI (1.4 M) and KMnO, (4.5%), freshly

mixed.
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The digesting lysates were placed on a hotplate at 60°C for 2h and allowed to cool before adding iron
detecting agent (solution C, 30 uL) to each tube. Solution C contained ferrozine (6.5 mM), ammonium
acetate (2.5 M) and ascorbic acid (1 M) in ultrapure water. The tubes were returned to the shaker for

30 min, then aliquots (280 pL) were transferred to a 96-well plate.

See the schema in Figure 3.4, below.
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Figure 3.4: Preparation of cell lysates for colorimetric quantitation of iron. Cell lysates are digested in aqueous
acidified permanganate (A+B) on a hotplate for two hours, before a ferrozine solution (C) was added, and after 30
min, transferred to a 96-well plate. The absorbance was measured by a plate reader and compared to a standard.

The iron standard FeCls was prepared in a similar way to the lysates as outlined above, although the
procedure differed from Riemer’s protocol as follows: FeCls was dissolved in ultrapure water to obtain
calibration standards of known iron content from 0 — 9 pug Fe/mL. Aliquots of the iron solutions (100
uL) were added to NaOH (50 mM, 100 uL) and digested in aqueous acidified permanganate (solutions
A and B, 50 pL each) on a hotplate at 60°C for two hours. The ferrozine solution (C, 30 plL) was added
once the digested iron had cooled, the tubes were placed on a shaker and an aliquot of each (280 L)
was transferred into a well of a 96-well plate to measure the absorbance at 550 nm. Each sample was

prepared with two technical repeats (i.e. in triplicate) and the experiment was repeated three times.

The iron content of the digested cell lysates was determined by comparing the absorbance with that of

the calibration standards.8!

Finally, the iron content of the lysates was then normalised against the corresponding protein content,

measured as described below.
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Colorimetric-based assay for quantitation of protein

The protein content of the cell lysates was determined by Bio-Rad Protein Assay:

Five dilutions of bovine serum albumin in ultrapure water were prepared as a protein standard (50 —
500 pg/mL). Aliquots of each standard and cell lysate solution (160 pL) were transferred into separate
microtiter plate wells, in triplicate. Dye reagent concentrate (40 pL) was added to each well with
aspiration to mix the sample and reagent in the wells and the plate was incubated at room temperature
for 5 min. The absorbance was then measured at 595 nm with a plate reader and the protein content

of the lysate samples was determined by comparison with the calibration standards.
Incubation in 8-well chamber slides for imaging analysis of targeting specificity and uptake

To analyse the targeting specificity of the bioconjugated nanocomposites, A549 cells (which express
EGFR) and NCI-H520 (which do not express EGFR) were dispensed on 24-well plates at 1.5 x 10° cells
per mLin 400 pL of complete medium, allowed to attach and incubate for 24h before being rinsed with
warmed serum-free DMEM. The cells were then treated with aliquots of serum-free DMEM
(nontreated, denoted NT, 50 L), the test sample BiFeOs@FesOs@asc nanoparticle (50 pL, 500 ug
Fe/mL) or the controls BiFeOs, BiFeOs; without ascorbic acid (non-asc NP), anti-EGFR functionalised
BiFeOs;@Fe304 (fNP), FesOs@poly-acrylic acid - commercially available as MF66 used as positive control
for iron oxide nanomaterial interactions - (POS), sodium azide inhibited BiFeOs@Fe;O,@asc (C2-Inh),
sodium azide inhibited BiFeOs; (BiFeOs-Inh), sodium azide inhibited and anti-EGFR functionalised
BiFeOs@Fe304 (fNP-Inh), sodium azide inhibited BiFeOs without ascorbic acid (non-asc NP-Inh), and
sodium azide inhibited Fe;Os@poly-acrylic acid (POS-Inh) (50 pL, 500 pg Fe/mlL) for a final
concentration of 100 pug Fe/mL. The cells were incubated for 24h, washed twice with warmed PBS, fixed

with warm PFA (3.7%, 200 uL per well) and washed twice more with PBS.
3.2.4 Equipment and Techniques
Localisation by Optical Microscopy

The cells were stained by immersing the slides in Perl’s solution (a freshly made solution of equal parts
aqueous HCI [4%] and potassium ferrocyanide [4% w/v]) for 20 minutes at room temperature. The
slides were washed 4 times in ultrapure water, then immersed in Nuclear Fast Red solution (0.5% w/v)

for 7 minutes to counterstain, washed twice in ultrapure water and allowed to dry in air.

The slides were then imaged under a light microscope equipped with a colour camera.

79



Confocal Microscopy

Cellular internalization of the functionalised nanocomposites was also evaluated by Confocal Laser
Scanning Microscopy (CLSM). Live cells were stained with Hoechst for DNA and Phalloidin Red for actin
were imaged under bright-field, fluorescence and reflectance mode at Aexc = 561 nm using a 63x oil
immersion objective on the Zeiss LSM 510 Confocal Microscope with three channels as outlined in the

table below.

Table 3.2: Stains used for Confocal Microscopy with excitation, filter and organelle details

‘ Stain Channel Aex (nm) Filter range (hm) Analyte
Hoechst 1 405 400-470 DNA
CF™488 A 2 488 470-550 Labelled, functionalised nanoparticles
Phalloidin red | 3 561 550-657 Actin

3.2.5 Techniques for characterisation
Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) was carried out using a NanoSight NS500 (Malvern, UK) to
measure the size of nanoparticles. NTA records video of particles in suspension, simultaneously tracking
the motion of all individual nanoparticles and aggregates within its field of view. Particles undergo
Brownian motion, buffeted by the storm of intermolecular forces in a fluid. In NTA, the rate of this
motion is related for each particle or aggregate to the size of its hydrodynamic radius. Although the
method of measuring the motion of the particles differs from Dynamic Light Scattering, the relationship
between Brownian motion and particle size, governed by the Stokes-Einstein equation, is discussed in

the Physico-chemical Characterisation section of Chapter 2.
Colloidal stability

Colloids are mixtures of two or more materials, classified by the states of matter of the constituents.
An emulsion is a suspension of one liquid in another, such as milk, a colloid of liquid fat in water. A foam
is where gas molecules are trapped, e.g. the head of a pint of Guinness is carbon dioxide and nitrogen
trapped in a cream. An aerosol, such as fog, consists of a liquid dispersed in a gas. A sol, such as paint

or cytosol, is a suspension of particles in a fluid.
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An unstable colloid is one where the dispersed medium tends to separate or precipitate from the
dispersion medium. The stability of a colloid is a balance of the electrostatic repulsions and Van der

Waals attractions and described by Derjaguin, Landau, Verwey and Overbeek (DLVO) Theory.

As discussed under size distribution analysis, electrostatic charges cause fluid ions to adhere to the
particle surface. The slip plane is the bounding surface of the ions which move with the particle through

the suspension.

The potential difference between the bulk suspension and the slip plane, known as the { potential, is a

measure of a suspension’s colloidal stability.

The greater the potential difference, i.e. the larger the magnitude of the T potential, positive or
negative, the more stable the colloid. It is possible for steric interactions to contribute to a suspension’s
stability, but in the absence of other mechanisms, f the  potential magnitude is greater than 30 mV,

the colloid is stable.

{ potential was calculated from electrophoretic mobility measurements as a function of pH at fixed

ionic strength as per IUPAC recommendations.™?
Electrophoretic measurements were carried out using a Malvern ZetaSizer Nano.
Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) identifies the composition of an analyte by measuring
its transmission spectrum. Light in the infrared region is absorbed by a compound when the energy of
incident radiation is converted to internal energy. Energies absorbed correspond to exact changes in
the molecules present — vibrational, rotational or electronic transitions. IR radiation is therefore
absorbed at wavelengths characteristic of the functional groups present in the sample so analysis of a

compound’s transmission spectrum can indicate its chemical composition.

In FTIR, the analyte is probed by a broadband spectrum of light modified such that one wavelength at
atime isfiltered out using an interferometer. The interferometer steps through each wavelength in the

IR range and the detected signal is recorded at each time-point as an interferogram.

A Fourier Transform is a mathematical tool which translates a time-dependent function or signal into a
frequency-dependent function. This transformation allows signals which vary over time to be split into

their constituent frequencies.

The interferograms recorded at each step by the FTIR are decomposed using a Fourier Transform into

their constituent frequencies (expressed as wavenumbers). The wavenumber of each trough in the

81



resulting transmission spectrum is compared with tables of known compounds to identify the

functional groups in the sample.

FTIR was used to identify the groups present on the surface of the nanoparticles after functionalisation

to confirm the presence of the amide and silane functional groups after silanization.
Flow Cytometry

Flow cytometry, outlined in Chapter 1, was carried out using a BD Accuri™ C6 (BD Biosciences, USA)
was used to assess the functionalisation of BiFeO3z and BiFeOs;@Fe304 nanoparticles with fluorescently-
tagged anti-hEGFR. Measurement was carried out by detecting fluorescence emission using the FL2

585/40 nm filter.
For flow cytometry, nanoparticle dispersions were diluted from stock (40 pg/mL in PBS) for a final

concentration of 4 ug/mL. Samples were run until a minimum of 30000 counts were acquired under

medium fluidics rate without gating, as per the BD technical notes and instrument documentation.
The efficiency (E) of fluorescent labelling was calculated as:

E(%) = Number of target events 100
(%) = Number of events detected

3.3 Results

This section presents the results of the functionalisation of several materials with a view to quantifying
uptake and assessing biocompatibility. Initially, | present results for the silanisation of metal oxide
nanoparticles to then compare the size, morphology and colloidal stability of the nanoparticles and
their composites. Furthermore, | present methods to achieve cell targeting via antibody coupling to the

surface of the nanomaterials and composites.
3.3.1 Surface modification to achieve efficient coupling to selected moieties
Surface passivation with amine functional group (BiFeO;@APTES)

The attachment of amine functional groups to the surface of bismuth ferrite was achieved by

silanisation of the oxide surface which was confirmed by FTIR (see Figure 3.5).
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Figure 3.5: FTIR spectra of APTES, BiFeOs functionalised with APTES, and bare BiFeOs; nanoparticles. Please note:
v indicates linear vibrations (i.e. stretching) whereas & denotes deformation vibrations (bending).

Peaks at 1490 cm™ and 760 cm™ (see Figure 3.5) were assigned to the bending vibration of N-H and
N—H,. The strong absorptive peak at 500-600 cm™ in the coated and uncoated BiFeOs are attributed to
Fe—O stretching and bending vibrations, characteristic of the octahedral O¢ groups in perovskites. The
absorption band at 1075 cm™ is present in the modified sample BiFeOs@APTES and is ascribed to
asymmetric stretching vibrations of the Si—O-Si bond. These results indicate that the silane layer is

absorbed on the surface of the nanoparticles.
3.3.2 Nanoparticle colloidal stability, size distribution and concentration

Colloidal stability, size distribution and concentration were assessed for all the materials under

examination when dispersed in aqueous solution.

Colloidal stability

First, electrophoretic mobility was measured from which zeta potential was calculated. Because of the
significance of the result, coated and uncoated BiFeOs are presented here to demonstrate the impact

of silanisation on colloidal stability (see Figure 3.6).
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Figure 3.6: {-potential versus pH curves of bare and coated BiFeOs nanoparticles. From pH 2 to 12 it can be seen
that only the bare nanoparticles reached an absolute {-potential greater than 30 mV and only at pH 11.

There is a large shift in the iso-electric point of the coated BiFeOs nanoparticles relative to the uncoated
nanoparticles from approximately pH 3 to pH 8. This indicates that different surface groups are present
which have altered the electrical double layer at the interface between the nanoparticle and the
solution. Furthermore, only bare nanoparticles were stable at any pH. At pH 11, the absolute magnitude
of the C-potential exceeded 30 mV, the threshold of colloidal stability according to DLVO theory as

outlined in the Materials and Methods.
Size distribution and concentration

Nanoparticles and nanocomposites were dispersed in DI water and analysed using nanoparticle
tracking analysis under flow. The results present a comprehensive analysis of the size distributions of
the different dispersions, followed by a summary and comparison to other size measurement

techniques.

BiFeOs; nanoparticles dispersed in DI water were polydisperse: several peaks are seen in the size

distribution (see Figure 3.7).
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Figure 3.7: Size distribution histogram of bare BiFeOs; nanoparticles dispersed in DI water. The graph shows the
size distribution of 6 measurements of 60 seconds each: average size distribution (black line) and standard error
of the mean between measurements (red plot).

Variance between successive samples resulted in large uncertainty below ~250 nm, as indicated by the
size of the error bars. The multiple broad peaks at different sizes mean that the sample is highly
polydisperse. Such variance between samples and polydispersity indicate an unstable suspension. It
can be assumed that the peaks represent the polydispersity in the sample and the presence of

aggregates of different sizes.

When stabilised with ascorbic acid, BiFeOs nanoparticles displayed far less variance between successive

samples (as indicated by the size of the error bars, see Figure 3.8) and lower polydispersity
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Figure 3.8: Size distribution histogram of ascorbic acid stabilised BiFeOs;@asc nanoparticles dispersed in DI water.
Note the aggregate size reduction and bimodal distribution between 85 and 135 nm. This graph shows the size
distribution of 6 measurements of 60 seconds each: average size distribution (black line) and standard error of the
mean between measurements (red plot).

The dominant, narrow double peak between 80-150nm indicate a more homogeneous dispersion of

nanoparticles than that of bare BiFeOs nanoparticles.

Dispersions of BiFeOs coated with APTES were highly unstable, resulting in high polydispersity, high
variance between samples and aggregates which were at the limit of NTA using the NanoSight (see

Figure 3.9).
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Figure 3.9: Size distribution histogram of BiFeOs@APTES nanoparticles dispersed in DI water. Note the bimodal
peaks at 65-95 nm and at 175-245 nm. This graph shows the size distribution of 6 measurements of 60 seconds
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each: average size distribution (black line) and standard error of the mean between measurements (red plot).
There are two main populations of particles (65-95 nm, indicated by the black arrow) and aggregates (the peaks
at 175, 245 and 365 nm, indicated by a red arrow).

In the case of BiFeOs;@Fe30,@APTES and BiFeOs@Fe,Os@APTES nanoparticles, the suspensions were
too unstable to record measurements using NTA: the nanoparticles precipitated from suspension and

only large aggregates were visible, resulting in saturation of the video.

As with BiFeOs nanoparticles, BiFeOs@Fe,0s stabilised with ascorbic acid showed improved
monodispersity and stability relative to bare nanoparticles or those coated with APTES (see Figure

3.10).
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Figure 3.10: Size distribution histogram of BiFeOs;@Fe,Os;@asc nanoparticles dispersed in DI water. Note the
multimodal peaks at 105, 165, 225 and 265 nm. This graph shows the size distribution of 6 measurements of 60
seconds each: average size distribution (black line) and standard error of the mean between measurements (red
plot). The multimodal distribution indicates two populations: particles (two well-defined peaks at 105 and 165,
indicated by the black arrow) and aggregates (the band of less-well defined peaks at 225, 265 and 415, indicated
by the red arrow). The particles are larger than those of stabilised BiFeOs, and the size distribution is much broader.

The smallest peaks indicate a hydrodynamic diameter of 105 nm and the presence of multiple peaks
indicates some polydispersity. However, the four largest peaks in the distribution (105 nm, 165 nm,
225 nm and 265 nm) are close to whole number multiples of approximately 55 nm, suggesting that the
ascorbic acid has indeed stabilised aggregates. However, the absence of any peak at 55 nm or indeed
below 100 nm suggests that the individual nanoparticles may have been removed from the sample.
This may indeed be the case — after the stabilisation procedure, several washes are required to remove
excess ascorbic acid and by-products, and only that which precipitates from suspension under

centrifugation or magnetic separation can be recovered. The most stable composites are those with
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the highest coverage of ascorbic acid molecules, those with the highest surface area to volume ratio,

i.e. individual nanoparticles.

Similarly, BiFeOs@Fes0, stabilised with ascorbic acid showed improved monodispersity and stability

relative to bare nanoparticles or those coated with APTES (see Figure 3.11).
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Figure 3.11: Size distribution histogram of BiFeOs;@ Fes;0s@asc nanoparticles dispersed in DI water. The graph
shows the size distribution of 6 measurements of 60 seconds each: average size distribution (black line) and
standard error of the mean between measurements (red plot). Note the multimodal peaks at 45, 85, 115 and
165nm (indicated by a black arrow).

The smallest peaks indicate a hydrodynamic diameter of 45 nm. Peaks in the distribution (45 nm, 85
nm, 115 nm, 155 nm, 195 nm and 235 nm) are close to whole number multiples of approximately 40
nm, suggesting that the ascorbic acid has stabilised individual nanoparticles as well as aggregates.
Unlike BiFeOs@Fe;0s@asc nanoparticles, the individual nanoparticles are present in the sample. This
may be due to the higher magnetic moment of the Fe30s4 nanoparticles which results in higher
percentage of individual BiFeOs@Fe;0,@asc composites being magnetically separated, or due to

greater affinity between the BiFeOs;@Fe,03; composites and ascorbic acid.

The narrowest size distribution was observed in the BiFeOs; nanoparticles stabilised with ascorbic acid,

by mean, mode and D values (see Table 3.3).
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Table 3.3: Size distribution data including mean, D10, D50 and D90 values and concentration of nanoparticles per
ml of suspension # the corresponding standard error.

Sample Mean (nm) | Mode (nm)| D10 (nm) | D50 (nm) | D90 (hm) |Concentration (/mL)
BiFeOs 197.3+6.4|161.6 +4.7 | 105.5 £ 5.2 | 156.6 + 2.2 (310.3 + 18.0| (1.83 +0.13) x 108
BiFeOs@asc 138.0 £6.5(107.3 £10.8| 72.8 £0.9 | 114.9+3.0(196.3 + 18.9| (1.21 + 0.06) x 10%°
BiFeOs@APTES [231.1+16.3|133.2 +24.1| 94.6 + 19.2 (166.4 + 27.3|1432.3 + 35.5| (5.34 +2.73) x 108
BiFeO;@Fe,0:@asc|236.2 + 21.5/161.0 + 21.4{109.9 + 14.3|206.7 + 19.3(388.5 + 41.2| (1.23 +0.23) x 108
BiFeO3;@Fe304@asc|247.4 + 10.0(185.5 + 39.5| 103.4 + 5.7 |224.7 + 10.5|413.6 + 16.5| (2.24 + 0.07) x 10®

Note that the concentration of BiFeOs@asc is significantly higher than that of other particles and
composites. This is in part due to the smaller size of the individual particles versus that of clusters, to
the increased surface area of the particles to which the stabilising ligand can attach and to the

successive washing steps.

The greatly increased concentration of particles per ml support the assertion that the nanoparticles

are more stable in suspension (see Figure 3.12).
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Figure 3.12: Concentration of nanoparticles and composites in DI water. The concentration of BiFeOs nanoparticles
stabilised with ascorbic acid were two orders of magnitude greater than other particles and composites. The error
bar indicates the standard error of the mean.
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No single measure can be considered the “true” particle size. Each tells us something different about
the size distribution: the mean is an average of all the sizes calculated from NTA, the mode is the centre

of the most dominant peak in the size distribution, i.e. the most common size of particle in the sample.

Although there appeared to be a large change in the mode values between the bare and ascorbic acid
or iron oxide coated particles, the differences fell within the 95% confidence intervals and were

therefore not significant.

By contrast, D10, D50 and D90 represent diameters of different mass fractions of the sample population

(see Figure 3.13).
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Figure 3.13: Mode diameter of nanoparticles and composites in DI water. Left, mode size of each nanoparticle
with error bars representing the standard error of the mean. Right: difference between group means relative to
bare BiFeO3 nanoparticles (Dunnett’s post-test for multiple comparisons), with error bars representing the 95%
confidence intervals (calculated using ordinary One-Way ANOVA).

For example, 10% of the BiFeOs; samples’ mass consisted of nanoparticles with a diameter smaller than
~106 nm, 50% of the mass was comprised of nanoparticles whose diameter was less than ~157 nm and
90% of the sample was composed of nanoparticles with diameters less than ~310 nm (see Table 3.3).
The D10, D50 and D90 are therefore more descriptive than the mean or mode in conveying the size

distribution of nanoparticles.

However, the size of the nanoparticles reported by NS differs significantly from that measured by TEM
or calculated from XRD measurements as seen in Chapter 2. Three factors contribute to this
discrepancy. First, during the stabilisation stage, aggregates are just as likely as individual nanoparticles
to be coated by ascorbic acid. Second, any nanoparticles near the lower detection threshold of NTA
(i.e. stabilised individual nanoparticles) register as noise in the tracking analysis videos and are excluded

from the calculation of the average particle diameter. Third, like photocorrelation spectroscopy, NTA
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measures the hydrodynamic diameter, i.e. the diameter of the loosely bound cloud of counter and co-

ions which travel with the particle through the dispersion medium.

Because the dispersion medium greatly influences the stability of the nanoparticles, NTA was also

carried out in serum free DMEM to emulate the cell culture environment.

The mode size of ascorbic acid stabilised BiFeOs nanoparticles was significantly smaller than that of

bare BiFeO; in DMEM suspension (see Figure 3.14).
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Figure 3.14: Mode diameter of nanoparticles and composites in DMEM. Left, mode size with error bars
representing the standard error of the mean. Right: difference between group means relative to bare BiFeOs
nanoparticles (Dunnett’s post-test for multiple comparisons), with error bars representing the 95% confidence
intervals (calculated using ordinary One-Way ANOVA).

However, mode sizes of nanoparticles or composites measured in DMEM were larger than those

measured in DI water (see Figure 3.13).

Colloidal stability is determined in large part by pH, ionic strength and the presence of other moieties
in a suspension. While DMEM has a pH of 7.4, Dl water has a pH of approximately 6.5 due to absorption
of CO, from the air. The ionic strength of the suspensions is very different, however, due to the
presence of salts dissolved in the DMEM. The ionic strength of DMEM is 1.5 x 101,282 whereas that of
DI water at pH 6.5 is approximately 6.4 x 10°®,

Characterisation in complex media

Higher concentrations of salts increase the ionic strength of a solution resulting in a more tightly bound
diffuse layer of counter and co-ions around each particle in suspension. This leads to a reduction in

interparticle repulsion, resulting in increased aggregation.

For this reason, larger aggregates form in DMEM than in DI water, as can be seen in the size distribution

plots below (see Figure 3.15).
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Size Distribution Plots for NPs Dispersed in DI water
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Figure 3.15: Size distributions of 10, 50 and 90% mass fractions of BiFeOs; nanoparticles and composites. Left,
nanoparticles and composites dispersed in DI water. Right, nanoparticles and composites dispersed in serum-free
DMEM. The error bars indicate the standard error of the mean.

For bare BiFeOs, the D10, D50 and D90 values were larger in DMEM than in DI water. While the D10
values of BiFeOs@asc nanoparticles were approximately the same, the D50 and D90 values in DMEM

were almost double the corresponding values in DI water.

In DI water, the narrowest size distribution was observed in the BiFeOs nanoparticles stabilised with
ascorbic acid, but the size distribution for all particles and composites was broad in DMEM, indicating

that introducing nanoparticles into medium induces aggregation.
3.3.3 Bioconjugation with antibodies for targeting
Flow cytometry

The binding of the anti-EGFR antibody to the BiFeO;@APTES nanoparticles was assessed by flow
cytometry. A qualitative study was carried out to determine whether there was a shift in the mean
fluorescence intensity (i.e. due to the presence of the CF 488A fluorophore on the anti-EGFR). This shift

can be seen in Figure 3.16.
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Figure 3.16: Flow Cytometry indicating binding of anti-EGFR. Top row, bare BiFeOs nanoparticles; middle row,
BiFeOs@APTES; bottom row, BiFeOs@APTES bio-conjugated with anti-EGFR tagged with CF 488A. SSC: side-
scatter, FSC: Forward Scatter, FL2-A: amplitude of the fluorescence in filter 2. Note that no gating was applied
before measuring the shift in fluorescence/scattering in the Count vs FL2-A plots.

The shift in scattered intensity in the BIFEO;@anti-EGFR sample indicate that the functionalisation step
was successful: in Figure 3.16, in the left most column (X-axis, forward scatter, versus Y-axis, side-
scatter), each of the samples has low forward scatter, consistent with small particle size. A sub-
population of the samples has higher side scatter, indicating it is less optically homogeneous, consistent

with a sample containing aggregates.

No shift in the mean intensity of the scattered signal was observed in the APTES-functionalised sample
(BiFeOs@APTES), whereas a significant shift was observed in the bioconjugated sample (BiFeOs@anti-
EGFR). The increase in intensity in the anti-EGFR CF488A sample indicates that the sample was
successfully functionalised, with an efficiency of 92.2%, which is similar to results reported for

functionalisation of other nanoparticles.!®
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Epifluorescence microscopy

A549 cells were imaged using Epifluorescence Microscopy .

Figure 3.17: Epifluorescence image of untreated A549 cells. Actin was stained with Phalloidin Red (red channel),
nuclei were stained with Hoechst (blue channel). Above, four-channel montage: A - red channel, B—green channel,
C — blue channel, D — bright field, scale bar = 50 um. Below, four-channel composite.
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Figure 3.18: Epifluorescence image of A549 cells exposed to fluorescently tagged, anti-EGFR functionalised BiFeOs
NPs. Actin was stained to show the cell morphology with Phalloidin Red (red channel), nuclei were stained with
Hoechst (blue channel) and functionalised BiFeOs was labelled with CFA88A (green channel). Above, four-channel
montage: A - Red channel, B — green channel, C — blue channel, D — bright field, scale bar = 50 um. Main panel,
four-channel composite.
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Untreated cells (see Figure 3.17) and cells exposed to fluorescently labelled BiFeOs; NPs (see Figure
3.18) were imaged after 24h incubation at 37°C .

Because BiFeOs; NPs are opaque, they can be identified in the bright field image (indicated by black
arrows in Figure 3.18, D) and the fluorescently-tagged EGFR as corresponding bright spots in the green
channel (indicated by white arrows in B).

To indicate the specificity of the anti-EGFR labelling, NCI-H520 were also exposed to the functionalised
BiFeOs; NPs. Because NCI-H520 does not express EGFR, the functionalised nanoparticles did not bind to
the cells (see Figure 3.19 and Figure 3.20).

Since the binding efficiency was very high (97.2%, see the Flow Cytometry results section, above), very

little non-specific binding was observed (indicated by arrows in Figure 3.19).
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Figure 3.19: Epifluorescence image of NCI-H520 cells exposed to fluorescently tagged, anti-EGFR functionalised
BiFeOs3 NPs. Actin was stained to show the cell morphology with Phalloidin Red (red channel), nuclei were stained
with Hoechst (blue channel) and functionalised BiFeOs was labelled with CF 488A (green channel). Above, four-
channel montage: A - Red channel, B — green channel, C — blue channel, D — bright field, scale bar = 50 um. Main

panel, four-channel composite.
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Figure 3.20: Epifluorescence image of A549 cells exposed to fluorescently tagged, anti-EGFR functionalised
BiFeOs@Fes04 NPs. Actin was stained to show the cell morphology with Phalloidin Red (red channel), nuclei were
stained with Hoechst (blue channel) and functionalised BiFeOs was labelled with CF 488A (green channel). Above,
four-channel montage: A - Red channel, B — green channel, C — blue channel, D — bright field, scale bar = 50 um.

Main panel, four-channel composite.
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BiFeOs@Fe304 NPs are also opaque, so they can be identified in the bright field image (indicated by
black arrows in Figure 3.20, D) and the fluorescently-labelled EGFR as corresponding bright spots in the
green channel (indicated by white arrows in B). BiFeOs @Fe3;04 aggregates are more readily identifiable

in the bright-field and appear larger than the BiFeOs NPs in Figure 3.18.
3.3.4 Uptake of nanoparticles in A549 cells
Iron quantitation

To quantify the uptake of the bare and functionalised nanoparticles, A549 lung adenocarcinoma cells
were exposed to the nanoparticles for 1 and 24 hours at 0°C and 37°C, following the protocol of Riemer

et al.'®!

Calibration solutions of known iron content from 0 — 9 ug Fe/mL were prepared by dissolving FeCls in
ultrapure water. Aliquots of the calibration solutions were digested in aqueous acidified permanganate
solution on a hotplate. A solution of ferrozine was added once the digested iron had cooled. The

absorbance was measured at 550 nm on a microplate reader

The absorbance of the ferrozine-iron complex was linear at the concentrations examined (see Figure

3.21).

Iron quantitation calibration
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Figure 3.21: Iron quantitation calibration curve. Iron(lll) chloride was used as the iron standard and prepared at
concentrations from 0.02 — 9 ug Fe/mL, stained for iron with an iron detection reagent, and absorbance was
measured at 550 nm. The data present the mean of triplicate samples in three independently performed
experiments and the error bars represent the standard error of the mean.

A549 cells were incubated with nanoparticles and then lysed with HCl and treated in the same way as
the iron calibration standards above. The iron content of the digested cell lysates was determined by

comparing the absorbance with that of the calibration standards.
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The concentration of iron in the lysates of cells treated with BiFeOs;@FesO4 nanoparticles,
functionalised or stabilised with ascorbic acid, was not significantly different from that of the positive

control at each time-point (see Figure 3.22).
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Figure 3.22: Concentration of iron in cell lysates after exposure to nanomaterials. Cells were seeded for 24h,
exposed to nanoparticles for 1 or 24h, incubated on ice (0°C) or in an incubator (37°C), and then lysed with HCI.
The cells were left untreated for the negative control (NT), or exposed to the following nanoparticles at 100 ug
Fe/mL: BiFeOs;@Fe;0,@asc (NP), BiFeOs;@Fe;0,@anti-EGFR (fNP), BiFeOs;@asc, BiFeOs;@Fe3;0,4 without ascorbic
acid (non-asc NP) as a control for the stabilising ligand, and Fe;0.,@poly-acrylic acid (MF66) as a positive control
for iron-oxide interactions.

