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Abstract

This thesis centres around the synthesis of a family of structurally related
nanoparticulate systems, based on layered rare-earth hydroxides, with a
combination of properties that make them suitable for theranostic applications.
These materials have the ability to carry drug cargo, provide contrast in magnetic
resonance and luminescence imaging, and the possibility to incorporate
photosensitizers to facilitate photothermal and photodynamic therapy. The use of
these systems in the context of targeted cancer treatment will be explored. The
possibility to deliver image-guided therapy directly to tumours is of particular
interest in this field, as it has the potential to obviate issues with off target toxicity

which very commonly arise with traditional chemotherapies.

Chapter 1 begins with a discussion of current chemotherapeutic treatments and
their limitations. The concept of theranostic medicines is introduced, and the
modalities of drug delivery, photo-responsive therapies, and imaging contrast are
covered. The various material types employed in theranostic research are
described, with a particular focus on inorganic materials. Finally, the layered
double hydroxides and layered rare-earth hydroxides are discussed, along with
a detailed overview of their intercalation chemistry and use in the literature in
recent years. The rationale behind focusing on layered rare-earth hydroxides

along with the aims of this project are laid out.



Chapter 2 concerns the synthesis and characterisation of layered terbium
hydroxide Th2(OH)s]CI-1.5H20 (LTbH-CI). Intercalation compounds of LTbH-CI
and several non-steroidal anti-inflammatory drugs (diclofenac, ibuprofen, and
naproxen) were prepared and their functional performance in terms of drug
release, cytotoxicity, and luminescence was assessed. It was found that LTbH-
Cl and its drug intercalates had high biocompatibility, exhibited luminescence
properties potentially suitable for imaging applications, and released at least 60%

of their drug cargo within 5 hours (in phosphate buffered saline, at 37 °C).

Chapter 3 considers the optimisation of a hydrothermal synthesis route to LTbH-
Cl. It details a further series of experiments conducted to explore the relationship
between the synthetic parameters and the resulting particle size of LTbH-CI. An
optimised method was thus developed and shown to consistently produce
particles with a much narrower size distribution and smaller average size (152 *
59 nm) than those produced by the method described in Chapter 2 (670 + 564
nm), which are better suited to exploit the enhanced permeation and retention

effect for passive tumour targeting.

In Chapter 4, the optimised synthetic method derived in Chapter 3 was used to
produce a range of layered rare-earth hydroxide systems with alternative
compositions, including the elements praseodymium, neodymium, gadolinium,
erbium, and ytterbium. Based on the subsequent characterisation data of these
systems, further LRH materials combining the elements gadolinium and terbium
in varying ratios were synthesised in order to exploit their respective magnetic
and luminescent properties to create a theranostic platform capable of bi-modal
imaging contrast. A lead formulation (LGd1.41Tbo.s9H-Cl) was selected for further
study, based on having the highest relative luminesce intensity as well as

relatively strong magnetic relaxivity for magnetic resonance imaging contrast.
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Chapter 5 explores the potential photodynamic and photothermal response of the
lead LRH formulation and several intercalate systems. First, the selection,
design, assembly, and testing of a laser apparatus for this series of experiments
is discussed. The lead LRH formulation, LGd1.41TbosoH, was loaded with the
known photothermal/photodynamic sensitiser indocyanine green, and isophthalic
acid, which has recently been reported to act as an efficient photodynamic
therapy agent when intercalated into a structurally similar LDH system.! The
resultant materials were characterised, and tested in terms of their performance
as photodynamic agents by utilising a colorimetric approach, and as
photothermal agents using thermometry. Though the photothermal response
measurement of the generated materials was not successful, the LRH-
indocyanine green composite showed promising photodynamic activity, with

enhanced efficiency relative to free indocyanine green.

Chapter 6 is the concluding section of this report, which summarises the key
findings and challenges encountered in the work herein and explores some future

avenues for research that should be considered.



Impact statement

This thesis presents a family of structurally related nanoparticulate systems
based on layered rare-earth hydroxides, which have the potential to be used in
targeted cancer treatment. These systems are suitable for combined therapeutic
and diagnostic applications as they can carry drug cargo, provide contrast in
medical imaging, and incorporate photosensitizers to facilitate photo-triggered
therapy. The use of such multi-faceted systems for cancer therapy could help to
obviate issues with off-target toxicity which commonly arise with traditional

chemotherapies.

The impact of the research presented herein can firstly be considered in relation
to the field of theranostic research in academia. Specifically, this work contributes
to the development of theranostic platforms using layered rare-earth hydroxides,
advancing knowledge of their intercalation chemistry, and potential use in therapy
and imaging applications. The novel findings discussed in this thesis have the
potential to influence and guide future work by other academic participants,
therefore widening the field and contributing to the current and future body of

knowledge.

Secondly, outside academia, this work has the potential to impact clinical use and
public health down the line, by contributing to the development towards providing
an effective targeted cancer treatment with reduced toxicity as an alternative to
conventional chemotherapies. Overall, further research and development of
layered rare-earth hydroxide nanoparticulate systems has the potential to
significantly improve the quality of life for cancer patients and advance the field

of cancer therapy.
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1 Introduction

Theranostics is an emerging field of medicine which combines diagnostic imaging
approaches with therapeutic methods. Theranostic platforms can be designed to
act as contrast agents in magnetic resonance imaging, luminescence imaging,
and positron/photon emission tomography.>= In addition, chemotherapeutic
drugs may be included, and it is possible to functionalise the platforms to act as
photosensitisers for photothermal or photodynamic therapy (where the
photosensitiser either converts light energy to heat, or produces reactive oxygen
species via energy/electron transfer processes).»® The combination of two or
more of these features into a single platform could improve treatment efficacy
relative to conventional therapies, and pave the way for personalised cancer

tfreatment.

Sections 1.4 and 1.5 were published as part of a book chapter in 2021,” and are

reproduced here with permission from the Royal Society of Chemistry.

1.1 Cancer and the need for personalised medicine

1.1.1 Prevalence and progression

Globally, due to a growing population and a variety of environmental and societal
factors, cancer poses an increasingly large burden on the healthcare system and
economy.® In 2018, 18.1 million new cases of cancer and 9.6 million cancer
related deaths were reported, and if current trends continue, it is predicted by the
Global Cancer Observatory that the number of new cases of cancer will increase
by over 60 % by 2040.° Accordingly, substantial research interest is directed at

continued development and innovation in cancer treatment technology.
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There are many different types of cancers which occur in humans, and the
prognosis can vary vastly between them. Cancers differ not only by the type of
tissue affected,® but also by underlying cause(s),**'? degree of aggression,*3
responsiveness to treatment,* as well as likelihood of recurrence after

remission.®

Staging and grading systems are commonly used to assess the progression of
cancer. There is variation in categories and nomenclature between certain types
of cancers, but in all cases, grading/staging aims to describe the extent of growth
and spread of the disease. For the purposes of discussing a wide range of
cancers on a population level, overall staging is a more useful tool than specific
grading. Under the overall staging system,® stage 0 or sometimes the ‘pre-
cancerous’ stage is where the cells in question have started to deviate from their
normal growth pattern, eventually forming abnormal tissues which are at a higher
risk of developing into cancer. Stages |-l describe cancer which is still localised
in the area of origin, and stage Ill describes regionalised cancer which has begun
to spread to nearby tissues and/or the lymphatic system. Stage IV, the most

advanced stage, refers to cancers which have spread to distant parts of the body.

1.1.2 Conventional therapies

While cancers that are localised may be treated with locally administered therapy
(such as by excision surgery, radiotherapy, or proton beam therapy), cancers
which have begun to spread may require systemically administered treatments.
The most established treatment for such cancers currently is traditional
chemotherapy, which uses cytotoxic agents such as doxorubicin and
methotrexate, delivered intravenously to target rapidly dividing cells within the
body.1” Often, these agents are used in combination to increase the efficacy of
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the treatment. However, such ‘one-size-fits-all' intravenously administered
cytotoxic agents do not discriminate between healthy and diseased cells, and
thus have a long list of adverse side-effects. For instance, chemotherapeutic
drugs often negatively affect non-cancerous rapidly dividing cells, leading to
negative effects in tissues within the bone marrow or central nervous system, or
the characteristic hair loss seen in patients undergoing chemotherapy.'’ Targeted
anticancer therapies, which can target proteins and genes associated with
cancer, exhibit a reduced degree of off-target toxicity, but may still result in
symptoms such as gastroenteritis, impaired liver function, and dermatitis'® which

are associated directly with their mechanism of action.

Such side effects have a great impact on both mental and physical patient
wellbeing, and in some cases may prevent patients from undergoing treatment
altogether due to avoidance or counterindications.®2° Therefore, it is important
to develop novel treatments which seek to minimise side effects and increase
treatment efficacy. Such an approach could help to improve the current gold-
standard chemotherapeutic treatments by facilitating a more individualised,
effective treatment, with fewer off-target effects, therefore leading to improved

patient outcomes.
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1.2 Theranostic approaches to the treatment of cancer

Theranostic platforms aim to combine multiple modalities of treatment and
imaging contrast capability to enable synergistic treatment at the desired site of
action. Therefore, theranostic technology aims to address the need to reduce off-
target toxicity effects and increase treatment efficacy. This section will introduce
the most utilised treatment and image contrast modalities seen in theranostic
systems in the literature, including drug delivery, photothermal/photodynamic

therapy, luminescence, and magnetic resonance imaging.

1.2.1 Drug delivery

Theranostic systems may be utilised to carry and deliver active pharmaceutical
ingredients (APIs). The use of such a drug delivery system (DDS) may offer

several advantages over pure drug administration.

Firstly, the use of a carrier enables the targeted delivery of API by exploiting either
passive or active targeting, which are covered in more detail in Section 1.5.2. In
this way, the use of a DDS can be an effective strategy to prevent off-target
toxicity. Secondly, encapsulation of APl within a DDS may enhance the
bioavailability of poorly soluble APIs, by minimising the interaction between
individual APl molecules and enabling more efficient release into solution as
compared with the pure API counterpart.??> Additionally, the use of a DDS
system may further enhance bioavailability and stability of the API by shielding it
from the surrounding physiological environment and therefore preventing

premature degradation.?324

Depending on the nature of the carrier employed and any additional

functionalisation, the release profile from a DDS can vary widely. For instance,
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release can range from a burst over the course of a few minutes/hours up to
extended release over several months. Release is sensitive to both the chemical
and physical nature of the DDS, as those properties impact the affinity of the API
molecule for the carrier matrix and the diffusion path it must take to exit into
solution. Additionally, release profiles can be further modulated by use of coating
strategies to slow release or enable release in response to some external trigger
(such as changes in pH, the application of electromagnetic radiation, or the

presence of bacterial enzymes).

For instance, a gold nanoparticle-based and aptamer/DNA-functionalised DDS
has been reported which is capable of rapidly releasing over 80 % of its cytotoxic
payload in under 20 minutes.?®> The DDS employs an antibody mimic to target
cancer cells, and a dense, cross-linked DNA coating which rapidly breaks down
in the presence of adenosine triphosphate (ATP) to release the cytotoxic
doxorubicin.?® This type of fast release is desirable in this scenario because the
goal is to rapidly eliminate cancer cells before they proliferate and spread. In other
cases, longer release times may be preferrable — for instance in the treatment of
glaucoma, which often requires the application of daily eye drops to lower
intraocular pressure. An example of such sustained release from a liposomal
nanocarrier formulation was reported recently, where the release of latanoprost

reached only 60 % after 20 days.?®

1.2.2 Photothermal therapy

Photothermal therapy is a treatment which utilises the ability of some species,
known as photosensitizers, to convert light (usually in the near-infrared or ‘NIR’
region) into heat. In the context of cancer treatment, the photosensitizer is first
allowed to accumulate in the tumour tissue. The application of NIR light to the
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tumour then excites the photosensitizer, which releases energy as heat upon
relaxation to the ground state. This causes localised hyperthermia, ablating the
cancer cells and thus eliminating the tumour. The photothermal response and the
considerations regarding the choice of light wavelength will be discussed in more

detail in Chapter 5.

Most commonly, gold-based nanoparticles are used to efficiently convert visible
or NIR light to heat by exploiting their inherently strong surface plasmon
resonance response. Gold nanoparticles are thus exceptionally good at
absorbing electromagnetic radiation, and the absorption wavelength is highly
tuneable by varying their shape and size.?’” These properties, combined with the
inert and biocompatible nature of gold, make gold extremely attractive in the

production of photothermal agents.

For example, a theranostic system has been reported* which consists of a
lanthanide-doped core within a superparamagnetic iron oxide shell, and an outer
layer of gold. The lanthanide-doped core acts as a luminescent imaging agent,
the iron oxide shell acts as a magnetic resonance imaging contrast, whilst the
outer layer of gold is used to provide photothermal functionality. It was
demonstrated that these multi-functional nanoparticles could be directed into the
tumour via magnetic field targeting, and subsequent irradiation with a NIR laser
led to a localised temperature increase of over 40 °C and complete tumour

elimination in mice (Figure 1.1a).*

Other materials which exhibit efficient photothermal conversion and have been
investigated for theranostic applications include polymers such as
polydopamine,?® and a variety of two-dimensional materials including transition

metal carbides/nitrides and dichalcogenides.?®®0 It is also possible to elicit a
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photothermal response by functionalising theranostics with light-absorbing dyes,
such as indocyanine green (a NIR absorbing dye, used widely in the clinic for

imaging applications)3! or methylene blue (a visible light absorbing dye).3?

1.2.3 Photodynamic therapy

Unlike photothermal therapy, photodynamic therapy uses a photosensitiser to
generate reactive oxygen species rather than heat. As the photosensitizer
relaxes to the ground state, the energy released leads to the production of
reactive oxygen species (ROS) such as free radicals and singlet oxygen. The
ROS generation process is discussed in more depth in Chapter 5. These ROS
are able to cause cell death directly, but can also disrupt the vasculature which
supplies the tumour and elicit a localised immune response.3® PDT is already
used widely for cancer treatment, and there are a variety of commercially
available photosensitisers, including porphyrin derivatives and chlorophyll

mimics.34

Several very promising theranostic systems able to perform photodynamic
therapy have been reported. For instance, a nanoparticle system was assembled
from an amino acid (Fmoc-L-L) with Mn?* and Chlorin e6 as magnetic resonance
imaging contrast and photosensitiser respectively.3® This system, abbreviated as
FMCNP, and an analogue which does not contain Mn?* (FLCNP), were both
shown to result in efficient photodynamic therapy, leading to significant tumour
size decrease, and in some cases complete tumour elimination in mice (Figure

1.1b)3° following irradiation with NIR light.
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Figure 1.1 a.) Diagram (Reprinted from reference 4 with permission from Elsevier) showing tumour volume in mice
under different combinations of photothermal treatment conditions, with or without injection with multifunctional
nanoparticles (MFNPs), irradiation with a NIR laser, exposure to a magnetic field (MF) for tumour targeting; and the
untreated control. b.) Diagram (reprinted with permission from reference 35. Copyright 2018, American Chemical
Society) showing mass of excised mice tumours following photodynamic treatment with Fmoc-L-L/Chlorin e6/Mn?*
nanoparticles (FMCNPs) or Fmoc-L-L/Chlorin e6 nanoparticles (FLCNPs) coupled with NIR light irradiation, as compared
to the control group (NIR light irradiation only).