There was similar loading of iron via BiFeOs, although the content only reached 60 pg Fe/mL after 24h
at 37°C. This is unsurprising as the cells were treated with the equivalent of 100 pug Fe/mL rather than
100 pg/mL of the nanoparticles. As such, to internalise the same content of iron, the cells would need

to essentially double their rate of uptake.

With respect to non-asc BiFeO;@Fes;04, the nanoparticles aggregate rapidly and sediment out of
suspension, settling on the cells in greater concentration than stabilised nanoparticles, so it is expected
that the iron content of the cells should be higher. However, this requires that aggregates are as readily
taken up by cells as individual nanoparticles, which is not the case; particles below ~50 nm can pass
unobstructed through cell membranes but aggregates larger than 100 nm must be actively taken up

into the cell. In the case of functionalised nanoparticles, the antibody can only bind to sites on the cell
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surface where the antigen is expressed and there may be steric hindrance or competition for the limited

number of sites.

The amount of iron in the cell lysates must be expressed as a function of the mass of protein (as a

corollary of the concentration of iron per cell).

Calibration solutions of known protein content from 50 — 500 pug/mL were prepared by dissolving
albumin in ultrapure water. Aliquots of the calibration solutions were transferred to wells of a

microplate with Coomassie blue dye. The absorbance was measured at 595 nm on a microplate reader.

The change in absorbance of Coomassie blue as a function of albumin concentration was determined

to be linear at the concentrations investigated (see Figure 3.23).

Protein quantitation calibration
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Figure 3.23: Absorbance of a protein standard with a detection reagent at 595 nm. Albumin was used as the
protein standard and prepared at concentrations from 50 — 500 ug/mL, stained for protein with Bio-rad protein
assay, and absorbance was measured at 595 nm. The data present the mean of triplicate samples in three
independently performed experiments and the error bars represent the standard error of the mean.

Cell lysates were treated in the same way as the albumin standards.

The concentration of protein in the lysates was approximately 4 mg/ml in samples incubated at 0°C.
Heterogeneity between triplicates and across the experimental repeats, as evidenced by the large
standard error of the mean (see error bars, Figure 3.24), is due to the variance in cell number between

repeats.
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Figure 3.24: Concentration of protein in A549 cell lysates after exposure to various nanoparticles. Cells were
seeded for 24h, exposed to nanoparticles for 1 or 24h, incubated on ice (0°C) or in an incubator (37°C), and then
lysed with HCI. The cells were left untreated for the negative control (NT), or exposed to the following nanoparticles
at 100 ug Fe/mL: BiFeOs;@Fe3;0,@asc (NP), BiFeOs;@Fe3;0.,@anti-EGFR (fNP), BiFeOs@asc, BiFeO;@ Fe304 without
ascorbic acid (non-asc NP), and FesO.@poly-acrylic acid (MF66) as a positive control.

The lysates of the untreated control cells yielded approximately 6.5 mg/ml of protein after 24h at 37°C,
significantly higher than the 0°C or 1h samples. A similar pattern was exhibited by all the cells treated
with nanoparticles. This is because the doubling time of A549 cells is 23h, and cell function was halted

in the 0°C samples whereas in the 37°C 1 h sample, the apparent increase in cell number was not

significant.

The iron content of cells exposed to bare nanoparticles was similar to that of the positive control for

magnetic nanoparticles, acid-stabilised magnetite (see Figure 3.25).
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Figure 3.25: Concentration of iron content in A549 cell lysate protein after exposure to various nanoparticles. Cells
were seeded for 24h, exposed to nanoparticles for 1 or 24h, incubated on ice (0°C) or in an incubator (37°C), and
subsequently lysed with HCI. The cells were left untreated for the negative control (NT), or exposed to the following
nanoparticles at 100 ug Fe/mlL: BiFeOs@Fes;0,@asc (NP), BiFeOs;@Fe;O,@anti-EGFR (fNP), BiFeOs:;@asc,
BiFeOs;@ Fe30, without ascorbic acid (non-asc NP), and Fe;0,@poly-acrylic acid (MF66) as a positive control.

Due to the large uncertainty in the measurement of the Coomassie blue dye, similar levels were
observed in cells treated with stabilised BiFeOs nanoparticles. This is to be expected; the dose of each

of the nanoparticles was a function of the iron content — 100 mg/ml.

The iron content after 1h and 24h at 0°C was not significantly different from the untreated control for
any of the samples. Slight increases were observed in the content per mass of protein in cells exposed
to the functionalised nanoparticles and BiFeOs; nanoparticles at 37°C. In the case of the functionalised
nanoparticles, this suggests that the uptake of the nanoparticles is promoted by their targeting to
proteins expressed on the surface of the cells. In the case of the stabilised BiFeOs; nanoparticles, the
increase in uptake may be due to their small size. However, the uptake of the bare BiFeOs; nanoparticles
was not promoted to the same degree so their stability played a significant role in their uptake: unstable

nanoparticles aggregate and fall out of suspension.
Investigation of energy transport mechanism: effect of sodium azide as inhibitor

The role of sodium azide in inhibiting the uptake of the nanoparticles was investigated. The cell lysate

iron concentration of cells exposed to BiFeOs;@Fe;04 (nanoparticle), functionalised nanoparticles (fNP)
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and MF66 as a positive control for magnetic nanoparticles (POS). Sodium azide inhibits uptake by
disabling the transport of molecules across the cell membrane. Specifically, it binds to cytochrome ¢
oxidase, an enzyme in mitochondrial electron transport. This results in the depletion of ATP in the cell,

and the inhibition of oxidative phosphorylation.'8*

The lysate iron concentration fell to the level of the untreated control when cells were treated with
sodium azide and either the stabilised BiFeOs;@Fes04 nanoparticles or the positive control (see Figure

3.26).
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Figure 3.26: Effect of inhibitor on concentration of iron in A549 cell lysates on exposure to nanoparticles. Sodium
azide (1% w/v) was used to inhibit the uptake of nanoparticles. Cells were seeded for 24h, exposed to nanoparticles
for 24h, incubated at 37°C and subsequently lysed with HCIl. For the negative control (NT), the cells were left
untreated or treated only with sodium azide. The cells were also exposed to the following nanoparticles at 100 ug
Fe/mL with sodium azide (signified by the suffix -Inh) and without sodium azide: BiFeOs;@FesO0,@asc (NP),
BiFeOs@FesO.@anti-EGFR (fNP), and FesO.@poly-acrylic acid as a positive control (POS).

The iron concentration of the lysates exposed to fNP also fell, but not to the level of the positive control
or the non-functionalised nanoparticles. This suggests that most nanoparticles are internalised when
there is no inhibitor. It is assumed that the lysate iron content of the inhibited samples is from those
nanoparticles which remained attached to the surface. The remnant iron concentration indicates
greater accumulation of nanoparticles at the surface of the cell when the NPs are functionalised

(indicated by an arrow in Figure 3.26).
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However, the iron content of cells treated with functionalised nanoparticles was significantly lower
than that of the stabilised nanoparticles (NP or POS). This is perhaps due to the tendency of the
functionalised nanoparticles toward heavy aggregation. Aggregates above 100 nm in diameter cannot

be as readily transported into the cell.

Localisation of nanoparticles in A549 cells

Prussian blue staining for Iron oxide quantification
A549 cells were incubated with anti-EGFR functionalised BiFeOs@Fes04 and anti-EGFR functionalised

BiFeOs;@Fe,03 nanocomposites and APTES-coated BiFeOs;@Fes;Os nanoparticles to investigate the
localisation of nanoparticles. Cells treated only with serum-free medium were used as a negative

control.

Anti-EGFR functionalised BiFeOs;@Fe;04 and anti-EGFR functionalised BiFeO;@Fe,03; nanocomposites

formed aggregates (see Figure 3.27).

Figure 3.27: Cellular staining of A549 cells and localisation of nanoparticles and composites by iron oxide staining.
A549 cells, after 24h incubation, stained with Nuclear Fast Red for cell structure and Perl’s Prussian Blue for iron
content. A, untreated cells (negative control); B, anti-EGFR functionalised BiFeOs;@Fes;04 C, anti-EGFR
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functionalised BiFeOs;@Fe,0s nanoparticles; D, BiFeOs;@Fes0,@APTES. Note that blue staining indicates the
presence of any iron, whether in Fe304, Fe;0s, or in BiFeOs.

Regardless of their size, the aggregates clustered around the nuclei (indicated by white arrows), as in
the positive control. This suggests that the NPs are localising in structures around the nucleus, perhaps
on the endoplasmic reticulum, but more likely in the Golgi apparatus. APTES-coated nanoparticles

appear to aggregate and cover the cells and obscuring the nuclei.

A549 cells were also incubated with anti-EGFR functionalised BiFeOs; and anti-EGFR functionalised
BiFeOs;@Fe304 nanoparticles, in the presence of 1% sodium azide to investigate the localisation of

nanoparticles when internalisation is inhibited.

The washing steps removed did not remove all the functionalised BiFeO3; NPs from the cells (see Figure

3.28, B).
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Figure 3.28: Cellular staining of A549 cells exposed to functionalised BiFeOs; and BiFeOs;@Fes04 NPs in the presence
of an inhibitor. Investigation of the energy transport mechanisms. A549 cells after 24 h incubation with 1% sodium
azide: A — (negative control), B — exposed to anti-EGFR functionalised BiFeOs; NPs; C — exposed to anti-EGFR
functionalised BiFeOs;@ Fes0..
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Some functionalised BiFeOs; NPs remained, indicating that the NPs had attached to the surface but had
not been internalised. More of the functionalised BiFeOs@Fes04 NPs remained after washing (see
Figure 3.28, C). This is likely due to the lower ratio of iron in the BiFeOs; NPs compared to the
BiFeOs@Fe304. While sodium azide inhibited the uptake of the functionalised particles, the anti-EGFR

was still able to bind to the receptors on the surface.

Localisation was also examined by Z-stack confocal microscopy to confirm internalisation of the
nanoparticles via 3D imaging. BiFeOs;@Fe304 nanoparticles were functionalised to target and label EGFR

on A549 cells (see Figure 3.29).
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Assessment of intracellular localisation of NP by confocal microscopy
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Figure 3.29: Confocal Z-stack slice of A549 cells labelled with fluorescently tagged anti-EGFR BiFeOs; NPs. Clockwise
from main panel: Panel A shows the top down view of a Z-stack slice of the cells after 24h incubation with
nanoparticles, represented in blue in the orthogonal slice views B and C. Panel B shows a side view whose slice is
represented in green in Panels A and C). Panel C shows the orthogonal view whose slice is represented in red in
Panels A and B. DNA was stained with Hoechst to show nuclei (cyan), actin was stained with Phalloidin Red to
show cell structure (yellow). The anti-AGFR antibody was tagged with CF 488A and is indicated in magenta.

Some nanoparticles were localised near the nucleus (indicated by white arrows in each of the
orthogonal views). The side view labelled A shows that the nanoparticles may be embedded in the cell
membrane, although they penetrate to the same depth within the cell as the nucleus does. Although
EGFR is a transmembrane protein, the presence of the inhibitor cuts off the supply of ATP the cell

required to internalise the functionalised nanoparticle.
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3.4 Discussion

From the results presented above, it is evident that the materials functionalised were suitable for use

as diagnostic probes.

For the nanocomposites to be used in biomedical imaging applications, several prerequisites had to be
met: the surface of the materials had to be passivated to increase biocompatibility and enable efficient
coupling, labelling, and bioconjugation appropriate to the intended target which, in this study, was for

imaging and targeting accumulation quantification.
3.4.1 Silane layers were grown on nanoparticles to passivate their surface

FTIR analysis indicated the presence of silane and amine groups on BiFeOs. Nanoparticles coated with
APTES were markedly less stable in aqueous suspension, resulting in aggregation and particle growth

as well as precipitation of particle agglomerates from suspension.

APTES coating is most efficient at pH 4, so the {-potential of bare nanoparticles at this pH is important.
However, the absolute magnitude of the {-potential of the nanoparticles in aqueous suspension at pH
4 was less than 5 mV (see Figure 3.6), indicating that the nanoparticles were extremely unstable.

Aggregation and flocculation were induced, which led to rapid precipitation of the powder.

Silanisation was carried out in 85% EtOH with acetic acid (1 mM) to achieve an approximate pHeton of
4. BiFeOs; nanoparticles were also unstable at this pH in EtOH — borne out by the images inset in Figure
3.6 showing the nanoparticle suspension immediately after sonication and 20 min later. This results in
both particles and aggregates being coated with a silane layer, which is undesirable. ldeally, the
nanoparticle suspension would be stable, with individual particles well separated and electrostatically
repulsive to one another. This would result in the greatest surface area available for binding with APTES
molecules and lead to individual nanoparticles being coated with a silane layer. Because silanisation
must be carried out at pH 4, the suspension is unstable, and the nanoparticles aggregate and quickly

sediment from the solution.

Of vital interest for biological applications is the colloidal stability, as indicated by the {-potential, at pH
7, particularly after coating with ATPES. The behaviour of the silanised nanoparticles was not ideal: at
physiological pH, the {-potential of the BiFeOs @APTES nanoparticles was less than 5 mV, indicating very

low colloidal stability.

Aggregation inhibits uniform attachment of antibodies. Ideally, antibodies will attach to all available
binding sites on each nanoparticle. Where aggregates form, antibodies may attach to the cluster as
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well as to individual nanoparticles. The issue is confounded further because aggregation induces

sedimentation.

3.4.2 BiFeOs; nanoparticles and BiFeOs; composites were conjugated to anti-EGFR

antibodies

Anti-EGFR antibodies were fluorescently tagged with CF 488A. BiFeOs@APTES and BiFeOs@APTES NPs
(and aggregates) were functionalised with the CF 488A antibodies. This was confirmed to be successful
by flow cytometry and epifluorescence microscopy. It also demonstrated the ability to target the
multimodal nanoparticles to specific markers and establishes that the functionalised composites can
be used as diagnostic probes.

Conjugation protocols are used in practice to functionalise nanomaterials with a library of primary and

secondary antibodies for targeting specific diagnostic markers.®>12318>

3.4.3 Functionalisation with anti-EGFR antibody allowed specific targeting to EGFR

Because the bare nanoparticles are smaller than 50 nm in diameter, they can pass through pores in the
cell membrane into the cytosol of cells. Greater concentrations of iron were detected in cells that had
been exposed to non-functionalised nanoparticles and composites than in those exposed to
functionalised nanoparticles. This may be due to increased size as a result of aggregation during the

functionalisation steps.

However, when transport was inhibited with sodium azide, the amount of iron associated with the cells
was higher for functionalised nanoparticles, confirmed by cytochemical staining. Z-stack confocal
imaging showed that functionalised nanoparticles are embedded in or near the surface of the cell. This
suggests that bioconjugation with anti-EGFR antibodies increases the targeting of nanoparticles to the

EGFR, even when internalisation is inhibited.
3.5 Conclusion

The work outlined in this chapter demonstrated variety of nanoparticles and composites were
functionalised with unlabelled or fluorescently labelled antibodies to target EGFR on the surface of
A549 cells. The preparation of targeted multifunctional nanocomposites was a major milestone for this
thesis which required considerable effort since the synthesis work is novel and the literature available

is very limited or inconsistent.
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The methods employed can also be extended: nanoparticles and composites can be functionalised with
a library of targeting antibodies using the same techniques —for example, the anti-EGFR antibody used
in this study is one of a family of antibodies which can be used to deliver nanoparticles for diagnostic

and therapeutic applications.

The uptake of labelled, functionalised nanoparticles was confirmed via advanced fluorescence
microscopy and the localisation of the composites was visualised via histochemical staining as well as
by confocal microscopy. This indicates that the composites can be targeted to diagnostic markers and
that the functionalised probes can label structures of interest and confirms the preparation of

multifunctional diagnostic probes for advanced biomedical imaging.

The safety of the functionalised composites is assessed in the next chapter to determine at what
concentrations the materials can be used as diagnostic probes and understand what exposure routes

might pose most risk.
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Chapter 4 Safety assessment of nanoparticles and nanocomposites

4.1 Introduction

This chapter presents the safety assessment of functionalised nanoparticles and composites prepared
as multimodal probes for biomedical applications. The results of cytotoxicity assays carried out on
various cell lines are examined to demonstrate the suitability of the functionalised nanomaterials for

use as diagnostic probes according to the following table.

Table 4.1: Matrix of nanomaterials, their properties and the nanocomposites in which the properties are to be
combined. Legend: v' known property ® target property. The relative importance of each is represented by the
frequency of each symbol.
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4.1.1 Cytotoxicity

Toxic effects of reagents and compounds on whole animals can be predicted to some extent by the
effect of those reagents and compounds on cells in culture. Several factors indicate the health of cells
after exposure to potentially toxic or foreign materials, including the levels of adenosine triphosphate
(ATP), cell proliferation and metabolism. Among these, the mechanism of cell death is associated with
toxicity. For example, cells may become necrotic, in which the cell membrane becomes permeable and
the cells lyse rapidly, or apoptotic, in which cells undergo controlled cell death. The rates of apoptosis
and necrosis is affected by the presence of a toxic compound. For example, the release of heavy metals
such as cadmium or the surface charge on metal oxide nanoparticles has been shown to induce

oxidative stress and mitochondrial damage, resulting in increased apoptosis.'&®

Cytotoxicity is determined by exposing cells to a certain mass of a substance: knowing the number of
cells and measuring the effects on cell health by means of count and proliferation, starting from a
statistically significant cell number. However, the definition of toxicity in terms of exposure of cells to
a mass of material, is inaccurate for application to nanomaterials because material properties change
as the ratio of surface area to volume increases. For example, 10 mg of bulk silver has only minimal
toxic effects on a whole animal, whereas 10 mg of nanoscale silver has been shown to have size-

dependent deleterious effects in a variety of human cell types. 187188

4.1.2 Toxicity assessment of nanomaterials

Because of their small size, nanomaterials can pass easily through many biological membranes that act
as a barrier for larger particles.’®1% This means they can more readily interact with cellular and
subcellular structures.’® While their pervasiveness means a greater array of toxicological end points,*®
it also means they have potential application in labelling or in targeting such structures.

Much research has focussed on superparamagnetic iron oxide nanoparticles (SPIONs) for use in

20,200-202

magnetic resonance imaging (MRI),*°¢% drug delivery and magnetic hyperthermia, yet there

are outstanding challenges for each application.?%3-2%7

For example, to obtain sufficient contrast in MRI, very high concentrations of intracellular SPIONs are
needed.?®®21 Non-invasive delivery of such high concentrations remains prohibitive, yet the main

advantage of MRI is that it is non-invasive. Recent studies have shown that there are also issues with
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the safety of such high doses of intracellular SPIONs and their impact on cell function, proliferation and

homeostasis.?*1213

There are also outstanding and more fundamental challenges in assessing the safety of such
materials.'®81%1214 Nanotoxicology is a new field and definitions and standards are still in
preparation.?’>21® At present, there is no consensus on what constitutes an appropriate control for

nanoparticle interaction, or which cell lines are most appropriate to examine. 2”218

This lack of standard operating procedures results in different research groups reporting data that is
disparate, incomplete and/or incompatible. Several platforms have been established to set out new

definitions, procedures and standards to overcome this challenge.

In this study, cell lines were chosen on their relevance to potential exposure routes. A human lung
epithelial cell line (A549) was chosen to represent exposure to nanoparticles through inhalation and a
human umbilical vein endothelial cell line (HUVEC) to represent the exposure of an endothelial cell
monolayer. Macrophage-like cells were differentiated from monocytes to investigate a general
immune response; however, cytotoxicity results from the macrophage-like cells were so

heterogeneous that the data was inconclusive. For further details, see Appendix Al.
4.1.3 High content screening for cytotoxicity screening

In recent years, cytotoxicity assays have been revolutionised by automated imaging. Previously, cell
cultures were stained and individually imaged using, for example, a confocal microscope, and the
images were analysed for cell viability and other indicators of toxicity. High content screening (HCS)
involves the use of an automated imaging system to permit very high numbers of assays to be carried
out in parallel in which multiple parameters are measured on a cell-by cell basis to obtain quantitative

information for the population.?*®
The preparation of the cell culture is as follows:

e Cells are typically seeded in 96-well plates, allowed to attach, then exposed to the analyte in fresh
media.
e The culture is incubated with the compound of interest for a set period.

e The cells are stained, fixed and then imaged.

The 96-well plate is placed on an automated imaging stage, one of the wells is used to set the focus for
the plate and multiple fields from each of the wells can be selected for imaging. The stage is then

controlled by software and images are recorded at each position, using lasers like those used in confocal
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microscopy to excite fluorescence. Often, a set of images from each field consists of a bright-field image

and red, green and blue images, acquired by applying filters appropriate to the staining.

The power of HCS results from the image analysis software which processes each image to return
guantitative data on a cell-by-cell basis. This is then used to determine field-by-field data, which is used
in turn to assess well-by-well information and finally overall population results for a given experiment.
Automated imaging analysis can count the number of cells in a given field by identifying the number of
contiguous, simple, elliptical areas greater than 10 um?, for example, when a filter is applied which
isolates the nuclear stain. Cell membranes can be identified by the software by overlaying known
positions of nuclei with contiguous regions larger than 10 um? but less than 100 um?in the channel
which corresponds to cell membrane or cytoskeletal staining. Then for each cell identified, the relative
intensity and spatial distribution of each stain is recorded and, importantly, the same analysis is carried
out over the entire population. Manual filters can also be subsequently applied to identify

subpopulations.

Depending on the assay and staining, multiple parameters like cell and organelle physiology (i.e. size
and morphology) and metabolic activity can be assessed for approximately one million individual cells

in a single assay.

4.2 Materials and Methods

4.2.1 Reagents

RPMI 1640 medium with 25 mM HEPES, HyClone medium, TrypLE, fetal bovine serum, L-glutamine,
penicillin G, streptomycin, epidermal growth factor (EGF), hydrocortisone, Hoechst 33342 (referred to
below as Hoechst), propidium iodide, and JC-1 from Gibco (Invitrogen Ltd, Ireland); para formaldehyde
(PFA), sterile water and phosphate buffered saline (PBS) were obtained from Sigma (Ireland).
Endothelial Growth Medium 2 and Endothelial Cell Growth Medium 2 Supplement Mix were obtained

from PromoCell.
4.2.2 Equipment and protocols

The broad expertise of the Nanomedicine and Molecular Imaging Group was an invaluable resource in

the development of protocols and training in the following characterisation techniques. 4°:°0/57:220-224
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Cell culture

Human lung epithelial carcinoma cells (A549 cells) from American Type Culture Collection ATCC were
kindly provided by Dr Dania Movia, as part of the Nanomedicine Laboratory work under the NANOREG

FP7 project at Trinity College Dublin and cultured as described in Chapter 3.

Human umbilical vein endothelial cells (HUVECs) from American Type Culture Collection ATCC were

generously supplied by Dr Toby Paul, Cellix Ltd, Ireland.

HUVECs were cultured in Endothelial Growth Medium 2 supplemented with 5% foetal calf serum,
epidermal growth factor (recombinant human) (5 ng/ml), basic fibroblast growth factor (recombinant
human) (10 ng/ml), insulin-like growth factor (long R3 IGF-1) (20 ng/ml), vascular Endothelial Growth
Factor 165 (recombinant human) (0.5 ng/ml), ascorbic acid (1 pg/ml), heparin (22.5 pg/ml) and
hydrocortisone (0.2 pug/ml).

Human monocyte-derived macrophages (MDMs) were prepared by isolating peripheral blood
monocytes from blood (single-donor buffy coat). Buffy coats were kindly supplied by the lIrish

Haematology Centre.
Treatment with nanoparticles

Cells were seeded at 5000 cells per well in a 96-well plate, allowed to attach and incubate for 24h

before being rinsed with warmed serum-free medium and treated with nanomaterials.

For the treatment, the nanoparticles were dispersed from sterile stock solution at a concentration of
10 mg/ml by sonication for 30 min, then diluted with medium to 960 pg/ml (c1), followed by successive
dilution to 480 pg/ml (c2), 240 pg/ml (c3), 120 pg/ml (c4), 80 pg/ml (c5), 40 ug/ml (c6), 20 pg/ml (c7),
10 pg/ml (c8) and 5 pg/ml (c9).

For cell cycle analysis and high content screening, cells were treated after rinsing with PBS by overlaying
them with an aliquot of the NP suspensions c1 — c9 and allowed to incubate for three time points: 24
h, 48 h and 72 h. Valinomycin (120 uM) was used as positive control for cell death, tacrine (100 uM) as
the positive control for changes in lysosomal mass or pH, zinc oxide nanoparticles (100 pg/ml) and
magnetite nanoparticles (100 pg/ml) were used to control for the effects of toxic and non-toxic

nanoparticles, while silica nanowires were used as a control for the influence of nanowires on the cells.
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Experimental Design

For HCS analysis the following plate layouts were used (see Figure 4.1-Figure 4.5).
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Figure 4.1: 96-well plate layout for exposure of cells to BiFeOs NPs and BiFeOs;@asc NPs
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Figure 4.2: 96-well plate layout for exposure of cells to BiFeO;@APTES NPs and BiFeOs;@ Fe;Os@asc NPs
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Figure 4.3: 96-well plate layout for exposure of cells to BiFeOs;@ Fe;0,@APTES NPs and BiFeOs;@ Fe;O,@asc NPs
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Figure 4.4: 96-well plate layout for exposure of cells to SiO,&BiFeOs; NWs and SiO,&BiFeOs;@ Fe,0s@asc NW's
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Figure 4.5: 96-well plate layout for exposure of cells to SiO,&BiFeOs@ Fe,Os;@asc NWs and controls
Staining

Live cells were stained with Hoechst (1 pug/ml), cell-membrane permeability dye (propidium iodide, 1
pg/ml) and mitochondrial membrane potential dye (JC-1, 5 ug/ml), allowed to incubate for 20-30 min,
rinsed with warmed PBS and then fixed with warmed paraformaldehyde (3.7%) for 10-15 min before

being rinsed twice with PBS and stored at 4°C until ready to image.
High Content Screening

BiFeOs; and a suite of derivative nanomaterials were analysed for cytotoxicity by HCS. HCS imaging and
analysis were carried out with a GE Healthcare InCell 1000 and Cytell Analyzer. Cells were seeded in 96-
well plates, with a final concentration of 4000 cells per well. BiFeOs-treated cells were imaged using

three channels in the imaging system as outlined in the table below.
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Table 4.2: Filters and corresponding detection wavelengths for each HCS analyte

Stain Filter Channel | Detection Analyte
Wavelength
(nm)
Hoechst DAPI 1 461 DNA/nuclear intensity
Cell membrane permeability .
. FITC 2 509 Cell membrane permeability
stain
LysoTracker™ Red TRITC/Cy5 | 3 599 Lysosomal mass/pH

To elucidate the cytotoxic response of the full range of materials, A549, HUVEC and monocyte-derived
macrophage cells were treated with the assorted nanomaterials at three-time points (24 h, 48 h, 72 h),
imaged and analysed by High Content Screening and colorimetric staining techniques. Controls
included ZnO at 100 pg/mL (to control for induction of cell death from nanomaterials of similar size),
APS (to control for cytotoxic effects from silane terminal groups), and ascorbic acid (to control for
cytotoxic effects from unbound ascorbic acid). Valinomycin (Val) at 120 uM was used as positive control
(POS) to induce cell death and then compared to the equivalent untreated control or negative control

(NT).

Images of the treated and untreated cells were recorded with the InCell Analyzer 1000 (GE Healthcare)

and Cytell Imaging systems and were analysed with the InCell Analyzer software.

4.3 Results

This section presents the results of the cytotoxicity analysis carried out to determine the biological
interactions of the functionalised nanoparticles and their composites. The cytotoxicity results elucidate
the safety of the multifunctional nanomaterials and their constituents and evaluate their suitability for

application as diagnostic probes.

The results of cytotoxicity analysis of each of the nanomaterials is elaborated fully in the Appendix. In
this section, the results of the cytotoxicity analysis are summarised. To facilitate ease of comparison,
the results are grouped according to cell type, then by the indicator of toxicity (cell count, cell viability

and lysosomal/pH changes), and further according to nanomaterial type (nanoparticle and nanowire).
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4.3.1 Cytotoxicity analysis of nanomaterial interactions of A549 cells by High Content

Screening

In the following section, the response of A549 cells to each of the nanomaterials is presented with
respect to three parameters: cell count, cell membrane permeability (as a measure of cell viability), and
lysosomal mass/pH changes. After presenting the materials individually, a summary of the data is then

provided and the response of cells to the different nanomaterials is compared.

A549 cells exposed to valinomycin (120 pug/mL) was a positive control for cell count in this study and
showed no surviving cells after 24h. By contrast, A549 cells which were left untreated (NT) continued

to proliferate after 72h (see Figure 4.6 and Figure 4.7)
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Figure 4.6: A549 cells, cell count controls. Top Row, cells treated with 120 uM valinomycin; bottom row, untreated

cells. Left, 24h exposure; middle, 48h exposure, right, 72h exposure. Blue: Hoechst nuclear stain, red: lysosomal
stain.
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Figure 4.7: Overview of cell count of A549 cells exposed to controls. The error bars represent the standard error of
the mean between three independent studies.