1.2.4 Luminescence imaging

One property which can be exploited for medical imaging is photoluminescence.
Photoluminescence occurs when a sample absorbs light, producing excited
electrons which relax back to the ground state and emit photons. Typically, the
emitted photons are of a lower wavelength than those of the excitation light, but
some systems exist which are capable of absorbing two photons to re-emit a
single photon of a higher wavelength.3® This process is known as upconversion
luminescence. The excitation/emission process can occur millions of times per
second per atom, which makes photoluminescence imaging very sensitive. The
types of photoluminescence and competing relaxation pathways are covered in

more detail in Chapter 4.

Of particular interest for medical applications are fluorophores which can be
excited by NIR light for near-infrared fluorescence imaging (NIRF). This is
because NIR light is energetic enough to penetrate human tissue, but not so

energetic that it elicits an auto-fluorescence response in tissues. This
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dramatically lessens the fluorescence background in images and hence provides
better contrast. There are many fluorophores which are able to absorb NIR light
such as indocyanine green®’ and porphyrin derivatives.®® There have also been
many nanoparticle systems reported which contain®® or are conjugated to*%4! NIR
fluorophores, and are therefore able to be used in diagnostic fluorescence

imaging.

1.2.5 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is one of the most common medical imaging
methods and is based on the nuclear magnetic resonance (NMR) phenomenon.
It can be used, for example, to diagnose cancers by imaging tissues,*? to monitor
brain activity by exploiting the different properties of oxygenated vs deoxygenated
blood,*® and even to observe physiological processes such as joint movement in
real-time.** The application of an external magnetic field and a radiofrequency
pulse causes nuclei in a sample to absorb and re-emit radiofrequency waves
through a process called relaxation. The nature and mechanisms of relaxation in
MRI and how they are used to construct images will be discussed in more detail

in Chapter 4.

Due to their vast abundance in the body and high NMR sensitivity, 'H atoms
(protons) are often targeted for magnetic medical imaging applications. Nuclei will
have different rates of nuclear relaxation (and therefore produce a higher or lower
contrast) depending on their environment, which is why different tissues in the
body can be distinguished in an MR image. In molecules of fat, for example, each
proton benefits from magnetic shielding by neighbouring electron clouds. In
contrast, protons in water molecules are de-shielded due to the electronegative
oxygen atom, and so they are more affected by an external magnetic field.*®
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‘Positive’ contrast agents such as those containing Mn?* and Gd3* ions lead to
enhanced brightness in the image; many theranostic systems containing
Mn2*/Gd3* ions for MR contrast ability have been reported.354¢ Currently, only
Gd** based positive contrast agents are commercially available; however, the
toxicity of free Gd®* ions necessitates the use of chelating ligands, and ongoing
concerns about accumulation in the body have encouraged the search for other
effective and safe positive MRI contrasts.*” Conversely, contrast agents which
lead to decreased brightness in the image, such as barium sulphate or
superparamagnetic iron oxide, are known as ‘negative’. While their use has been
mostly phased out in clinical MRI, there exist reports of theranostic systems for

negative MR contrast applications.484°

1.2.6 Other modalities

There are several other imaging and therapeutic modalities which appear

somewhat less commonly in the theranostic literature.

Positron emission tomography and single-photon emission computed
tomography both employ radioactive tracers to produce images of the body by
collecting the emitted gamma radiation. Theranostic systems may contain or be
functionalised with such radioactive tracers to allow imaging functionality.50-52
Radiation may also be used in a therapeutic capacity, and can be applied
externally (for instance X-ray or proton beams) or internally (by using radiogenic
species administered to the body). Theranostic systems can be used to directly
produce internally applied radiation by inclusion of radioactive species,® or to
enhance the effect of externally applied radiation by inclusion of a

radiosensitiser.>*
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In addition to PDT, other methods of locally generating ROS species also exist
that have been incorporated into theranostic systems. Sonodynamic therapy
relies on the external application of ultrasound (rather than light, as in PDT) to
activate the ROS generation process.®® Conversely, in chemodynamic therapy,
ROS generation occurs by means of chemical reaction — namely, the conversion
of hydrogen peroxide (which is naturally elevated in some tumour tissues) to
ROS.%¢ The advantage of chemodynamic therapy over other ROS producing
processes in this context is that it requires no externally applied trigger; however,
it is limited in therapeutic effect due to rapid consumption of endogenous

hydrogen peroxide, as well as inefficient reaction under physiological pH.>’

Lastly, a variety of theranostic systems have been designed which can deliver
genes,®® functional nucleic acids,*® proteins,®® and antibodies.®* These types of
active ingredients have a broad range of biological applications, for instance to

alter gene expression® or selectively target specific cancer proteins.®3
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1.3 Material types in theranostics

The vast majority of materials utilised in research for theranostic applications are
nano- or micro-scale materials, which are suitable for administration by a variety
of delivery routes (for instance as powders for inhalable delivery or particulate
suspensions for injectable formulations).54.8°> There are also instances of macro-
scale theranostic implant systems containing nanomaterials such as
nanowires®%:¢’ or nanosheets,®® though these are less commonly explored. A
broad range of materials have been studied for theranostic applications to date,
which can be categorised based on their composition (organic, inorganic,
composite) or their dimensionality on the nanostructural scale (0D, 1D, 2D, or 3D

materials).

1.3.1 Material dimensionality

Particles which do not extend more than 100 nm in any dimension are referred to
as ‘0D, for instance quantum dots or spherical nanoparticles with diameter less
than 100 nm. Materials such as nanotubes or nanowires which extend over 100
nm in only one dimension are referred to as ‘1D’. Materials which extend over
100 nm in two dimensions (thus forming planes) and are referred to as ‘2D’. Such
materials include graphene and layered double hydroxide nanosheets. The final
class of materials are termed ‘3D’, and exhibit extension over 100 nm in every
dimension — for instance particles of materials such as metal organic frameworks

(MOFs) or giant covalent structures.

Dimensionality labels are used as a helpful shorthand rather than a strict
classification system. For example, a sample of material which contains spherical

nanoparticles of a wide size distribution (e.g. diameters of 50 — 200 nm) is
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technically both OD and 3D. A distinction is often made between single/few layers
of layered materials (2D) and their bulk stacked structures (3D). While covalent
bonding in 3D stacks of 2D materials is discontinuous in one dimension (i.e.
perpendicular to the layer stacking direction), when the stacked assembly forms
particles > 100 nm in all dimensions, it is most often considered to fall into the 3D

category.

Recently, 2D materials and their bulk 3D structures have been receiving
increasing amounts of attention in the theranostic literature owing in large part to
their high available surface area for adsorption or chemical processes. In
addition, layered materials can accommodate a wide range of guest species
sizes, making them a versatile option as a theranostic platform. The advantages
and properties of layered systems compared to other types of materials are

explored in detail in Section 1.4.

The implications of overall particle size (and shape) on theranostic applications
of materials will be dealt with in more detail in Chapter 3. Broadly, the particle
size must be a compromise between acceptable properties in terms of biological
fate (cell uptake behaviour, tissue/vasculature permeation, propensity for
macrophagic elimination, etc.) and functional performance (surface area

available for functionalisation, drug loading capacity, drug release kinetics, etc.).

1.3.2 Material composition

Material composition is arguably the most important consideration when
designing theranostic systems. Firstly, composition influences the resultant
functional properties of a material. Many inorganic materials possess inherent
luminescence or magnetic properties. This allows novel systems to act as

contrast agents simply by inclusion of such inorganic materials. On the other
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hand, organic fluorophores, whilst many in number, are often complicated in
structure, and frequently suffer from photobleaching.%® Furthermore, the
performance of inorganic materials can often be easily modified by changing their
physical form or elemental composition (for instance by changing particle size’

or by doping™?).

Secondly, composition impacts the biocompatibility and biostability of materials.
This extends not just to the theranostic platform itself, but to any possible
metabolites and degradation products. For example, some free metal ions are
known to exhibit toxicity by interfering with natural signalling pathways (for
instance, free Gd** ions which can block Ca?* ion channels).”? Organic-based
systems may be more susceptible to breakdown by the body’s natural metabolic
pathways, whereas many inorganic materials are less chemically reactive in the

physiological environment.”3

For these reasons, layered materials with an inorganic composition are of

particular interest as potential theranostic matrices.

1.4 Inorganic layered materials for biomedical applications

1.4.1 Introduction

Inorganic materials which possess a layered internal structure are particularly
attractive as candidates for drug delivery platforms. The structure of such layered
materials (LMs) is based on two-dimensional sheets of material which are
stacked into a three-dimensional array, and held together by ionic or van der
Waals forces.” If the layers bear an overall charge, the interlayer space contains
guest counterions which interact electrostatically with the charged layers.

Materials with negatively charged layers include cationic guest species, whereas
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those with positively charged layers are balanced by anionic species. If the
counterions are not bound permanently to the layers, the material is termed ion-
exchangeable, and the process of reversible guest uptake is called intercalation.
This ability to reversibly intercalate ionic drugs allows such LMs to act as drug

carriers (Figure 1.2).
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Figure 1.2 Schematic diagram illustrating the intercalation of drug molecules into a layered material by ion
exchange, causing the interlayer separation to increase.

There exist many layered systems which comprise negatively charged layers and
are therefore cation-exchangeable, for example cationic clays,”>~’" MXenes,’®
metal phosphates,’®8° and metal chalcogenides.?®8! Layered systems which are
able to undergo anion exchange are fewer in number, and consist almost
exclusively of layered metal hydroxides — a class of materials which includes
layered double hydroxides (LDHSs),8>8 |ayered rare-earth hydroxides
(LRHSs),2"88 and the hydroxy double salts (HDSs).8%%0 Of the aforementioned
layered systems, LDHs are by far the most widely studied for drug delivery

applications.

LMs can be designed to release their drug cargo in response to external stimuli,
act as imaging contrast agents, and provide additional therapeutic functionalities
such as light-triggered hyperthermia. Overall, there is ample scope for developing
novel drug delivery platforms based on LMs, which benefit in particular from their

diverse intercalation chemistry. This section will explore the applications of LMs

49



in drug delivery, their advantages over other types of systems, and cover notable

examples of drug delivery platforms based on LMs in the literature.
1.4.2 Properties of layered materials

A useful property shared by all LMs is their high available surface area for
adsorption relative to their volume as compared to conventional solid materials,
which includes both the particle surface as well as the interlayer surface areas
(Figure 1.3). In turn, this can be exploited to generate intercalates with very high
drug loadings, thereby maximising formulation potency and reducing the
minimum effective dose. However, with increasing LM patrticle size, adsorption
towards the middle of the particles is diffusion rate limited, leading to lower than
theoretical drug loadings. Therefore, delamination of LMs into nanosheets can be
used to increase the effective surface area available for adsorption, leading to

enhanced capacity relative to the bulk LM.%?
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Figure 1.3 Schematic diagram illustrating the surface area available for guest adsorption in a unit cube crystal of solid
material (left) as opposed to a layered material (right), assuming a layer thickness and interlayer gallery height of 0.1
and 0.2 units respectively.

Perhaps the most advantageous feature of LMs for drug delivery applications is
their extensive intercalation chemistry. Inorganic materials which contain pores
or channels (such as metal organic frameworks, zeolites, or silica) are rigid and

only capable of accepting guest species of a narrow range of sizes. Therefore,
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different materials would be required to deliver small molecule actives as
opposed to proteins, for instance. Conversely, some LMs are capable or
expanding/contracting their interlayer separation depending on the intercalated
species. This makes it possible to use the same LM to load a broader range of

guest species.

LMs give rise to a variety of particle shapes and sizes, and in some cases these
can be controlled by adjusting the synthetic method. For instance it was
demonstrated in one study that Mg/Al LDH particles produced using a
hydrothermal route exhibited smooth spheroid particle shapes and a more
uniform size distribution (85-340 nm) than those produced by co-precipitation,
which were roughly hexagonal in shape with serrated edges and a much wider
particle size distribution (860-4470 nm).%? In addition, it is possible to synthesise
LM patrticles which have a range of average particle sizes — from only several
nanometres® up to micrometre size and beyond.**° These features are very
important in the context of drug delivery, because patrticle size and shape greatly
influence the in-vivo behaviour of the formulation. Importantly, overall particle size
affects how rapidly particles are removed by the immune system (and other
biological mechanisms) and how well they penetrate different types of tissue.
Particle shape, on the other hand, influences cellular uptake behaviour, and has

even been shown to allow preferential targeting of sub-cellular features.%

1.4.3 Types of layered materials

1.4.3.1 Anion-exchangeable materials

The vast majority of anion-exchangeable LMs belong to the layered metal
hydroxides group, which are sometimes referred to as the anionic clays. Of these,

by far the most widely studied are the layered double hydroxides (LDHSs). Their
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brucite-type structure is based on two dimensional sheets of edge sharing
octahedra (Figure 1.4A), composed of mixed metal ions (divalent and trivalent)
coordinated to six hydroxide ions.®” The sheets have a net positive charge®’
which causes them to electrostatically interact with anions and trap them between
the sheets, forming a three dimensional assembly.®® The basal spacing between
the layers is able to adjust depending on the size of the guest anion® which

allows a variety of species to be intercalated.

Another subset of the layered metal hydroxides which have been explored in drug
delivery applications are the hydroxy double salts (HDS). Unlike LDHs, HDSs
contain only divalent metal centres, octahedrally and tetrahedrally coordinated to
hydroxide groups (Figure 1.4B). More recently, attention has turned towards the
layered rare-earth hydroxides (LRHs), as they can exhibit magnetic and
fluorescent properties useful for medical imaging arising from the rare-earth metal
ions they contain.%0101 |t is possible to create LDH and HDS based materials
which also exhibit these properties, for instance by incorporation of magnetic Fe3*
ions, however this often requires further functionalisation therefore complicating
the synthetic procedure.102.193 Strycturally, LRHs are similar to LDHs/HDSs, but
the sheets constitute trivalent rare-earth metal ions in two high coordination
environments, with eight and nine vertices,'% which arrange in an edge-sharing
fashion (Figure 1.4C). Each metal centre is coordinated to one water molecule

and either seven or eight hydroxide groups.
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Figure 1.4 Polyhedral models of anionic clay materials A.) LDH, B.) HDS, and C.) LRH. Inset: coordination
environments of metals within LDH/HDS/LRH materials.

1.4.3.2 Cation exchangeable materials

Cation exchangeable LMs span a much larger range of compositions than anion
exchangeable LMs. The largest class of materials that fall into this category are
the hydrated aluminium silicates, frequently referred to as cationic clays. Of
particular interest in drug delivery applications are materials with a smectite-type
structure, in which the interlayer distance is able to expand and contract

depending on guest species. In the smectite structure, each solid layer is actually
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composed of a layer of edge-sharing Al2(OH)s octahedra, sandwiched between
two layers of vertex-sharing SiOz2 tetrahedra (Figure 1.5). Both Al and Si can be

substituted to alter the composition of the clay.
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Figure 1.5 Polyhedral model of a smectite-type cationic clay. Inset: coordination environments of Si and Al within the
cationic clay structure.