The controls used in this study (see Figure 4.7) were the negative control (NT, cells cultured without
the addition of nanomaterials); ascorbic acid to control for the influence of the stabilising ligand; SiO;
NWs to control for the influence of SiO, with high aspect ratio; 30 nm Fe;05; and 15 nm Fe304, bare and
silanised, were used as controls for NP interactions and as controls for the components of the
composites; MF66 as a form of Fe30, stabilised with polyacrylic acid to compare to a commercially
available standard; ZnO as a positive control for NP toxicity; tacrine as positive control for lysosomal
mass or pH changes (see the green box in Figure 4.7) and valinomycin as positive control for cell death

(see the red box in Figure 4.7).

Notably, there was no significant difference between the negative control and any of the controls for
the components of the nanomaterials (ascorbic acid, silica, magnetite or hematite).

There are inherent challenges relating to the use of stains for quantitative analysis of cell viability,?** a

primary challenge being that dead cells lose their adherence, since viability is calculated as a percentage
of all those counted. This is especially evident from the viability of cells exposed to the positive control

(POS), valinomycin (see the box, Figure 4.8).
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Figure 4.8: Overview of cell viability in A549 cells exposed to controls. The error bars represent the standard error
of the mean between three independent studies.

Viability was calculated as a percentage of the total surviving cells in each field imaged and determined
by analysing the co-localisation of cell membrane permeability with cell nuclei; when a cell membrane
becomes permeable and permits the membrane permeability stain to reach the nucleus, the cell is no
longer viable. Once the cell membrane becomes permeable and the cell dies, the cell’s nuclear material

and contents may remain in the wells and lead to false detection and thus erroneous results.

Where there is a dense population of cells, the impact of these erroneous results is negligible, but
where the cell count is low, as in the positive control for cell death and NP toxicity, these results have
greater significance, particularly where the parameter being analysed is a percentage of the surviving
cells. For example, if all but 500 cells in a well have been killed by the positive control and 20% of those
remaining are viable, 100 false positives would result in a calculated viability of 40%, whereas in a well
containing 25000 cells with 20% viability, the same number of false positives would result in a

calculated viability of 20.4%.

This leads to heterogeneity between samples or experimental repeats and often to cell viability being
grossly over-estimated at low cell counts, but results are more robust with respect to false positives at

higher cell number.
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It must also be noted that the viability of the cells was also affected by other controls, most notably the

reduction in viability after 72h exposure to MF66 NPs.

Challenges relating to the quantitative analysis of fluorescent staining also apply to the interpretation
of the lysosomal mass/pH data. Because the intensity of staining is normalised on a plate by plate basis
and because the intensity is calculated by normalising to cell number, the calculated lysosomal mass/pH

values are often heterogeneous (see Figure 4.9).
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Figure 4.9: Overview of lysosomal mass/pH changes in A549 cells exposed to controls. The error bars represent
the standard error of the mean between three independent studies.

This is similar to the determination of viability of cells exposed to the positive control, valinomycin (see

Figure 4.8).
A549 Cell count

The response in A549 cell count to different nanoparticles is presented below (see Figure 4.10). See

Appendix sections A.2.1.1, A.2.2.1, A.2.3.1,A.2.4.1, A.2.5.1 and A.2.6.1 for further details.
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Figure 4.10: Overview of A549 cell count after exposure to each of the nanoparticles. NT signifies the negative
control (cells cultured without the addition of nanomaterials) and POS represents the positive control for cell death
(valinomycin 120 uM). The error bars represent the standard error of the mean between three independent

studies.

Overall, the cell count data indicates that NPs derived from BiFeOs do not adversely affect A549 cell

proliferation over the concentration range examined, and that the response of the cells does not
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strongly depend on the surface chemistry of these NPs (see Figure 4.10). Such minimal impact across

such a broad range of concentration has been reported for few nanomaterials.

However, the response of the cells to BiFeOs@APTES, BiFeOs@Fe3Os@asc, BiFeOs@FesO,@APTES, and
BiFeOs;@Fe,0s@asc NPs suggests that this interpretation may be somewhat simplistic and that there
may be confounding interactions. Particularly, small but significant increases in cell count at lower
concentrations in response to treatment with these NPs (accompanied by a reduction in cell number
at higher concentrations of BiFeO;@Fe;0s@APTES NPs) suggest that the NPs promote cell growth, yet
the overall dose-dependence of the response indicates that the NPs are toxic at higher doses.
Nevertheless, only in the case of BiFeOs;@Fe;0,@APTES NPs did the cell count fall below the level of

the untreated control.

This biphasic response is characteristic of a hormetic mechanism. See the discussion section for further

details.

The response of A549 cell count to different nanowires is presented below (see Figure 4.11). See

Appendix sections A.2.7.1, A.2.8.1 and A.2.9.1 for further details.
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Figure 4.11: Overview of cell count of A549 cells after exposure to each of the nanowires. NT signifies the negative
control (cells cultured without the addition of nanomaterials) and POS represents the positive control for cell death
(valinomycin 120 uM). The error bars represent the standard error of the mean between three independent
studies.

SiO; nanowire-based BiFeOs composites do not accelerate cell death in A549 cells at the concentrations
analysed (see Figure 4.11). This suggests that embedding the NPs in silica nanowires passivates the
surface of the NPs and also that A549 cells are not sensitive to high aspect ratio morphologies. This
represents a significant development in the preparation of diagnostic probes — high aspect ratio
nanocomposites extend the range of potential applications of the individual materials. The lack of toxic
response implies that the composites have increased biocompatibility and could be used for longer

circulation times.
A549 Cell viability

The response in A549 cell viability to different nanoparticles is presented below (see Figure 4.12). See

Appendix sections A.2.1.2, A.2.2.2, A.2.3.2,A.2.4.2, A.2.5.2 and A.2.6.2 for further details.
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Figure 4.12: Overview of cell viability in A549 cells exposed to each of the nanoparticles. NT signifies the negative
control (cells cultured without the addition of nanomaterials) and POS represents the positive control for cell death
(valinomycin 120 uM). The error bars represent the standard error of the mean between three independent
studies.

Comparing the influence of the different nanoparticles on A549 cells, there is appreciable
heterogeneity in the viabilities (i.e. between triplicate samples or between repeated experiments) as
demonstrated by the size of the standard errors of the mean at each time-point (see Figure 4.12).

Where materials induced significant change in viability relative to the negative control, the response
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did not seem to be determined by surface chemistry. For example, BiFeOs@asc and BiFeOs@APTES
exhibited a low dose inhibition/high dose promotion of cell viability, whereas BiFeOs;@Fe30,@APTES

exposure reduced the cell viability to near the level of the positive control.

The response of A549 cells to BiFeOs@Fe;0,@APTES NPs was unique in that the significant increase in
cell count at lower concentrations and decrease at higher concentrations were accompanied by
decreases in cell viability at all concentrations. This suggests that these BiFeO;@FesO,@APTES NPs are

somewhat toxic and would therefore require modification for use in longer term in vitro studies.

The response in A549 cell viability to different nanowires is presented below (see Figure 4.13). See

Appendix sections A.2.7.2, A.2.8.2 and A.2.9.2 for details.
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Figure 4.13: Overview of cell viability in A549 cells exposed to each of the nanowires. NT signifies the negative
control (cells cultured without the addition of nanomaterials) and POS represents the positive control for cell death
(valinomycin, 120 uM). The error bars represent the standard error of the mean between three independent

studies.
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SiO; nanowire-based BiFeOs; composites do not reduce cell viability in A549 cells at the concentrations
analysed with the exception of high concentrations of SiO, & BiFeOs;@Fe304 NWs after 72h exposure

(see Figure 4.13).

The mitigation of the toxic effect supports the conclusions that embedding the NPs in silica nanowires
passivates the surface of the NPs, that A549 cells are not sensitive to high aspect ratio morphologies

and that the composites have increased biocompatibility.
A549 lysosomal mass/pH changes

The response of A549 cell viability to different nanoparticles is presented below (see Figure 4.14). See

Appendix sections A.2.1.3, A.2.2.3, A.2.3.3, A.2.4.3, A.2.5.3 and A.2.6.3 for details.
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Figure 4.14: Overview of lysosomal mass/pH changes in A549 cells exposed to each of the nanoparticles. NT
signifies the negative control (cells cultured without the addition of nanomaterials) and POS represents the
positive control for lysosomal mass/pH changes (tacrine, 100 uM). The error bars represent the standard error of
the mean between three independent studies.

Concentration-dependent increases in lysosomal mass/pH (LMPH) were observed for each of the
BiFeOs-derived NPs after 72h, some even after 48h or even 42h in the case of BiFeOs and
BiFeOs@APTES (see Figure 4.14). The NPs with the lowest increases of this indicator for the first two
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days were those coated with ascorbic acid, indicating that the stabilisation of the NPs inhibited uptake.

This is likely because, being more stable in suspension, fewer NPs settled onto the cells and could not

therefore be internalised.

The response in A549 cell count to different nanowires is presented below (see Figure 4.15). See

Appendix sections A.2.7.3, A.2.8.3 and A.2.9.3 for further details.
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Figure 4.15: Overview of lysosomal mass/pH changes in A549 cells exposed to each of the nanowires. NT signifies
the negative control (cells cultured without the addition of nanomaterials) and POS represents the positive control
for lysosomal mass/pH changes (tacrine, 100 uM). The error bars represent the standard error of the mean
between three independent studies.

For each of the nanowires, common behaviours were observed (see Figure 4.15):

e Thereduction of the dye at all concentrations was approximately 50% of the untreated control after

24h.

e After 48h the reduction of the dye in treated samples had fallen further to maximum of 10% of NT,

and showed some concentration dependence, with the reduction falling off at larger concentrations

131



similar to a dose-response curve.

e After 72h the same dose-response pattern was observed.

Interestingly, the BiFeOs; sample coated with an Fe;04 shell (BiFeOs;@Fes0,s@asc) also showed the same
response, whereas when the shell was capped with APS (BiFeOs;@Fe30,@APTES), replaced with Fe,03
(BiFeOs@Fe,0s@asc) or when the NPs were embedded in silica, higher levels of reduction were

observed after 24h that persisted after 48h and 72h.

4.3.2 Cytotoxicity analysis of nanomaterial interactions of HUVEC cells by High Content

Screening

As with the discussion of A549 cells in the previous segment, the response of HUVEC cells to each of
the nanomaterials is presented in the following sections (A3.1-A3.9) with respect to three parameters:
cell count, cell membrane permeability (as a measure of cell viability), and lysosomal mass/pH changes.
After presenting the materials individually, a summary of the data is then provided and the reaction of

cells to the different nanomaterials is compared.

HUVEC cells exposed to valinomycin (120 pug/mL) was the positive control for cell count in this study
and showed no surviving cells after 24h. By contrast, HUVEC cells which were left untreated (NT)

continued to proliferate after 72h (see Figure 4.16 and Figure 4.17).
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The controls used in this study included an untreated negative control (NT, cells cultured without the
addition of nanomaterials), ascorbic acid to control for the influence of the stabilising ligand, SiO; NWs
to control for the influence of SiO, with high aspect ratio, 30 nm Fe;0s; and 15 nm Fe304, bare and
silanised, were used as controls for NP interactions and as controls for the components of the
composites, MF66 as a stabilised form of FesO4 to compare to a commercially available standard, ZnO
as a positive control for NP toxicity, tacrine as positive control for lysosomal mass or pH changes (see
the green box in Figure 4.17) and valinomycin as positive control for cell death (see the box in Figure

4.17).

Unlike the response of A549 cells to the various controls, there were significant differences between
the negative control and the controls for the components of the nanomaterials (ascorbic acid, SiO,,

Fe304 or F6203).

While, ascorbic acid induced a very slight increase in cell count at each time point, SiO, nanowires
induced a small decrease at 24h, followed by a steep decline to ~1000 cells at 48h. At 72h the SiO;

nanowires had reduced the count to that of the positive control, valinomycin.

Hormesis was observed in bare and APTES-coated Fe;03; and Fes04 NPs including the commercially
available polyacrylic acid-stabilised magnetite, MF66. In general, the greater the initial increase relative

to the untreated control, the lower the final count.

By contrast, the control for nanoparticle toxicity, ZnO, resulted in cell count of less than 500 cells at

each time point and was therefore more toxic than the positive control.
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Figure 4.18: Overview of cell viability in HUVEC cells exposed to controls.

The same controls were used for cell viability as described above. It must be noted, however, that
viability is calculated as a function of the total number of cells in the population remaining after a given
time. Thus, although the cell count of the untreated control rose, the percentage of viable cells was
approximately equal at 24h, 48h and 72h (see Figure 4.18). Furthermore, because cell viability is
calculated from the intensity of the cell membrane stain, cell debris can result in some false positives.
Where there is a high proportion of cell debris and few cells, even low numbers of false positives result
in artefacts. The increases in cell viability which occur where the lowest cell counts were recorded are

therefore considered artefacts.

120 mM valinomycin was the positive control for 24h exposure, 60 mM for 48h exposure and 30 mM

for 72h.

Overall, the percentage viability ranged from about 90% in the ascorbic acid treated NPs to 5-20% in
the positive controls. The positive control for nanoparticle cytotoxicity, ZnO, induced a similar reduction

in viability to valinomycin.
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Figure 4.19: Overview of lysosomal mass/pH changes in HUVEC cells exposed to controls.

The same controls were used for lysosomal mass/pH as those described above except the positive
control for changes in LMPH: 100 mM tacrine was the positive control for 24h exposure, 50 mM for
48h and 25 mM for 72h (see Figure 4.19). LMPH values are calculated from the intensity of the LMPH
stain in each well, normalised to the number of cells in the well. Finally, the values are normalised to
the intensity-per-cell of the negative control (NT) cells cultured without the addition of nanomaterials

for each of the timepoints.

This means that LMPH, like cell viability, is calculated as a function of the total number of cells in the
population remaining after a given time. Thus, cell debris can result in some false positives and the
lower the cell count, where there is a high proportion of cell debris and few cells, the greater the
artefacts. The increases in cell viability which occur where the lowest cell counts were recorded are

therefore considered artefacts.

Many of the controls for NP interactions induced increases in the LMPH over time, with slight increases
at each timepoint. This suggests that the NPs are being taken up by HUVECs and accumulating in

lysosomes.

One notable exception was the MF66 sample, where the LMPH increased to ~1.5 times that of NT after
24h and remained at that level. This sample was a commercially available magnetite stabilised in excess
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polyacrylic acid. Similar increases in LMPH were observed when cells were exposed to ascorbic acid,
after a delay of 24h. The LMPH of the positive control was much higher, however (2-2.5 times that of
NT).

HUVEC Cell count

The response in HUVEC cell count to different nanoparticles is presented below. See Appendix sections

A3.1.1,A3.2.1,A3.3.1,A3.4.1, A.3.5.1and A.3.6.1 for further details.

In general, nanoparticles induced cell death in HUVECs (see Figure 4.20).
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Figure 4.20: Overview of HUVEC cell count after exposure to each of the nanoparticles. NT signifies the negative
control (cells cultured without the addition of nanomaterials) and POS represents the positive control for cell death
(valinomycin 120 uM). The error bars represent the standard error of the mean between three independent

studies.

Hormesis was observed when the cells were exposed to bare BiFeOs, ascorbic acid-coated or APTES-
coated BiFeOs; and in APTES-coated BiFeOs@FesQ,, similar to the response of the cells to the controls
for coated and uncoated iron oxides. In each case, higher doses led to increased cell count after 24h,

followed by a decrease in cell number at higher concentrations after 48h, particularly when exposed to
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80 pg/ml or more. Cell counts in these samples fell further after 72h, falling with increasing NP
concentration. High Content Screening indicated aggregation was more prevalent in three of these
samples, so it may be that the when NPs are unstable in suspension and sedimentation occurs, they

induce a stress response in the cells by depositing in much higher concentrations on the cell surface.

No hormesis was observed in BiFeOs;@Fe,0s@asc or BiFeO:@Fes0s@asc, and the cells exhibited a

typical dose-response with cell counts dropping with rising mass of NPs per unit.

Taken together, this suggests that NP aggregation influences cell count by inducing a hormetic stress
response. Whether the NPs underwent sedimentation or remained suspended, whether uncoated,
coated with ascorbic acid or with APTES, the nanoparticles induced a concentration-dependent toxic
response after 72h. Furthermore, both ascorbic acid-coated samples exhibited a reduction in cell count
which increased with the dose at each time point. Finally, coating with APTES did not eliminate the

toxic response of the NPs but merely delayed it.

The response in HUVEC cell count to different nanowires is presented below. See Appendix sections

A.3.7.1, A.3.8.1 and A.3.9.1 for further details.

HUVECs exposed to silica nanowires exhibit similar behaviour at 24h exposure regardless of what NP
was imbedded in the silica matrix: there was no significant difference from the untreated control up to
approximately 40 pg/mL (see Figure 4.21). Each of the nanowires induced a reduction in cell count that

was more pronounced with rising concentration, after 48 and 72h.
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Figure 4.21: Overview of cell count of HUVEC cells after exposure to each of the nanowires. NT signifies the
negative control (cells cultured without the addition of nanomaterials) and POS represents the positive control for
cell death (valinomycin 120 uM). The error bars represent the standard error of the mean between three

independent studies.

HUVEC cell viability

The response in HUVEC cell viability to different nanoparticles is presented below. See Appendix

sections A.3.1.2, A.3.2.2, A.3.3.2, A.3.4.2, A.3.5.2 and A.3.6.2 for further details. In general, exposure

to nanoparticles induced a concentration-dependent reduction in the viability of HUVECs which

became more pronounced over time (see Figure 4.22).
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Figure 4.22: Overview of cell viability in HUVEC cells exposed to each of the nanoparticles. NT signifies the negative
control (cells cultured without the addition of nanomaterials) and POS represents the positive control for cell death
(valinomycin 120 uM). The error bars represent the standard error of the mean between three independent

studies.

At doses below 120 pg/mL with 24h exposure, cell viability was above 50%, suggesting that the

materials might be suitable for short-term in vitro applications.
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We see that there is more variability in the viability data than in the cell counts. Several patterns are
apparent, however. For example, after 72h, the viability of HUVECs exposed to each of the
nanoparticles except BiFeOs@Fes;Os@asc had fallen to approximately 30% at the lowest concentration,

dropping to ~20% at the highest dose.

BiFeOs;@Fe;0s@asc stands out with viability of ~60% after 72h exposure at 5 pg/mL dropping to ~25%
at 960 pg/mL. Treatment with this NP also resulted in the highest cell counts after 72h.

This supports the conclusion that the presence of NPs induces cell death in HUVECs and that modifying

the surface with Fe;0,4 and stabilising ligands may somewhat mitigate the response.

However, the reduction in cell viabilities and cell counts observed at higher concentrations over time
suggest that there is an upper limit on the concentration or duration of in vitro applications of these

NPs with HUVECs.

The response in HUVEC cell viability to different nanowires is presented below. See Appendix sections
A.3.7.2, A.3.8.2 and A.3.9.2 for further details. The viability of HUVECs exposed to silica nanowires
embedded with various NPs exhibit very similar trends — there was a dose-dependent drop in viability
at each time point, falling from approximately 75% at 5ug/mL to 40% at 960 ug/mL after 24h exposure
(see Figure 4.23).
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Figure 4.23: Overview of cell viability in HUVEC cells exposed to each of the nanowires. NT signifies the negative
control (cells cultured without the addition of nanomaterials) and POS represents the positive control for cell death
(valinomycin, 120 uM). The error bars represent the standard error of the mean between three independent
studies.

Like the cell count data, the largest drop at 48h was observed in cells exposed to nanowires embedded
with BiFeOs@Fe30, NPs whereas cells treated with nanowires embedded with BiFeOs or

BiFeO;@Fe,0sNPs had viabilities of approximately 50% up to doses of 40 ug/mL.

These values and trends are also similar to the response of HUVECs to the SiO, nanowires (used as
control for nanomaterial morphology); this supports the conclusion that exposure to NWs reduces cell
viability and induces a toxic response, but the morphology (aspect ratio) is not the most critical factor

in determining the extent of cell death.
HUVEC lysosomal mass/pH changes

The response in HUVEC lysosomal mass/pH to different nanoparticles is presented below (see Figure

4.24). See Appendix sections A.3.1.3, A.3.2.3, A.3.3.3, A.3.4.3, A.3.5.3 and A.3.6.3 for further details.
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Figure 4.24: Overview of lysosomal mass/pH changes in HUVEC cells exposed to each of the nanoparticles. NT
signifies the negative control (cells cultured without the addition of nanomaterials) and POS represents the
positive control for lysosomal mass/pH changes (tacrine, 100 uM). The error bars represent the standard error of
the mean between three independent studies.

BiFeOs, BiFeOs@Fe,0s@asc and BiFeOs;@Fe;Os@asc induced a dose-dependent increase in Lysosomal
mass/pH (LMPH) which become more pronounced after 48h and 72h (see Figure 4.24). BiFeOs coated
with either ascorbic acid or APTES induced no significant response at any concentration even after 72h.
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Uniquely, exposure to BiFeOs;@Fes0,@APTES resulted in the highest increases at lower temperature

and a dose -dependent decrease in LMPH at each time point.

Therefore, the changes in LMPH are not solely due to differences in surface chemistry. For example,
coating with APTES, used to passivate the surface, reduces colloidal stability at pH 7, whereas coating
with ascorbic acid increases the stability. Because LMPH increases where there is increased lysosomal
mass or reduced pH, modification of surface chemistry affects the functional groups present on the

surface and consequently alters the colloidal stability.

The response in HUVEC cell count to different nanowires is presented below (see Figure 4.25). See

Appendix sections A.3.7.3, A.3.8.3 and A.3.9.3 for further details.
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Figure 4.25: Overview of lysosomal mass/pH changes in HUVEC cells exposed to each of the nanowires. NT signifies
the negative control (cells cultured without the addition of nanomaterials) and POS represents the positive control
for lysosomal mass/pH changes (tacrine, 100 uM). The error bars represent the standard error of the mean
between three independent studies.
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While SiO, nanowires embedded with BiFeOs; induced concentration-dependent increases in LMPH,
nanowires embedded with BiFeOs;@Fe,03 or BiFeOs;@Fesz04 NPs resulted in no significant trend (see
Figure 4.25). The response of the HUVECs to SiO, & BiFeO; nanowires most closely matched the

interaction of the cells with bare SiO, nanowires.

Where there was no significant change in the LMPH, it suggests that NPs were not internalised, perhaps
due to the morphology of the material. However, the concentration-dependent decreases in cell count
and cell viability indicate a toxic response. This means that either the presence of the nanomaterials on
the surface of the HUVECs induces stress and interferes with cell proliferation or there are multiple

factors at play which confound the interpretation of the LMPH data.

4 4 Discussion

The results presented here indicate that the functionalised nanomaterials are suitable for use as
diagnostic probes but also that certain exposure routes represent a significant risk when the

aggregation of the nanomaterials is not mitigated.
4.4.1 Discussion of Nanomaterial Interaction with A549 cells

In order to achieve comparability between experiments and results, good experimental design is
essential to ensure experiments are reproducible and that the results are repeatable. With this in mind,
A549 cells were chosen to represent exposure to NPs through inhalation and HUVEC were selected to

represent the exposure of an endothelial cell monolayer after a systemic administration route.
BiFeOs-derived NPs exhibit low toxicity in A549 cells

NPs derived from BiFeOs; did not adversely affect A549 cell counts over the concentration range
examined and the response did not strongly depend on the surface chemistry of the nanoparticles. This
suggests that despite differences in NP surface charge which would elicit different interactions with the
cell surface, the concentration, composition or aggregation state of the NPs did not determine the
cytotoxicity. Unlike HUVECs, A549 cells are a cancerous cell line and their viability is not dependent on
the formation of a monolayer. Such minimal impact across a broad range of concentration has been

reported for few nanomaterials.??®

Although there was a concentration-dependent increase in the viability of cells exposed to BiFeOs@asc
and BiFeOs@APTES, the cell counts exhibited hormesis. This may be evidence of the mechanism by

which hormesis acts: increased cell number at lower doses coincided with lower viability, indicative of
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a stress response. No interference was observed between the nanoparticles or aggregates and the
stains used (refer to the epifluorescence imaging in section 3.2.3 and the section on uptake in Chapter
3). At higher concentrations, the rise in cell number was lower but viability was higher, which suggests

that the higher doses may have activated adaptive stress response pathways.
Hormesis

With a toxicological endpoint such as cell proliferation, hormesis is characterised by stimulation in
response to a low dose, followed by inhibition at higher concentrations.?”” Hormesis has been
attributed to adaptive stress response signalling pathways being activated by changes in hormones, ion

availability or energy availability.?*®

In response, adaptive stress response pathways may be activated in cells involving kinases,

9

deacetylases and transcription factors®?® resulting in the production of proteins that protect cells

against more severe stress.?*°

Examples of cyto-protective agents include antioxidants, growth factors, proteins involved in the

regulation of energy metabolism and protein chaperones.?'2%

Hormesis has been observed previously in toxicological studies of other nanomaterials: in the length of

murine neuroblastoma cells exposed to thioglycolic acid-capped cadmium telluride quantum dots,???

in the cell viability of PBMCs in response to silver NPs,?3*

and in the cell viability of A549 cells exposed
to carbon nanotubes.?** However, with quantum dots, toxic effects are often attributed to the heavy
metals,’® while silver NPs toxic effects have been ascribed to the leaching of silver ions from the NP

core?3® and the aspect ratio of carbon nanotubes is thought to contribute to their toxicity.?3’

In each case, there are significant distinctions to the nanomaterials analysed in this study, so direct

extrapolation is not justified.

The stress response was not solely determined by functional groups present on the surface of the NPs.
Cells exhibited a stress response in response to each of the nanomaterials where aggregation was
observed, whether at the surface of the cells or internalised. It has been suggested that accumulation
of aggregates on the cell surface may interfere with cell signalling and surface charge is known to affect
the interaction between nanoparticles and the cell surface, modulating the internalisation of

nanoparticles. Where large aggregates are present, their size may inhibit internalisation.
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4.4.2 SiO, and BiFeOs-derived NWs are not toxic to A549 cells.

Despite significant differences in morphology, silica nanowires embedded with BiFeOs-derived NPs did
not adversely affect A549 cell counts over the concentration range examined. Again, the response did
not depend on the chemical composition of the embedded materials as can be seen in Figure 4.11,
Figure 4.13 and Figure 4.15. This supports the suggestion that aggregation state plays more of a role in
determining the cytotoxicity of these materials than the chemical composition, since the proliferation

of A549 cells does not require monolayer formation.

While one of the advantages of embedding the NPs in silica nanowires was in forming a composite with
high aspect ratio, another expected benefit was in surface passivation. However, due to the low toxicity
of the embedded materials, any reduction in cell - NP interaction was not obvious from the cell count
or viability data. Importantly though, differences were observed in the lysosomal mass/pH changes of
A549 cells in response to the various nanowires, suggesting that the nanowires were at least affecting

the cells differently.

This may be because SiO; nanowires are mesoporous, with pores large enough to permit unbound
embedded NPs to be released from the silica matrix.?*® Indeed, there was similarity between the LMPH

response of A549 cells to bare BiFeOs; NPs and SiO, embedded with BiFeOs.
4.4.3 BiFeOs-derived NPs are highly toxic to HUVEC cells due to aggregation

In stark contrast with the response of A549 cells, BiFeOs-derived NPs were extremely toxic to HUVECs,
although aggregation state seemed to be the primary factor in inducing toxicity in the cells. Samples
showing substantial aggregation exhibited significant hormesis, with initial concentration-dependent
increases in cell count, accompanied by drops in viability, then followed by dose-dependent decreases

in cell numbers.

Crucially, aggregation seemed to play a more important role than surface chemistry, with similar
responses observed in cells exposed to bare BiFeOs; NPs, those coated with ascorbic acid, APTES or with
Fes0, and capped with APTES. Further support for this conclusion can be seen in the difference in the
response of the cells to BiFeOs@asc in comparison to BiFeOs;@Fe;0s@asc or BiFeOs;@Fe;0,@asc

nanoparticles (see section 3.3.2 Nanoparticle colloidal stability, size distribution and concentration).
4.4.4 SiO; and BiFeOs-derived NWs are toxic to HUVECs.

Although silica nanowires embedded with BiFeOs-derived NPs did not initially induce cell death in

HUVECs at low doses, higher concentrations were toxic. After 72h, cell viability and cell numbers had
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fallen significantly, indicating that the silica served to partially mitigate the toxic effects of the
nanoparticles. Coating the NPs with a silane layer (i.e. using APTES) did not reduce the toxic effects but
embedding the NPs in nanowires somewhat postponed the cell death. This supports the conclusion

that the size or morphology of the materials influenced the response of the cells.

As discussed previously, SiO, nanowires are mesoporous, with pores large enough to permit unbound
embedded NPs to be released from the silica matrix. The data suggest that NPs are released from the

pores of the wires over the course of 48h.

4.5 Conclusions

The work outlined in this chapter provided extensive evidence on the biological interactions of
functionalised nanoparticles and composites with two relevant in vitro models. The cytotoxicity and
safety assessment of targeted multifunctional nanocomposites is very important for industrial
translation of new nanomaterials for biomedical applications and therefore it was a key milestone for

this thesis.

A549 cells showed a hormetic stress response from the NPs and nanocomposites, but without
significant reduction in cell number after 72h except for BiFeO:;@Fe;0.@APTES NPs. This represents
comprehensive evidence that there is minimal intrinsic toxicity. By contrast, all the nanomaterials
induced cell death in HUVECs, but both coating and embedding the composites postponed the toxic
effects. Overall, this means that the materials investigated are suitable for use for in vitro imaging

applications where aggregation is mitigated.

The next chapter describes several proofs of concept to illustrate how the materials can be applied to

different imaging modalities.
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Chapter 5

Multimodal applications of nanocomposites

5.1 Introduction

This chapter will provide proof of concept evidence and demonstrate the multifunctional applicability
of the non-linear optical nanomaterials presented in this thesis, and results of the synthesis,

functionalisation and characterisation, as presented in detail in the previous chapters.

As presented, the potential uses for the nanomaterials summarised in Table 2.1 (Ch. 2) and Table 3.1
(Ch. 3) to be used in biomedical applications are diverse and according to their specific physico-

chemical properties - magnetic, optical and magneto/optical.
Currently these properties are exploited in several applications:

1) Magnetic cell sorting and separation based on the intrinsic magnetic properties, surface
functionalised biomarkers and their hydrodynamic profile.

2) Magnetic Resonance Imaging capability as viable probes for advanced labelling or functional
imaging.

3) Optical microscopy based on the non-linear optical properties of the probes (e.g. SHG).

4) Magneto/optical for combined magnetics separation and flow cytometry.

5.1.1 Cell separation or sorting
Magnetic Separation

Current methods of cell sorting involve attachment of antibodies to magnetic beads. In positive
selection sorting, functionalised magnetic beads are incubated with a suspension of mixed cells, some
of which express proteins to which the antibodies are targeted. The suspension is then placed in a
magnetic field and the antibody-bound cells are drawn out of suspension and washed in the magnetic

field to remove unbound cells.

Positive selection requires that the cell of interest expresses protein markers unique to that cell line.
This means that the antibodies attached to the magnetic beads can only bind with the target cells,

allowing them to be drawn from suspension leaving all other cells.
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Negative selection is an alternative cell sorting technique in which antibodies are attached to magnetic
microbeads to allow all cells except the target cells to be drawn from the suspension. This requires that
a cocktail of antibodies on the magnetic beads bind to proteins expressed on the surface of all other
cells in suspension, allowing them to be drawn toward the magnet, leaving the cell of interest in

suspension.

Care must be taken in the choice of antibody to ensure that, in the case of positive selection, the
antibody specifically targets the cell of interest, i.e. that it selectively binds to proteins only expressed

on those cells.
Magneto-optical: sorting by flow cytometry

This application avails of the probes’ multimodalities to achieve a strong separation yield (e.g.
positive/negative), followed by flow cytometry. In flow cytometry, the emission and scattering of cells
and their markers can be used to separate and sort a heterogeneous mixture. A stream of dilute mixed
cells is directed past a laser such that the cells pass one at a time. A cell’s emission profile is then
measured by a detector, correlated to cell size and fluorescent signal from any staining applied, and
sorted into a fraction with cells of similar properties. This method is extremely fast and can yield greater

than 99% purity.

Unlike magnetic sorting, which requires that cells be bound to magnetically tagged markers for the cells
to be sorted from the mixture, both in the manner in which light scatters from moieties in the fluid
stream and their fluorescent properties can convey information about the cell and hence be used to

automatically sort cells.

Larger cells such as monocytes scatter light differently to smaller cells such as lymphocytes, meaning

that a heterogeneous population of cells can be sorted by analysis of their scattering properties.

Light scatter can be measured along the path of the laser (forward scatter, FSC) or perpendicular to the
path (side scatter, SSC). Typically, the intensity of FSC is determined by the size of the cell, whereas the

intensity of SSC is a measure of the degree of granularity within the cell.

Cells can be sorted according to their fluorescent properties by tagging surface or intracellular proteins
or structures with fluorophores. Tagged cells can then be diverted from the fluid stream by charging
individual droplets in which the cell of interest is suspended and using electrostatic separation to collect

homogeneous fractions.
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5.1.2 Magnetic resonance imaging (MRI)

MRI is a non-invasive technique used primarily to image soft-tissue and is based on nuclear magnetic
resonance (NMR) of hydrogen nuclei. NMR determines the molecular structure of organic compounds
containing nuclei with odd atomic or mass numbers (e.g. *H, *C, >N, *°F, 3'P) by measuring the response

of the materials to changes in an applied magnetic field.

Charges moving in a circular path induce a magnetic moment. Similarly, the total angular momentum
or “spin” of a nucleus results in a magnetic moment. The protons in NMR-active nuclei align with an
applied field and precess around the axis of the field at a resonance frequency proportional to the

strength of the field (the Larmor frequency).

If an alternating radiofrequency (RF) electromagnetic pulse is then applied at the Larmor frequency,
the energy is absorbed by the protons (and they are promoted to higher energy states). Turning off the
RF pulse allows the excited protons to return to their resting alignment through relaxation. Excited
spins return to their original orientation with the applied field (known as the longitudinal relaxation
rate, T1) and the protons which had been precessing in phase with the applied RF pulse begin to go out
of phase (transverse relaxation rate, T2 and T2*, where T2 is the rate of transverse magnetization decay
due to spin-spin relaxation, and T2* is a combined measure of transverse magnetization decay and
magnetic field inhomogeneity).?*® Relaxation results in the emission of RF radiation which is detected
by coils in the MRI scanner. A Fourier Transform is applied to the frequency data to obtain intensity

information for each voxel, resulting in a 3D model of the subject.

MRI probes the hydrogen nuclei present in water and fats, the two main constituents of the body.
Because the environment of the protons influences the rates of relaxation, different intensities
correspond to different tissue types. Certain tissues such as bone produce very low contrast in MRI due

to their low hydrogen content (see Table 5.1).
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Table 5.1: Appearance of various tissues in MRI (adapted from Jackson et al.?*°)

TISSUE T1-WEIGHTED T2-WEIGHTED
FAT Bright Light
MUSCLE Grey Dark Grey
BONE Grey Bright
AIR Very Dark Very Dark
CSF Dark Bright
WHITE MATTER Light Dark Grey
CORTEX Grey Light Grey
SPINAL CORD Grey Light Grey
:gzlgjtmx‘:;ﬁgion, infection, demyelination) Dark Bright

Distinguishing between normal tissue and a tumour, for example, can be aided by the use of a contrast
agent. As discussed in Chapter 1, superparamagnetic nanoparticles have advantages as contrast agents
over other magnetic materials, as they avoid aggregation of magnetic contrast agents, as their magnetic

moment only arises in response to an applied field.
5.1.3 Nonlinear optical applications in Bioimaging

Harmonic nanoparticles (HNPs) have been the subject of much interest because nonlinear optical
effects occur more readily in nanoparticles since they are so much smaller than the wavelength of light.
The development of a next generation biomedical imaging platform, Second Harmonic Microscopy
(SHM), has sought to exploit this phenomenon and its advantages over conventional imaging

technologies.”®

For example, quantum dots (QDs) such as Qdot® Probes, blink randomly making quantitative analysis
prohibitively difficult. Spectral overlap and photostability are less of an issue with QDs; they have a very
narrow emission band and their emission can be tuned by synthesising QDs of different sizes.®
However, QDs contain toxic metals such as cadmium and concerns remain over whether surface
corrosion in physiological conditions might cause the heavy metals to leach.%'! Fluorescent dyes such
as Hoechst, a commercially available DNA stain, require specific excitation wavelengths and also bleach

over time. Indeed, different fluorescent stains must be used in order to excite at different wavelengths

and to avoid channel cross-talk.
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As discussed in Chapter 1, unlike with upconversion nanoparticles (UCNPs), SHG occurs across the
transparency range of the nanoparticles. However, when the pump wavelength induces resonance in
UCNPs, the output intensity can far exceed that of SHG.%® It may be that the large nonlinear coefficient
of bismuth ferrite nanoparticles reported here (220 pm/V, see Chapter 2) might result in harmonic
efficiencies that compete with the resonance-enhanced conversion efficiency of lanthanide-doped
nanocrystals. However, direct comparison requires further studies involving for instance the successful

doping of BFO with NIR luminescent ions.

More importantly, static investigations of single cells, tissue sections and organs (using the well-
established selective staining techniques) are so far inappropriate to give insight of the dynamic
processes that govern interactions between cell assemblies and living tissues. Because of their long-
term photostability (there is no exponential bleaching as with fluorescent imaging probes such as
FITC®), HNPs have all the necessary features to better elucidate these living processes that govern
metabolism and disease mechanisms, including those of cancer.

For these reasons, SHG is an active area of research for next generation imaging probes such as in two-

photon and second harmonic imaging microscopy.*™**

Second harmonic microscopes work in the same way as conventional microscopes except they have an
extra filter in the optical path to exclude the fundamental mode of the excitation laser. They therefore
produce an image of two-photon excited fluorescence and second and third harmonics generated in
the sample. Some tissues produce endogenous harmonics: fat and collagen produce second harmonics
whereas intra and extracellular membranes and the extracellular matrix generate third harmonics,

allowing selective imaging of these structures.

A major advantage of second (and higher order) harmonic imaging is wavelength tunability: the same
sample can be probed with any excitation beam across the transparency range of the harmonic
material, allowing the excitation to be selected such that absorption of the input beam and the

generated harmonic can be minimised.

As described in Chapter 1, SHG is a non-resonant phenomenon so acts on any input frequency in the

transparency range of the material, and the response is stable over the course of a number of days.

Research has been carried to eliminate all possible interference in one step by recording second and
third harmonics at the same time, convoluting the signals to eliminate stray fluorescence. This is of
particular significance in deep tissue imaging where some tissues exhibit intrinsic second harmonic

generation. HNPs are therefore of growing interest for use in deep tissue imaging.*®
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5.2 Materials and Methods

5.2.1 Reagents

BiFeOs, BiFeOs@Fe,0s, BiFeOs@Fes0s4, Fe,03 and Fes04 NPs were prepared as described in Chapter 2.
NPs were modified with APTES as described in Chapter 3 to form a silane layer and act as a linker.
Functionalisation was carried out as described in Chapter 3 to target EGFR, which is expressed on the

surface of Human lung epithelial carcinoma cells (A549 cells).
5.2.2 Cell culturing and incubation

A549 cells were cultured and incubated as described in Chapters 3 and 4. Briefly, A549 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 2 mM L-glutamine, supplemented with
10% fetal bovine serum and 50 pg/mL gentamicin in a 37°C incubator at 100% humidity and 5% CO,.

To assess the second harmonic response of BiFeOs@Fe;03 nanocomposites, ascorbic acid-stabilised
nanoparticles were dispersed from sterile stock solution at a concentration of 10 mg/ml, then diluted
with serum-free medium to 500 pg Fe/ml with ultra-sonication for 30 min. Suspensions of ascorbic-acid
stabilised BiFeOs; NPs (BiFeOs), bare BiFeOs;@Fe,0s NPs (non-asc NP) and fluorescently labelled,
functionalised nanoparticles (fNP) were prepared in the same way, i.e. at 500 ug Fe/ml, as controls for

the different stages of synthesis.
Incubation in 8-well chamber slides for second harmonic imaging

Cells were dispensed on 8-well chamber slides at 5 x 10° cells per mL in 1 mL of complete medium,
allowed to attach and incubate for 24h before being rinsed with warmed serum-free DMEM. The

complete medium was then replaced (1mL).
Incubation of cells with nanomaterials

A549 cells were then treated with 500 pL of either serum-free medium (untreated control, NT);
BiFeOs@Fe,Os@asc NPs; BiFeOs; bare BiFeOs@Fe;0s NPs (non-asc NP); or fluorescently labelled,
functionalised nanoparticles (fNP). This resulted in final concentrations of 100 pug Fe/mL for all the

controls except NT.

Each of the samples was prepared in triplicate and the experiment was carried out three times.
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Cell Staining

Live cells were stained with Hoechst for DNA and Phalloidin Red for cytoskeletal actin filaments as

described in Chapter 3.
5.2.3 Equipment

Magnetic resonance imaging and measurements (T2 and T2*) were kindly carried out by Dr Andrew

Fagan, School of Medicine, TCD.

Second harmonic microscopy was carried out at the University of Geneva by Gabriel Campargue, GAP

Biophotonics group.
5.2.4 Protocols for Multimodal Observation
Magnetic separation

Stabilised BiFeOs;@Fes;0, NPs were dispersed in water, fetal bovine serum (FBS) and plasma at a
concentration of 1 mg/mL using sonication. The suspensions were then placed in a magnetic field and
images taken at intervals of 5 seconds to examine whether the NPs could be separated from the

suspension as a proof-of-principle illustrating their potential use in cell sorting.
MRI

NPs were dispersed in 1.5 mL ultrapure water at concentrations from 1-5 ug Fe/mL in micro-centrifuge
tubes. The following controls were prepared in the same way: 15 nm Fe;03 NPs 1-5 ug Fe/mL (positive
control for magnetic response), 100 nm polystyrene NPs at 5 pg/mL (negative control: no magnetic

response), and 30 nm BiFeOs NPs at 5 pg/mL (positive control: core NP, antiferromagnetic response).
Second Harmonic Microscopy

To demonstrate the wavelength tunability of the NPs’ harmonic response, A549 cells were seeded into
8-well chamber slides, allowed to attach over 24 hours and were then exposed to the optimised
composite nanomaterials, BiFeOz;@Fe,0s; NPs. Samples were excited at 820nm, at 3.1 mW. Tunability
measurements were carried out by varying the output wavelength of a tunable laser such that the

output power was constant (201 mW).
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5.3 Results

This section presents the proof-of-concept use of the multifunctional nanomaterials in diagnostic
applications, namely cell sorting and separation, magnetic resonance imaging and second harmonic

imaging.

To demonstrate application in cell separation, BiFeO;@Fe3;04 NPs were magnetically separated from
different media including water, fetal bovine serum and plasma. As proof of concept of their
multimodality, their use as magnetic contrast agents and in nonlinear optical applications was
demonstrated by imaging BiFeOs;@Fe,0s; NPs with both Magnetic Resonance Imaging and Nonlinear

Optical Imaging, in this case, Second Harmonic Microscopy.
5.3.1 Magnetic separation of BiFeO3;@Fe30, NPs from different media

Stabilised BiFeOs;@Fes;0, NPs were dispersed in water, fetal bovine serum (FBS) and plasma at a
concentration of 1 mg/mL using sonication. The suspensions were then placed in a magnetic field and
images taken at intervals of 5 seconds to examine whether the NPs could be separated from the

suspension as a proof-of-principle illustrating their potential use in cell sorting (see Figure 5.1).

Time (s) O 5 10
Dispersant
Water magnets
f
FBS E
b
Plasma

Figure 5.1: Proof-of-principle of magnetic separation of BiFeOs;@ Fes04 nanocomposites from suspension in water,
FBS and plasma. Red arrows indicate the position of the magnets next to the sample tubes, blue arrows and boxes
show the separated NPs.
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With all three dispersants, the NPs were pulled from suspension. In each case, the NPs had been
separated by the magnet from the solution within 10 seconds, and that the separation progressed more

quickly in the FBS and plasma than in water (see Figure 5.1).

This illustrates the principle that the multifunctional NPs can be separated magnetically and have
potential use in bio-applications exploiting the magnetic properties of nanomaterials. Given the
existence of commercial products which are capable of cost-effective, high throughput magnetic
separation and cell sorting, e.g. as Dynabeads® or MACS® microbeads, the advantage of these
composites stands in their combined imaging modality which is explained in the next section with
respect to the applications. In fact, the speed of separation demonstrated here compares favourably
to these commercially available solutions, which can take two minutes to separate cells from

suspension (human blood or buffy coat).?*!
5.3.2 Magnetic Resonance Imaging (MRI) of BiFeO;@Fe,0; composites

In order to demonstrate that the developed composites can be used as magnetic probes for MRI,

images were obtained in a clinical setup and compared to controls.

Images were recorded at varying echo times to determine the T2 and T2* decay rates. To visually
demonstrate the varying rates of transverse relaxation, the following tables contain a subset of the
corresponding MR images. Each table represents a snapshot before the signal from any of the samples

had dropped to zero, to illustrate the decay rates at different concentrations.

Qualitatively, there was a concentration-dependent decrease in the intensity of T2 weighted signal of
BiFeOs@Fe,03 NPs (see Table 5.2). At lower concentrations, the intensity of the BiFeOs@Fe,03; NPs was
lower than that of the control, Fe,0s, most notably at 1.5 pug Fe/mL (see third row of Table 5.2,
highlighted in red).
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Table 5.2: T2-weighted MR images of nanoparticles in suspension. The first of eight MRI echoes recorded at short
echo time — before decay of the T2-weighted signal. Maghemite (Fe,0s) and BiFeOs; NPs were used as positive
controls, and polystyrene spheres were used as negative controls.

ug, /mL BiFeO,@Fe,0, FeO, BiFeO, Polystyrene

5 ® o O] O
25 . .
15 (&) O
1.0 O O

Similarly, there was a concentration-dependent decrease in the intensity of T2* weighted signal of

BiFeOs;@Fe,0; NPs (see Table 5.3). Again, at lower concentrations the intensity of the BiFeO;@Fe;03
NPs was lower than that of the control, Fe,0s. This is also most notable at 1.5 pg Fe/mL (see third row

of Table 5.3, highlighted in red).

Table 5.3: T2*-weighted MR images of nanoparticles in suspension. The third of 32 MRI echoes recorded at short
echo time — before decay of the T2* signal. Maghemite (Fe;03) and BiFeOs NPs were used as positive controls, and
polystyrene spheres were used as negative controls.

ug. /mL BiFeO,@Fe,0, FeO, BiFeO, Polystyrene

5 ® ® O O
25 . .
1.5 . O
O

Quantitatively, the T2 and T2* relaxation times decreased as the concentration of BiFeO;@Fe,03; NPS

increased (see Figure 5.2). At lower concentrations, the T2 relaxation time of BiFeO;@Fe,03; NPs
appeared lower than that of the control, Fe,0s, but all differences fell within the 95% confidence

interval and were therefore not significant.
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Figure 5.2: T2 and T2* relaxation times of nanoparticle suspensions. The T2 signal of BiFeOs;@ Fe,03; NPs decayed
more rapidly than that of commercially available Fe;Os NPs at a given concentration. The T2* relaxation times
were not significantly different at any concentration.

This demonstrates the multimodal potential of this family of composites and shows that the presence
of the second harmonic generating BiFeOs does not interfere with the T2* signal from the Fe,0s. This
also suggests that the BiFeOs;@Fe, 03 NPs are sufficiently magnetic for use as MRI contrast agents, with

or without the magnetic separation described above.
5.3.3 Nonlinear Optical Imaging: Second Harmonic Microscopy

To demonstrate the application of the NPs and composites in Second Harmonic Microscopy as

nonlinear optical probes, the following conditions had to be met:
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e Optical stability and multiplexing capabilities

e Specificity to EGFR

Photostability and optical tunability

To demonstrate the utility of SHG NPs over conventional fluorescent stains, A549 cells were treated
with BiFeOs@Fe,03 NPs, as described in Chapter 3, to investigate their photostability and optical
tunability (see Figure 5.3).

experimental simulated
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Figure 5.3: Photostability and optical tunability of BiFeOs;@ Fe,03 NPs. Panels A-D show the same cells excited with
a laser tuned to different wavelengths: excitation A 820 nm, B - excitation = 850 nm, C - excitation = 900 nm, D -
excitation = 1000 nm. Image A549 cells were treated with 100 ug/mL BiFeOs;@Fe,0s; NPs and stained for DNA
(cyan) and actin (yellow). The first image A was taken after 15 min irradiation at 20 mW, as soon as photo-
bleaching was observed in the sample, and images B-D were taken at intervals of two minutes. The scale bar is 50
um. E: simulated excitation spectra (Aex, Bex, Cex, Dex) and the corresponding experimental data from spectrally
resolved imaging measured for each excitation from 400 nm — 650 nm (A-D). The peak in each case is centred at
the second harmonic: i.e. excitation at Agc (820 nm) generated the second harmonic at A (410 nm). The
experimental data was extracted by spectrally resolved analysis of the images in the top row A-D.

Results here are shown as a comparison of commercially available intracellular fluorescent dyes vs. the
developed composites. To achieve this, once photo-bleaching was observed in the fluorescent stains,
the sample was imaged for nonlinear optical imaging (e.g. SHG) at four different excitation
wavelengths. While the two-photon excitation of the Phalloidin and Hoechst stains are still visible in

panel A, they are no longer visible in panel D and only the composites (HNPs) can be seen. This
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illustrates both the optical tunability of the second harmonic generation and the time-resolved

photostability of the HNPs.
Specificity

To demonstrate that functionalised composites can be specifically targeted to A549 cell surface
receptors, these were incubated for 24h and imaged after inhibiting non-specific uptake with sodium

azide.

EGFR-targeted surface receptors became the preferred site for active binding of the functionalised

composites as shown in Figure 5.4.

Figure 5.4: A549 cells after 24h exposure to anti-EGFR functionalised BiFeOs;@Fe,03; NPs in the presence of an
inhibitor. Nuclei were stained with Hoechst (shown in cyan) and actin was stained with Phalloidin (shown in
yellow). The second harmonic response from the BiFeOs@Fe;03 NPs is false coloured with magenta.

This could be associated with the sodium azide inhibiting the available ATP required for the dimer
formation and conformational changes in EGFR which allow binding with the targeting antibody on the

composites as hypothesised in Chapter 3.

To further corroborate the localisation, confocal imaging was used to determine the binding location

of the composite.
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Figure 5.5: Confocal Z-stack slice of A549 cells labelled with fluorescently tagged anti-EGFR BiFeOs;@Fe,Os3 NPs.
DNA was stained with Hoechst to show nuclei (cyan), actin was stained with Phalloidin Red to show cell structure
(vellow). The anti-AGFR antibody was tagged with CF 488A and is indicated in magenta.

This is in agreement with what was presented in Chapter 3 section 3.3.4, where a single imaging
modality (i.e. confocal imaging) was exploited for the SHG material (see Figure 3.29 in Chapter 3). In
this instance, we confirm the application to imaging but further expand on the multimodality aspect at
the centre of this chapter — superparamagnetic and nonlinear optical nanocomposites can also be

labelled with fluorescent stains for Confocal or Epifluorescence Microscopy.

5.4 Discussion

From the results presented above, it emerges that the functionalised materials have application as

multifunctional and multimodal probes.
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5.4.1 BiFeOs@Fe304 NPs can be separated magnetically in different suspensions

Magnetic separation was demonstrated in water, FBS and plasma to simulate physiological conditions
(Figure 5.1). Qualitatively, the NPs separated quickly from the different suspensions, each of which
became transparent after approximately 10 s. The FBS and plasma samples cleared more quickly than

the aqueous dispersion.

This suggests that the multimodal NPs possess sufficient magnetic response to be pulled from

suspension.

This serves to demonstrate that the magnetic/harmonic NPs could be used for cell isolation applications
by means of positive or negative magnetic separation, similar to commercially available products such
as Dynabeads® or MACS® microbeads. By functionalising the NPs to target specific markers expressed
on cells of interest, the composites could be used in cell isolation, as described previously, or in other
applications. With the accelerating developments in Theranostics, multimodal composites are
becoming the norm. In the biomedical field in particular, applications such as diagnostics and imaging
are becoming essential tools for accelerating and reducing costs in clinical laboratory practice. Thus,
the use of the composites presented here could potentially lead to more rapid, personalised diagnosis

and treatment.

5.4.2 BiFeO3@Fe,03 nanoparticles can be used as contrast agents in Magnetic

Resonance Imaging

Within the theranostic field, the use of composite magnetic material has already been established as a
suitable replacement for gadolinium-based contrast agents. This is the case for iron oxide alloys e.g.
gold-iron and gadolinium. To the best of our knowledge the composites developed in this work is the
first example of linear/nonlinear optical material with associated magnetic properties for bioimaging

and potential clinical diagnostic applications.

To further advance this research, the multimodality was pushed one step further where appropriate

functionalisation was used to target moieties of interest.
5.4.3 Bismuth ferrite iron oxide nanocomposites are detectable via second harmonic
microscopy

Nonlinear optical properties were shown via Second Harmonic Microscopy images to confirm that the
signal from the magnetic-harmonic composites is detectable and sufficiently bright for nonlinear

optical applications and shown to have distinct advantages over conventional fluorophores and
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metallic nanoparticles. Limitations still exist relating to colloidal stability which could be an aspect to

be addressed in the future.146

Qualitatively, functionalised BiFeOs;@Fe,03; opens up opportunities to investigate trimodal applications

(e.g. fluorescence, refractance and SHG) in which linear as well as nonlinear optics are exploited.

This implies that the multimodal probes are suitable for diagnostic imaging.

5.5 Conclusion

Bismuth ferrite and magnetite nanoparticles and composites were characterised with a suite of
analytical techniques to quantify their suitability for use as multifunctional probes for diagnostics and

biomedical imaging.

The applications of multimodal nanocomposites were demonstrated by measuring their magnetic
separation potential combined with their nonlinear optical properties in Magnetic Resonance Imaging

and Second Harmonic Microscopy without and with functionalised moieties, respectively.

The following chapter summarises the outputs of this study and discusses the future outlook.
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Chapter 6

General Discussion and Future Work

6.1 Application-driven optimisation

The aim of the study was to develop novel nanomaterials for in vitro imaging applications which can
overcome the limitations of conventional imaging by combining harmonic nanocrystals with

superparamagnetic nanoparticles in multimodal imaging probes.

Overall, the physico-chemical properties showed that the nanoparticles defined in this work satisfy the

above aim. The nanoparticles:

e formed single crystal particles (and are monocrystalline)
e fell within a narrow size range to achieve colloidal stability
e bare BiFeOs nanoparticles induced internalisation in A549 cells

e can be used for multimodal imaging in vitro when functionalised

A simple approach was followed: well-established superparamagnetic nanoparticles were combined
with nonlinear optical BiFeOs nanoparticles which were synthesised via new synthetic routes, in novel
nanoparticle and nanowire composites. Uptake studies and Second Harmonic Microscopy
demonstrated that the nanomaterials are detectable in vitro. This means these nanocomposites will be

suitable for future biomedical imaging applications.

Beyond the applications demonstrated in this study, namely magnetic separation in physiological
media, in vitro cell uptake tagging and cell-specific targeting, each of the properties enables distinct

applications:

e the photostability of the harmonic nanoparticles means they are ideal for use in long term cell
tracking?*?

e the wavelength tunability means that they have potential use in deep tissue including in vivo
imaging (the excitation wavelength can be selected to minimise absorption in the tissue and hence
minimise energy deposition)

e the magnetic response means they can be used as contrast agents in MRI and, given sufficient

loading, to manipulate cells for cell counting or cell sorting in advanced flow cytometry analysis and
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for theranostic applications which combine cell targeting and treatment.

6.1.1 Physico-chemical tuning: size and shape refinement

The ability to influence the crystallinity and size distribution of the harmonic nanoparticles is of
paramount importance so it is evident that further work should be done to characterise and ultimately

qguantify these interactions.

One route to achieving this with respect to BiFeO; may be to reduce further the temperature at which
the BiFeOs precursor is annealed. In ongoing work, the ignition of the precursor powder in the mucic
acid method was prevented by extending the drying phase until the sol-gel forms an aerogel. Current
efforts explore the use of other complexation agents to further raise the hydroxyl-carboxylic acid ratio
and recently published work has led to the development of chelation-agent free synthesis.?*® The use
of other salts is also under investigation to determine whether the nature of counter- and co-ions might
preferentially lower the surface tension of certain crystal faces. This would promote crystal growth in
the direction of those faces, which might facilitate control over the aspect ratio of the nanoparticles.
Initial results suggest that the impact of changing the salt and salt types (i.e. the use of chlorides vs.
sulphates vs. carbonates etc.) will both provide greater control over the size and shape of the harmonic

nanoparticles.
6.1.2 Enhancement of nonlinear optical properties

It has been demonstrated recently that the surface plasmon resonance of a gold layer grown on the
surface will boost the harmonic signal; simple simulations indicate that coating the nanoparticles with
gold will allow increases in the second harmonic generation by several orders of magnitude. However,
the initial studies on BiFeOs; nanoparticles with gold seeds attached, reported here, suggest that the
real gains are more modest. The discrepancy between the model and experimental data has been
ascribed to variability in size distributions and shell thickness.?**#?*>* Nevertheless, even modest gains
will serve to enhance the utility of the end-product materials so further studies are underway to
improve the attachment of gold seeds to the surface of BiFeOs nanoparticles and to characterise the
enhancement of the second harmonic generation.

246 and is being applied to the

An alternative approach to such modification has been published recently
current work. This work suggests that by coating harmonic nanoparticles with a neutral species e.g.
Fes0, and annealing in the presence of a reducing agent, it may be possible to achieve a similar

enhancement which is not dependent on resonance. The synthesis route presented in this study,
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forming the novel composites BiFeOs;@Fe304 and BiFeOs;@Fe,0s, already constitute the first steps in
this direction. Analysis of whether the desired increase in second harmonic signal was achieved is an

immediate next step in this research.
6.1.3 Optimised end-products

The enhanced materials above were incorporated into silica nanowires to obtain optimised end-
products such as SiO, nanowires with Fes04 and BiFeOs; nanoparticles and SiO, nanowires with
BiFeOs;@Fes04 or with BiFeOs;@Fe,0; nanoparticles. By increasing the nanoparticle loading, end-
products which possess all the advantages demonstrated through this study are obtained. This can
allow multimodal, biocompatible and high aspect ratio probes to be prepared for biomedical
applications. One such application is the magnetic separation of cells from suspension while being

probed for second harmonic generation.