While a significant body of work exists around graphene (monolayers of graphite)
and its related graphene oxide form within the biomedical field,%>1% these
materials and their bulk crystal counterparts do not exhibit ion exchange capacity.
A relatively newly discovered type of LM similar in structure to graphene are the
so-called MXenes, which are carbides or nitrides of transition metals derived from
a parent MAX phase (where M is a transition metal, A is a group 13 or 14 element,
and X is either C or N).1%7 Unlike graphene, multi-layered MXenes have been
shown to be capable of ion exchange'®, as well as adsorption (and subsequent
release) of cationic drug on nanosheets of MXene.1% Other types of LMs capable
of cation exchange include some metal titanates, metal phosphates, and metal
oxides, though they have been seldom mentioned in the literature in regard to

their potential as drug delivery platforms.

Another notable type of LMs are the transition metal dichalcogenides (TMDs),
where a transition metal centre is coordinated to a chalcogen (usually S or Se).

TMDs most frequently exist in either a structure analogous to LDHs, with metal
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centres in an octahedral coordination,*'? or in a trigonal prismatic configuration.*!
Their potential in theranostic applications has begun to attract attention,
particularly owing to their favourable photothermal (light to heat) conversion
properties.t2-114 |n their unaltered form, the layers within TMDs are not charged,
and thus do not exhibit ion exchange properties. However, a recent report into
the application of TMDs for semiconductor purposes has shown that intercalation
of hexylammonium cations into TMDs is possible under electrochemical
conditions.'> Briefly, the application of an electrical potential to a TiS2 cathode
caused the reduction of Ti** to Ti®*, thereby giving the individual layers a negative
charge.'’> Hexylammonium ions, dissolved in the electrolyte, were then
intercalated into the TMD as a result of electrostatic interactions. It may therefore
be feasible to drive ion-exchange in TMDs for drug delivery applications, using a

similar reductive process.

1.4.4 General synthesis

LMs can be prepared by a variety of synthetic methods — most commonly by co-
precipitation, hydrothermal, solvothermal, sonochemical, and sol-gel
approaches. The co-precipitation method involves the mixing of two solutions,
which react to form one precipitate. In the case of LDH materials, for example, a
solution containing the metal cations is added to a basic solution of the anion to
be intercalated.'® Hydrothermal synthesis, as the name implies, is carried out in
agueous solution or suspension, and occurs during heating in a sealed reaction
vessel. It is often used in combination with co-precipitation to improve the
crystallinity of products obtained. The vapour pressure inside the reaction vessel

can be controlled by selecting the appropriate temperature. This approach is
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versatile, commonly employed to produce LDHs and LRHSs,*'"-1?2 and has also

been used to produce layered chalcogenides, and metal oxides.?4125

Solvothermal synthesis is an analogous method employing solvents other than
water, and can also be used to produce both cation and anion exchangeable
LMs.126-130 The main advantage of using hydro/solvothermal methods is that the
reaction occurs at elevated temperatures and pressures, allowing the efficient
synthesis of materials which may otherwise not form.13! Less common methods

to produce LMs include sonochemical*®?-13> and mechanochemical synthesis.

136-140

The production of nanosheet materials can be broadly classified into two
strategies. ‘Top down’ approaches involve the delamination (also known as
‘exfoliation’) of layers from bulk LM particles. Most commonly this is achieved
either via mechanical means,#%142 or by chemical exfoliation.143-14¢ Conversely,
‘bottom up’ methods aim to produce nanosheets in one step, for instance by

chemical/physical vapour deposition,4"148 or direct synthesis.4%-152

Intercalation of the desired counterion can be achieved either during the initial
LM synthesis (direct intercalation),®3-1%5 or after the formation of the LM (by ion
exchange, reconstruction, or exfoliation-reassembly). During direct intercalation,
a solution of metal salts is mixed with a solution of the desired species to be
intercalated into the LM. This approach is advantageous because the final
product is obtained in a single step but is not always possible as it requires that
the desired species has a stronger electrostatic interaction with the layers of the
LM than do the other species present in the reaction mixture. For instance,

successful direct intercalation of amino acids into a Zn/Al LDH was shown to be
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largely dependent on the overall charge and hydrophobic character of the amino

acid.1®

Post-synthetic intercalation methods can often be more practical to use. Most
commonly, this is achieved by ion exchange, which is the diffusion of drug ions
from a solution into the interlayer space to replace the initial guest ions.87.1%
Typically, particles of LM are submerged in a solution with the desired guest in
molar excess, and ion exchange is allowed to proceed over the course of several
hours, usually with heating. Another approach is to use reconstruction,5>157
whereby the LM first undergoes calcination to remove any intercalated species.
In the case of LDHSs, this process causes the dehydroxylation and collapse of the
layered structure, which is recovered upon submerging this calcined product in a
solution of the desired guest. Similarly, the exfoliation-reassembly method can be
used,58-162 whereby the LM is delaminated and allowed to reassemble in a
solution of the guest species. Co-precipitation and reconstruction methods also
allow for intercalation of species which are not ionic, which is not possible to
achieve using ion exchange. The exfoliation-reassembly approach is favoured
where the guest species’ size is prohibitive to efficient diffusion into the LM

interlayer gallery.

1.4.5 Cytotoxicity

LDHs are well known to be highly biocompatible. Many in-vitro studies have
reported very low cytotoxicity of LDH formulations in a wide range of human and
murine cell lines, including healthy, cancerous, and stem cells.'3-16° Figure 1.6a
shows the results from one such study, in which four different human cell lines
were exposed to Mg/Al LDH for 72 hours, and in all treatment groups no
significant cytotoxicity was observed.®® In a study on rats, tablets made of
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compressed Mg/Al and Zn/Al LDH powders were implanted into the abdominal
muscles and assessed after 7 and 28 days.'’® At both time points, no signs of
inflammation or microvasculature disruption were present (Figure 1.6b),
irrespective of LDH composition.1’® Additionally, the nature of tissue repair
around the implanted tablets was consistent with the type observed around highly
biocompatible implants. Another study, in which Mg/Al LDH was used as a
coating for middle-ear prostheses in rabbits,'”* also found no signs of
inflammation 10 days following implantation. A clinical study on humans was
performed on fluoride loaded LDH films for dental applications,’? and found no

evidence of irritation after several hours of exposure.
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Figure 1.6 a.) Diagram (Reprinted from reference 163, with permission from Elsevier) showing the cell viability of four
different human cell lines (normal lung (L-132) cells, lung cancer (A549) cells, cervical cancer (Hela) cells, and
osteosarcoma (HOS) cells) following 72 h exposure to Mg/Al LDH at various concentrations; b.) Photographs (reprinted
from reference 98, with permission from Springer Nature) showing the implantation sites of LDH tablets within the
abdominal muscles of rats, at 7 days (top) and 28 days (bottom) post operation.

On the other hand, there also exist multiple reports concerning the adjuvanticity
of LDHSs. Briefly, adjuvants are substances which enhance the immunological
response of an organism when exposed to an antigen,'”® and are widely used in
vaccine formulations for this purpose. There are many studies discussing the
adjuvant activity of MgAl LDHs,'"3-178 indicating that LDHs have the capacity to

interact with the immune system - an important consideration when evaluating
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the cytotoxicity of such systems. It has also been demonstrated that the chemical
composition and physical properties of LDHs have an influence on
adjuvanticity,7®180 providing a pathway to modulate this response as desired for

applications in drug delivery.

Several studies on LRHs have found very high biocompatibility in cell culture
studies, and in some cases showed an apparent increase in cell viability relative
to the untreated control cells.87:10118L182 HPSs are assumed to be
biocompatible,® particularly those based on metals which are not toxic in their
free ion form. A study testing Mg/Zn and Fe/Zn HDS systems on human prostate
cancer cells reported no reduction in viability,'® though no additional studies
using other cell lines or HDS systems have been carried out to date. Cationic
clays have shown generally good biocompatibility with evidence of some
inhibitory effects on cell proliferation in vitro,184-186 put in vivo studies in mice did
not find any ill effects at concentrations of 2000 mg montmorillonite per kg body
mass, much higher than what would typically be required for biological

applications (100 mg/kg body mass).184

In vitro experiments on TMDs appear to show good biocompatibility, though there
are some conflicting studies which report TMDs causing reduced cell viability by
cell membrane disruption.®-19 Cytotoxicity appears to be greatly influenced by
the composition of the TMD.°? In vivo tests, in which mice were injected with
polyethylene glycol (PEG) functionalised MS2, TiS2, and WS: particles,**®
observed no cytotoxic effects over the course of 60 days, and subsequent
histology on major organs did not show any signs of inflammation. In another
study, dressings containing MoSe:z were tested on mice with infected wounds,*%

with no reported ill effects and improved would healing. It has also been shown
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that MoS2 can be degraded by human myeloperoxidase enzymes, % which could

help to prevent issues arising from accumulation.

There are a variety of in vivo studies on several graphene-based materials.
Graphene nanosheets surface functionalised with PEG have been shown to
exhibit no toxic effects in mice, as assessed by histological and blood
analyses.®41% Graphene oxide (GO) nanosheets, on the other hand, have been
shown to cause lung injury and inflammation in mice. For instance, this was
shown to be the case for GO nanosheets with an average size of 158 nm,1% as
well as a formulation of GO sheets with a size range of 10-800 nm.*%" However,
this toxicity was not observed in mice injected with graphene oxide formulated as
guantum dots (3-5 nm diameter).1%8 This finding was mirrored in another study,
comparing the in vivo toxicity of graphene oxide nanosheets and quantum dots
(20-40 nm diameter) in zebrafish.1®® Similarly, MXenes are also known to be
highly biocompatible.?%%-2%2 |n an in-vivo study, mice were injected intravenously
with a suspension of titanium carbide MXene nanosheets.??3 After 30 days,
histological studies on the major organs revealed no damage, and toxicological

assessment showed no significant difference from untreated mice.?%3

Metal phosphate materials are also highly biocompatible,?®* and calcium
phosphate is a commonly used material for orthopaedic surgeries and
dentistry.205206 Similarly, metal titanates have been demonstrated to cause no
inflammation following implantation in rabbits and dogs.?°”2% Qverall, many
layered materials have good biocompatibility and are therefore suitable for drug

delivery applications.
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1.5 Inorganic layered materials in drug delivery

The concept of drug delivery from LMs is illustrated in Figure 1.7. Briefly, the
introduction of a drug-loaded LM formulation into the physiological environment
leads to the release of the drug cargo via a process of ion exchange. More
specifically, drug anions diffuse out of the matrix of the LM following the
concentration gradient and are replaced by physiological anions (such as
chloride, hydrogen phosphate, or hydrogen carbonate). This process can occur
either intra- or extracellularly, depending cellular uptake properties specific to the

formulation used.

lon exchange in physiological
environment

Drug cargo in LM particle replaced
with physiological anions
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Figure 1.7 Schematic diagram illustrating the process of drug release from LMs into the physiological environment.

1.5.1 General examples

A wide variety of LDH-therapeutic intercalates have been reported in the literature
to date, with guest species including anti-cancer drugs,6-209.210 non-steroidal anti-
inflammatory drugs (NSAIDs),?11-213 vitamins,?4215 and DNA/RNA.?16217 Some

examples of these systems are summarised in Table 1.1.

Though the literature around LDH-drug delivery includes multiple types of
formulations, including long-acting implants, injectables, and inhalable powders,

a significant portion of work on LDH-drug delivery focuses on the oral delivery
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route. It is widely accepted that LDH materials are unstable to degradation in
acidic media as the hydroxyl links are readily hydrolysed, therefore use of an
enteric coating is required where delivery further along the gastrointestinal tract
is desirable. This is the case, for example, for protein and vaccine delivery
applications, where the encapsulated cargo is itself unstable to the acidic
environment in the stomach. In a recent work, Mg/Al LDH was loaded with protein
antigens, and subsequently coated with chitosan and alginate (a pH responsive
polymer).?'® Dissolution experiments showed that this system effectively

protected the antigens from degradation in simulated stomach acid at pH = 1.5.2%8

It is possible to modulate the drug release behaviour of LDHSs. In one study, rats
with cranial bone defects were implanted with polymer plates containing Zn/Al
LDH loaded with risedronate (a bone regenerative drug).?® Owing to the
protective nature of the polymer, exceptionally slow drug release was
demonstrated (< 10 % of drug cargo released after 42 days),?*® which is
favourable for bone regeneration applications as bone tissue grows very slowly.
It was found that after 12 weeks, new bone tissue growth was significantly
enhanced in rats which received implants containing LDH-risedronate complex
compared to those which received polymer only or unloaded LDH implants.?1?
Additionally, studies on Zn/Al LDH systems made by co-precipitation revealed
that the identity of the initial counterion present in the LDH system seems to have
a profound effect on the drug loading and drug release behaviour of the LDH. It
was shown that LDH precursors containing nitrate anions released only 30-40 %
of their simvastatin drug cargo within 60 h, compared to 80-90 % for carbonate

containing LDH.?%°
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Table 1.1 A summary table showing examples of previously reported LDH-drug intercalates categorised by their intended application, along with some of the key findings of these studies.

LDH composition and guest species

Key results

Bone

Antimicrobial

regeneration  Anticancer

NSAIDs

Other

Mg/Al: Enoxacin??!

Zn/Al: Cefazolin®

Benzoate anion???

Zn/AllTi: Dehydroabietic acid derivatives
(DHADs)?23

Mg/Al:

5-fluorouracil (5-FU), methotrexate (MTX)86
5-FU with cell death SIRNA?16

Raloxifene hydrochloride (RH)?1°
Etoposide,??4225 Doxorubicin,??¢ Cisplatin??’
Ca/Al: Etoposide?®®

Zn/Al: Isophthalic acid (IPA)!

Mg/Al/Yb: Alendronate??8
Zn/Al: Simvastatin,??° Risedronate21®

Zn/Al: Sulindac?!

Mg/Al: Ibuprofen (IBU)?3

Mg/Al/Fe: Mefenamic and meclofenamic
acids (MFAs), naproxen?'?

Ca/Al: Vitamin D3;215

Mg/Al: DNA, 27 Vitamin C (VC)?14
Berberine,??° Carnosine, gallic acid?3°
Dexamethasone?3!

Zn/Al: Gallic acid6°

- Release profile of enoxacin from LDH was extended over 24 hrs by incorporation into a polymer hydrogel??!

- LDH-cefazolin showed enhanced antibacterial activity and chemical stability relative to free cefazolin®®

- LDH-DHAD produces bactericidal reactive oxygen species upon irradiation with visible light, and exhibits a protective effect
against UV radiation in vitro and in vivo?23

- LDH-drug composites showed higher rates of cancer cell inhibition in vitro compared to free drugs 5-FU, MTX,8 etoposide?®®
- Co-delivery of 5-FU and cell death SiRNA from LDH matrix showed greatly enhanced cancel cell inhibition in vitro relative
to 5-FU or SiRNA alone?'6

- Administration of LDH-etoposide to pregnant mice showed greatly reduced foetal toxicity,??* hematotoxicity, and enhanced
tumour suppression??® relative to free etoposide

- LDH-DOX showed increased tumour inhibition and decreased cardiotoxicity compared to free DOX in mice?2®

- LDH-cisplatin exhibited lower cytotoxicity and enhanced cancel cell targeting than free cisplatin??” in vitro

- LDH-IPA showed near-complete and in some cases complete tumour elimination due to photodynamic effect, compared to
negligible tumour inhibition by free IPA or LDH alone in mice*

- Administration of LDH-alendronate resulted in 1.41 times greater bone regeneration volume in rabbits, compared to free
alendronate??8

- Rat studies on implants containing LDH-risedronate showed extended release properties (<10 % release over 42 days) and
more than double the amount of new bone volume in 12 weeks compared to no treatment?*°

- Intramuscularly implanted pellet containing LDH-sulindac showed slow release of sulindac over approximately 21 days?!*
- LDH-IBU showed pH dependent drug release in particle suspension, and diffusion limited drug release in a polymer
hydrogel?!3

- Intercalated formulations showed extended release relative to free drug (MFAsS/NAP) in all cases?!?

- LDH-DNA conjugate exhibited effective cell membrane permeation for intracellular DNA delivery?t’

- Improved thermal stability of LDH-VC relative to free VC?14

- LDH loading improved solubility and oral bioavailability of berberine, leading to enhanced blood sugar lowering effect in
diabetic mice??®

- Intercalation of carnosine and gallic acid into LDH matrices prevents premature oxidation and thereby allows extended
release of the actives?®

- LDH-dexamethasone treated rats showed higher inflammatory inhibition than dexamethasone alone?3*

- enhanced stability of gallic acid to UV irradiation when intercalated in LDH.160
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Another challenge in drug delivery that has been addressed using LDHs is
chemotherapy during early pregnancy. Chemotherapeutic treatment of cancer
during the early stages of pregnancy is very challenging, as it has been shown to
greatly increase the chances of miscarriage, deformities, and death.?%? In a recent
study, it was shown that pregnant mice injected with Mg/Al LDH loaded with
anticancer drug etoposide (also known as VP16) showed drastically reduced
rates of foetal toxicity and developmental defects relative to free etoposide
(Figure 1.8).224 In a previous study by the same group, it was shown that delivery
in Mg/Al LDH enhances the anti-tumour effect of etoposide relative to its free
form, and decreases the associated off-target toxicity effect on the liver.??
Together, these findings offer significant merit to continued exploration of LDH-

based delivery systems for chemotherapeutic delivery.
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Figure 1.8 Diagram (Reprinted from reference 224, with permission from Elsevier) showing foetal mice after 12 days
of maternal peritoneal injection with one of: phosphate buffered saline (PBS), unloaded Mg/Al LDH, free etoposide
(VP16), Mg/Al LDH loaded with etoposide (L-V), or a physical mixture of Mg/Al LDH with etoposide (LDH+VP16).

Thus far, HDS systems have not been explored frequently for drug delivery
applications in the literature. Several drug intercalate systems based on the HDS
matrix have been reported to date, including vitamins A and C, 233234 coumaric
acid,?® indole-3-acetic acid,?®® and several NSAIDs.%%237 |t was shown that drug
release from HDS matrices is slower relative to LDH systems due to stronger
guest-host interactions,?3¢ and that it is possible to modify the drug release profile

by surface coating the HDS particles.?33.237
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Several studies exist on the use of LRHs for drug delivery applications. Layered
gadolinium hydroxide (Gd-LRH) is a particularly attractive LRH system, because
the inclusion of the gadolinium ion in the matrix allows these materials to exhibit
strong magnetic resonance imaging (MRI) contrast. Many other rare-earth
elements exhibit strong fluorescence and can be used as contrast agents for
luminescence imaging, making LRHs particularly attractive in theranostic
(simultaneous therapeutic and diagnostic) applications. Intercalation compounds
of Gd-LRH with three NSAIDs (ibuprofen, diclofenac, and naproxen) have been
reported.®’ It was found that both the parent material and intercalates exhibited
good MRI contrast (Figure 1.9a), and were able to release their drug cargo in
between 1-24 hours with the rate of drug release varying depending on guest
species (Figure 1.9b).%7 It was also found that Gd-LRH was not stable in acidic
media (pH = 1.5),8” a property which could potentially be exploited for intratumoral

delivery due to the acidic microenvironment of tumours.
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Figure 1.9 Diagram (reprinted from reference 87 with permission from the Royal Society of Chemistry) showing: a.)
T1-weighted MRI images of agarose negative control (A); 0.5 and 0.25 mM suspensions of ibuprofen intercalated Gd-
LRH (B and C respectively); 0.5 and 0.25 mM suspensions of diclofenac intercalated Gd-LRH (D and E respectively). b.)
Drug release profiles of Gd-LRH intercalates.

Mixed rare-earth element LRHs have also been reported, including Gd-LRH
doped with europium.?®® When intercalated with the amino acids phenylalanine
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and tyrosine, it was shown that the fluorescence signal arising from Eu3* was
dampened, which the researchers suggested may be useful for sensing
applications.?3® Conversely, if the signal was seen to change upon the release of
the guest compound, it may be possible to use the change in signal intensity to
track the rate of drug release. Other reported LRH systems include Eu-LRH
intercalated with naproxen, and Tb-LRH loaded with aspirin, diclofenac, and
indomethacin.88123.182 |ntercalation with naproxen and aspirin were shown to
cause an increase in the luminescence intensity of Eu-LRH and Th-LRH, and
rapid release within 3 hours,® 123 whereas diclofenac and indomethacin were
released from Tb-LRH over 24 hours with no reported change in luminescence

properties.1?

Montmorillonite (MMT), a cationic clay with a smectite structure, is a relatively
commonly used excipient in medicines.?3%240 Many intercalation compounds of
MMT and drug molecules have been studied. For instance, a study using
promethazine and buformin found that the drug release behaviour from MMT
intercalates is dependent on the guest molecule size. Promethazine is a bulky
polycyclic compound, whereas buformin is small and linear (Figure 1.10). The
drug release profile from the intercalates was slower relative to the pure drug
equivalent in both cases, but after 6 hours the promethazine-MMT intercalate
reached only 30 % cumulative drug release, compared to 70 % for the much
smaller buformin drug.”® In another study, timolol intercalation and release from
montmorillonite was investigated. The formulation exhibited sustained drug
release with some pH dependence, reaching slightly higher cumulative drug

release after 9 hours at pH 8.4 than at pH 1.2 (48 % vs 43 %).76
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Figure 1.10 Chemical structures of drugs promethazine and buformin.

Another example is the use of montmorillonite to intercalate buspirone.?*! The
intercalate showed a sustained release profile, reaching approximately 54 %
release after 12 hours.?*! In addition, the release profile was further altered by
coating the particles with a polymer, reaching only 23 % release after 12 hours.?*!
A further potential application of montmorillonite in drug delivery is taste masking.
The intercalation of sildenafil?*> into the clay matrix protects the drug from
immediate dissolution in the saliva, therefore enabling taste masking. In addition,
the intercalate was coated with an acid-soluble polymer, enabling additional
protection from release in the oral environment, but rapid drug release in the
acidic stomach environment.?4? Kaolinite, a naturally occurring smectite material,
has also appeared in the literature in the context of drug delivery. It has been
loaded with a variety of therapeutics including anticancer drugs, 243247 and

antibacterials.248:249

Materials based on graphene and graphene oxide (GO) have been well studied
as potential drug delivery systems. For instance, GO coated with chitosan and
co-loaded with two anti-cancer drugs?>® was shown to exhibit a synergistic tumour
inhibiting effect in rats, as well as delayed and controlled release relative to the
free drugs. Graphene and GO materials are also known to exhibit efficient
photothermal conversion, and there exist multiple notable examples of

multifunctional systems based on graphene. In one such study, GO was surface
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functionalised with hyaluronic acid (a cancer cell targeting ligand) and loaded with
doxorubicin (DOX).25 This platform was shown to exhibit enhanced drug release
rate in response irradiation with near infrared light as well as to a change in redox
conditions (upon entry into cells), and displayed powerful tumour inhibition in
mice.?®! In another work, fluorinated GO nanosheets were decorated with folic
acid (also a cancer cell targeting ligand), and loaded with DOX.25? The formulation
exhibited high cytotoxicity due to the synergistic effect of combined chemo and
phototherapy and the presence of fluorine allowed the system to fluoresce, for

potential fluorescence imaging applications.

Other LMs which occasionally appear in the literature in the context of drug
delivery include the layered metal phosphates and titanates. Several zirconium
phosphate drug intercalates have been reported, 2°%-2%¢ including a study
investigating the potential of the material as a carrier for orally delivered insulin.?>’
Sodium titanates have also been explored for drug delivery applications, most
notably in a series of works which used titanate nanofibers and nanospheres to
deliver Cerebrolysin (a neuroprotective agent) to rats and mice,?%82% finding an
enhanced neuroprotective effect relative to conventionally administered
Cerebrolysin. Iron titanate has previously been intercalated with an enzyme, and
showed magnetic properties suitable for targeting applications by applying an

external magnetic field.162

1.5.2 Targeting mechanisms

Methods to target the desired drug delivery site can be broadly classified as either
active or passive. Passive targeting involves taking advantage of the enhanced
permeation and retention (EPR) effect seen in tumour tissue as compared to
healthy tissue. Due to the rapid growth of cancerous tumours, the formation of
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vasculature is much less organised than in healthy tissue, leading to ‘leaky’ blood
vessels and poor lymphatic drainage.?®® As a result, intravenously administered
nanoparticles in a particular size range are better able to exit the blood vessel
into the tumour tissue (permeation), and are then trapped in this tissue due to
poor lymphatic drainage (retention). To maximise the efficiency of targeting by
using the EPR effect, it is common to employ a surface coating such as PEG or

PLGA in order to prolong the circulation time of the nanoparticles.?5*

A common type of active targeting involves surface functionalisation with species
which bind preferentially to target cells. For example, in an in vivo study on
rabbits, a Mg/Al LDH system intercalated with heparin was successfully targeted
to arterial injury sites by utilising antibodies conjugated to the particles.?6? In
another work, Mg/Al LDH particles coated with folic acid were shown to
preferentially target cells which overexpress folate receptors.?63 Overexpression
of folate receptors in cancerous cells is fairly common, for instance in breast,
lung, and ovarian cancers.?%42%5 |ntercalation of the folic acid decorated particles
with methotrexate revealed that the drug was delivered preferentially to these
cells.?63266 A related study extended this concept to DOX loaded Mg/Al LDH
nanosheets which were functionalised with folic acid. The study findings also
indicated that cell uptake of the drug delivery platform was highly selective for
cells which overexpress the folate receptor gene, and the cytotoxic effect of DOX

was thereby effectively targeted to these cells.?%”

This strategy has also been employed in targeting other layered drug delivery
systems to cancer cells. For instance, graphene/GO systems conjugated to
cancer-targeting ligands including arginylglycylaspartic acid,?®® biotin,?%° folic
acid,?7%-273 and antibodies.196:274-276 |n one study, a glycyrrhetinic acid ligand was

used to preferentially target DOX-loaded GO to the mitochondria of cancerous
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cells,?’” leading to efficient tumour inhibition in mice. In a study on mice
administered with paclitaxel loaded and hyaluronic acid functionalised zirconium
phosphate,?’® it was demonstrated that this system could efficiently target cancer
cells, and lead to a significant decrease in tumour volume relative to free

paclitaxel.?’®

Chitosan-LDH complexes have been explored as targeted delivery systems for
ocular drug delivery on a number of occasions.?”%28 |n vivo studies on rabbits
found that amino acid functionalised chitosan derivatives are able to target a
peptide present on the ocular surface, and thereby increase the corneal
permeation of drug-loaded LHD systems.?’® Moreover, the bioavailability of
pirenoxine sodium intercalated within the LDH was increased up to 5 times that

of commercially available counterpart.?”®

Another active targeting strategy is magnetic targeting, which is requires the
inclusion of a magnetic species (most commonly iron oxide) in the drug delivery
system. Targeting is then achieved by the application of an external magnetic
field. Composite materials of iron oxide with LDH?®! or graphene oxide,?8? as well
as inherently magnetic LMs such as iron titanate'®? have all shown the ability to
be physically targeted using an external magnetic field. This has also been
demonstrated in vivo, where a graphene/iron oxide composite loaded with a
radiosensitiser drug was intravenously administered to mice.?®® After 1 h of
exposure to an external magnetic field set up to target the tumour region, the
formulation was shown to have accumulated within the tumour tissue (Figure

1.11).283
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Figure 1.11 Figure (reprinted from reference 283, with permission from Elsevier) showing T,-weighted magnetic
resonance images of tumour bearing rats before and after injection with graphene/iron oxide composite, a.) In the
absence of magnetic field targeting and b.) With external magnetic field targeting. Graphene/iron oxide composite
appears as dark spots within the tumour tissue (circled in yellow).

Recently, in vivo tests of surface-functionalised LDH systems performed on mice
showed that particles with a negative surface charge are rapidly cleared from the
body via the liver, those with a positive surface charge seemed to accumulate
preferentially in the lungs, and particles with a neutral surface showed enhanced
circulation time and minimal accumulation in organ tissues. 24 These results
indicate that surface functionalisation with charged moieties has a great influence

on biodistribution, and therefore provides another viable route to active targeting.

1.5.3 Stimuli responsive release

Systems which are responsive to changes in pH are particularly useful for drug
delivery to the gastrointestinal (Gl) tract (due to the highly acidic medium in the
stomach, which gradually gets neutralised by bile along the rest of the Gl tract),
as well as tumours, which often exhibit an acidic microenvironment relative to the
surrounding healthy tissues. Metal hydroxide LMs (LDH, LRH, HDS) are all
unstable with respect to dissolution in acidic media,?®®> and therefore may release
their drug cargo faster under such conditions. For instance, a composite system
of iron oxide and Mg/Al LDH loaded with methotrexate?®! was shown to release
over 80 % of the drug cargo in under 10 hours at pH = 3.5, whereas only 25 %

release occurred in the same time at pH = 7.4.281 On the other hand, a conflicting
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report has found that the release of fluvastatin drugs from Mg/Al LDH at pH = 4.5
is negligible compared to release at pH = 7.4.286 Another study, using naproxen
loaded HDS systems formulated as tablets, showed negligible drug release
during the course of two hours at pH 1, with rapid release occurring upon
adjustment of pH to 6.8.8° It is therefore unclear clear how metal hydroxide LM
stability in acid may be affected through composition, guest identity, or

formulation.