Specifically, magnetic cell separation combined with second harmonic generation measurement would
constitute a significant advance over the conventional approach which comprises several steps: i) cells
must be first suspended with a cocktail of fluorescent primary antibodies, ii) magnetic beads
functionalised with secondary antibodies such as Dynabeads® are introduced and the cells are
incubated, iii) magnetically separated for ten minutes and then iv) characterised using a two-step flow
cytometry analysis. This is a time-consuming and expensive process which it is envisaged to be

simplified by the proof of concept provided in this work.

Using a setup like that used for Hyper Rayleigh Scattering detection, the change in SH response could
be measured when the blood sample is placed in a magnetic field, by choosing the probe wavelength
such that the input and output are within the optical window of blood. Quantitative information could
be potentially acquired, given a full characterisation of the functionalisation and targeting potential of

the composites is established.
6.2 Functionalisation and Bioconjugation

The anti-EGFR antibodies used in the current work were used as a model system to demonstrate
whether bioconjugation of the nanoparticles could be achieved and to apply the functionalisation to
targeting. Additional functionality can be obtained by selecting different antibodies to target other
markers. The protocol used to attach the primary conjugation agent to the maleimide group could also
be modified to covalently bind primary antibodies**’ (for longer term storage and to permit more

vigorous post-synthesis processing).
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Quantification of specific EGFR surface binding using Western Blot with and without uptake inhibition
would provide insight on the exact molecular targeting. TEM imaging would complement the molecular

medicine approach.
6.3 Multimodal imaging probes

As stated previously, the advantages of these probes over conventional modalities is their multiplexed
properties: the photostability and wavelength tunability of the harmonic nanoparticles and the

magnetic contrast of the Fes0, nanoparticles and the passivation of their surfaces by the SiO, matrix.

This creates opportunities to investigate advanced imaging techniques such as by using both linear and
nonlinear optical properties simultaneously. To the best of our knowledge, such opportunity has not

been developed before or previously explored using other metallic composites.
6.4 Conclusion

Well-established superparamagnetic nanoparticles were combined with nonlinear optical BiFeO;
nanoparticles which were synthesised via new synthetic routes, in novel nanoparticle and nanowire
composites. Uptake studies and Second Harmonic Microscopy demonstrated that the nanomaterials
are detectable in vitro. This means these nanocomposites might be suitable for biomedical applications

once the biocompatibility is assessed for their end use.

Each of the properties enables distinct applications including long term cell tracking, deep tissue in vivo
imaging, as contrast agents in MRI and cell manipulation, counting or sorting, high throughput and

theranostics.
In this work, the following outcomes were achieved:

< Nanomaterials synthesis

Fes04 nanoparticles

BiFeOs nanoparticles

Nanoparticle composites of BiFeOs nanoparticles coated with Fes04 or with Fe;0;

SiO; nanowires

YV V VYV VY

Multimodal nanowire composites of the nanoparticles embedded in the silica nanowire matrix
to combine their properties and to passivate the surfaces of the BiFeOs; and Fes04 nanoparticles

@

+* Functionalisation of BiFeOs nanoparticles and composites
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+* Physico-chemical characterisation of ex-synthesis and functionalised nanomaterials
«* In vitro characterisation and safety assessment

% Proof-of-concept of multimodality for a clinical application

Thus, the composite materials presented in this study (i.e. BiFeOs, BiFeOs;@Fe,;0;, BiFeOs@Fe;04
nanoparticles, and SiO, nanowires with BiFeOs; or with BiFeOs; and FesO4 or Fe,03) represent a step
forward in the development of probes for biomedical imaging and combined diagnostic and treatment
applications. It is expected that this array of advanced nanocomposites will lead to enhanced clinical

diagnostic and treatment techniques and ultimately to improved patient outcomes.
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Appendices

A1 High Content Screening of primary monocyte-derived macrophages (MDMs)

Al.1 Summary: MDM count after exposure to each of the nanomaterials

The response in MDM cell count to different nanomaterials is presented below (see A 1). See Appendix

sectionsA.1.3.1,A.1.4.1,A.1.5.1,A.16.1,A.1.7.1and A.1.8.1,A.1.9.1, A.1.10.1 and A.1.11.1 for further

details.
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Figure A.1: Number of monocyte-derived macrophages after exposure to each of the nanomaterials.
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Al.2 Summary: metabolic activity in primary monocyte-derived macrophages after
exposure to each of the nanomaterials

The reduction of resazurin dye to resofurin in MDM in response to different nanomaterials is presented

below (see Figure A 2). See Appendix sections A.1.3.2, A.1.4.2, A.1.5.2, A.1.6.2, A.1.7.1 and A.1.8.2,

A.1.9.2,A.1.10.2 and A.1.11.2 for further details.
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Figure A.2: Reduction of resazurin dye to resofurin in monocyte-derived macrophages after exposure to each of
the nanomaterials.

Al.3 MDMs treated with BiFeO3; NPs
A1.3.1 Cell count
MDMs were treated with BiFeO3; NPs at 80 ug/mL and stained with Hoechst and imaged with a blue

filter (see Figure A.3 and Figure A.4). Cells treated with the positive control (valinomycin, 120 pg/mL)
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had lysed and no longer adhered to the plate after 48h. By contrast, untreated cells (NT) proliferated,
as did the cells exposed to BiFeOs NPs for 24, 48 and 72h.

Treatment Period

.. 100 Hm

Figure A.3: Representative images of MDMs treated with BiFeO3 NPs at 80 ug/mL stained with Hoechst. From left:
untreated cells after 48h; cells treated with BiFeOs for 24h, 48h and 72h; right, cells treated with valinomycin for

48h.
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Figure A.4: Cell count of MDMs after treatment with bare BiFeOs; NPs and the corresponding 95% confidence
intervals, computed from ordinary one-way Anova Dunnet analysis.

As can be seen from Figure A.4:

e Samples exposed to BiFeOs; had approximately the same cell count as the untreated controls after
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24h and slightly lower cell counts were observed at higher concentrations.

The number of cells increased significantly after 48h but fell again to approximately the level of the

untreated control after 72h, with the largest increase in cell count observed at the highest

concentration after 48h.

A1.3.2 Metabolic Activity

Metabolic activity dropped significantly after 24h and continued to fall after 48h and 72h (see Figure

A.5).
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Figure A.5: Metabolic activity in MDMs after exposure to BiFeOs NPs. Top: Number of cells vs concentration of
nanomaterial; bottom row: 95% confidence intervals between group means after 24h (left), after 48h (middle)

and 72h (right). Note: the confidence interval plots show the difference between group means (X-axis) for each of
the groups (Y-axis) relative to the untreated control NT.
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Al.4 MDMs treated with ascorbic acid-functionalised BiFeO3; NPs
A1.4.1 Cell count
MDMs were treated with ascorbic acid-functionalised BiFeOs (BiFeOs@asc) NPs at 80 pg/mL, stained

with Hoechst and imaged with a blue filter (see Figure A.6 and Figure A.7). Cells treated with the
positive control (valinomycin, 120 ug/mL) had lysed and no longer adhered to the plate after 48h. By

contrast, untreated cells (NT) proliferated, as did the cells exposed to BiFeOs NPs for 24, 48 and 72h.
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Figure A.6: Representative images of MDMs treated with ascorbic acid-functionalised BiFeO; NPs at 80 ug/mL
stained with Hoechst. From left: untreated cells after 48h; cells treated with BiFeOs@asc NPs for 24h, 48h and
72h; right, cells treated with valinomycin for 48h.
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Figure A.7: Cell count of MDMs after treatment with ascorbic acid-functionalised BiFeOs NPs and the
corresponding 95% confidence intervals, computed from ordinary one-way ANOVA Dunnett analysis.

As can be seen from Figure A.7, cells exposed to BiFeOs@asc behaved similarly to those exposed to

BiFeOs:

e Samples exposed to BiFeOs;@asc had approximately the same cell count as the untreated
controls after 24h and slightly lower cell counts were observed at higher concentrations.

e The number of cells increased significantly after 48h but fell again to approximately the level of
the untreated control after 72h, with the largest increase in cell count observed at the highest

concentration after 48h.

Cells exposed to BiFeOs@asc behaved similarly to those exposed to BiFeOs (see Figure A.8).
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Figure A.8: Cell count of MDMs after treatment with ascorbic acid-functionalised BiFeOs3; NPs and the
corresponding 95% confidence intervals, computed from ordinary one-way Anova Dunnet analysis.

As can be seen from Figure A.8:

e Samples exposed to BiFeOs@asc had lower cell count relative to the untreated controls after 24,
48h and 72h, especially at higher concentrations.

e The number of cells decreased slightly after 48h and again after 72h. This contrasts strongly with

the large increase in cell count observed with the untreated sample as described above.

A1.4.2 Metabolic Activity
Metabolic activity dropped significantly after 24h and continued to fall after 48h and 72h (see Figure
A.9).
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Figure A.9: Metabolic activity in MDMs after exposure to BiFeOs@asc NPs. Top: Number of cells vs concentration
of nanomaterial; bottom row: 95% confidence intervals between group means after 24h (left), after 48h (middle)
and 72h (right). Note: the confidence interval plots show the difference between group means (X-axis) for each of
the groups (Y-axis) relative to the untreated control NT.

Al1.5 MDMs treated with BiFeO;@APTES NP
A1.5.1 Cell count

MDMs were treated with APS-functionalised BiFeO; (BiFeOs@APTES) NPs at 80 ug/mL, stained with
Hoechst and imaged with a blue filter (see Figure A.11 and Figure A.12). Cells treated with the positive
control (valinomycin, 120 pg/mL) had lysed and no longer adhered to the plate after 48h. By contrast,
untreated cells (NT) proliferated, as did the cells exposed to BiFeOs; NPs for 24, 48 and 72h.

194



Treatment Period

Figure A.10: Representative images of MDMs treated with APS-functionalised BiFeO3; NPs at 80 ug/mL stained
with Hoechst. From left: untreated cells after 48h; cells treated with BiFeOs@APTES NPs for 24h, 48h and 72h;
right, cells treated with valinomycin for 48h.
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Figure A.11: Cell count of MDMs after treatment with APTES-coated BiFeOs; NPs (BiFeOs;@APS) and the
corresponding 95% confidence intervals between the groups, computed from ordinary one-way Anova Dunnet
analysis.

As can be seen from A.11, cells exposed to BiFeOs;@APTES NPs behaved similarly to those exposed to
BiFeOs and those coated with ascorbic acid:
e Samples exposed to BiFeOs@APTES had approximately the same cell count as the untreated
controls after 24h and slightly lower cell counts fell with increasing concentrations.

e The number of cells rose significantly after 48h but fell again to approximately the level of the
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untreated control after 72h, with the largest increase in cell count observed at the highest

concentration after 48h.

A1.5.2 Metabolic Activity
Metabolic activity in MDMs dropped significantly after 24h and continued to fall after 48h and 72h (see

Figure A.12).
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Figure A.12: Metabolic activity in MDMs after exposure to BiFeOs;@APTES NPs. Top: Number of cells vs
concentration of nanomaterial; bottom row: 95% confidence intervals between group means after 24h (left), after
48h (middle) and 72h (right). Note: the confidence interval plots show the difference between group means (X-
axis) for each of the groups (Y-axis) relative to the untreated control NT.

Al.6 MDMs treated with BiFeOs;@FesO,@asc NPs
A1.6.1 Cell count

MDMs were treated with (core@shell@[functional coating]) BiFeOs@Fe3;0,@asc NPs at 80 pug/mL and

stained with Hoechst and imaged with a blue filter (see Figure A.16 and). Cells treated with the positive
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control (valinomycin, 120 pg/mL) had lysed and no longer adhered to the plate after 48h. By contrast,

untreated cells (NT) proliferated, as did the cells exposed to BiFeOs; NPs for 24, 48 and 72h.
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Figure A.13: Representative images of MDMs treated with BiFeOs;@FesO0,@asc NPs at 80 ug/ml stained with
Hoechst. From left: untreated cells after 48h; cells treated with BiFeOs;@FesOs@asc NPs for 24h, 48h and 72h;
right, cells treated with valinomycin for 48h.

BiFeO;@Fe ;0 ,@asc

25007 W 24h

—A— 48h
%)
= 2000 —e— 72h
[3)
o
v 15009
o
.
o -
o 1000
£
> -
> 500 ;

0 -
NT 5 10 20 40 80 Val
Treatment (ug/mL)

95% C.I. BiFeO,@ Fe,0,@asc 24h 95% C.I. BiFeO,@ Fe,0,@asc 48h 95% C.l. BiFeO,@ Fe,0,@asc 72h
NT - Val | e | NT - Val —t— NT - Val ——
NT - 80 T e} NT - 80 —— NT - 80 e
NT - 40 —— NT - 40 —— NT - 40 ——
NT - 20 —_— NT - 20 —— NT - 20 ——
NT - 10 — NT - 10 —— NT - 10 ——

NT -5 —_— NT -5 —— NT -5 ——

L T T T 1 k T T T T 1 L T T T T 1
-200 -100 0 100 200 800 -600 -400 -200 0 200 -300 -200 -100 0 100 200
Difference between group means Difference between group means Difference between group means

Figure A.14: Cell count of MDMs after treatment with BiFeOs;@FesO,@asc NPs and the corresponding 95%
confidence intervals between the groups, computed from ordinary one-way Anova Dunnet analysis.

As can be seen from A.17, cells exposed to BiFeOs;@Fes0s@asc NPs behaved similarly to those exposed

to BiFeOs, BiFeOs@asc and BiFeOs@APTES:

e Samples exposed to BiFeOs@APTES had approximately the same cell count as the untreated

controls after 24h and slightly lower cell counts fell with increasing concentrations.
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e The number of cells rose significantly after 48h but fell again to approximately the level of the

untreated control after 72h, with the largest increase in cell count observed at the highest

concentration after 48h.

A1.6.2 Metabolic Activity

Metabolic activity dropped significantly after 24h and continued to fall after 48h and 72h (see Figure

A.15).
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Figure A.15: Metabolic activity in MDMs after exposure to BiFeOs;@Fe;O,@asc NPs. Top: Number of cells vs
concentration of nanomaterial; bottom row: 95% confidence intervals between group means after 24h (left), after
48h (middle) and 72h (right). Note: the confidence interval plots show the difference between group means (X-
axis) for each of the groups (Y-axis) relative to the untreated control NT.

Al.7 MDMs treated with BiFeOs@Fes0,@APTES NPs

A1.7.1 Cell count

MDMs were treated with core@shell@[functional coating] BiFeO;@Fe;0,@APTES NPs at 80 pg/mL

and stained with Hoechst and imaged with a blue filter (see Figure A.16 and Figure A.17). Cells treated
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with the positive control (valinomycin, 120 ug/mL) had lysed and no longer adhered to the plate after
48h. By contrast, untreated cells (NT) proliferated, as did the cells exposed to BiFeOs NPs for 24, 48 and
72h.

Treatment Period

NT (48h) Valinomycin (48h)

Figure A.16: Representative images of MDMs treated with BiFeOs;@ Fe;0,@APTES NPs at 80 ug/mlL stained with

Hoechst. From left: untreated cells after 48h; cells treated with BiFeOs;@ Fes;0.@APTES NPs for 24h, 48h and 72h;
right, cells treated with valinomycin for 48h.
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Figure A.17: Cell count of MDMs after treatment with BiFeOs;@ Fes;0.@APTES NPs and the corresponding 95%
confidence intervals between the groups, computed from ordinary one-way Anova Dunnet analysis.

As can be seen from Figure A.17, samples treated with BiFeOs;@Fes0,@APTES NPs responded similarly
to those exposed to BiFeOs;, BiFeOs@asc, BiFeOs@APTES and BiFeOs;@Fe;O,@asc NPs, showing a

significant increase from the control at the 48h time-point.

A1.7.2 Metabolic Activity
Metabolic activity in MDMs dropped significantly after 24h and continued to fall after 48h and 72h (see

Figure A.18) on exposure to BiFeO;@Fez0,@APTES NPs.
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Figure A.18: Metabolic activity in MDMs after exposure to BiFeOs;@ FesO,@APTES NPs and the corresponding 95%
confidence intervals. Top: Number of cells vs concentration of nanomaterial; bottom row: 95% confidence
intervals between group means after 24h (left), after 48h (middle) and 72h (right). Note: the confidence interval
plots, computed from ordinary one-way Anova using Dunnett’s post-test for multiple comparisons, show the
difference between group means (X-axis) for each of the groups (Y-axis) relative to the untreated control NT.

A1.8 MDMs treated with BiFeO;@Fe,0z@asc NPs
A1.8.1 Cell count

MDMs were treated with BiFeOs;@Fe,Os@asc NPs at 80 pug/mL and stained with Hoechst and imaged
with a blue filter (see Figure A.19). Cells treated with the positive control (valinomycin, 120 pg/mL) had
lysed and no longer adhered to the plate after 48h. By contrast, untreated cells (NT) proliferated, as
did the cells exposed to BiFeOs NPs for 24, 48 and 72h.
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Figure A.19: Representative images of MDMs treated with BiFeOs;@Fe,Os;@asc NPs at 80 ug/ml stained with
Hoechst. From left: untreated cells after 48h; cells treated with BiFeOs;@Fe,Os@asc for 24h, 48h and 72h; right,

cells treated with valinomycin for 48h.
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Figure A.20: Cell count of MDMs after treatment with BiFeOs;@Fe,Os@asc NPs and the corresponding 95%
confidence intervals between the groups, computed from ordinary one-way Anova Dunnet analysis.

As can be seen from Figure A.25, the cell count fell slightly after 24h exposure, with the count decreasing

with increasing concentrations. After 48h the cell count rose relative to the control at all concentrations

and remained at that level after 72h.
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A1.8.2 Metabolic Activity
Metabolic activity dropped significantly after 24h and continued to fall after 48h and 72h (see Figure
A.21) on exposure to BiFeOs;@Fe,0s@asc.
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Figure A.21: Metabolic activity in MDMs after exposure to BiFeOs;@Fe,Os;@asc NPs. Top: Number of cells vs
concentration of nanomaterial; bottom row: 95% confidence intervals between group means after 24h (left), after
48h (middle) and 72h (right). Note: the confidence interval plots show the difference between group means (X-
axis) for each of the groups (Y-axis) relative to the untreated control NT.

A1.9 MDMs treated with SiO,&BiFeO; NWs
A1.9.1 Cell count

MDMs treated with SiO,&BiFeOs NWs at 80 pg/mL and stained with Hoechst and imaged with a blue
filter (see Figure A.22). Cells treated with the positive control (valinomycin, 120 pug/mL) had lysed and
no longer adhered to the plate after 48h. By contrast, untreated cells (NT) proliferated, as did the cells
exposed to BiFeOs NPs for 24, 48 and 72h.
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Figure A.22: Representative images of MDMs treated with SiO,&BiFeO3 NWs at 80 ug/mL stained with Hoechst.
From left: untreated cells after 48h; cells treated with BiFeOs for 24h, 48h and 72h; right, cells treated with
valinomycin for 48h.
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Figure A.23: Cell count of MDMs after treatment with SiO,&BiFeOs NWs and the corresponding 95% confidence
intervals between the groups, computed from ordinary one-way Anova Dunnet analysis.

As can be seen from Figure A.29, samples treated with SiO,&BiFeOs; NWs responded similarly to those
exposed to BiFeOs, BiFeOs@asc, BiFeOs@APTES, BiFeOs;@Fes0s@asc and BiFeOs;@Fes0,@APTES NPs,
showing a significant increase from the control at the 48h time-point followed by a return to the same

level as that of the untreated control.
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A1.9.2 Metabolic Activity
Metabolic activity dropped significantly after 24h and continued to fall after 48h and 72h (see Figure

A.24) on exposure to Si0,&BiFeO;
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Figure A.24: Metabolic activity in MDMs after exposure to SiO,&BiFeO; NWs. Top: Number of cells vs
concentration of nanomaterial; bottom row: 95% confidence intervals between group means after 24h (left), after
48h (middle) and 72h (right). Note: the confidence interval plots show the difference between group means (X-
axis) for each of the groups (Y-axis) relative to the untreated control NT.

A1.10 MDMs treated with SiO,&BiFeO;@Fes04 NWs
A1.10.1 Cell count
MDMs were treated with SiO,&BiFeOs;@Fe3;04, NWs at 80 pug/mL and stained with Hoechst and imaged

with a blue filter (see Figure A.25). Cells treated with the positive control (valinomycin, 120 pg/mL) had
lysed and no longer adhered to the plate after 48h. By contrast, untreated cells (NT) proliferated, as
did the cells exposed to BiFeOs NPs for 24, 48 and 72h.
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Figure A.25: Representative images of MDMs treated with SiO,&BiFeOs;@Fe;0, NWs at 80 ug/mlL stained with
Hoechst. From left: untreated cells after 48h; cells treated with SiO,&BiFeOs;@Fes04 NWs for 24h, 48h and 72h;
right, cells treated with valinomycin for 48h.
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Figure A.26: Cell count of MDMs after treatment with SiO,&BiFeOs;@Fes0, NWs and the corresponding 95%
confidence intervals between the groups, computed from ordinary one-way Anova Dunnet analysis.

As can be seen from Figure A.26, samples treated with SiO,&BiFeO;@Fez04 NWs responded similarly
to those exposed to BiFeOs, BiFeOs@asc, BiFeOs@APTES, BiFeO;@Fe;O,@asc and
BiFeOs@Fe30,@APTES NPs and SiO,&BiFeOs; NWs, showing a significant increase from the control at
the 48h time-point followed by a return to the same level as that of the untreated control after 72h.
There was also a concentration-dependent response — cell count fell as concentrations rose at each

time point.
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A1.10.2 Metabolic Activity
Metabolic activity dropped significantly after 24h and continued to fall after 48h and 72h (see Figure

A.27) on exposure to Si0,&BiFeO;@Fes0s NWs,
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Figure A.27: Metabolic activity in MDMs after exposure to SiO,&BiFeOs;@Fe,0; NWs. Top: Number of cells vs
concentration of nanomaterial; bottom row: 95% confidence intervals between group means after 24h (left), after
48h (middle) and 72h (right). Note: the confidence interval plots show the difference between group means (X-
axis) for each of the groups (Y-axis) relative to the untreated control NT.

A1.11 MDMs treated with SiO,&BiFeO;@Fe;03 NWs
A1.11.1 Cell count
MDMs were treated with SiO,&BiFeOs;@Fe,0; NWs at 80 pug/mL and stained with Hoechst and imaged

with a blue filter (see Figure A.28 and Figure A.29). Cells treated with the positive control (valinomycin,
120 pg/mL) had lysed and no longer adhered to the plate after 48h. By contrast, untreated cells (NT)
proliferated, as did the cells exposed to BiFeOs; NPs for 24, 48 and 72h.
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Figure A.28: Representative images of MDMs treated with SiO,&BiFeOs;@Fe;0; NWs at 80 ug/mlL stained with
Hoechst. From left: untreated cells after 48h; cells treated with SiO,&BiFeOs;@Fe,03; NWs for 24h, 48h and 72h;
right, cells treated with valinomycin for 48h.
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Figure A.29: Cell count of MDMs after treatment with SiO,&BiFeOs;@Fe,0; NWs and the corresponding 95%
confidence intervals between the groups, computed from ordinary one-way Anova Dunnet analysis.

As can be seen from Figure A.29, samples treated with SiO,&BiFeOs;@Fe;0; NWs responded similarly to
those exposed to BiFeOs, BiFeOs@asc, BiFeOs@APTES, BiFeOs;@Fe;0s@asc and BiFeOs;@FezO,@APTES
NPs and SiO,&BiFe0; and SiO,&BiFeOs;@Fe304 NWs, showing a significant increase from the control at
the 48h time-point followed by a return to the same level as that of the untreated control after 72h.
There was also a concentration-dependent response — cell count fell as concentrations rose at each time

point.
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A1.11.2 Metabolic Activity
Metabolic activity dropped significantly after 24h and continued to fall after 48h and 72h (see Figure
A.30) on exposure to SiO,&BiFeO;@Fe;03 NWs,

Si0, & BiFeO,@Fe,0,

80 —&— 24h
—A— 48h
—— 72h
- 60
o
o
>
© 40
o
@
R 20
0 T T T T T T T
NT 5 10 20 40 80 Val
Treatment (ug/mL)
95% C.I. Si0O,&BiFeO ;@ Fe,0; 24h 95% C.l. Si0,&BiFeO;@Fe,0; 48h 95% C.lI. Si0O,&BiFeO;@Fe,0; 72h
NT - Val —— NT - Val —— NT - Val o
NT - 80 —a— NT - 80 —— NT - 80 o
NT - 40 Ty NT - 40 i NT - 40 = ]
NT - 20 —— NT - 20 | NT - 20 | ]
NT - 10 —a— NT - 10 —— NT - 10 e
NT -5 —a— NT -5 —— NT -5 o
, T T T T T 1 F T T T 1 , T
-10 -5 0 5 10 15 20 -20 0 20 40 60 -20 0 20 40 60 80
Difference between group means Difference between group means Difference between group means

Figure A.30: Metabolic activity in A549 cells after exposure to SiO,&BiFeOs;@Fe,0; NWs. Top: Number of cells vs
concentration of nanomaterial; bottom row: 95% confidence intervals between group means after 24h (left), after
48h (middle) and 72h (right). Note: the confidence interval plots show the difference between group means (X-
axis) for each of the groups (Y-axis) relative to the untreated control NT.

A2 High Content Screening of A549 cells

A2.1 A549 cells treated with BiFeO3 NPs
A549 cells were exposed to BiFeOs; NPs at 80 ug/mL for HCS (see Figure A.31), fixed after 48h and

stained for DNA (blue channels), cell morphology and membrane permeability (green channels) and

lysosomal mass/pH changes (red channels).
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Figure A.31: HCS images of A549 cells after 48h exposure to BiFeO3 NPs at 80 ug/mL. Panels A and E (blue
channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability staining;
Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels). Left (A-
D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified in the
right panels (E-H): 10x objective images. The scale bars are 100 um.

The aggregation and localisation of the BiFeOs; NPs can be seen in the transmitted light panels (grey
channels). As can be seen, after 48h the cells had reached confluency despite the presence of the NPs,

and the particles had aggregated inside the cells (Panels D and H, aggregates indicated by arrows in H).

A2.1.1 Cell count

A549 cells were exposed to BiFeOs; NPs at three time points and stained for DNA to determine cell count

(Figure A.32).

BiFeO3
24h 48h 72h POS (24h)

Figure A.32: A549 cells exposed to BiFeOs NPs, stained for DNA. From left: representative images of untreated
cells after 24h, cells exposed to BiFeOs NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated with the positive
control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale bar is 100 um and
is the same for all the images.

Again, it can be seen that the cells reached confluency after 48h and this is borne out by the HCS data

below.
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Figure A.33: Cell count of A549 cells after treatment with BiFeO3 NPs and the corresponding 95% confidence
intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive control. The
error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

After 24h, the untreated cell count was ~8500 cells (see the rectangular region of Figure A.33, left
panel). After 48h, the cell count had reached ~20500, corresponding to a doubling time of 19 hours,

estimated using ... Equation A.0.1.

Doubling Time = duration * log 2 Equation A.0.1
oubting fime = log(Final Concentration) — log(Inital Concentration) - bquation 4.5

The doubling time reported here is an approximation and varies from the literature value of 22 hours
for the following reasons: the estimate is based only on a small sample size and over one generation,
and when the cells are seeded the population of cells is not all at the same stage of the cell cycle as is
necessary when determining the doubling time. The approximation here is intended merely for

comparison between the time points.

After 72h, the cell count reached approximately 24000, indicating that the cells had reached confluency

shortly after the 48h time-point.

While there are some apparent trends in the variation of cell count with concentration (Figure A.33,
left panel), only after 72h were the counts significantly different from the untreated control, and only
at concentrations below 80 pg/mL, as can be seen from the 95% confidence intervals (indicated by

arrows in the right panel of Figure A.33).

This means that the BiFeO3 NPs did not adversely affect cell proliferation over the concentration range

examined.
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A2.1.2 Cell Membrane Permeability

Cell membrane permeability was used to indicate cell viability (see Figure A.34).

BiFeO3
NT (24h) 24h 48h 72h POS (24h)

Figure A.34: A549 cells exposed to BiFeOs; NPs, stained for cell membrane permeability. From left: representative
images of untreated cells after 24h, cells exposed to BiFeO3; NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated
with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels are shown, inverted. The
scale bar is 100 um and is the same for all the images.

Because the images in Figure A.34 are inverted, the darkest spots correspond to areas in which there
was a high concentration of the CMP stain. If the intensity of the stain in the region around a nucleus

exceeds a certain threshold, the cell membrane is permeable, and the cell is therefore no longer viable.

The number of viable cells in each image is therefore the number of cells in which the intensity of CMP
stain surrounding and overlapping the nucleus is below that threshold. The data are displayed below

(see Figure A.36).
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Figure A.35: Cell viability of A549 cells after treatment with BiFeO3 NPs and the corresponding 95% confidence
intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control. The error
bars represent the standard error of the mean of triplicates in three independent experiments. Right: difference
between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons). The error
bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

As with the cell count, there are apparent trends in the concentration-dependent response of the cells
to the NM, especially at 24h (see left panel, Figure A.35). However, the variations all fall within the 95%

confidence intervals and are therefore not statistically significant (Figure A.35, right panel).
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This supports the conclusion that the BiFeO3; NPs do not heavily impact cell viability in A549 cells at the

concentration range analysed.
The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A2.1.3 Lysosomal mass/pH

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH (see Figure A.36).