This property can, however, be modified by surface coating. An Mg/Al LDH
system intercalated with ibuprofen and coated with carboxymethyl cellulose (a
pH responsive polymer) was investigated for controlled drug release in the
digestive tract.?8” At low pH in the stomach environment, the polymer protects the
LDH-drug intercalate from degradation and slows drug release. As the
formulation passes further through the digestive tract, and pH rises in the
intestinal environment, the polymer swells and allows controlled drug release to
occur.?®” Similar results were also demonstrated in a follow-up study using
antibiotic cephalexin in place of ibuprofen.?8 There are many other examples of
pH responsive drug release from LMs which are uncoated,?°6:28° coated,?°%-2% or

otherwise functionalised.80:294.295

Electro-responsive drug release behaviour from LM systems has also been
described in the literature. For instance, a GO and conductive polymer
composite?®® has been reported, in which the release of adsorbed
dexamethasone was triggered by applying a voltage. No release occurred without
external triggering, and the magnitude of the applied voltage was shown to have
a direct relationship with the rate of drug release.?% Similarly, a study on an MMT-
chitosan hydrogel reported changes in the release profile of vitamin bl2 in

response to electrical stimulation.?®’
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MoS2 nanosheets conjugated to cationic polymers were used to adsorb DNA
fragments to deliver genes to both human and murine cancer cells.?®® It was
shown that, after endosomal uptake of the platform into cells, release from the
endosomes into the cytoplasm can be triggered photothermally. Moreover, the
polymers desorbed from the MoS2 nanosheets only in the presence of glutathione
(an intracellular antioxidant), ensuring the DNA fragments are only released at
the target site.2%® Another study reported greatly enhanced photothermal activity
of MoS:2 when surface functionalised with CuS.2%® When loaded with DOX, this

platform also exhibited pH and photothermally responsive drug release.?%

1.5.4 Composite materials and combined therapies

Composite materials can exhibit additional functionalities and superior
performance to simple LM systems. This allows for the simultaneous
administration of multiple therapies (chemo-, photothermal, and photodynamic)

to create a powerful, synergistic formulation.

A notable example of such a system is a Mg/Fe LDH doped with copper, and
loaded with 5-fluorouracil.3%° In this instance, doping leads to coordinative
unsaturation within the matrix, allowing the LDH to act as a charge carrier3®° and
efficiently convert near-infrared light to heat. The powerful combination of this
photothermal effect with pH sensitive drug release in the acidic tumour
environment, lead to complete tumour elimination in mice (Figure 1.12a).3%
Moreover, the presence of paramagnetic iron ions within the LDH allows the
system to act as a contrast agent in magnetic resonance imaging (Figure 1.12b).
This enables the image-guided delivery and subsequent monitoring of the tumour

site.
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Figure 1.12 Diagram (reprinted from reference 300, with permission from Elsevier) showing: a.) Mean tumour volume
under different combinations of treatment conditions, including: injection with LDH (without drug, green line) followed
by irradiation with laser; injection of 5-FU loaded LDH followed by laser irradiation (red line) and no irradiation (blue
line); injection with saline followed by laser irradiation (black line). (BSA = Bovine serum albumin, used to coat particles
to prevent aggregation). b.) Change in T1-MRI contrast of a tumour (circled in yellow) at different time points after
LDH injection, with the most intense contrast at 24 h post injection.

Alternatively, a photosensitiser can be intercalated into an LM to provide
photothermal or photodynamic functionality. Briefly, photodynamic therapy
involves energy/electron transfer from a photosensitiser to oxygen, producing
cytotoxic reactive oxygen species and leading to cell death. For instance, a Zn/Al
LDH was loaded with isophthalic acid (IPA), a photosensitiser which has the
unique ability to absorb two near-infrared photons per molecule.! As such, IPA
has a very high yield of ROS and therefore outperforms other reported
photosensitisers in its photodynamic activity. It was shown that mice injected with
LDH-IPA and subsequently irradiated with near-infrared light resulted in a
significant decrease in tumour volume in all cases, and complete tumour

elimination in several cases (Figure 1.13).1

74



69 —— (1)PBS
1
-t (2) IPA
gQ (2) I/lf
S 124 (3) IPA/LDH 1
Q
E (4) PBS+L
S
S g4 —— (B)IPALL
£
2 —e— (6) IPA/LDH+L
2
3 44
o
5
0 <y T T T T T T T T
2 4 6 8 10 12 14 16
Time (day)

Figure 1.13 Diagram (reprinted from reference 1 with permission from Springer Nature) showing tumour volume in
mice under different combinations of treatment conditions, including injection with phosphate buffered saline (PBS),
isophthalic acid (IPA), isophthalic acid and LDH intercalate (IPA/LDH), and irradiation with a NIR laser (L).

Some LMs are inherently able to act as photosensitisers. Several studies have
shown how effective MXenes can be as photothermal agents. For instance, a
Ta4Cs and iron oxide composite showed very efficient photothermal conversion,
leading to complete tumour elimination in mice without the need for
chemotherapy.® Similarly, Nb2C and TisC2 were shown to lead to complete
tumour elimination in mice following NIR irradiation.30%:392 nterestingly, it was also
demonstrated that Nb2C is biodegradable in the presence of human
myeloperoxidase enzyme,®®t  which is an important consideration when

evaluating the safety of injectable formulations.

The photothermal activity of MXenes in combination with drug delivery can
therefore result in potent treatments for more complicated or aggressive cancers.
A notable example of such a MXene based drug delivery platform is that of TisC2
loaded with DOX and decorated with cancer-targeting hyaluronic acid (HA).% In
addition to acting as a pH responsive drug carrier, this platform was shown to be
able to act as a photosensitiser for both photothermal and photodynamic
therapy.1% In tumour bearing mice, the nanosheets were shown to preferentially
accumulate in tumours and lead to complete tumour elimination after irradiation
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with NIR light.1%° In similar work, a composite of TizC2 and cellulose loaded with
DOX was shown to exhibit NIR triggered drug release and photothermal activity
(Figure 1.14a),%°3 which together lead to tumour elimination with no relapse

(Figure 1.14b, c).

Other LM systems reported to be photothermally active include a GO and iron
oxide composite?®? loaded with DOX and coated with PEG, which was shown to
be capable of acting as a photothermal sensitizer for thermal ablation, as well as
exhibit good contrast in magnetic resonance imaging in vivo.?®? In another study,
a composite including iron oxide, GO, and several polysaccharides loaded with
DOX was shown to exhibit significant anti-tumour activity through the combination

of chemotherapy and thermal ablation.304
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Figure 1.14 Diagram (adapted with permission from reference 303. Copyright 2018, American Chemical Society)
showing: A.) schematic representation of the course of the therapy, consisting of: injection of the DOX loaded MXene
composite into the tumour; NIR irradiation causing hyperthermia and simultaneous DOX release, leading to
incomplete tumour cell death; continued drug release in the absence of NIR irradiation leading to complete tumour
cell death; biodegradation of the composite. B.) Excised tumours representative of each treatment group G1-Gé6. C.)
Tumour mass measurements (n=>5) for each treatment group G1-G6.
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In summary, inorganic layered materials hold great potential as drug delivery
vehicles and have been the subject of many noteworthy works in the literature.
LMs are tremendously versatile in terms of their composition, physical, and
chemical properties and are therefore highly customisable. Their rich intercalation
chemistry allows them to host a variety of therapeutic and functional guest
species, and it is also possible to achieve additional features — such as effective
targeting — through surface functionalisation. Moreover, the majority of inorganic
LMs so far explored in biomedical applications have demonstrated exceptionally
high biocompatibility, and in many cases impressive performance in vivo. It is
therefore unsurprising that LMs are receiving increasing amounts of attention
from the scientific community and will certainly play a part in the ongoing efforts

to develop personalised medicines.

1.6 Layered hydroxide materials as theranostic agents

1.6.1 Layered double hydroxides

As the most widely studied anion-exchangeable class of layered materials, the
layered double hydroxides (LDHs) have seen considerable interest in the field of
theranostics. One example of an LDH with potential theranostic applications is
based on manganese and iron.3%® This system makes use of the particles’
instability in acidic media: this results in the release of paramagnetic Mn?* and
Fe3* ions, which in turn enhance the T1 MRI signal. The material could potentially
be employed as a pH-responsive contrast agent able to give drug release in the
slightly acidic environment of tumours. In this instance, the most suitable methods
of administration are intravenous and intratumoral injections,3% in order to avoid

breakdown and premature drug release in the acidic environment of the upper
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gastrointestinal tract. The biocompatibility of the platform and complexes, even

after degradation in acidic media, was shown to be good in mice.

It is also possible to develop LDH materials which can act as photosensitisers in
photothermal or photodynamic therapy. This is most commonly achieved by
intercalation of a known photosensitiser molecule into the LDH matrix, for
instance chlorin e6 or indocyanine green.?%307 More recently, many LDH
systems which exhibit inherent photosensitising ability as a result of lattice
defects have been developed. In brief, instances of coordinative unsaturation
within the crystal lattice of modified LDH materials change their resonant
properties, and thereby their light-absorptive properties.*%° For instance, acid-
etching (to introduce lattice defects) has been recently reported to cause a 97-
fold increase in the photodynamic efficiency of Co/Mo LDH systems,*%® and
subsequently elicit complete tumour suppression in tumour-bearing mice upon

NIR laser irradiation.

Additionally, it is possible to delaminate LDHs into nanosheets by either
mechanical or chemical means,'#3% or to produce them directly by vapour
deposition or sonochemical methods.132149.150 Nanosheets differ from the bulk
LRHs in their shape, thickness and surface area to volume ratio, which can in
turn influence properties such as cell uptake and drug release. For example, it
was found that Mg/Al LDH nanorods are preferentially internalised into
mammalian cell nuclei, whereas Mg/Al LDH nanosheets remain in the

cytoplasm,®® enabling sub-cellular targeting simply by altering LDH morphology.

1.6.2 Layered rare-earth hydroxides

The first LRHs capable of anion exchange were reported in 2006.1%* The initial

publication by Monge et al. described such structures including the smaller
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lanthanide ions (Dy, Ho, Yb, and Y) with organic counterions. Shortly after, Fogg
et al. reported a series of fully inorganic, anion exchangeable, LRH systems
intercalated with A = NOs", CI, Br for R = Y, Gd-Lu.'?2319 |[n 2008, Geng et al.
extended this family to include the larger lanthanide ions (R = Nd, Sm, Eu)

intercalated with CI-.311

As with LDHs, LRH sheets carry a net positive charge which causes them to
assemble into stacks of sheets with intercalated anionic species in the interlayer
space. The ability of LRHs to exhibit magnetic and luminescent properties arising
from the rare-earth metal ions they contain has fostered increasing interest in
their applications as theranostic agents. By far the most studied LRH systems for
theranostic applications are those containing gadolinium, as Gd3* s

paramagnetic and exhibits strong positive contrast in MRI.

A theranostic platform based on layered gadolinium hydroxide (LGdH =
[Gd2(OH)s]Cl-yH20) has been previously reported by our group.8” Hydrothermal
treatment of a gadolinium chloride salt at 150 °C produced mixture of rod and
plate like particles, ranging in size from 100 nm up to 2 ym. Through various
intercalation methods, including ion exchange and co-precipitation, it was shown
that drug intercalation into LGdH was facile using naproxen, ibuprofen, and
diclofenac anions. The drug-particle complexes were shown to be unstable in
acidic media, releasing toxic Gd3* ions, but suitable for use with an enteric
coating. In terms of MRI performance, LGdH and all of the drug intercalate
compounds were shown to be able to act as negative contrast agents. In addition,
the material was shown to be biocompatible, with the presence of LGdH-CI and

LGdH-ibu appearing to result in a higher cell count than untreated cells.
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In a subsequent work, the effect of surface functionalisation on LGdH
nanoparticles using SiO2 nanodots was explored.3'? LGdH was first prepared by
hydrothermal synthesis, and 5-fluorouracil (5-FU) and ibuprofen (ibu) were
intercalated using ion exchange. The negatively charged SiO2 nanodots were
prepared by microemulsion,3*® and coated onto the positively charged LGdH
nanoparticles to produce the composite LGAH@SIiO2. Coating was found to
increase the colloidal stability of LGdH and LGdH-ibu patrticles relative to their
uncoated analogues, whilst the opposite was true for LGdH-5FU. The
biocompatibility of LGdH-ibu@SiO2 was shown to be high, whereas LGdH-
S5FU@SIOz inhibited the growth of A459 (an adenocarcinoma cell line). Though
coating decreased both r1 and r2 relaxivity in most cases, LGdH-ibu@SiO2 had
higher r2relaxivity than uncoated LGdH-ibu, and showed strong negative contrast

properties in MRI studies.

It is also possible to produce mixed lanthanide LRH systems by doping. An LGdH
system, with 5% of the Gd3* sites replaced with Eu®*, was reported by Gu et al.,
and was successfully intercalated with phenylalanine and tyrosine.?®® The uptake
of the amino acids by the LGgH:Eu matrix resulted in a decrease in the
luminescence signal arising from Eu3®*, thought to be a result of a relaxation
pathway involving the amino and hydroxy groups of the guest species.
Potentially, this property could have applications in amino acid detection. The
same research group also reported LEuUH intercalated with naproxen (nap), and
LTbH intercalated with aspirin, diclofenac, and indomethacin (ASA, dic, and IMC).
88,123,182 | EuH and LTbH showed vastly increased luminescence intensities after
intercalation with nap and ASA respectively, owing to efficient energy transfer
between the host and guest species.?8123 |t was also demonstrated that LEuH-

nap and the LTbH-drug intercalates have high biocompatibility (> 80%) in multiple
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human cancer cell lines at concentrations up to 100 pg / ml. The majority of drug
was released from LEuH-nap and LTbH-ASA in the first 3 hours,8122 whereas

LTbH-dic and LTbH-IMC showed sustained release over 25 h.182

Like for LDHs, it is also possible to produce LRH based nanosheets,146:314315 3
property which could be exploited to enhance the theranostic potential of LRHSs.
A group investigating the potential of LGdH systems as MRI contrast agents
showed that hydrothermal treatment at 60 °C produces a suspension of LGdH-
Cl nanosheets approximately 2.6 nm thick and around 100 nm wide.°! This is in
stark contrast with the particles obtained by our group via hydrothermal synthesis
at 150 °C, which produced rod and plate like particles 100 nm — 2 pm in size. &
This demonstrates that it is feasible to control the morphology of the LGdH
particles using synthetic parameters, which may also be possible to do for other
systems. These LGdH nanosheets were shown to exhibit both positive and
negative MRI contrast properties, but the effect was patrticularly strong in T
weighted MR images even at low LGdH concentration (Figure 1.15).1°1 The
advantage of using nanosheets versus the bulk crystals in this context is that
delamination allows water molecules easier access to the Gd3* centres, thereby

enhancing the MRI signal.10!
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Figure 1.15 Plots (reproduced from reference 101, with permission from the Royal Society of Chemistry) showing a.)
1/T;and b.) 1/T, against LGdH concentration in aqueous suspension; c.) T; weighted and d.) T, weighted MR images
at different concentrations of LGdH suspensions.

In a follow up study, the group explored the effects of polyethylene glycol (PEG)
surface modification on the properties of LGdH.*®! It was found that PEG coating
improved LGdH nanosheets’ ability to form a uniform aqueous dispersion as well
as significantly enhance the acid resistance of the system (from 55 % to 8 %
dissolution after 1 hour at pH = 3.0).18! Fluorescein was successfully intercalated
into this surface functionalised LGdH system, potentially enabling multi-modal
MRI and fluorescence imaging. Moreover, the group also demonstrated that it is
possible to use the LRH matrix as an intermediate to produce rare-earth
phosphate functionalised silica nanoparticles for multimodal imaging contrast
applications.®8 In this study, nanosheets of LGdH doped with 11 % Eu3* were
conjugated to silica nanospheres, and subsequently annealed at 800 °C to induce
a phase transformation of LGdH:Eu to GdPOa4:Eu. The resulting colloids
displayed both strong red fluorescence as well as both T1 and T2 weighted MR
contrast.3%® Though there are not yet any LRH systems reported which have been

intercalated with photosensitizers for photodynamic/photothermal therapy, it is
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entirely feasible that such functionality could be achieved as has been

demonstrated for LDHs.1:300

In summary, LRH materials which can incorporate drug cargo, act as contrast
agents for medical imaging, exhibit photothermal or photodynamic functionalities,
and produce a range of particle morphologies hold great potential as theranostic
platforms. There is ample scope for creating novel LRH based treatments
incorporating multiple functionalities by using different combinations of metals
and guest species. The use of inorganic systems in particular to achieve this goal
exploits the properties inherent to the metals used — this substantially simplifies
the synthetic process as compared to organic counterparts. For example,
inorganic systems can act as MRI contrast agents simply by inclusion of
superparamagnetic iron or gadolinium (lll) species in a single synthetic step, as
described above, whereas a fully organic MRI contrast agent3!’ requires an initial
synthesis and then subsequent conjugation to other functionalising moieties to

create a theranostic platform.
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1.7 Aims and objectives

This project aims to develop a family of structurally related nanoparticulate
systems, based on layered rare-earth hydroxides, with a combination of
properties that make them suitable for theranostic applications. Based on existing
literature, the synthesis of these materials is expected to be facile, and yield
systems capable of exhibiting high drug loadings, and providing high levels of
contrast in MR/fluorescence imaging. Additionally, the ability to be functionalised
with photosensitisers may endow such materials with photo-responsive treatment
capabilities. The local application of a NIR laser could further enable
photothermal/photodynamic therapy at the desired site leading to cell ablation

and death.

This work begins by building on previous work within the group on a terbium
based layered rare-earth hydroxide (LTbH). The anti-inflammatory drugs
diclofenac (dic), ibuprofen (ibu), and naproxen are intercalated into LTbH via ion
exchange, the intercalation products are characterised and their performance in
terms of drug release, luminescence and biocompatibility is investigated.
Subsequently, the influence of experimental parameters on particle morphology
is investigated, with the aim of increasing sample homogeneity and optimising
average size. Several related LRH systems based on praseodymium,
neodymium, gadolinium, erbium and ytterbium are synthesised and
characterised. Mixed metal (Gd/Tb) LRH systems are investigated for their
bimodal (luminesce, MR) contrast ability, and a lead formulation is developed.
Finally, the photothermal and photodynamic properties of the lead LRH system
are explored by loading with known PTT/PDT agent indocyanine green and

subsequent illumination using a NIR laser of 808 nm wavelength.
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2 Synthesis, characterisation, and theranostic

properties of layered terbium hydroxide

2.1 Introduction

Layered rare-earth hydroxides have begun to gather increasing attention as
potential theranostic platforms owing to their extensive intercalation chemistry
combined with magnetic and fluorescent properties. In this chapter, the potential
of layered terbium hydroxide (LTbH, [Tb2(OH)s]Cl-yH20) as a platform for
simultaneous drug delivery and fluorescence imaging will be discussed. An

abridged version of this chapter was published in 2021.3%8

A promising theranostic platform based on layered gadolinium hydroxide (LGdH-
Cl, [Gd2(OH)s]Cl-yH20) has been reported previously by our group.8” Through
several methods, including ion exchange and co-precipitation, it was shown that
drug ion intercalation into LGdH was facile and reversible using diclofenac,
ibuprofen, and naproxen as model drugs. In terms of MRI performance, LGdH
and all the drug-intercalated compounds were shown to be able to function as
negative contrast agents (reducing T2 MRI signal intensity), and the materials
were shown to have no significant cytotoxic effect on the Caco-2 cell line relative
to untreated cells. Based on these findings, the exploration of other LRH materials

for theranostic applications is attractive.

The luminescence behaviour of the lanthanide salts is a well-known phenomenon
and could therefore be exploited (in lieu of magnetic resonance) for medical
imaging applications. In a study comparing the luminescence behaviour of

trivalent lanthanide ion chelates, it was shown that the strongest line emissions
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(arising from the lanthanide centres as opposed to the attached ligand) were
observed for Sm3*, Eu®*, Th®*, and Dy3* chelates.?!? In brief, this has to do with
the electronic energy level distribution within these ions, which allows the
radiative (luminescent) relaxation pathway to dominate over non-radiative

relaxation processes. This is discussed in more depth in Chapter 4.

The Tb®* and Eu3* ions exhibit the highest intensity emissions of all lanthanides,
and therefore are dominant in the literature for luminescence applications. In
general, Eu®* systems are more widely explored than those based on Tb3*. This
extends to their respective layered hydroxides, with the search term ‘layered
europium hydroxide’ yielding 119 exact match results on Google Scholar, as
opposed to only 38 for ‘layered terbium hydroxide’ as of 2022. Additionally,
reported luminescence lifetimes for a variety of Eu/Tb chelates/complexes have
shown that in general, Th3* centred species show longer luminescence lifetimes
(ca. 250 — 1900 ps) than do Eu3* centred ones (ca. 50 — 1300 ps).32%321 On this
basis, the LTbH system was selected as the focus of further study, described in

this chapter.

Intercalation into LRHs is a charge-driven process and requires anionic guest
molecules to balance the charge of the positive LRH layers. Three model drugs
— dic, ibu, nap — were chosen, as they are cheap, commonly used in similar
studies, and their anionic sodium salt forms are readily available. Additionally, the
three model drug molecules exhibit between them a variety of functional groups,
including alkane, amine, carboxylate, ether, and aromatic rings, which may

translate into distinct interactions with the host LRH matrix.

There are several reports in the literature of LTbH-NO3s precursors exhibiting

enhanced green luminescence after intercalation with benzene-containing
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carboxylic acid sensitizers.3?2:323 This increased luminescence effect is believed
to be a result of host-guest energy transfer, and the extent of this effect has been
shown to depend on the arrangement of the guest molecules within the interlayer
gallery as well as energy level matching between the guest and Th3* within the
host.3?? It is therefore feasible that such an energy transfer phenomenon may be
observed for LTbH-drug intercalates generated in this chapter, as the chosen

drugs are all benzene-containing carboxylic acids.

2.2 Aims

The work described in this chapter considers LTbH (Figure 2.1a) as a potential
theranostic platform. The anti-inflammatory drugs diclofenac (dic), ibuprofen
(ibu), and naproxen (nap; Figure 2.1b) will be intercalated into LTbH-CI via ion
exchange to form LTbH-dic, LTbH-ibu, and LTbH-nap respectively. These
intercalation compounds will be characterised and their performance in terms of

drug release, luminescence, and biocompatibility will be investigated.
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Figure 2.1 a.) A schematic diagram showing the lamellar structure of LTbH with intercalated CI- anions. b.) The
chemical structures of the anions of diclofenac, ibuprofen, and naproxen.
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2.3 Experimental

2.3.1 Materials

Terbium chloride hexahydrate and ibuprofen sodium were purchased from Sigma
Aldrich. Diclofenac sodium was sourced from Cambridge Bioscience, and
naproxen sodium from Fisher Scientific UK. All water used was deionised, and

ethanol was of analytical grade.

2.3.2 Synthesis

2.3.2.1 Hydrothermal synthesis of layered terbium hydroxide (LTbH-CI)

An aqueous solution of ThCl3-6H20 (0.4 M, 15 ml) was added dropwise to a
stirring aqueous solution of NaCIl/NaOH (1.4 M and 2.1 M respectively, 5 ml). The
resultant suspension was stirred for 10 min and transferred to a Teflon lined
hydrothermal reactor (23 ml). The reactor was heated to 150 °C for 15 h, at a
heating and cooling rate of 10 °C / min, after which the white precipitate was
collected by centrifugation. The product was washed with water (2 x 30 ml) and
ethanol (2 x 30 ml), and subsequently dried at 60 °C for 24 h to yield the product,
[Tb2(OH)s]Cl-yH20 (LTbH-CI). The product cake was briefly (<1 min) ground

using a pestle and mortar to produce a fine powder.

2.3.2.2 lon exchange reactions

LTbH-CI (150 mg) was dispersed in water (15 ml), and the drug of interest was
added to this solution in a three-fold molar excess (223 mg for ibuprofen sodium,
310 mg for diclofenac sodium, and 246 mg for naproxen sodium). The mixture

was heated at 60 °C for 24 h, with stirring. The product was collected by
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centrifugation, washed with water (2 x 30 ml) and ethanol (2x 30 ml), and

subsequently dried at 60 °C for 24 h.

As diclofenac is poorly soluble in water, the intercalation mixtures contained a
large amount of undissolved drug. However, it is highly soluble in ethanol and
any remaining undissolved drug was removed in the washing step. The poor drug

solubility during intercalation did not affect final drug loading.

2.3.3 Characterisation

2.3.3.1 Scanning electron microscopy (SEM)

Samples were sputter coated with gold and imaged using a JEOL JSM-6701F
field emission scanning electron microscope. Particle size analysis on the
resulting images was performed manually using ImageJ 1.52a software, and the
results presented as mean + standard deviation. The number of particles
measured was 905, 771, 651, and 634 for LTbH-CI, LTbH-dic, LTbH-ibu, and

LTbH-nap respectively.

2.3.3.2 Dynamic light scattering (DLS)

The hydrodynamic size and zeta potential of the LTbH particles were analysed
using a Zetasizer Ultra instrument and ZS Xplorer software (Malvern Panalytical).
Suspensions of the particles (0.1 mg / ml) were prepared by re-dispersing the
samples in water by ultrasonication (5 min). Disposable folded capillary zeta cells
(DTS1070, Malvern Panalytical) were used. Each suspension was measured in

triplicate, and the results are given as mean + standard deviation.
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2.3.3.3 X-ray diffraction (XRD)

X-ray diffraction analysis was performed using a Rigaku Miniflex 600
diffractometer with Cu Ka radiation (A = 1.5418 A). Patterns were collected over

the 26 range 3-60 °, at 40 kV and 15 mA.
2.3.3.4 Fourier-transform infrared spectroscopy (FTIR)

Fourier transform infrared spectra were collected on a Perkin Elmer Spectrum
100 FTIR spectrometer. Spectra were collected over the range 650-4000 cm™ at

a resolution of 1 cm and four scans.
2.3.3.5 Elemental microanalysis

Carbon/hydrogen/nitrogen content analysis was performed using flash
combustion on a Carlo Erba CE1108 elemental analyser. Analysis of samples
was performed at London Metropolitan University by Stephen Boyer and Orla

McCulloo.
2.3.3.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed using a TA instruments Discovery
TGA instrument controlled by the TA Trios software. The samples were heated
from 40-900 °C at a rate of 20 °C / min, under nitrogen gas at a flow rate of 25 ml

/ min.

2.3.3.7 Cytotoxicity assay

To assess the cytotoxicity of the formulations, human colorectal adenocarcinoma
cells (Caco-2) and human embryonic kidney cells (HEK 293) were used. Caco-2

cells were cultured at 37 °C under 5 % COz, in high glucose Dulbecco’s modified
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Eagle’s medium (DMEM-HG, 435 ml, Sigma Aldrich) supplemented with the
following solutions: penicillin-streptomycin (5 ml, Life Technologies), L-glutamine
(5 ml, Life Technologies), non-essential amino acid solution (5 ml, Life
Technologies), and foetal bovine serum (50 ml, Gibco). HEK-293 cells were
cultured at 37 °C under 5 % COz2, in Dulbecco’s modified Eagle’s medium
(DMEM, 440 ml, Sigma Aldrich) supplemented with the following solutions:
penicillin-streptomycin (5 ml, Life Technologies), L-glutamine (5 ml, Life
Technologies), and foetal bovine serum (50 ml, Gibco). The cell cultures were
passaged at 50-75 % confluence by treatment with trypsin solution (0.25 % in
EDTA, 2 ml, Sigma Aldrich). For cell viability experiments, the passage numbers

used were 73-76 (Caco-2) and 9-12 (HEK 293).

Cell viability assessments were conducted using the CellTiter-Glo™ assay, in
white 96-well plates (Corning). Cell suspension was prepared at a concentration
of 5.6 x 10* cells / ml and deposited into the wells of the plate (180 pl each). To
measure the cytotoxicity of the LTbH-drug intercalates, suspensions of LTbH-X
(X = Cl, dic, ibu, nap) in culture medium (10 mg / ml) were prepared, and either 5
or 10 ul of these suspensions were added directly to the cells. To measure the
cytotoxicity of the pure drug counterparts, solutions of each drug in culture
medium (3 mg / ml, approximately equivalent to the amount present in the LTbH-
X suspensions assuming a 30 % drug loading) were prepared, and either 5 or 10

Ul of these suspensions were added directly to the cells.

For background luminescence measurements, wells were prepared using only
cell culture medium in place of cell suspension. For control cell luminescence
measurements, wells were prepared by using cell culture medium in place of
LTbH-X suspensions. The plates were then incubated at 37 °C for 24 h. After

incubation, CellTiter-Glo™ 2.0 assay reagent (100 ul, Promega) was added to
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each well, and left to react at room temperature for 30 min. The luminescence of
the plates was read over the range 250-850 nm using a SpectraMax M2e
microplate reader. Cell viability for each well was calculated according to the

equation:

R (Sample luminescence — background luminescence)
Viability (%) =

100 (2.1
(Control luminescence — background luminescence) x 1)

Three independent experiments were performed, each with treatment conditions

in triplicate, and results presented as mean + standard deviation.

2.3.3.8 Haemolysis assay

To assess the haemolytic activity of the formulations, an assay was performed
using blood from adult female Wistar rats. Fresh whole blood (3.5 ml) was first
centrifuged to separate the red blood cells (RBCs) from the plasma and buffy coat
layers, which were discarded. The RBCs were then washed with Dulbecco’s
phosphate buffered saline (DPBS, 6 ml, Sigma Aldrich) three times, until the
supernatant was colourless. The RBC suspension was then diluted with DPBS to

a total volume of 50 ml.

Haemolysis assessments were conducted in clear 96-well plates (Corning). The
RBC suspension was deposited into the wells of the plate (180 pl each). To
measure the haemolytic activity of the LTbH-drug intercalates, suspensions of
LTbH-X (X = Cl, dic, ibu, nap) in DPBS (10 mg / ml) were prepared, and either 5
or 10 pl of these suspensions were added directly to the cells, to final
concentrations of 270 and 526 pg / ml respectively. For negative control
haemolysis measurements, wells were prepared by using DPBS in place of
LTbH-X suspensions. For positive control haemolysis measurements, wells were

prepared by using a solution of Triton-X in DPBS (10 % v/v) in place of LTbH-X
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suspensions. The plates were then incubated at 37 °C for 1 h. After incubation,
the microplates were centrifuged, and 100 pl of the supernatant from each well
was transferred to a clean microplate. The absorbance of the plates at 540 nm
was read using a SpectraMax M2e microplate reader. Extent of haemolysis for

each well was calculated according to the equation:

(Sample absorbance)

Haemolysis (%) = 100 (2.2)

x
(Positive control absorbance)

Three independent experiments were performed, each in triplicate, and results

are presented as mean * standard deviation.
2.3.3.9 Stability assay

Stability of LTbH-CI in aqueous suspension was evaluated over a range of pH
values (pH = 1.5 - 10, in intervals of 0.5) using an Arsenazo-3 (AS-3) assay. A
stock solution of AS-3 in water was prepared (2.5 mM) and stored in a container
wrapped with foil until required. A calibration curve was generated using
TbCl3.6H20 in distilled water. In a typical experiment, 5 mg of LTbH-CI was
suspended in 10 ml of distilled water (acidified or basified to the required pH using

HCI or NaOH solutions respectively) and stirred at 37 °C for 24 h.