BiFeO3
NT (24h) POS (24h)

Figure A.36: A549 cells exposed to BiFeO3 NPs, stained for lysosomal mass/pH changes. From left: representative
images of untreated cells after 24h, cells exposed to BiFeO; NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated
with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels are shown, inverted. The
scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.36 are inverted, the darkest spots correspond to areas in which there was a high concentration of
the LysoTracker stain. Unlike the CMP stain, the intensity of the stain is recorded for each cell, averaged
over the number of cells in each image field. The mean intensity per cell is computed for each well and

then normalised to the mean intensity of untreated control wells.

An increase in the intensity therefore corresponds to a larger mass of lysosomes or decrease in pH,

indicating a toxic response to the analyte. These data are displayed below (see Figure A.37).
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Figure A.37: Lysosomal mass/pH changes in A549 cells after treatment with BiFeOs NPs and the corresponding
95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
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Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

There is a dose-dependent response in the lysosomal mass/pH as a function of concentration of BiFeO3
NPs as can be seen in Figure A.37, left panel. After 24h only the highest concentrations (i.e. from 240
pg/mL) induced a significant increase in lysosomal mass/pH. After 48h and 72h all of the variations fell

outside of the respective 95% confidence intervals and are hence (right panel, Figure A.37).

The rise in lysosomal mass/pH can be attributed to the internalisation of NPs by the cells (see the

section on uptake in Chapter 3 for further discussion).

A2.2 A549 cells treated with ascorbic acid-functionalised BiFeOz NPs (BiFeOs;@asc)
A549 cells were exposed to BiFeO; NPs at 80 pg/mL for HCS (see Figure A.38), fixed after 48h and

stained for DNA (blue channels), cell morphology and membrane permeability (green channels) and

lysosomal mass/pH changes (red channels).

Figure A.38: HCS images of A549 cells after 48h exposure to BiFeOs;@asc NPs at 80 ug/mL. Panels A and E (blue
channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability staining;
Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels). Left (A-
D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified in the
right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.38 shows A549 cells after 48h of exposure to BiFeOs;@asc NPs at 80 ug/mL, stained for DNA
(blue channels), cell morphology and membrane permeability (green channels) and lysosomal mass/pH
changes (red channels). The aggregation and localisation of the BiFeOs;@asc NPs can be seen in the
transmitted light panels (grey channels). As can be seen, after 48h the cells had reached confluency

despite the presence of the NPs and the particles had aggregated inside the cells (Panels D and H).
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A2.2.1 Cell count

A549 cells were exposed to BiFeOs@asc NPs at three time points and stained for DNA to determine cell
count (see Figure A.39).

BiFeO3@asc

POS (24h)

Figure A.39: A549 cells exposed to BiFeOs@asc NPs, stained for DNA. From left: representative images of
untreated cells after 24h, cells exposed to BiFeOs;@asc NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated with
the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale bar is
100 um and is the same for all the images.

As can be seen, the cells reached confluency after 48h as borne out by the HCS data below.
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Figure A.40: Cell count of A549 cells after treatment with BiFeOs@asc NPs and the corresponding 95% confidence
intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive control. The
error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

As with A549 cells treated with BiFeOs; NPs, while there are some apparent trends in the variation of
cell count with concentration after 24 and 48 h (Figure A.40, left panel), the counts were not
significantly different from the untreated control as can be seen from the 95% confidence intervals

(Figure A.40, right panel).

This means that the BiFeOs@asc NPs did not adversely affect cell proliferation over the concentration

range examined.
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A2.2.2 Cell Membrane Permeability

Cell membrane permeability was used to indicate cell viability (see Figure A.41).

BiFeO3@asc
24h 48h POS (24h

Figure A.41: A549 cells exposed to BiFeOs;@asc NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeOs@asc NPs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

Again, the darkest spots correspond to areas in which there was a high concentration of the CMP stain.
If the intensity of the stain in the region around a nucleus exceeds a certain threshold, the cell

membrane is permeable, and the cell is therefore no longer viable.

The number of viable cells in each image is therefore the number of cells in which the intensity of CMP
stain surrounding and overlapping the nucleus is below that threshold. The data are displayed below

(see Figure A.42).
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Figure A.42: Cell viability of A549 cells after treatment with BiFeOs;@asc NPs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s post-test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

Unlike with the cell count, there are apparent trends in the concentration-dependent response of the
cells to the NM (see left panel, Figure A.42). With the exception of two measurements, the variations

fall within the 95% confidence intervals according to the Dunnett post-test analysis (see right panel,
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Figure A.42) and are therefore not statistically significant. The viability after exposure to BiFeOs@asc
NPs was significantly lower than the untreated control at 10 and 40 pg/mL (indicated by arrows in
Figure A.42, right panel), trending toward higher viability at higher concentrations, contrary to a typical

dose-response curve for a toxic compound.

This supports the conclusion that the BiFeOs@asc NPs do not lower cell viability in A549 cells at the
highest concentrations analysed but the variability and heterogeneity of the response of the cells at

different doses suggests that the interaction is not straightforward.

A2.2.3 Lysosomal mass/pH

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity (see

Figure A.43).

BiFeO3@asc
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Figure A.43: A549 cells exposed to BiFeOs@asc NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeOs@asc NPs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

Because the images in Figure A.43 are inverted, an increase in the intensity therefore corresponds to a
larger mass of lysosomes or decrease in pH, indicating a toxic response to the BiFeOs@asc NP. The data

from the imaging analysis are displayed below (see Figure A.44).
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Figure A.44: Lysosomal mass/pH changes in A549 cells after treatment with BiFeOs;@asc NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
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used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

As with the BiFeOs; NPs treated cells, there is a distinct dose-dependent response in the lysosomal
mass/pH (LMPH) as a function of concentration of BiFeOs@asc NPs (see Figure A.44, left panel).
However, after 24h and 48h exposure to NPs at concentrations at 240 pg/mL and below resulted in the
LMPH values that fall within the respective 95% confidence intervals and are hence not significant (right

panel, Figure A.44). After 72h, there is a significant trend of increasing LMPH with rising concentration.

The rise in lysosomal mass/pH can be attributed to the internalisation of NPs by the cells. We might
expect that the stabilising ligand, ascorbic acid, would desorb from the surface of the NPs, lowering the
pH and increasing the intensity of the stain. It is surprising that the increase is somewhat lower than
that observed on exposure to BiFeOs, but the presence of ascorbic acid does more than simply lower
the pH. The adsorption of ascorbic acid on the NPs’ surface dramatically increases their colloidal
stability, reducing the mass of NPs available for internalisation. See the section on colloidal stability

(section 3.3.2) and the summary below for details on the relevant controls.

A2.3 A549 cells treated with BiFeO3 @APTES NPs
A549 cells were exposed to BiFeO;@APTES NPs at 80 pg/mL for HCS (see Figure A.45), fixed after 48h

and stained for DNA (blue channels), cell morphology and membrane permeability (green channels)

and lysosomal mass/pH changes (red channels).

Figure A.45: HCS images of A549 cells after 48h exposure to BiFeOs;@APTES NPs at 80 ug/mL. Panels A and E
(blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
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Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.45 shows A549 cells after 48h of exposure to BiFeOs@APTES NPs at 80 pug/mL, stained for DNA
(blue channels), cell morphology and membrane permeability (green channels) and lysosomal mass/pH
changes (red channels). The aggregation and localisation of the BiFeOs@APTES NPs can be seen in the
transmitted light panels (grey channels). As can be seen, after 48h the cells had reached confluency
despite the presence of the NPs and the particles had aggregated inside the cells (Panels D and H).
Large aggregates in these images are indicated by arrows in Panel H. The lighter halo surrounding these
larger aggregates suggest they lie on a different focal plane to the cells (confirmed by Confocal imaging,
see section 3.3.4). We conclude that aggregates of APS-coated NPs form when they are dispersed in

media and the largest of these cannot be taken up by A549 cells.

A2.3.1 Cell count
A549 cells were exposed to BiFeO3s@APTES NPs at three time points and stained for DNA to determine

cell count (see Figure A.46).

POS

(24h)

Figure A.46: A549 cells exposed to BiFeOs@APTES NPs, stained for DNA. From left: representative images of
untreated cells after 24h, cells exposed to BiFeO3;@APTES NPs at 80 ug/mlL for 24h, 48h, 72h, and cells treated
with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale
bar is 100 um and is the same for all the images.

As can be seen, the cells reached confluency after 48h. This is borne out by the HCS data below.
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Figure A.47: Cell count of A549 cells after treatment with BiFeOs@APTES NPs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

After 72h, the cell count reached approximately 24000, indicating that the cells had reached confluency
shortly after the 48h time-point, as was the case with A549 cells exposed to BiFeOs and BiFeOs@asc
NPs.

There are some trends in the variation of cell count with concentration (Figure A.47, left panel):

e After 48h, cell counts are significantly higher than the untreated control at concentrations below 20
ug/mL, as can be seen from the 95% confidence intervals (indicated by red arrows in the right panel
of Figure A.47).

e The count drops as the concentration of the treatment rises such that the values lie within the 95%
Cl, and the trend resembles the familiar dose-response curve. There is a notable distinction here —
generally cell count does not exceed that of the untreated control at lower concentrations of
analyte. Such behaviour suggests that the size, morphology or even surface chemistry may be
promoting the proliferation of the A549 cells. For further detail, see the discussion on Hormesis in
the summary at the end of this section.

e After 72h the counts are significantly higher than the untreated control at concentrations below 80
pg/mL, as they fall outside the 95% confidence intervals (indicated by green arrows in the right

panel of Figure A.47).

Overall, we can conclude that the BiFeOs@APTES NPs did not adversely affect cell proliferation over

the concentration range examined.
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A2.3.2 Cell Membrane Permeability

NT (24h

POS (24h)

Figure A.48: A549 cells exposed to BiFeOs@APTES NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO3;@APTES NPs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.48 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate
analysed as described above (see A2.2.2). The corresponding data are displayed below (see Figure

A.49).

95% Confidence Intervals (Dunnet)

1507
100+ 3 48h

100
7 | o W 1

60 -

501

Cell viability (%)

-50 -

-100 T

Difference between group means

401
DR SR SRR SR

201 I!
S ¢

Treatment (ug/mL) Groups compared

Figure A.49: Cell viability of A549 cells after treatment with BiFeOs;@APTES NPs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

As with cells treated with BiFeOs; and BiFeOs@asc NPs, there are apparent trends in the concentration-
dependent response of the cells to the NM, especially after 72h (see left panel, Figure A.49). It is notable
that the same trend toward higher viability at higher doses is observed at each time point. Due to

heterogeneity across the repeated experiments, however, the variations all fall within the 95%
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confidence intervals and are therefore not statistically significant, except at the highest concentration

after 48h where the viability has increased relative to the untreated control.

This supports the conclusion that the BiFeOs@APTES NPs do not increase the cell membrane

permeability, which would result in a decrease in viability of A549 cells at the concentrations analysed.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A2.3.3 Lysosomal mass/pH

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH (see Figure A.50). Because the
images in Figure A.50 are inverted, an increase in the intensity therefore corresponds to a larger mass

of lysosomes or decrease in pH, indicating a toxic response to the analyte.

POS (24h)

Figure A.50: A549 cells exposed to BiFeO3@APTES NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO;@APTES NPs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

The corresponding HCS data are displayed below (see Figure A.51).
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Figure A.51: Lysosomal mass/pH changes in A549 cells after treatment with BiFeO;@APTES NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).
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There is a dose-dependent response in the lysosomal mass/pH as a function of concentration of
BiFeOs@APTES NPs as can be seen in Figure A.51, left panel. The increases in LMPH on exposure to
concentrations below 960 pg/mL after 24h (indicated by a green arrow in Figure A.51, right panel) and
below 240 pg/mL after 48h (indicated by red arrows in Figure A.51, right panel) fell within the 95%
confidence interval and were therefore not significant. In contrast, there was a significant trend of

increasing LMPH with rising NP concentration after 72h.

The rise in LMPH can be attributed to the internalisation of NPs by the cells (see the section on uptake

for further information).

A2.4 A549 cells treated with BiFeOs;@Fe;0,@asc NPs
A549 cells were exposed to BiFeOs@Fe30,@asc NPs at 80 pug/mL for HCS (see Figure A.52), fixed after

48h and stained for DNA (blue channels), cell morphology and membrane permeability (green

channels) and lysosomal mass/pH changes (red channels).

Figure A.52: HCS images of A549 cells after 48h exposure to BiFeOs;@Fe;O0,@asc NPs at 80 ug/mL. Panels A and
E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

A549 cells after 48h of exposure to BiFeOs@Fe;Os@asc NPs at 80 pg/mL are shown in Figure A.52, for
stained DNA (blue channels), cell morphology and membrane permeability (green channels) and
lysosomal mass/pH changes (red channels). The aggregation and localisation of the BiFeO;@Fe;0,@asc
NPs can be seen in the transmitted light panels (grey channels). As can be seen, after 48h the cells had
reached confluency despite the presence of the NPs and the particles had aggregated inside the cells

(Panels D and H). In comparison to the APS-coated BiFeOs NPs (see Figure A.46), the aggregates are
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smaller and co-localise with the cells suggesting that the NPs and any aggregates are taken up by the

cells.

A2.4.1 Cell count
A549 cells were exposed to BiFeOs;@Fes;Os@asc NPs at three time points and stained for DNA to

determine cell count (Figure A.53). The cells reached confluency after 48h.

BiFeO3@Fe304@asc
48h POS (24h

Figure A.53: Representative cell count images of A549 cells exposed to BiFeOs;@Fes;O,@asc NPs, stained for DNA.
From left: representative images of untreated cells after 24h, cells exposed to BiFeO:;@Fe3;0,@asc at 80 ug/mL
NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only
the Hoechst channel is shown, inverted. The scale bar is 100 um and is the same for all the images.

This is borne out by the HCS data below.
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Figure A.54: Cell count of A549 cells after treatment with BiFeOs;@Fe;O,@asc NPs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

On treating A549 cells with BiFeOs@Fe30s@asc NPs, the following observations can be made:

e There is no significant growth in cell count after 24h at any concentration (see Figure A.54, left
panel).

e After 48h we observe an elevated count at 5 pg/mL trending lower with increasing concentration,

but these values fall within the 95% confidence interval (Figure A.54, right panel).
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e There is a small but significant increase relative to the untreated control after 72h especially at
concentrations below 120 pg/mL, with a slight dose-dependent response.

e The count drops as the concentration of the treatment rises such that the values lie within the 95%
Cl, and the trend resembles the familiar dose-response curve. There is a notable distinction here —
generally cell count does not exceed that of the untreated control at lower concentrations of
analyte when analysing cytotoxicity. Such behaviour suggests that the size, morphology or even

surface chemistry may be promoting the proliferation of the A549 cells.

This means that the BiFeOs;@Fes3Os@asc NPs did not adversely affect cell proliferation over the
concentration range examined. The similarity of this data with the cell count of A549 cells exposed to
BiFeOs, BiFeOs@asc or BiFeOs@APTES suggests also that the response of the cells does not strongly

depend on the surface chemistry of these NPs.

A2.4.2 Cell Membrane Permeability

Cell membrane permeability was used to support the cell viability (see Figure A.55).

BiFeO3@Fe304@asc
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Figure A.55: A549 cells exposed to BiFeOs;@FesO,@asc NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO ;@ Fe30,@asc NPs at 80 ug/ml for 24h,
48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels
are shown, inverted. The scale bar is 100 um and is the same for all the images.

Because the images in Figure A.55 are inverted, the number of viable cells in each image is therefore
the number of cells in which the intensity of CMP stain surrounding and overlapping the nucleus is

below the threshold determined for each plate analysed as described above (see A2.2.2).

Histogram plots of the HCS corresponding HCS data are displayed below (see Figure A.56).

225



) 95% Confidence Intervals (Dunnet)
BiFeO;@Fe;0,@asc

Hl 24h

100 1 I 48h

1 72h

1001

80 4 1 I 1 501
60 ]

401

Cell viability (%)

.50
20 1 I

-100 T T T T T T T T T T

Difference between group means
o
!

Treatment (ug/mL) Groups compared

Figure A.56: Cell viability of A549 cells after treatment with BiFeOs@Fe3Os@asc NPs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

Similar to the NPs discussed above, there are apparent trends in the concentration-dependent
response of the cells to the NM (see left panel, Figure A.56). However, the variations all fall within the

95% confidence intervals and are therefore not statistically significant (right panel, Figure A.56).

This supports the conclusion that the BiFeOs;@Fe;0,@asc NPs do not accelerate cell death in A549 cells

at the concentrations analysed.

A2.4.3 Lysosomal mass/pH

The cells were then examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity (see

Figure A.57).

BiFeO3@Fe304@asc
NT (24h) 48h POS (24h)

Figure A.57: A549 cells exposed to BiFeOs;@Fes0,@asc NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeOs;@ Fes;0,@asc NPs at 80 ug/mL for 24h,
48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels
are shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure

A.57 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
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decrease in pH, indicating a toxic response to the analyte. Corresponding histogram plots of the data

are displayed below (see Figure A.58).
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Figure A.58: Lysosomal mass/pH changes in A549 cells after treatment with BiFeO:;@Fe3O.@asc NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

Several features distinguish the response of A549 cells to BiFeOs;@Fes;0,@asc NPs in comparison to the
NPs previously discussed. Here, there is a dose-dependent increase in LMPH after 48h which rises
further after 72h, with the LMPH significantly higher than the negative control at all concentrations
(see Figure A.58, left panel). A similar trend (lysosomal mass/pH increasing with rising concentration)
is apparent after 24h but the variations fall within the 95% confidence intervals and are hence not

significant (see Figure A.58, right panel).

The rise in lysosomal mass/pH can be attributed to the internalisation of NPs by the cells (see the

section on uptake in Chapter 3 for further information).

A2.5 A549 cells treated with BiFeO3;@Fe30,@APTES NPs
A549 cells were exposed to BiFeOs@Fe;0,@APTES NPs at 80 pug/mL were processed by HCS (see Figure

A.59), fixed and stained for DNA (blue channels), cell morphology and membrane permeability (green

channels) and lysosomal mass/pH changes (red channels).
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Figure A.59: HCS images of A549 cells after 48h exposure to BiFeO;@Fe3;0,@APTES NPs at 80 ug/mL. Panels A
and E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

The aggregation and localisation of the BiFeO;@Fe;0s@APTES NPs can be seen in the transmitted light
panels (grey channels). After 48h the cells had reached confluency despite the presence of the NPs and
the particles had aggregated around or inside the cells (Panels D and H). Particularly in Panel H, we can
see that the NPs have formed very large aggregates, many larger than the diameter of the cells,
suggesting that the aggregates also form in suspension, and that capping the surface of the NPs with

APS accelerates aggregation, supporting the conclusions drawn from the DLS/NS analysis in Chapter 2.

A2.5.1 Cell count
A549 cells were exposed to BiFeO;@Fe30,@APTES NPs at three time points and stained for DNA to

determine cell count (Figure A.60).

POS (24h)

Figure A.60: A549 cells exposed to BiFeOs;@Fe30,@APTES NPs, stained for DNA. From left: representative images
of untreated cells after 24h, cells exposed to BiFeOs;@ Fe;0,@APTES NPs at 80 ug/mL for 24h, 48h, 72h, and cells
treated with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The
scale bar is 100 um and is the same for all the images.

As previously, the cells reached confluency after 48h. This is borne out by the HCS data below.
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Figure A.61: Cell count of A549 cells after treatment with BiFeOs;@ Fes0,@APTES NPs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

Unlike the NPs discussed above, there are significant trends in the variation of the cell count for all the
concentrations after both 48 and 72h exposure (Figure A.61, left panel). After 48h the counts were
significantly higher than the untreated control’s count at NP concentrations below 40 pug/mL, but falling
as the concentration rose such that from 480 pg/mL the count was significantly lower than the NT count
and the pattern persisted after 72h, as can be seen from the 95% confidence intervals (indicated by

arrows in the right panel of Figure A.61).

This means that the BiFeO;@Fe;0,@APTES NPs reduced cell proliferation at higher concentrations,

despite promoting cell growth at lower concentrations.

A2.5.2 Cell Membrane Permeability

Cell membrane permeability was used to indicate cell viability (see Figure A.62).

POS (24h

Figure A.62: A549 cells exposed to BiFeOs;@Fe;0,@APTES NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeOs;@ Fe;0,@APTES NPs at 80 ug/mL for
24h, 48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.
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Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.62 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.63).
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Figure A.63: Cell viability of A549 cells after treatment with BiFeOs;@Fe;0,@APTES NPs and the corresponding
95% confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

With respect to cell viability on exposure to BiFeO;@Fe;0,@APTES, as with other NPs, there is
appreciable heterogeneity within each group (i.e. between triplicate samples or between repeated
experiments) as demonstrated by the considerable size of the standard error of the mean at each time-

point (see left panel, Figure A.63).

For this reason, the variations after 24 and 48h all fall within the 95% confidence intervals and therefore

the data are not statistically significant (see Figure A.63, right panel).

After 72h the cell viability dropped from approximately 70% to approximately 20% (see left panel,
Figure A.63) but there is no clear dependency on the dose; the viability had fallen to approximately the
same level at all concentrations. Furthermore, this is the same viability as in cells exposed to the

positive control, valinomycin.

This demonstrates the toxicity profile of the BiFeO:@Fe;0.@APTES NPs where, with increasing cell
permeability, there was an associated lower cell viability in A549 cells at the concentrations analysed

after two days’ incubation.
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A2.5.3 Lysosomal mass/pH

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity (see

Figure A.64).

POS (24h)

Figure A.64: A549 cells exposed to BiFeOs;@ Fe;0,@APTES NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO ;@ Fe;0.@APTES NPs at 80 ug/mL for
24h, 48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.64 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. The corresponding data are displayed below

(see Figure A.65).

BiFeO;@Fe;O,@APTES " 95% Confidence Intervals (Dunnett)
24 S
~ 251 o 0.57
B} 48h £
NS CJ 72h S 0.0
T o
T 2
2 2.0- I >
o < 0.5
: l ©
£ I Z 1o
© 1.5+ T T 1 | <
£ I 1 1 o
@ S 151
o c
0 2
in o 2.04— T T T T T T T T T
3 R N S S T P R G

ST
Treatment (ug/mL) Groups compared

Figure A.65: Lysosomal mass/pH changes in A549 cells after treatment with BiFeOs;@Fe;O0,@APTES NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

The response of A549 cells exposed to BiFeO;@Fe;0,@APTES NPs very closely mirror that observed on

exposure to BiFeO;@Fe3;0s@asc:

e Thereis a dose-dependentincrease in LMPH after 48h which rises further after 72h, with the LMPH

significantly higher than the negative control at all concentrations (see Figure A.65, left panel).
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e LMPH also appears to increase with rising concentration after 24h but the variations fall within the

95% confidence intervals and are hence not significant (see Figure A.65, right panel).

There was greater deviation across samples and experiments on exposure to APS coated NPs, however
this can be seen in the difference in bars representing the SEM, for example. This heterogeneity may

be partially attributed to the aggregation observed in Figure A.59.

Coating with APS, on the other hand, reduces colloidal stability in aqueous suspension and biological
media. This resulted in increased aggregation, precipitation and accumulation of NPs on top of cells,

raising the mass of NPs internalised as indicated by the increased LMPH.

A2.6 A549 cells treated with BiFeOs;@Fe,;0s@asc NPs
A549 cells were exposed to BiFeO3@Fe304@APTES NPs at 80 pg/mL were processed by HCS (see

Figure A.66), fixed and stained for DNA (blue channels), cell morphology and membrane permeability

(green channels) and lysosomal mass/pH changes (red channels).

Figure A.66: HCS images of A549 cells after 48h exposure to BiFeOs;@Fe,0;@asc NPs at 80 ug/mL. Panels A and
E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

The aggregation and localisation of the BiFeO;@Fe,Os@asc NPs can be seen in the transmitted light
panels (grey channels). As can be seen, after 48h the cells had reached confluency despite the presence

of the NPs and the particles had aggregated inside the cells (Panels D and H).

A2.6.1 Cell count
A549 cells were exposed to BiFeOs;@Fe,0s@asc NPs at three time points and stained for DNA to
determine cell count (Figure A.67).
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Figure A.67: A549 cells exposed to BiFeOs;@Fe,Os@asc NPs, stained for DNA. From left: representative images of
untreated cells after 24h, cells exposed to BiFeOs;@ Fe,Os@asc NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated
with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale
bar is 100 um and is the same for all the images.

The graphical data below report on the cells’ confluency after 48h. This is borne out by the HCS data

below.
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Figure A.68: Cell count of A549 cells after treatment with BiFeOs;@Fe,Os@asc NPs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

The cells had reached confluency shortly after the 48h time-point.

While there are some apparent trends in the variation of cell count with concentration (Figure A.68,
left panel), only after 72h were the counts significantly different from the untreated control, and only
at concentrations below 80 pg/mL, as can be seen from the 95% confidence intervals (indicated by

arrows in the right panel of Figure A.68).

This means that the BiFeOs;@Fe,Os:@asc NPs did not adversely affect cell proliferation over the
concentration range examined. In fact, the small but significant concentration-dependent increase in

cell growth at lower concentrations after 72h further support the conclusion that there are complex
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interactions at play as suggested by the responses of the cells to BiFeO;@APTES, BiFeOs;@Fes0s@asc,
BiFeOs;@Fe;0,@APTES and BiFeOs;@Fe,03 NPs.

A2.6.2 Cell Membrane Permeability

Cell membrane permeability was used to indicate cell viability (see Figure A.69).

BiFeO3@Fe203@asc
48h

Figure A.69: A549 cells exposed to BiFeOs;@Fe,Os@asc NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO ;@ Fe,Os3@asc NPs at 80 ug/mL for 24h,
48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels
are shown, inverted. The scale bar is 100 um and is the same for all the images.

Because the images in Figure A.69 are inverted, the number of viable cells in each image is therefore
the number of cells in which the intensity of CMP stain surrounding and overlapping the nucleus is
below the threshold determined for each plate analysed as described above (see A2.2.2). The data are

displayed below (see Figure A.70).
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Figure A.70: Cell viability of A549 cells after treatment with BiFeOs@ Fe,Os@asc NPs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

234



As with the cell count, there are apparent trends in the concentration-dependent response of the cells
to the NM, especially at 24h and 48h (see left panel, Figure A.70). However, the 24h and 48h variations

all fall within the 95% confidence intervals and are therefore not statistically significant.

Cell viability fell below 50% after 72h at all concentrations, with no discernible concentration
dependence. This is in contrast with the increase in cell count discussed above. The rise in cell number
accompanied by a reduction in viability supports the conclusion that the BiFeOs;@Fe,Os@asc NPs

induce stress in A549 cells.
The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A2.6.3 Lysosomal mass/pH

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH (see Figure A.71).

BiFeO3@Fe203@asc
NT (24h) 48h POS (24h)

Figure A.71: A549 cells exposed to BiFeO:;@Fe,0s;@asc NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO:;@Fe,Os;@asc NPs at 80 ug/mL for 24h,
48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels
are shown, inverted. The scale bar is 100 um and is the same for all the images.

Because the images in Figure A.71 are inverted, an increase in the intensity therefore corresponds to a
larger mass of lysosomes or decrease in pH, indicating a toxic response to the analyte. These data are

displayed below (see Figure A.72).
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Figure A.72: Lysosomal mass/pH changes in A549 cells after treatment with BiFeOs;@Fe,Os@asc NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
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used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

On exposure to BiFeOs@Fe,0s@asc, increases in A549 cells’ lysosomal mass/pH were only significant
after 72h and only above 20 pg/mL (see Figure A.72). After 24h and 48h, the LMPH values fell within

the respective 95% confidence intervals and are hence not significant (right panel, Figure A.72).

The dose-dependent rise in lysosomal mass/pH observed after 72h can again be attributed to the
internalisation of NPs by the cells. As discussed previously, we might expect that ascorbic acid to desorb
from the surface of the NPs, lowering the pH and increasing the intensity of the stain. Yet, the LMPH of
A549 cells exposed to BiFeOs;@Fe,0s@asc is somewhat lower than with any other NP. This may be due
to greater affinity of the adsorbed ascorbic acid to the surface groups available on BiFeOs;@Fe;0;
composite resulting in increased immobilisation of ascorbic acid. Furthermore, increased adsorption of
ascorbic acid may resultin greater surface charge which would draw more counterions from suspension

reducing the pH and decreasing the intensity of the LMPH further.

It is evident that the aggregates are smaller for BiFeOs;@Fe,Os@asc NPs than for any other, as shown
in Figure A.66. This supports the conclusion that improved colloidal stability results in reduced

internalisation.

A2.7 A549 cells treated with SiO,&BiFeO; NWs
A549 cells were prepared for HCS processing after exposure to SiO2 & BiFeO3 NWs at 80 pug/mL, stained

for DNA (blue channels), cell morphology and membrane permeability (green channels) and lysosomal

mass/pH changes (red channels), as shown in Figure A.73.
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Figure A.73: HCS images of A549 cells after 48h exposure to SiO, & BiFeOs NWs at 80 ug/mL. Panels A and E (blue
channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability staining;
Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels). Left (A-
D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified in the
right panels (E-H): 10x objective images. The scale bars are 100 um.