After time intervals of 2 h and 24 h, samples of the supernatant (50 pl) were
collected and were deposited into a clear 96-well plate. To each well AS-3
solution (50 pl) and distilled water (200 pl) were added. 50 pl of the resulting
solution was then transferred to another well plate and diluted further by adding
distilled water (200 pl). Background absorbance wells were prepared with distilled
water in place of sample solution. Absorbance at 652 nm was read using a
SpectraMax M2e microplate reader. The measured absorbance values were first

corrected by subtracting the average background absorbance, and subsequently
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converted to concentration of Th3* ions using the calibration curve. Finally, the

extent of dissolution for each sample was calculated as follows:

Dissolution (%) = X 100 (2.3)

The concentration [Th3* max] is the maximum possible concentration of Th3* ions
if 5 mg of LTbH-Cl was completely dissolved in 10 ml of water. In this case, this
value was calculated based on the formula [Th2(OH)s]Clo.o(C0O3)0.05.1.5H20 with
a molecular mass of 464.82 g mol?, which gives [Tb® max] = 2.1514 mM. Three
independent experiments were performed, each in triplicate, and results are

given as mean + standard deviation.

In order to investigate the effect of the change in pH on the performance of the
AS-3 assay, supernatant from the suspensions of LTbH-Cl at pH 1.5 and pH 7.4
was removed after 24 hours of incubation. This supernatant was reacted with AS-
3 and diluted as described above. Negative control solutions (unbound AS-3)
were prepared with distilled water in place of sample supernatant. Positive control
solutions (bound AS-3) were prepared with aqueous solution of TbCl3.6H20 in
place of sample supernatant. Absorbance was then recorded over the

wavelength range 400 — 800 nm.

To assess the effect of pH change on the absorbance at 652 nm specifically, a
single-point experiment was performed in which solutions of TbCl3.6H20 (1.25
mM) in water at the appropriate pH were reacted with AS-3 and diluted as
described above. The absorbance of each sample was then measured at 652
nm. Three independent experiments were performed, each in triplicate, and

results are given as mean = standard deviation.
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2.3.3.10 Drug release

Low-volume drug release studies were conducted using a dialysis approach, with
phosphate buffered saline (PBS, pH = 7.4) used as the release medium. The
medium was prepared by dissolving 1 PBS tablet (Sigma Aldrich) in water (200
ml) and warming to 37 °C immediately prior to use. In a typical experiment, LTbH-
drug intercalate (5 mg) was suspended in release medium (5 ml) and sealed in a
length of dialysis tubing (3500 MWCO, Fisher Scientific). The sealed dialysis
parcel was transferred to a centrifuge tube (50 ml) containing release medium
(30 ml). The centrifuge tubes were placed in an incubator shaker at 50 rpm and
37 °C. Aliquots (100 pl) were taken at predetermined time intervals and analysed
by UV-vis spectroscopy (Cary 100 spectrometer, Agilent) in a quartz semi-micro
cell (Agilent) to determine absorbance. The measurements were conducted at
Amax values of 276 nm (diclofenac), 222 nm (ibuprofen) or 224 nm (naproxen).
Absorbance was converted to drug concentration using calibration curves
generated using solutions of pure drug salts in PBS. Release experiments were

performed in triplicate, and results presented as a mean + standard deviation.

Truncated drug release experiments were preformed using LTbH-ibu in groups
of four samples per experiment. Each sample was set up as described above and
designated to be terminated at one of the following time points: 15, 30, 60, or 270
minutes. The LTbH-ibu suspension was taken from the dialysis bag at the
required time, and the supernatant of the suspension was removed immediately
by centrifugation. The remaining solids were dried in an oven at 60 °C for 24 h,
and subsequently analysed by solid state photoluminescence. Three

independent experiments were performed.
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2.3.3.11 Fluorimetry

Fluorescence spectroscopy was conducted on a Horiba Fluorolog 3
spectrofluorimeter, equipped with an R928P photomultiplier tube and InGaAs
photodiode detector. Suspensions of the particles (0.1 mg / ml) were prepared by
re-dispersing the samples in water by ultrasonication (5 min). The excitation
source used was a 450 W xenon lamp. Measurements were conducted at room
temperature, at an excitation wavelength of 375 nm. The excitation and emission

slit width used was 3 nm.

2.3.3.12 Solid state photoluminescence

Photoluminescence measurements were performed on a Renishaw inVia Qontor
microscope at an excitation wavelength of 325 nm, at 1 % laser intensity to
prevent sample degradation. Measurements were taken over the range 326 - 700

nm at a resolution of 0.026 nm.

In order to determine the extent of drug release for the truncated drug release
experiments, emission spectra were first normalised to the intensity at 542 nm
(arising from the °Ds4 — “Fs electronic transition in Th3*). The intensity of each
spectrum at 512 nm (a wavelength chosen because it shows a marked change
in intensity before and after intercalation of ibuprofen) was then used to calculate

the release percentage according to Equation 2.4:

Cumulative release (%) =

(Sample intensity — negative control intensity)
100 — — , , , . — x 100 (2.4)
(Positive control intensity — negative control intensity)

The negative control is the intensity (at 512 nm) of LTbH-CI (which represents a

theoretical cumulative release of 100 %), and the positive control is the intensity
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(at 512 nm) of LTbH-ibu (which represents a theoretical cumulative release of O

%).

2.3.3.13 Statistical analysis

One-way analysis of variance (ANOVA) was used to determine the statistical
significance (at the p = 0.05 level) in the difference of means for viability and
particle size measurements. Either a Tukey or Fisher's LSD (if sample means
had unequal variance) post hoc test was used to determine which sample means
differed significantly from the control. For particle size optimisation experiments,
the mean particle size values for each synthetic group were input into JMP Pro

14 software for model fitting and effect screening.

2.4 Results and discussion

24.1 SEM

SEM images of LTbH-Cl and LTbH-drug intercalate particles are shown in Figure
2.2. In all formulations, the particles exhibit rod and plate shaped morphologies,
with individual particle size ranging from around 100 nm up to 4.5 um (Figure 2.2,
Table 2.1). The average patrticle size measured for LTbH-Cl was 670 + 564 nm.
It can be seen that the morphology becomes less regular after intercalation. The
particle sizes are similar to those previously reported for LGdH-CI prepared using

an identical synthetic protocol (which had sizes 100 nm — 2 pm).8’

The particles were seen to aggregate to some extent in all formulations, but this
was particularly evident for LTbH-ibu and LTbH-nap, with aggregates as large as
15 pum (Figure 2.3). Statistical analysis indicated that there is no significant
difference in the particle size before and after drug intercalation, except in the

case of LTbH-ibu where average particle size appears to increase relative to
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LTbH-CI. This is in contrast to what was reported for LGdH-Cl and its intercalation
compounds, which were found to have decreased particle size after ion
exchange.®” However, this difference is most likely to be a result of particle

aggregation, which increases the average size of the particles seen in SEM

images, rather than a true increase in the primary particle size.

Figure 2.2 SEM images of the LTbH-Cl and LTbH-drug intercalates.
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Figure 2.3 Additional SEM images of LTbH-Cl and LTbH-drug intercalates, showing aggregation seen in the samples.
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242 DLS

DLS was used to determine the hydrodynamic size and zeta potential of aqueous
suspensions of LTbH-CIl and LTbH-drug intercalates (Figure 2.4, Table 2.1). The
hydrodynamic diameter of the particles is approximately 100 nm larger than the
size measured from SEM images, which is to be expected as this diameter
includes solvent molecules associated with the particles being measured.
Therefore, the DLS and SEM data are in good agreement. All samples appear to
exhibit some polydispersity, and in most cases a secondary population peak can
be seen at around 5-6 microns (Figure 2.4). In all cases, the zeta potential of the
suspended particles was positive, indicating a positively charged surface (as
would be expected for LRH materials). For LTbH-dic, the zeta potential was
markedly lower than the other samples, which suggests it is less stable with
respect to aggregation in aqueous suspension. This is believed to be related to
the highly hydrophobic nature of diclofenac and may explain why the
hydrodynamic diameter measured for LTbH-dic was larger than that of the other

samples.

Table 2.1 Summary of the data obtained by SEM and DLS. Data are shown as mean + S.D. from three independent
experiments.

Size from Size from  Polydispersity index
Sample SEM (nm) DLS (nm) Zeta potential (mV)
LTbH-CI 670 + 564 754 + 58 0.38 £ 0.08 +28.7x0.2
LTbH-dic 614 + 480 903+78 0.41+0.07 +8.0+04
LTbH-ibu 753 + 474 858 + 66 0.45 + 0.05 +364+04
LTbH-nap | 730 £ 526 819 + 40 0.49 + 0.06 +31.6x£04
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Figure 2.4 DLS plots for aqueous dispersions of LTbH and the LTbH-drug intercalates.

2.4.3 XRD

XRD patterns of the starting materials and the drug intercalation compounds of
LTbH obtained by ion exchange are depicted in Figure 2.5. For LTbH-CI, the
pattern contains no residual peaks from the parent terbium salt, showing that a
full conversion has taken place. The pattern is consistent with the calculated
pattern based on the analogous reported structure3!* for an ytterbium based LRH.
In all cases, the presence of strong basal reflections confirms the layered
structure of LTbH. In the drug intercalation compounds, the basal reflections are
broader and weaker compared to LTbH-CI, indicating that a loss in crystallinity
occurs as a result of the drug anion intercalation. Additionally, the reflections are
seen to shift to lower diffraction angles, which is consistent with the layers moving
farther apart to accommodate the larger drug anions.87.120 The reflections arising

from LTbH-CI and the drugs used for intercalation are not visible in the patterns
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for LTbH-dic, LTbH-ibu, and LTbH-nap, confirming that ion exchange was

successful.

All intercalation compounds appear to be phase pure. The interlayer spacing for
LTbH-CI, LTbH-dic, LTbH-ibu, and LTbH-nap was calculated to be 8.35, 22.01,
25.27 and 22.04 A respectively. In the case of LTbH-dic and LTbH-nap, these
values are consistent with previous reports for LTbH-dic!®? and for similar LGdH
systems.8” A previously reported LGdH-ibu®’ material prepared by ion exchange
revealed that two phases formed, with interlayer spacings of 23.46 and 20.73 A.
These are somewhat lower than the interlayer spacing found for LTbH-ibu (25.27
A). All intercalates can be indexed to the orthorhombic Pca2:1 space group, and

their refined unit cell parameters are summarised in Table 2.2.

Table 2.2 Summary of (010) reflection positions and unit cell parameters of LTbH-Cl and LTbH-drug intercalates.

Material (010)26/° alA b/A cl/A

LTbH-CI 10.60 12.66 £ 0.01 8.33+£0.01 7.03+£0.01
LTbH-dic 4.00 12.37 £ 0.06 22.06 = 0.07 7.04 £0.04
LTbH-ibu 3.52 12.37 £ 0.01 25.28 £ 0.03 7.01£0.01
LTbH-nap 3.98 12.41 £ 0.02 22.04 £ 0.03 7.02+0.01

Based on a model using the previously determined structure of an analogous
ytterbium based LRH system,3!! the single layer thickness of LTbH can be
approximated as 6.0 A. Using this value, the gallery heights in LTbH-dic, LTbH-
ibu, and LTbH-nap are approximately 16.1, 19.1, and 16.2 A respectively. These
values are 1.3-1.4 times greater than the molecular dimensions of dic and nap
(11.8 A, 10.3 A)87:324 and 1.9 times greater than that of ibu (12.9 A).87 This strongly
suggests that the anions within the interlayer space adopt an intertwined bilayer
arrangement (Figure 2.6), which has been previously posited for LRH

systems.87:325 The greater interlayer distance noted with ibu is likely due to the
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amphipathic nature of the ibu molecule, which leads to a surfactant-like
arrangement in which the hydrophobic hydrocarbon chains are clustered in the
middle of the interlayer space while the hydrophilic anionic groups interact with
the positive LRH layers above and below. In contrast, dic and nap have
electronegative atoms at both ends of the molecule and are therefore able to

adopt a more interdigitated arrangement, which results in a lower gallery height.
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Figure 2.5 XRD patterns for starting materials and intercalation compounds of LTbH prepared by ion exchange. *: The
(030) reflection of LTbH-dic is seen to partially overlap with the (011) reflection. Calculated pattern based on LYbH-C/

(ICSD collection code 419745).
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Figure 2.6 Schematic diagram illustrating the bilayer arrangement of intercalated diclofenac within the LTbH interlayer
gallery.
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244 FTIR

The FTIR spectra for all obtained intercalation compounds and reagents used are
shown in Figure 2.7. The precursor compound LTbH-CI exhibits multiple broad
stretches over the range 3652-3336 cm due to O-H stretching vibrations arising
from intercalated water molecules and hydroxide groups coordinated to Th3*. An
additional band at 1652 cm™ is seen (Figure 2.7a), which is attributed to O-H
bending vibrations. This is consistent with values reported for a similar system
based on gadolinium.?” In addition, the stretch at 1616 cm?, associated with the

O-H d-bend in ThCl3.6H20, is not seen, which confirms that no residual reagent

IS present.
a b
|
I
; ; 11542 cm™
3 S -
< © 1
— =~ 1
[0} _di Q
e Na-dic e "1578 cm*
g WYYy g . !
k= £ [Na-dic I 1
= . £ \ 11379 cm
2 Na-ibu 2
< [ 1 1
= N~ 'Vﬂm = 11397 cm
X X
S TbCI,6H,0 1652 cm® = INai |
Na-ibu 1 1
— 1475 cm™ 1462cm
1616 cm™ X

4000 3500 3000 2500 2000 1500 1000 500 1750 1625 1500 1375 1250 1125 1000
Wavenumber / cm? Wavenumber / cm?

Figure 2.7 a.) FTIR spectra for starting materials and the intercalation compounds of LTbH prepared by ion exchange.
b.) Enlarged view showing band shifting in LTbH-drug intercalate spectra relative to the pure drug spectra.