The aggregation and localisation of the SiO, & BiFeO3 NWs can be seen in the transmitted light panels
(grey channels). After 48h the cells had reached confluency despite the presence of the NWs and the

particles had aggregated inside the cells (Panels D and H).

A2.7.1 Cell count
A549 cells were exposed to SiO; & BiFeO3 NWs at three time points and stained for DNA to determine

cell count (Figure A.74).

SiO2 & BiFe03
NT (24h 48h POS (24h)

Figure A.74: A549 cells exposed to SiO, & BiFeOs; NWs, stained for DNA. From left: representative images of
untreated cells after 24h, cells exposed to SiO, & BiFeO3 NWs at 80 ug/mL for 24h, 48h, 72h, and cells treated with
the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale bar is
100 um and is the same for all the images.

As can be seen, the cells reached confluency after 48h. This is borne out by the HCS data below.
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Figure A.75: Cell count of A549 cells after treatment with SiO, & BiFeO3 NWs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

Only the cell counts after 24h were significantly different from the untreated control as can be seen
from the 95% confidence intervals (indicated by arrows in the right panel of Figure A.75). With the
exception of where treated with SiO, & BiFeOs; NWs, there was a small but significant increase in A549
cell count after 24h (Figure A.75, left panel), but this increase was not concentration dependent and

had disappeared after 48h.

After 72h, the cell count reached approximately 24000, indicating that the cells had reached confluency

shortly after the 48h time-point.

This means that the SiO; & BiFeOs; NWs did not adversely affect cell proliferation over the concentration

range examined.

A2.7.2 Cell Membrane Permeability

Cell membrane permeability was used to indicate cell viability (see Figure A.76).

SIiO2 & BiFe03
POS (24h

Figure A.76: A549 cells exposed to SiO, & BiFeOs; NWs stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to SiO, & BiFeOs3 NWs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.
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Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.76 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.77).
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Figure A.77: Cell viability of A549 cells after treatment with SiO, & BiFeOs; NWs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

As with the cell count, there are apparent trends in the concentration-dependent response of the cells
to the NM, especially at 24h (see left panel, Figure A.77). However, the variations all fall within the 95%

confidence intervals and are therefore not statistically significant.

This supports the conclusion that the SiO, & BiFeOs NWs do not lower cell viability in A549 cells at the

concentrations analysed.

A2.7.3 Lysosomal mass/pH

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity

(Figure A.78).
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Figure A.78: A549 cells exposed to SiO, & BiFeOs; NWs stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to SiO, & BiFeO; NWs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.78 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or

decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.79).
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Figure A.79: Lysosomal mass/pH changes in A549 cells after treatment with SiO, & BiFeO3; NWSs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

There is a distinct dose-dependent response in the lysosomal mass/pH as a function of concentration
of Si0, & BiFeO; NWs after 24h as can be seen in Figure A.79, left panel. A similar trend of increasing
lysosomal mass/pH with rising concentration is observed after 48h and 72h but the variations fall within
the respective 95% confidence intervals and are hence not significant except at the highest

concentration after 72h (indicated by an arrow, right panel, Figure A.79).

The rise in lysosomal mass/pH can be attributed to the internalisation of NWs by the cells (see the

section on uptake for further information).

A2.8 A549 cells treated with SiO,&BiFeOs;@Fe304 NWs
A549 cells were prepared for HCS processing after exposure to SiO, & BiFeO;@Fe304 NWs at 80 pg/mL

(see Figure A.80).
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Figure A.80: HCS images of A549 cells after 48h exposure to SiO; & BiFeOs@Fes04 NWs at 80 ug/mL. Panels A
and E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

A549 cells, after 48h of exposure to SiO, & BiFeO;@Fes04 NWs at 80 pg/mL, stained for DNA (blue
channels), cell morphology and membrane permeability (green channels) and lysosomal mass/pH
changes (red channels), are shown in Figure A.80. The aggregation and localisation of the SiO; &
BiFeOs@Fe304 NWs can be seen in the transmitted light panels (grey channels). As can be seen, after
48h the cells had reached confluency despite the presence of the NWs and the particles had aggregated

inside the cells (Panels D and H).

A2.8.1 Cell count
A549 cells were exposed to SiO; & BiFeO;@Fe;0s NWs at three time points and stained for DNA to

determine cell count (Figure A.81).

Si02 & BiFeO3@Fe304
NT (24h) 48h POS (24h)

Figure A.81: A549 cells exposed to SiO, & BiFeOs;@Fes0, NWs stained for DNA. From left: representative images
of untreated cells after 24h, cells exposed to SiO, & BiFeO;@Fe304 NWs at 80 ug/ml for 24h, 48h, 72h, and cells
treated with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The
scale bar is 100 um and is the same for all the images.

As can be seen, the cells reached confluency after 48h. This is borne out by the HCS data below.
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Figure A.82: Cell count of A549 cells after treatment with SiO, & BiFeOs@Fes;0, NWs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

The cells reached confluency shortly after the 48h time-point.

While there are some apparent trends in the variation of cell count with concentration (Figure A.82,

left panel), the counts were not significantly different from the untreated control (see Figure A.82).

This means that the SiO; & BiFeOs;@Fes;0, NWs did not adversely affect cell proliferation over the

concentration range examined.

A2.8.2 Cell Membrane Permeability

Cell membrane permeability was used to indicate cell viability (see Figure A.83).

Si02 & BiFeO3@Fe304
NT (24h) 48h POS (24h

Figure A.83: A549 cells exposed to SiO; & BiFeOs@Fe304 NWs stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to SiO, & BiFeO;@Fe30, NWs at 80 ug/mL for
24h, 48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

Because the images in Figure A.83 are inverted, the number of viable cells in each image is therefore
the number of cells in which the intensity of CMP stain surrounding and overlapping the nucleus is
below the threshold determined for each plate analysed as described above (see A2.2.2). The data are

displayed below (see Figure A.84).
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Figure A.84: Cell viability of A549 cells after treatment with SiO; & BiFeOs@Fe304 NWs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

As with the cell count, there are apparent trends in the concentration-dependent response of the cells
to the NM, especially at 24h (see left panel, Figure A.84). However, the variations all fall within the 95%
confidence intervals and are therefore not statistically significant, except for after exposure to very

high doses after 72h (indicated by an arrow in Figure A.84, right panel).

SiO; & BiFeOs@Fe304 NWs therefore cause a small but significant decrease in cell viability in A549 cells

at high concentrations after 72h exposure.

A2.8.3 Lysosomal mass/pH

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity (see

Figure A.85).

Si02 & BiFeO3@Fe304
NT (24h) POS (24h)

Figure A.85: A549 cells exposed to SiO; & BiFeOs;@Fes0, NWs stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to SiO, & BiFeOs@Fe30, NWs at 80 ug/mL for
24h, 48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.
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LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.85 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or

decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.86).
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Figure A.86: Lysosomal mass/pH changes in A549 cells after treatment with SiO; & BiFeOs;@Fes;04 NWs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

Exposing A549 cells to SiO; & BiFeO;@Fe;04 NWs results in a significant increase in lysosomal mass/pH

after 24h and 48h at all concentrations and the rise does not appear to be dose-dependent.

There is a distinct dose-dependent response in the lysosomal mass/pH as a function of concentration
of SiO, & BiFeOs@Fe;04 NWs after 24h as can be seen in Figure A.86, left panel. A similar trend of
increasing lysosomal mass/pH with rising concentration is observed after 48h and 72h but the
variations fall within the respective 95% confidence intervals and are hence not significant except at

the highest concentration after 72h (indicated by an arrow, right panel, Figure A.86).

The rise in lysosomal mass/pH can be attributed to the internalisation of NWs by the cells (see the

section on uptake for further information).

A2.9 A549 cells treated with SiO,&BiFeOs;@Fe,03; NWs
A549 cells were prepared for HCS after exposure to SiO; & BiFeOs;@Fe,0; NWs at 80 pg/mL, stained for

DNA (blue channels), cell morphology and membrane permeability (green channels) and lysosomal

mass/pH changes (red channels) (see Figure A.87).
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Figure A.87: HCS images of A549 cells after 48h exposure to SiO; & BiFeOs@Fe;O3; NWs at 80 ug/mL. Panels A
and E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

A549 cells after 48h of exposure to SiO, & BiFeOz;@Fe;03 NWs at 80 pg/mL, stained for DNA (blue
channels), cell morphology and membrane permeability (green channels) and lysosomal mass/pH
changes (red channels), as in Figure A.87. The aggregation and localisation of the SiO, & BiFeOs;@Fe;03
NWs can be seen in the transmitted light panels (grey channels). As can be seen, after 48h the cells had
reached confluency despite the presence of the NWs and the particles had aggregated inside the cells

(Panels D and H).

A2.9.1 Cell count

SiO2 & BiFeO3@Fe203
48h POS (24h)

Figure A.88: A549 cells exposed to SiO, & BiFeOs;@Fe,0; NWs stained for DNA. From left: representative images
of untreated cells after 24h, cells exposed to SiO, & BiFeO;@Fe,03 NWs at 80 ug/ml for 24h, 48h, 72h, and cells
treated with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The
scale bar is 100 um and is the same for all the images.

A549 cells were exposed to SiO, & BiFeO;@Fe,0; NWs at three time points and stained for DNA to
determine cell count (Figure A.88). As can be seen, the cells reached confluency after 48h. This is borne

out by the HCS data below.
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Figure A.89: Cell count of A549 cells after treatment with SiO, & BiFeOs@Fe,0s3 NWs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

The cells had reached confluency shortly after the 48h time-point, at approximately 24000 cells (Figure

A.89, left panel).

While there are some apparent trends in the variation of cell count with concentration, the variations
all lie within the 95% confidence intervals (Figure A.89, right panel) and are therefore not statistically
significant.

This means that the SiO, & BiFeO;@Fe;0s NWs did not adversely affect cell proliferation at the

concentrations investigated.

A2.9.2 Cell Membrane Permeability

SiO2 & BiFeO3@Fe203
NT (24h) 48h POS (24h)

Figure A.90: A549 cells exposed to SiO; & BiFeOs@Fe,03 NWs stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to SiO, & BiFeO;@Fe,03 NWs at 80 ug/mL for
24h, 48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.90 are

inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
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of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.91).
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Figure A.91: Cell viability of A549 cells after treatment with SiO; & BiFeOs@Fe,03 NWs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

As with the cell count, there are apparent trends in the concentration-dependent response of the cells
to the NM, especially at 24h (see left panel, Figure A.91). However, the variations all fall within the 95%

confidence intervals and are therefore not statistically significant.

This supports the conclusion that the SiO; & BiFeOs;@Fe,0; NWs do not decrease cell viability in A549

cells at the concentrations analysed.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A2.9.3 Lysosomal mass/pH

Si02 & BiFeO3@Fe203
NT (24h) POS (24h)

Figure A.92: A549 cells exposed to SiO, & BiFeOs;@Fe,03; NWs stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to SiO, & BiFeO;@Fe,03 NWs at 80 ug/mL for
24h, 48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure

A.72 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
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decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.93).
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Figure A.93: Lysosomal mass/pH changes in A549 cells after treatment with SiO, & BiFeOs;@Fe;03 NWs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

There was a slight dose-dependent response in the lysosomal mass/pH as a function of concentration
of SiO, & BiFeOs;@Fe,03 NWs after 24h as can be seen in Figure A.93, left panel. A similar trend of
increasing lysosomal mass/pH with rising concentration is observed after 48h and 72h (see right panel,

Figure A.93).

The rise in lysosomal mass/pH can be attributed to the internalisation of NWs by the cells (see the

section on uptake in Chapter 3 for further information).
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A3 High Content Screening of HUVEC cells

A3.1 HUVEC cells treated with BiFeOs NPs

Figure A.94: HCS images of HUVEC cells after 48h exposure to BiFeO3 NPs at 80 ug/mL. Panels A and E (blue
channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability staining;
Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels). Left (A-
D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified in the
right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.94 shows HUVEC cells after 48h of exposure to BiFeOs NPs at 80 pg/mL, stained for DNA (blue
channels), cell morphology and membrane permeability (green channels) and lysosomal mass/pH
changes (red channels). The aggregation and localisation of the BiFeOs NPs can be seen in the
transmitted light panels (grey channels). As can be seen, after 48h the cells were not confluent, and the
particles had aggregated inside the cells (Panels D and H, aggregates are indicated by arrows in H).
Furthermore, the aggregates are very large and demonstrate that the bare BiFeOs; NPs are not stable

in biological media.

In comparison to A549 cells treated in the same way, it is evident that both the CMP and lysosomal
mass/pH staining is more intense and that almost every cell is distinctly stained in HUVECs exposed to

BiFeOs NPs.
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A3.1.1 Cell count

POS (24h

Figure A.95: HUVEC cells exposed to BiFeOs; NPs, stained for DNA. From left: representative images of untreated
cells after 24h, cells exposed to BiFeO3 NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated with the positive
control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale bar is 100 um and
is the same for all the images.

HUVEC cells were exposed to BiFeOs; NPs over three time-points and stained for DNA to determine cell
count (see Figure A.95). The cells did not reach confluency and the cell counts dropped after 24h. This

is borne out by the HCS data below.
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Figure A.96: Cell count of HUVEC cells after treatment with BiFeOs NPs and the corresponding 95% confidence
intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive control. The
error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

Cell count varied significantly with concentration (Figure A.96, left panel). Contrary to the typical dose-
response curve, the cell number rose with increasing concentration over 24h, although the counts were
only significant when the concentration was at least 240 pg/mL (indicated by arrows in the right panel
of Figure A.96). Cell proliferation increased relative to the control and ever more so when exposed to

higher concentrations of the NPs.

After 48h the trend had reversed; the greater the dose of NPs, the lower the cell number. This

concentration-dependent response is expected for a toxic material and can be used to determine the
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half maximal inhibitory concentration (ICso). Since the cell count did not fall to the same value as the
positive control after 48h, even at the highest dose of NPs, the ICso can be more accurately determined

using the data from the 72h time-point.

The reversal in trend observed between 24h and 48h may be attributed to a stress response in the cells
in which the HUVECs undergo a period of rapid division, like the behaviour seen in A549 cells reported

above. A typical dose-response curve was observed after 48 and 72h.

A3.1.2 Cell Membrane Permeability

NT (24h) POS (24h)

Figure A.97: HUVEC cells exposed to BiFeOs NPs, stained for cell membrane permeability. From left: representative
images of untreated cells after 24h, cells exposed to BiFeO; NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated
with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels are shown, inverted. The
scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.97 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

as described above (see A2.2.2). The corresponding data are displayed below (see Figure A.98).
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Figure A.98: Cell viability of HUVEC cells after treatment with BiFeOs NPs and the corresponding 95% confidence
intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control. The error
bars represent the standard error of the mean of triplicates in three independent experiments. Right: difference
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between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons). The error
bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

There is an apparent concentration-dependent trend in the response of the HUVECs to the BiFeOs; NPs
at 24 (see left panel, Figure A.98). At 24h, the average viability was higher than the untreated control
at 5 ug/mL and trended lower with increasing concentration, however the variations all fell within the

95% Cl and were therefore not significant (see Figure A.98, right panel).

At 48h and 72h, cell viability decreased significantly and in a dose-dependent manner. While the falls
in viability at 5 and 10 pug/mL were within the 95% Cl at 48h, indicated by red arrows in Figure A.98,

right panel, the values dropped with increasing concentration to approximately 30% at 960 ug/mL.

At 72h, the decrease was significant at all doses, falling from 40% viability at 5 pg/mL to approximately
20% at 960 pg/mL.

The increase in cell count at 24h (see Figure A.96) did not coincide with a rise in viability. This serves to
support the conclusion that the presence of nanoparticles raises cell proliferation initially, perhaps by

stressing the cells.

Due to the reduction in viability and in cell number with increasing concentration, we can conclude that
the BiFeOs NPs increase cell permeability and therefore lower the viability of HUVECs at the

concentrations analysed.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A3.1.3 Lysosomal mass/pH

BiFeO3
NT (24h) )

Figure A.99: HUVEC cells exposed to BiFeO3;NPs, stained for lysosomal mass/pH changes. From left: representative
images of untreated cells after 24h, cells exposed to BiFeOs NPs at 80 ug/mlL for 24h, 48h, 72h, and cells treated
with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels are shown, inverted. The
scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.99 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.100).
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Figure A.100: Lysosomal mass/pH changes in HUVEC cells after treatment with BiFeO3 NPs and the corresponding
95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

There is a small but significant dose-dependent response in the lysosomal mass/pH as a function of
concentration of BiFeOs; NPs after 72h as can be seen in Figure A.100, left panel. Although the same
trend appears after 48h, the variations fall within the 95% confidence intervals and are hence not

significant (right panel, Figure A.100) as are all the variations observed after 24h.

The rise in lysosomal mass/pH as a function of concentration can be attributed to the internalisation of

NPs by the cells (see the section on uptake 3.3.2 for further discussion).

A3.2 HUVEC cells treated with ascorbic acid-functionalised BiFeO3; NPs (BiFeOs@asc)

Figure A.101: HCS images of HUVEC cells after 48h exposure to BiFeOs@asc NPs at 80 ug/mL. Panels A and E
(blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
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Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.101 shows HUVEC cells after 48h of exposure to BiFeOs@asc NPs at 80 pg/mL, stained for DNA
(blue channels), cell morphology and membrane permeability (green channels) and lysosomal mass/pH
changes (red channels). The aggregation and localisation of the BiFeOs;@asc NPs can be seen in the
transmitted light panels (grey channels). As can be seen, after 48h the cells are not confluent, and the
particles had aggregated inside the cells (Panels D and H, aggregates are indicated by red arrows in H).
In comparison to A549 cells treated in the same way, both the CMP and lysosomal mass/pH staining is
more intense and almost every cell is distinctly stained in HUVECs exposed to BiFeOs;@asc NPs. There
is also some extracellular staining in the CMP channel (designated by white arrows in Panel F, Figure

A.101) which indicates cell debris.

A3.2.1 Cell count

BiFeO3@asc
NT (24h) POS (24h)

Figure A.102: HUVEC cells exposed to BiFeOs@asc NPs, stained for DNA. From left: representative images of
untreated cells after 24h, cells exposed to BiFeOs;@asc NPs at 80 ug/mL for 24h, 48h, 72h, and cells treated with
the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale bar is
100 um and is the same for all the images.

HUVEC cells were exposed to BiFeOs@asc NPs at three time points and stained for DNA to determine
cell count (see Figure A.102). The cells did not reach confluency and cell counts had dropped after 72h.

This is borne out by the HCS data below.
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Figure A.103: Cell count of HUVEC cells after treatment with BiFeOs@asc NPs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

Cell count varied significantly at higher concentrations at each time point (Figure A.103, left panel).

The cell number rose with increasing concentration after 24h hours, although the count was only
significant when the concentration was 960 pg/mL (indicated by a red arrow in Figure A.103, right

panel).

Again, after 48h the trend had reversed; the greater the dose of NPs, the lower the cell number.
However, doses below 80 pg/mL appeared to induce an increase in the cell number (indicated by
arrows in Figure A.103, left panel), as if the stress response discussed earlier were delayed or mitigated
by the adsorbed ascorbic acid. These variations fell within the 95% Cl however, and only the reduction
in cell number at concentrations from 120 pg/mL were significant (indicated by a black arrow in Figure

A.103, right panel).

After 72h, cell count fell more rapidly with increasing concentration than when cells were exposed to

BiFeOs NPs, approaching the level of the positive control above 120 pg/mL.
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A3.2.2 Cell Membrane Permeability

BiFeO3@asc
NT (24h 48h POS (24h)

Figure A.104: HUVEC cells exposed to BiFeOs@asc NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeOs@asc NPs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.104 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.105).
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Figure A.105: Cell viability of HUVEC cells after treatment with BiFeOs@asc NPs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

At 24h, there was an apparent increase in cell viability at the lowest dose of BiFeOs@asc NP (see left
panel, Figure A.105), falling with rising concentration but the variations again all fell within the 95%

confidence intervals and are therefore not statistically significant (see right panel, Figure A.105).

Like the cells’ response to bare BiFeOs; NPs, the decreases in viability at 48h fell within the 95% CI at

lower concentrations, but decreased significantly with increasing dose from 120 pg/mL (indicated by a
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black arrow in Figure A.105, right panel). There was greater heterogeneity in the viability after 48h by

comparison to the response to bare BiFeOs, as can be seen in the larger Cls.

Again, after 72h cell viability dropped to approximately 40% at 5 pg/m, falling off as the concentration

of BiFeOs@asc increased to approximately 25%.

Cell viability can only be determined in those cells which have not been removed from the 96-well plate
by washing (i.e. those cells whose membranes are not already wholly permeable because such cells die
and no longer adhere) so cell count and viability are independent indicators of the response of the cells.
Taken together, the drops in cell number and cell viability over time indicate that the BiFeOs;@asc NPs

diminish cell viability in HUVEC cells at the concentrations analysed.

Because the same overall pattern was observed for BiFeOs and for BiFeOs@asc NPs, we may conclude
that any stress response is induced by the size or morphology of the nanoparticles rather than their

surface chemistry.

The initial stimulation of growth seen with bare BiFeOs is not observed in the BiFeOs;@asc NPs except
at higher concentrations as can be seen in the cell count data. However, this did not mean the overall
toxicity of the NPs was lower — the higher the dose, the lower the viability and the 48h and 72h cell

counts were lower when the HUVECs were exposed to ascorbic acid coated NPs.

The cells were also examined for changes in lysosomal mass/pH as a last indicator of cytotoxicity.

A3.2.3 Lysosomal mass/pH

BiFeO3@asc
NT (24h) 48h POS (24h)

e

Figure A.106: HUVEC cells exposed to BiFeOs@asc NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeOs@asc NPs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.106 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.107).
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Figure A.107: Lysosomal mass/pH changes in HUVEC cells after treatment with BiFeOs@asc NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

There are no apparent trends in the lysosomal mass/pH as a function of concentration of BiFeOs;@asc
NPs as can be seen in Figure A.107, left panel. Interestingly, the lowest lysosomal mass/pH values are
observed at the lowest concentrations after 48 and 72h. This may be due to the adsorbed ascorbic acid
(which lowers the pH value) being taken up into lysosomes in the HUVECs (which increases the
lysosomal mass). Unlike exposure to bare BiFeOs-treated cells, there is no significant increase in

lysosomal mass/pH at 72h, even at higher concentrations.

A3.3 HUVEC cells treated with BiFeOs;@APTES NPs

Figure A.108: HCS images of HUVEC cells after 48h exposure to BiFeO3s@APTES NPs at 80 ug/mL. Panels A and E
(blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
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Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.108 shows HUVEC cells after 48h of exposure to BiFeOs@APTES NPs at 80 pg/mL, stained for
DNA (blue channels), cell morphology and membrane permeability (green channels) and lysosomal
mass/pH changes (red channels). The aggregation and localisation of the BiFeOs@APTES NPs can be
seen in the transmitted light panels (grey channels). As can be seen, after 48h the cells are not
confluent, and the particles had aggregated inside the cells (Panels D and H, aggregates are indicated
by red arrows in H). In comparison to A549 cells treated in the same way, both the CMP and lysosomal
mass/pH staining is more intense and almost every cell is distinctly stained in HUVECs exposed to
BiFeOs@asc NPs. There is also some extracellular staining in the CMP channel (designated by white

arrows in Panel F, Figure A.108) which indicates cell debris.

A3.3.1 Cell count

POS (24h

Figure A.109: HUVEC cells exposed to BiFeOs@APTES NPs, stained for DNA. From left: representative images of
untreated cells after 24h, cells exposed to BiFeO;@APTES NPs at 80 ug/mlL for 24h, 48h, 72h, and cells treated
with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale
bar is 100 um and is the same for all the images.

HUVEC cells were exposed to BiFeO3;@APTES NPs at three time points and stained for DNA to determine
cell count (Figure A.109). Hoechst stains both the nuclear area and cell debris as seen in the positive
control. It is for this reason that a minimum area (10 um?) is set to automatically identify nuclei prior

to the cell count in the HCS analysis software.

As can be seen, the cells did not reach confluency and the population fell after 48 and 72h, as borne

out by the HCS data below.
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Figure A.110: Cell count of HUVEC cells after treatment with BiFeO;@APTES NPs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

Cell count varied significantly at higher concentrations at each time point (Figure A.110, left panel).

In line with the response attributed to stress, the cell number rose with increasing concentration after
24h hours, although the count was only significant when the concentration was above 480 pg/mL

(indicated by red arrows in Figure A.110, right panel).

Again, after 48h the trend had reversed; the greater the dose of NPs, the lower the cell number, with
doses above 120 pg/mL inducing a significant decrease in the cell number (indicated by a black arrow
in Figure A.110, right panel).

After 72h, cell count fell more rapidly with increasing concentration than when cells were exposed to
bare or ascorbic acid stabilised BiFeO; NPs, approaching the level of the positive control from 480

ug/mL.

A3.3.2 Cell Membrane Permeability
NT (24h) POS (24h)

Figure A.111: HUVEC cells exposed to BiFeOs;@APTES NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO3@APTES NPs at 80 uig/mL for 24h, 48h,
72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.
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Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.111 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.112).
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Figure A.112: Cell viability of HUVEC cells after treatment with BiFeOs@APTES NPs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

At 24h, the viability values in the concentration-dependent response fall within the 95% confidence
intervals and are therefore not statistically significant (see right panel, Figure A.112). This is due in part
to the large variability between samples and between experiments resulting in large uncertainty in the

measurement.

The same trend was observed after 48h however, and due to the lower heterogeneity between the 48h
samples, the decreases in viability as concentration of BiFeOs@APTES increased was significant from

240 pg/mL and above (indicated by an arrow in the right panel of Figure A.112).

After 72h the fall in cell viability with rising concentration was more pronounced, and all values lay
outside of the 95% Cl. Furthermore, the viability fell off as the concentration of BiFeOs@APTES

increased, reaching a minimum of approximately 20% above 480 pg/mL.

Taken together, the drops in cell number and cell viability over time indicate that the BiFeOz;@APTES
NPs diminish cell viability in cells at the concentrations analysed. This means that the silane layer did
not appreciably reduce toxicity in HUVECs. On the other hand, because the initial increases in cell count

were much lower, we can also conclude that the stress response of elevated cell proliferation was

261



mitigated by surface passivation. Finally, because the 72h cell counts of the BiFeOs;@asc and
BiFeOs@APTES were approximately equal at each concentration, this suggests that the toxicity results

from the size or morphology of the nanoparticles rather than their chemical composition.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A3.3.3 Lysosomal mass/pH

Figure A.113: HUVEC cells exposed to BiFeO3@APTES NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO;@APTES NPs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.113 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.114).
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Figure A.114: Lysosomal mass/pH changes in HUVEC cells after treatment with BiFeO;@APTES NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).
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While there is an apparent drop in lysosomal mass/pH in cells exposed to BiFeOs@APTES NPs after 48
and 72h, the response is not dose-dependent (see Figure A.114, left panel) and the variations fall within

the respective 95% confidence intervals and are hence not significant (right panel, Figure A.114).

Given the drop in cell count and viability, the lack of significant variation in lysosomal mass/pH suggests
that the NPs coated with a silane layer are not being internalised by the HUVECs as efficiently as other
NPs or that internalisation is accompanied by a change in pH which counteracts the lysosomal mass

increase (see the section on uptake for further information).

A3.4 HUVEC cells treated with BiFeO;@Fe30,@asc NPs
HUVEC cells were exposed to BiFeOs;@Fe;Os@asc NPs at 80 pg/mL for 48h, stained for DNA (blue

channels), cell morphology and membrane permeability (green channels) and lysosomal mass/pH

changes (red channels) (see Figure A.115).

Figure A.115: HCS images of HUVEC cells after 48h exposure to BiFeOs;@Fes0,@asc NPs at 80 ug/mL. Panels A
and E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

The aggregation and localisation of the BiFeOs;@Fe;O.s@asc NPs can be seen in the transmitted light
panels (grey channels). As can be seen, after 48h the cells are not confluent, and particles had formed
small aggregates at the surface of the cells (Panels D and H, aggregates are indicated by red arrows in
H), as distinct from previous samples in which NPs were seen inside and around the cells, and formed
larger aggregates, especially bare BiFeO3 and BiFeOs@APTES. In comparison to A549 cells treated in
the same way, both the CMP and lysosomal mass/pH staining is more intense and almost every cell is

distinctly stained in HUVECs exposed to BiFeOs;@Fe;Os@asc NPs.
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A3.4.1 Cell count

BiFeO3@Fe304@asc
48h

NT (24h POS (24h)

Figure A.116: HUVEC cells exposed to BiFeOs;@Fes0,@asc NPs, stained for DNA. From left: representative images
of untreated cells after 24h, cells exposed to BiFeO;@Fes;0,@asc NPs at 80 ug/mL for 24h, 48h, 72h, and cells
treated with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The
scale bar is 100 um and is the same for all the images.

HUVEC cells were exposed to BiFeO;@Fe;Os@asc NPs at three time points and stained for DNA to
determine cell count (Figure A.116). As can be seen, the cells did not reach confluency and the

population fell after 48 and 72h, as borne out by the HCS data below.

BiFeO;@ Fe;0,@asc " 95% Confidence Intervals (Dunnett)
c
100009 . Hl 24h ® 150007
48h £
soood [ | LT I
1 72h 2 10000
p= >
5 60004 I 1. @t c
o Lo
o 1 © 5000
o 4000 o1 | 2
Lo}
© o
0
2000 4 b
=4
T )
s
o

<. . PR A A <°
AR SR O O
Treatment (ug/mL) Groups compared

Figure A.117: Cell count of HUVEC cells after treatment with BiFeOs;@ Fes;O,@asc NPs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

The cell number fell with increasing concentration at each time point (Figure A.117, left panel),
although at 24h the decreases in cell count were not significant up to 80 ug/mL and at 48h the numbers
were not significant up to 10 ug/mL (indicated by red and black arrows respectively in Figure A.103,

right panel).

Once again, after 48h the trend had reversed; the greater the dose of NPs, the lower the cell number,
a trend which endured after 72h. There are obvious parallels with the cell count of HUVECs treated

with BiFeOs@asc (see Figure A.102), the only distinctions being that the cell count rose in response to
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the ascorbic acid coated NPs after 48h at low concentrations and, as a result, the counts after 72h were
also lower at those concentrations. Most interestingly however, the variations in cell count after 24

and 48h most closely resemble the response of the cells to the bare BiFeO3; NPs.

This provides further evidence that the presence of NPs, rather than their chemical composition,

induces cell proliferation as a stress response.

At the highest concentrations, the 72h cell counts are marginally higher than those of NPs discussed
earlier, implying that capping with a stabilising ligand increases the colloidal stability and mitigates the

toxic response.

A3.4.2 Cell Membrane Permeability

BiFeO3@Fe304@asc
NT (24h 48h POS (24h)

Figure A.118: HUVEC cells exposed to BiFeOs;@Fes;0,@asc NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO ;@ Fe;0,@asc NPs at 80 ug/mL for 24h,
48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels
are shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.118 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.119).
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Figure A.119: Cell viability of HUVEC cells after treatment with BiFeOs;@Fes;0s@asc NPs and the corresponding
95% confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

After 24h, the viability of HUVECs exposed to BiFeOs;@Fes;Os@asc NPs, although initially higher than
the untreated control, descended as concentration increased (see left panel, Figure A.119) however,
the viabilities fall within the 95% confidence intervals and are therefore not significantly different to

the untreated control (see right panel, Figure A.119).

After 48h, cell viability values fell significantly at concentrations of 240 ug/mL and above and exhibited
the same downward trend with increasing dose. After 72, the pattern was preserved with viability

dropping from approximately 40% on exposure to 10 pg/mL to approximately 20%.

Because the same overall tendencies were observed in the cell count and viabilities on exposure to the
BiFeOs@Fe3;0s@asc as those NPs discussed previously, this further supports the conclusion that the
response is induced by the presence or morphology of the nanoparticles rather than their surface
chemistry. The initial concentration-dependent stimulation of growth seen in the cell counts does not
mitigate the overall toxicity of the NPs and the proliferation phase was accompanied by a dose-

dependent decrease in viability for each of the NPs.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.
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A3.4.3 Lysosomal mass/pH

BiFeO3@Fe304@asc
NT (24h) 48h POS (24h)
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Figure A.120: HUVEC cells exposed to BiFeO;@Fe3;0,@asc NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO ;@ Fe;0,@asc NPs at 80 ug/mL for 24h,
48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels
are shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.120 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.121).

For example, the lowest lysosomal mass/pH values are observed at a dose of 5 ug/mL after 48 and 72h
(indicated by an arrow in Figure A.121, left panel), and the lysosomal mass/pH intensity rose with

increasing concentration.
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Figure A.121: Lysosomal mass/pH changes in HUVEC cells after treatment with BiFeOs;@Fe30,@asc NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).
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As stated previously, this may be due to the adsorbed ascorbic acid. Although free ascorbic acid lowers
the pH and increases the intensity of the LMPH stain, adsorption of the ascorbic acid modifies the
surface charge. This leads to counter ions being drawn from solution to form the electrical double layer
thus decreasing the intensity of the stain. When the cells are then exposed to higher concentrations of
NPs which can be taken up into lysosomes, this results in greater lysosomal mass or number, increasing

the intensity of the stain with rising dose.

The rise in lysosomal mass/pH can be attributed to the internalisation of NPs by the cells (see the

section on uptake for further information).

A3.5 HUVEC cells treated with BiFeO;@Fe;0.@APTES NPs

Figure A.122: HCS images of HUVEC cells after 48h exposure to BiFeO:;@Fe;0,@APTES NPs at 80 ug/mL. Panels
A and E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane
permeability staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted
light channels). Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the
area magnified in the right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.122 shows HUVEC cells after 48h of exposure to BiFeO;@Fe;0,@APTES NPs at 80 pg/mL,
stained for DNA (blue channels), cell morphology and membrane permeability (green channels) and
lysosomal mass/pH changes (red channels). The aggregation and localisation of the

BiFeOs;@Fe30,@APTES NPs can be seen in the transmitted light panels (grey channels).

As can be seen, after 48h the cells are not confluent, and the particles had formed very large aggregates
inside and outside the cells (Panels D and H, aggregates indicated by arrows in H). Some of the
aggregates visible here are approximately 20 um, like those seen when cells were treated with
BiFeOs@APTES, which further supports the conclusion that surface passivation with a silane layer

lowers the colloidal stability of the NPs in biological media as well as aqueous suspension.
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A3.5.1 Cell count

NT (24h) POS (24h)

Figure A.123: HUVEC cells exposed to BiFeOs;@Fes;0,@APTES NPs, stained for DNA. From left: representative
images of untreated cells after 24h, cells exposed to BiFeO:;@Fe;0,@APTES NPs at 80 ug/mL for 24h, 48h, 72h,
and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown,
inverted. The scale bar is 100 um and is the same for all the images.

HUVEC cells were exposed to BiFeO;@Fe;0,@APTES NPs at three time points and stained for DNA to
determine cell count (see Figure A.123). As can be seen, the cells did not reach confluency and the

population fell after 48 and 72h, as borne out by the HCS data below.
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Figure A.124: Cell count of HUVEC cells after treatment with BiFeOs;@ Fe;O4,@APTES NPs and the corresponding
95% confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as
positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

The response of HUVECs to BiFeO;@Fes0,@APTES NPs more closely resembled exposure to bare
BiFeOs; or BiFeOs;@APTES NPs than to BiFeOs;@Fe;O.s@asc. At 24h, higher concentrations resulted in

elevated cell counts but after 48h and 72h the cell numbers dropped progressively with increasing dose.

There are trends in the variation of cell count with concentration of BiFeOs;@FesO,@APTES (Figure
A.124, left panel), with counts significantly higher than the untreated control when exposed to doses
of NPs from 80 pg/mL for 24h (indicated by a red arrow in the right panel of Figure A.124), yet lower

than the untreated control from 20 ug/mL after 48h (indicated by a black arrow) and at all doses after
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72h as can be seen from the 95% confidence intervals. This hormesis further supports the conclusion

that the cells undergo a phase of rapid proliferation as a stress response.

The general tendency of initially elevated followed by dramatic fall off in cell count suggests that the

NPs are toxic to HUVECs.

A3.5.2 Cell Membrane Permeability
NT (24h) 48h POS (24h)

Figure A.125: HUVEC cells exposed to BiFeOs;@ Fe3O0,@APTES NPs, stained for cell membrane permeability. From
left: representative images of untreated cells after 24h, cells exposed to BiFeO ;@ Fe;0,@APTES NPs at 80 ug/mL
for 24h, 48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.125 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.126).
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Figure A.126: Cell viability of HUVEC cells after treatment with BiFeOs;@ Fes0,@APTES NPs and the corresponding
95% confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

There are apparent trends in the concentration-dependent response of the cells to the NM (see left

panel, Figure A.126). Unlike previously discussed NPs, the variations at each timepoint all fall outside
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the 95% confidence intervals and are therefore statistically significant (see right panel, Figure A.126).
Cell viability decreased significantly with increasing concentration. Together with the cell count data,
this suggests that the NPs are toxic to HUVECs regardless of surface passivation, which in turn supports
the conclusion that the toxic effect is associated with the size or morphology of the NPs rather than the

chemical composition alone.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A3.5.3 Lysosomal mass/pH
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Figure A.127: HUVEC cells exposed to BiFeO:;@Fe3;0,@APTES NPs, stained for lysosomal mass/pH changes. From
left: representative images of untreated cells after 24h, cells exposed to BiFeO;@Fe;0,@APTES NPs at 80 ug/mL
for 24h, 48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.127 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.128).
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Figure A.128: Lysosomal mass/pH changes in HUVEC cells after treatment with BiFeOs;@ Fe;0,@APTES NPs and
the corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine
was used as positive control. The error bars represent the standard error of the mean of triplicates in three
independent experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s
test for multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary
One-Way ANOVA).
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While there is an apparent increase in lysosomal mass/pH in cells exposed to BiFeO;@Fe;0,@APTES
NPs after each of the time-points (see Figure A.128, left panel), at higher concentrations the variations
fall within the respective 95% confidence intervals and are hence not significant (right panel, Figure

A.128).
Nevertheless, lower concentrations induced a small but significant increase in the LMPH at each time-
point.

Given the drop in cell count and viability, the lack of significant increase in lysosomal mass/pH with
rising dose suggests that the NPs are not being internalised by the HUVECs, possibly due to the size of
the aggregates, or that internalisation is accompanied by a change in pH which counteracts the

lysosomal mass increase.

A3.6 HUVEC cells treated with BiFeOs;@Fe,;0Os;@asc NPs

Figure A.129: HCS images of HUVEC cells after 48h exposure to BiFeOs;@Fe,Os@asc NPs at 80 ig/mL. Panels A
and E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.129 shows HUVEC cells after 48h of exposure to BiFeO;@Fe,0s;@asc NPs at 80 ug/mL, stained
for DNA (blue channels), cell morphology and membrane permeability (green channels) and lysosomal
mass/pH changes (red channels). The aggregation and localisation of the BiFeOs;@Fe,0s@asc NPs can
be seen in the transmitted light panels (grey channels). As can be seen, after 48h the cells had reached
confluency despite the presence of the NPs and the particles had aggregated inside the cells (Panels D

and H). As can be seen, after 48h the cells are not confluent, and particles had formed small aggregates
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at the surface of the cells (Panels D and H, aggregates are indicated by red arrows in H), similar to when

HUVECs were exposed to other NPs stabilised with ascorbic acid (see BiFeO;@Fe;0,@asc, this).

A3.6.1 Cell count

BiFeO3@Fe304@asc
48h

NT (24h)

POS (24h)

Figure A.130: HUVEC cells exposed to BiFeOs;@Fe,Os@asc NPs, stained for DNA. From left: representative images
of untreated cells after 24h, cells exposed to BiFeO;@Fe,0s:@asc NPs at 80 ug/mL for 24h, 48h, 72h, and cells
treated with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The
scale bar is 100 um and is the same for all the images.

HUVEC cells were exposed to BiFeOs@Fe;0s@asc NPs at three time points and stained for DNA to
determine cell count (Figure A.130). As can be seen, the cells did not reach confluency and the

population fell after 48 and 72h, as borne out by the HCS data below.
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Figure A.131: Cell count of HUVEC cells after treatment with BiFeOs;@ Fe,Os@asc NPs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

Cell count dropped significantly with increasing dose at each timepoint, albeit with large heterogeneity
in the sample after 48h (see Figure A.131, left panel). Importantly, the cell number fell to approximately
the level of the positive control on exposure to 240 pg/mL at each time-point, clearly indicating a toxic

response.
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A3.6.2 Cell Membrane Permeability

BiFeO3@Fe203@asc
NT (24h 48h POS (24h)

Figure A.132: HUVEC cells exposed to BiFeOs;@Fe;Os@asc NPs, stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO ;@ Fe,Os3@asc NPs at 80 ug/mL for 24h,
48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels
are shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.132are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.133).
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Figure A.133: Cell viability of HUVEC cells after treatment with BiFeOs;@Fe,0s@asc NPs and the corresponding
95% confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

There are apparent trends in the concentration-dependent response of the cells to the NM (see left
panel, Figure A.133). At 24h however, the variations all fall within the 95% confidence intervals and are
therefore not statistically significant except at a dose of 960 pg/mL (indicated by an arrow in Figure

A.133).

By contrast, the fall in viability recorded at all values of concentration after 48 and 72h lie outside the

95% Cl and are therefore significant and we can see a dose-dependent decrease from approximately
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40% to 20% after 72h. In conjunction with the cell count data, this supports the conclusion that

BiFeOs;@Fe,0s@asc NPs accelerate cell death in HUVECs by increasing cell permeability.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A3.6.3 Lysosomal mass/pH

BiFeO3@Fe203@asc
NT (24h) 48h
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Figure A.134: HUVEC cells exposed to BiFeO;@Fe;Os;@asc NPs, stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to BiFeO ;@ Fe,Os;@asc NPs at 80 ug/mL for 24h,
48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels
are shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.134 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.135).
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Figure A.135: Lysosomal mass/pH changes in HUVEC cells after treatment with BiFeOs;@Fe,Os@asc NPs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).
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Like the other ascorbic acid-coated NPs, there is a dose-dependent response in the lysosomal mass/pH
as a function of concentration of BiFeOs;@Fe;Os@asc NPs as can be seen in Figure A.135, left panel.

One unusual feature observed here is the lower LMPH at all doses after 24h.

Lysosomal mass/pH rose with increasing rising concentration after 48h from a low of ~0.85 a.u. on
dosing with 5 ug/mL (right panel, Figure A.135). From 40 ug/mL the variations fell within the respective

95% confidence intervals and are hence not significant.

Similarly, the variations in LMPH after 72h fell within the 95% Cl except at 960 pug/mL (indicated by a
black arrow in the right panel of Figure A.135). The lowest lysosomal mass/pH values resulted from
exposure to the lowest dose (5 pg/mL, indicated by a red arrow), and rose with increasing

concentration, as with the other ascorbic acid-coated NPs.

As postulated previously, this may be due to the adsorbed ascorbic acid drawing counterions from
suspension (which lowers the pH, decreasing the intensity of the LysoTracker stain) being balanced on
increasing the concentration by more NPs being taken up into lysosomes in the HUVECs (which raises

the number and/or mass of lysosomes, hence increasing the intensity).

A3.7 HUVEC cells treated with SiO,&BiFeO3; NWs

Figure A.136: HCS images of HUVEC cells after 48h exposure to SiO, & BiFeOs NWs at 80 ug/mL. Panels A and E
(blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane permeability
staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted light channels).
Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the area magnified
in the right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.136 shows HUVEC cells after 48h of exposure to SiO, & BiFeO; NWs at 80 pug/mL, stained for
DNA (blue channels), cell morphology and membrane permeability (green channels) and lysosomal

mass/pH changes (red channels). The aggregation and localisation of the SiO, & BiFeOs; NWs can be
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seen in the transmitted light panels (grey channels). Because the wires are below the Rayleigh limit (i.e.
they are much narrower than the wavelength range of visible light) and the contrast is very low, the
wires can only be seen when aggregated into bundles (indicated by red arrows in Panel H). After 48h
the cells had not reached confluency and the NWs had amassed inside and around the cells (Panels D
and H). Some higher contrast aggregates are also visible which are likely NPs that have been released

from the mesoporous nanowires (designated by a black arrow in Panel H).

A3.7.1 Cell count

Figure A.137: HUVEC cells exposed to SiO, & BiFeOs; NWs stained for DNA. From left: representative images of
untreated cells after 24h, cells exposed to SiO, & BiFeO3 NWs at 80 ug/mL for 24h, 48h, 72h, and cells treated with
the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The scale bar is
100 um and is the same for all the images.

HUVEC cells were exposed to SiO; & BiFeO; NWs at three time points and stained for DNA to determine
cell count (Figure A.137). As can be seen, the cells did not reach confluency and the population fell after

72h, as borne out by the HCS data below.
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Figure A.138: Cell count of HUVEC cells after treatment with SiO, & BiFeOs NWs and the corresponding 95%
confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

There are trends in the variation of cell count with concentration of SiO, & BiFeOs; NWs (Figure A.138,

left panel), with counts significantly lower than the untreated control when exposed to more than 80
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ug/mL of the NPs for 24h, and at all doses after 48 and 72h as can be seen from the 95% confidence
intervals (Figure A.138, right panel). Although the data is somewhat heterogeneous, the general
tendency suggests that the NPs are toxic to HUVECs. At the highest concentrations, the 72h cell counts
are like those of ascorbic acid-coated NPs discussed earlier. This implies that embedding the NPs in
silica has a similar effect on the toxicity as stabilising the NPs, only mitigating the toxic response at

lower doses.

A3.7.2 Cell Membrane Permeability

Figure A.139: HUVEC cells exposed to SiO, & BiFeOs; NWs stained for cell membrane permeability. From left:
representative images of untreated cells after 24h, cells exposed to SiO, & BiFeO3; NWs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.139 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.140).
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Figure A.140: Cell viability of HUVEC cells after treatment with SiO, & BiFeOs; NWs and the corresponding 95%
confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive control.
The error bars represent the standard error of the mean of triplicates in three independent experiments. Right:
difference between group means relative to the untreated control NT (Dunnett’s test for multiple comparisons).
The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).
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As with the cell count, there was concentration-dependent decrease in the viability of the cells (see left
panel, Figure A.140). However, the variations at the lowest concentrations after 24 and 48h fall within

the 95% confidence intervals and are therefore not statistically significant.

After 24h, viabilities dropped significantly from 40 pg/mL (indicated by a red arrow in Figure A.140,
right panel) and fell steadily with increasing dose. The same decline was observed from 20 pug/mL after

48h (indicated by a black arrow in Figure A.140, right panel).

After 72h the viability changes all fell outside the 95% CI. This supports the conclusion that the SiO, &

BiFeO3 NWs impair cell viability and increase cell death in HUVEC cells at the concentrations analysed.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A3.7.3 Lysosomal mass/pH

Figure A.141: HUVEC cells exposed to SiO, & BiFeO3 NWs stained for lysosomal mass/pH changes. From left:
representative images of untreated cells after 24h, cells exposed to SiO, & BiFeO3 NWs at 80 ug/mL for 24h, 48h,
72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red) channels are
shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.141 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.142).
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Figure A.142: Lysosomal mass/pH changes in HUVEC cells after treatment with SiO, & BiFeOs; NWs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

Lysosomal mass/pH fell at all concentrations after 24h exposure to SiO, & BiFeO; NWs as can be seen
in Figure A.142, left panel. A trend of increasing lysosomal mass/pH with rising concentration is
observed after 48h and 72h but the variations fall within the respective 95% confidence intervals and
are hence not significant except at the highest concentration after 72h (indicated by an arrow, right

panel, Figure A.142).

The lack of response after 24h suggests that the nanowires are not immediately internalised, perhaps
due to their surface chemistry as discussed in 3.3.2. The concentration-dependent increase in LMPH
observed after 48h and 72h may be due to delayed uptake of the nanowires, dissolution of ions from
the embedded nanoparticles or to the release of the nanoparticles from the mesoporous silica

nanowires.
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A3.8 HUVEC cells treated with SiO,&BiFeO;@Fe3;04 NWs

Figure A.143: HCS images of HUVEC cells after 48h exposure to SiO, & BiFeOs;@Fes04 NWs at 80 ug/mlL. Panels
A and E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane
permeability staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted
light channels). Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the
area magnified in the right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.143 shows HUVEC cells after 48h of exposure to SiO, & BiFeOs@Fe;0; NWs at 80 ug/mL,
stained for DNA (blue channels), cell morphology and membrane permeability (green channels) and
lysosomal mass/pH changes (red channels). The aggregation and localisation of the SiO, &
BiFeOs@Fe304 NWs can be seen in the transmitted light panels (grey channels). As can be seen, after
48h the cells had reached confluency despite the presence of the NWs and the particles had aggregated

inside the cells (Panels D and H).
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Figure A.144: HUVEC cells exposed to SiO, & BiFeOs@ Fe30,NWs stained for DNA. From left: representative images
of untreated cells after 24h, cells exposed to SiO, & BiFeO;@Fe30, NWs at 80 ug/ml for 24h, 48h, 72h, and cells
treated with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The
scale bar is 100 um and is the same for all the images.

HUVEC cells were exposed to SiO, & BiFeOs@Fe;04 NWs at three time points and stained for DNA to
determine cell count (Figure A.144). As can be seen, the cells did not reach confluency and the

population fell after 48 and 72h, as borne out by the HCS data below.
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Figure A.145: Cell count of HUVEC cells after treatment with SiO, & BiFeOs;@Fe304 NWs and the corresponding
95% confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

There are trends in the variation of cell count with concentration of SiO, & BiFeOs@Fes;0, NWs (Figure
A.145, left panel), with counts significantly lower than the untreated control when exposed to 80 pg/mL
of the NPs or more for 24h, and at all doses after 48 and 72h as can be seen from the 95% confidence
intervals (Figure A.145, right panel). The dose-response tendency suggests that the NWs are toxic to
HUVECs, though somewhat less toxic than the BiFeO;@Fe3;Os@asc NPs: the 72h cell counts are slightly
lower than those of APS-coated NPs discussed earlier. This supports the conclusion that embedding the
NPs in silica has a similar effect on the toxicity as capping with a silane layer, passivating the surface

and mitigating the toxic response.

A3.8.2 Cell Membrane Permeability
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Figure A.146: HUVEC cells exposed to SiO; & BiFeOs@Fes;04 NWs stained for cell membrane permeability. From
left: representative images of untreated cells after 24h, cells exposed to SiO, & BiFeO;@Fes04 NWs at 80 ug/mL
for 24h, 48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.146are

inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
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of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.147).
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Figure A.147: Cell viability of HUVEC cells after treatment with SiO, & BiFeOs;@Fe;04 NWs and the corresponding
95% confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

As with the cell count, there are apparent trends in the concentration-dependent response of the cells
to the NM, especially at 24h (see left panel, Figure A.147). However, the variations all fall within the

95% confidence intervals and are therefore not statistically significant.

This supports the conclusion that the SiO; & BiFeOs;@Fe;0, NWs do not accelerate cell death in HUVEC

cells at the concentrations analysed.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A3.8.3 Lysosomal mass/pH
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Figure A.148: HUVEC cells exposed to SiO, & BiFeOs;@Fes;04 NWs stained for lysosomal mass/pH changes. From
left: representative images of untreated cells after 24h, cells exposed to SiO, & BiFeO;@Fes0, NWs at 80 ug/mL
for 24h, 48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.
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LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.148 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or

decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.148).
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Figure A.149: Lysosomal mass/pH changes in HUVEC cells after treatment with SiO, & BiFeO;@Fe304 NWs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

Thereis an apparent dose-dependent decrease in the lysosomal mass/pH as a function of concentration
of SiO, & BiFeOs@Fe30. NWs after 24h but the variations fall within the 95% confidence interval and
are hence not significant (see Figure A.149, left panel). A similar trend of falling lysosomal mass/pH
with rising concentration is observed after 48h with LMPH values significantly higher than the

untreated control at doses up to 10 pg/mL (indicated by an arrow, right panel, Figure A.149).

After 72h however, there was a small but significant increase at all concentrations, supporting the
assertion that the uptake of nanowires is inhibited and that the delayed rise in LMPH may be due to
the dissolution of ions into the media and/or the uptake of nanoparticles released from the pores of

the nanowires.
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A3.9 HUVEC cells treated with SiO,&BiFeO;@Fe,03 NWs

Figure A.150: HCS images of HUVEC cells after 48h exposure to SiO; & BiFeOs;@Fe,03 NWs at 80 ug/mlL. Panels
A and E (blue channels): nuclear staining with Hoechst; Panels B and F (green channels): cell membrane
permeability staining; Panels C and G (red channels): lysosomal mass/pH staining; Panels D and H (transmitted
light channels). Left (A-D): 4x objective images. The region highlighted in the Transmitted Light Channel (D) is the
area magnified in the right panels (E-H): 10x objective images. The scale bars are 100 um.

Figure A.150 shows HUVEC cells after 48h of exposure to SiO; & BiFeOs@Fe,0; NWs at 80 ug/mL,
stained for DNA (blue channels), cell morphology and membrane permeability (green channels) and
lysosomal mass/pH changes (red channels). The aggregation and localisation of the SiO; &
BiFeOs@Fe,03 NWs can be seen in the transmitted light panels (grey channels). As can be seen, after
48h the cells had reached confluency despite the presence of the NWs and the particles had aggregated

inside the cells (Panels D and H).
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A3.9.1 Cell count
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Figure A.151: HUVEC cells exposed to SiO, & BiFeOs;@ Fe,03 NWs stained for DNA. From left: representative images
of untreated cells after 24h, cells exposed to SiO, & BiFeOs;@Fe;03; NWs at 80 ug/mL for 24h, 48h, 72h, and cells
treated with the positive control (valinomycin, 120 uM) for 24h. Only the Hoechst channel is shown, inverted. The
scale bar is 100 um and is the same for all the images.

HUVEC cells were exposed to SiO, & BiFeOs@Fe,03 NWs at three time points and stained for DNA to
determine cell count (Figure A.32). As can be seen, the cells did not reach confluency and the

population fell after 48 and 72h, as borne out by the HCS data below.
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Figure A.152: Cell count of HUVEC cells after treatment with SiO, & BiFeOs;@Fe,03; NWs and the corresponding
95% confidence intervals. Left: Number of cells vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

There are trends in the variation of cell count with concentration of SiO, & BiFeOs;@Fe,0s NWs (Figure
A.152, left panel), with counts significantly lower than the untreated control when exposed to more
than 120 pg/mL of the NWs for 24h, above 20 pg/mL after 48 and at all doses after 72h as can be seen
from the 95% confidence intervals (Figure A.152, right panel). The dose-response tendency suggests
that the NWs are toxic to HUVECs, though somewhat less toxic than the BiFeOs;@Fe3Os@asc NPs: the

72h cell counts are slightly lower than those of APS-coated NPs discussed earlier. This supports the
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conclusion that embedding the NPs in silica has a similar effect on the toxicity as capping with a silane

layer, passivating the surface and mitigating the toxic response.

A3.9.2 Cell Membrane Permeability
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Figure A.153: HUVEC cells exposed to SiO, & BiFeOs;@Fe,03 NWs stained for cell membrane permeability. From
left: representative images of untreated cells after 24h, cells exposed to SiO, & BiFeOs;@Fe,03 NWs at 80 ug/mL
for 24h, 48h, 72h, and cells treated with the positive control (valinomycin, 120 uM) for 24h. Only the CMP (green)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

Cell membrane permeability was used to indicate cell viability. Because the images in Figure A.153 are
inverted, the number of viable cells in each image is therefore the number of cells in which the intensity
of CMP stain surrounding and overlapping the nucleus is below the threshold determined for each plate

analysed as described above (see A2.2.2). The data are displayed below (see Figure A.154).
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Figure A.154: Cell viability of HUVEC cells after treatment with SiO, & BiFeOs3@Fe,0s; NWSs and the corresponding
95% confidence intervals. Left: cell viability vs concentration of nanomaterial. Valinomycin was used as positive
control. The error bars represent the standard error of the mean of triplicates in three independent experiments.
Right: difference between group means relative to the untreated control NT (Dunnett’s test for multiple
comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way ANOVA).

As with the cell count, there are apparent trends in the concentration-dependent response of the cells
to the NM, especially at 24h (see left panel, Figure A.154). However, the variations all fall within the

95% confidence intervals and are therefore not statistically significant.
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This supports the conclusion that the SiO, & BiFeOs@Fe,03 NWs do not accelerate cell death in HUVEC

cells at the concentrations analysed.

The cells were also examined for changes in lysosomal mass/pH as a final indicator of cytotoxicity.

A3.9.3 Lysosomal mass/pH

SiO2 & BiFeO3@Fe203

NT (24h)

Figure A.155: HUVEC cells exposed to SiO, & BiFeOs;@Fe;03; NWs stained for lysosomal mass/pH changes. From
left: representative images of untreated cells after 24h, cells exposed to SiO; & BiFeO;@Fe,03; NWs at 80 ug/mL
for 24h, 48h, 72h, and cells treated with the positive control (tacrine, 100 uM) for 24h. Only the LysoTracker (red)
channels are shown, inverted. The scale bar is 100 um and is the same for all the images.

LysoTracker™ Red was used to stain for changes in lysosomal mass or pH. Because the images in Figure
A.155 are inverted, an increase in the intensity therefore corresponds to a larger mass of lysosomes or
decrease in pH, indicating a toxic response to the analyte. These data are displayed below (see Figure

A.156).
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Figure A.156: Lysosomal mass/pH changes in HUVEC cells after treatment with SiO, & BiFeOs;@ Fe;03; NWs and the
corresponding 95% confidence intervals. Left: Lysosomal mass/pH vs concentration of nanomaterial. Tacrine was
used as positive control. The error bars represent the standard error of the mean of triplicates in three independent
experiments. Right: difference between group means relative to the untreated control NT (Dunnett’s test for
multiple comparisons). The error bars represent the 95% confidence intervals (calculated using ordinary One-Way
ANOVA).

There is no distinct dose-dependent response in the lysosomal mass/pH as a function of concentration

of Si0; & BiFeOs;@Fe,03 NWs as can be seen in Figure A.156, left panel. Although there is an apparent
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increase at the lowest dose after 24h and 72h the variations fall within the respective 95% confidence

intervals and are hence not significant (right panel, Figure A.156).

The lack of significant difference in the LMPH indicates that there is diminished uptake of the nanowires

or that an increase in uptake is accompanied by a reduction in the pH.
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