All drug intercalation compounds exhibit the broad O-H stretching seen in LTbH-
Cl. Additionally, the intercalates show similar features to the pure drug spectra,
particularly in the fingerprint region. In some cases, the band positions in the drug
intercalates are shifted to lower wavenumbers. This is particularly evident in the
LTbH-nap intercalate, where the 1578 cm carboxylate band is seen to shift to
1542 cm? after intercalation (Figure 2.7b). These shifts are a result of
electrostatic interactions between the anionic carboxylate groups on the drug and

the cationic LRH layers??0.
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245 TGA

Thermograms of LTbH-Cl and LTbH-drug intercalates are given in Figure 2.8. For
all compounds, mass loss below 350 °C occurs in two or three distinct stages, as
has been previously reported for LDH systems.326:327 The first mass loss event
between 100-170 °C is attributed to the loss of interlayer water (Table 2.3). This
corresponds to 1.5 water molecules per formula unit in LTbH-Cl/ibu/nap, and 2
water molecules per formula unit in LTbH-dic. The second mass loss event,
between 200-250 °C, is attributed to the dehydroxylation328 of the LTbH layers to
the terbium oxide form Th203 and a residual proton, which is subsequently used
to liberate intercalated CI- and CO3* as HCl and CO:2 gases®?®32° above
approximately 500 °C. In the case of LTbH-dic, the second mass loss event
overlaps with the loss due to thermal decomposition of intercalated diclofenac,
whereas for LTbH-ibu and LTbH-nap the thermal decomposition of intercalated

drug is visible as a separate event above approximately 400 °C.

2.4.6 Chemical formulae

Elemental analysis and TGA data (Table 2.3, Figure 2.8) were used to derive the
formulae of the intercalation compounds (Table 2.4). It is presumed that residual
Cl anions are present in the structures of LTbH-dic and LTbH-nap, due to
incomplete ion exchange. This leads to drug anions and CI- anions being
distributed within the same layers of LTbH,®” as there is no evidence of any
remaining LTbH-CI phase present in the respective XRD patterns. In addition, in
the case of LTbH-Cl and LTbH-dic, the elemental analysis data indicate the
presence of CO3% anions between the layers. This is believed to be due to the
dissolution of atmospheric carbon dioxide into the solution during the synthetic or

ion exchange process, which is a problem previously reported for LDH
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systems.118330 The average drug loading in the formulations is approximately 33
% by mass, which corresponds to 80-100 % of the maximum capacity as

determined by charge balance considerations.

Loading capacity of 33 % w/w would be adequate to deliver single doses of dic,
ibu, and nap (75 mg, 400 mg, and 500 mg respectively).331-333 |n regards to
intravenously delivered chemotherapeutic drugs such as doxorubicin or
paclitaxel, which are usually administered at a minimum dosage of 60 mg and
135 mg per m? of body surface area respectively,334335 the loading capacity of
LTbH is more than sufficient given that the effective dose for intratumoral delivery

is expected to be lower than that for systemic delivery.
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Figure 2.8 Thermograms of LTbH-Cl and LTbH-drug intercalates, showing intermediate phases calculated based on %
mass loss.
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Table 2.3 Summary of observed (and calculated from formulae, Table 2.4) values for elemental analysis and TGA data.

Material %C %H %N Mass loss % (H20)

LTbH-CI 0.29 (0.13) 1.48 (1.73) - 5.78 (5.81)
LTbH-dic | 20.12(19.82) 2.12(2.51)  1.66 (1.64)  5.26 (5.29)
LTbH-ibu | 24.81(24.58) 2.65(3.97) - 4.25 (4.25)

LTbH-nap | 23.96 (23.65) 2.61(3.10) - 5.82 (4.22)

Table 2.4 Summary of formulae derived from TGA/elemental analysis data.

Material Formula Drug loading / %
mass

LTbH-ClI | [Th2(OH)s]Clo.9(CO3)o0.05-1.5H20 0

LTbH-dic | [Tb2(OH)s]Clo.1(COz3)0.05(C14H10CI2NO2)0.8:2H20 34.6

LTbH-ibu | [Tb2(OH)s](C13H1702)-1.5H20 32.3

LTbH-nap | [Th2(OH)s]Clo.1(C14H1303)0.9-1.5H20 32.2

2.4.7 Cytotoxicity assay

Cytotoxicity of the LTbH formulations was evaluated using in vitro cell viability
experiments on Caco-2 and HEK 293 cell lines, the results of which are presented
in Figure 2.9. For the Caco-2 cell line, there is some cell death seen in all
treatment groups as compared to the untreated cells control. At the higher
concentration of 526 pg / ml, all three drug intercalate formulations show
statistically significant cytotoxicity, with the viability of cells treated with LTbH-dic
decreasing the most to an average of 71%. LTbH-CI does not appear to be
significantly cytotoxic at either concentration. This suggests that the cytotoxicity
seen arises from the intercalated drug anions. However, this contrasts with
findings from a previous study on LGdH-CI, LGdH-dic, and LGdH-ibu, which
reported an increase in Caco-2 cell viability in the presence of these materials at
a concentration of 270 pug / ml.8” The precise source of this difference is not

known, but it may be related to differences in cell uptake or drug release rate.
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For the HEK 293 cell line, a degree of cytotoxicity is seen in the LTbH-CI and
LTbH-nap treatment groups at both concentrations, which is comparable to the
slight decrease in cell viability seen in the Caco-2 cell line. Conversely, the LThH-
dic and LTbH-ibu groups appear to encourage cell proliferation, even at the
higher concentration of 526 pg / ml, with average cell viabilities statistically higher
than those of the untreated control. Overall, the biocompatibility of the

formulations appears to be good even at high concentrations of the formulations.
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Figure 2.9 The results of in vitro cell viability assays a.) Caco-2 and b.) HEK 293 cell lines, performed with LTbH
intercalates at two concentrations (270 ug / ml and 526 ug / ml). The assay experiment was performed three separate
times, each in triplicate. Results are presented as mean #* standard deviation. * denotes groups with a significantly
different mean viability from the control, at the p = 0.05 level.

The treatment of cancer cell lines (HeLa, fibroblast, and rhabdomyosarcoma) with
diclofenac has been reported to cause significant decreases in cell viability at a
concentration of just 11 uM.33¢ Likewise, the cytotoxicity of ibuprofen has been
previously studied using adenocarcinoma gastric cell line (AGS), and cell viability
found to decrease after 24 h exposure to ibuprofen at a concentration of just 100
UM.337 Naproxen has been reported to cause significant cell death compared to
untreated cells controls in urinary bladder cancer cell lines (UM-UC-5 and UM-
UC-14) at a concentration of 500 pM.338 The findings of these studies therefore

seem to support the assertion that the cytotoxicity exhibited by the LTbH-drug
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intercalates may in fact arise from the intercalated drug ions as opposed to the

presence of the particles themselves.

To probe if this is the case, a further cytotoxicity experiment was conducted using
pure drug solutions at a concentration approximately equivalent to the LTbH-drug
intercalates (assuming 30 % drug loading). The results of this experiment are

shown in Figure 2.10.
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Figure 2.10 Graphs showing the results of in-vitro cell viability assay of a.) Caco-2 and b.) HEK 293 cell lines, with
diclofenac, ibuprofen, and naproxen at two concentrations (81 ug / ml and 158 ug / ml). The assay experiment was
performed three separate times, each in triplicate. Results are presented as mean #* standard deviation. * denotes
groups with a significantly different mean viability from the untreated cells control, at the p = 0.05 level.

It was found that for Caco-2, all three drugs exhibited a mild cytotoxic effect at
the higher drug concentration of 158 pg / ml, but cell viability was not significantly
affected at the lower drug concentration of 81 pg / ml. In the case of HEK 293
cells, ibuprofen was well tolerated and showed no cytotoxic effect at either
concentration, whereas diclofenac and naproxen showed a statistically significant
impact on viability. When taken together, the data seem to suggest any cytotoxic
effects seen may be due to the presence of a relatively high concentration of
LTbH particles which may interfere with the growth of cells, along with

contributing effects arising from the presence of the pure drugs.

109



2.4.8 Haemolysis assay

The haemolytic potential of the LTbH intercalates on red blood cells (RBCs) from
rats was studied, and the outcome of this investigation is shown in Figure 2.11.
Compared to the untreated RBCs and the RBCs treated with the surfactant
Triton-X, it can be seen that the presence of LTbH-CI or any of the LTbH-drug
intercalates does not cause any substantial degree of haemolysis. This is the
case at both concentrations of 270 and 526 pg / ml. This indicates that LTbH
particles do not disrupt the membrane of RBCs, and therefore supports the idea
that formulations containing LTbH could be used for intravenous or intratumoral

administration without haemotoxic effects.
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Figure 2.11 The results of in vitro haemolysis assays with LTbH intercalates at two concentrations (270 ug / ml and
526 ug / ml). The assay experiment was performed three separate times, each in triplicate. Results are presented as
mean * standard deviation. All treatment groups differed significantly from the Triton-X treated RBC control at the p
=0.05 level. Inset: graphical representation of the basis of the colorimetric haemolysis assay. RBCs which remain intact
after treatment with LTbH produce a colourless supernatant, whereas lysed RBCs release haemoglobin that remains
in the supernatant after centrifugation and produces a deep red colour.
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2.4.9 Stability assay

It is known that LDH materials are unstable in acidic suspensions,33° as metal
hydroxides undergo acid hydrolysis which results in the dissolution of the LDH
and the subsequent release of free metal ions into the solution. As LRH materials
are also a metal hydroxide system, it was of interest to establish the pH range
over which LTbH-Cl is stable in aqueous suspension. This is particularly
important because the toxicology of Tb3* has not been evaluated in detail, but
free Gd3* ions are well known to be toxic to humans.®*® For biomedical
applications, it is necessary to minimise the release of free ions with potential
toxicity issues. For this reason, a stability assay using arsenazo-3 (AS-3) was
conducted on LTbH-CI in aqueous suspensions at a range of pH values (pH =

1.5-10).

It is important to note that the performance of the AS-3 assay is known to be pH
dependant.3*! An experiment to probe this change in performance was
conducted, and the results are displayed in Figure 2.12. The characteristic
absorbance peaks for both complexed and unbound AS-3 were seen to appear
at a slightly lower wavelength at pH = 1.5 than at pH = 7.4. This difference in
absorbance maxima positions does not reduce the ability of the assay to
qualitatively verify whether LTbH-CI dissolves at given pH. A further experiment
was conducted to probe the change in absorbance at 652 nm as a factor of pH,
and the outcome of this experiment is shown in Figure 2.13. It was found that the
average absorbance across the pH range = 1.5 — 10 remains consistent, with no
significant difference in absorbance seen between the extremes of the range.

Therefore, for the purposes of quantifying the extent of dissolution of LTbH across
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this range of pH values, the performance of the AS-3 assay appears to be

satisfactory.

The extent of dissolution of LTbH-CI in each sample at 2 and 24 hours after

immersion was then quantified using a colorimetric assay which tests for the

presence of free Th3* ions. The results of this assay are given in Figure 2.14.
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Figure 2.12 Graphs showing the absorbance spectra of unbound AS-3, AS-3 with LTbH-Cl, and AS-3 with TbCl3.6H,0 at
a.) pH 1.5 and b.) pH 7.4. It can be seen that the characteristic peaks of both unbound and bound AS-3 appear at a
slightly lower wavelength in acidic media relative to media at pH = 7.4.
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Figure 2.13 Plot showing the absorbance data at 652 nm of 1.25 mM solutions of ThCl3.6H,0 in water (reacted with
equal volumes of a 2.5 mM solution of AS-3) across a range of pH values. The experiment was performed three
separate times, each in triplicate. Results are presented as mean + standard deviation. The line of best fit (dashed)
and associated gradient demonstrates negligible change in absorbance over pH range.
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Figure 2.14 pH stability assay of LTbH-Cl in aqueous suspension, after 2 and 24 hours. Three independent experiments
were performed, each in triplicate, and the results are shown as mean * standard deviation.

Significant dissolution of LTbH-CI is seen in the pH range 1-5-3.0, which
corresponds to the typical pH values seen in the gastric environment (pH = 1.0 -
2.0 in the fasted state, up to a median pH = 5.0 in the fed state).3*? Therefore,
formulations containing LTbH materials which are designed for oral delivery may
require the use of an enteric coating to prevent degradation and the release of
free Tb%* ions. Above this pH range, however, the suspensions exhibit high
stability with minimal dissolution (approximately 5 %) seen after 24 hours. This
includes the average physiological pH (7.4)3* as well as the slightly acidic
extracellular environment often found in tumours (pH = 6.4 — 7.0).2* Assuming a
theoretical LTbH-ibu dose of 1300 mg (which contains the equivalent of a single
dose of ibuprofen), 5 % dissolution would equate to 33 mg of free Th3* ions
released. In a person weighing 60 kg, this is equivalent to 0.55 mg Th3* per kg
body mass — several orders of magnitude below the reported LDso for
intravenously injected GdCls (100 mg per kg body mass in mice,*® equivalent to
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60 mg of free Gd3®* ions per kg body mass). Whilst discussion of how Th3* ions
may behave in vivo is beyond the scope of this study, the cytotoxicity studies and
dissolution stability data seem to indicate that LTbH-based drug delivery systems
may be safe to use for short-term treatments where accumulation of free

lanthanide ions would be limited.

2.4.10 Drug release

Drug release from LTbH-dic, LTbH-ibu, and LTbH-nap was studied using
phosphate buffered saline (PBS, pH = 7.4) as the release medium. The results
are given in Figure 2.15. It can be seen that the drug release profiles are very
similar in the three formulations, with the majority of release occurring rapidly
within the first 5 hours. Further release after around 6 hours is negligible. The

mean final release percentage in all cases is between 91 — 96 %.

These release profiles are consistent with previous reports for LTbH-asa (approx.
85 % release in 6 hours),®® and LEuH-nap (complete release within 200
minutes).'?® However, previously reported release profiles for LTbH-dic and
LTbH-imc (approx. 35 % and 30 % in 6 hours respectively)!8? differ significantly.
This may be related to the particle morphology of LTbH used in those studies —
though no particle size analysis was presented in the previous study,®? SEM
images showed large and clustered crystals which may introduce a longer
diffusion path to the intercalated drug molecules and therefore lead to extended

release kinetics.
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Figure 2.15 Drug release curves for LTbH-dic, LTbH-ibu, and LTbH-nap in phosphate buffered saline (PBS, pH = 7.4) a.)
over 48 h and b.) an enlarged view of the first 10 h. Results are presented as mean + standard deviation.

The drug release data were fitted with the Bhaskar and Avrami models (Equations
2.5 and 2.6 respectively); a is extent of reaction, equivalent to the fraction of
intercalated drug released, k is the rate constant, t is time, and n is a coefficient

related to the reaction mechanism.
In(1— a) = kt%% (2.5)
In(— In(1 — a)) = nin(t) + In(k) (2.6)

Fits of the Avrami and Bhaskar models to the LTbH-drug intercalates are shown
in Figure 2.16. The Avrami equation can be used to describe a wide range of
solid-state kinetic processes (usually involving the generation and growth of
nuclei) and appears to be a good fit to the drug release data from LTbH. n values,
derived from the slope of the line of best fit in the plots, are all close in value to 1.

Whilst this does not definitely determine the precise release mechanism, it is
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consistent with a 2D diffusion controlled process in which the rate of nucleation
is zero.87:346:347 |n the context of the LTbH-drug intercalates, this is sensible
because new nucleation sites (the positively charged layers with associated drug
molecules) are not generated during the course of the reaction. The rate of
reaction is thus controlled by the diffusion of the drug ions between the layers

(hence, 2D).

The Bhaskar model was originally developed to describe the diffusion of drug
cations out of an ion exchangeable resin,3® and is therefore a good
approximation for the diffusion of drug anions out of LRH particles. The model is
based on the assumption that rate of release is controlled by diffusion of the drug
through the particle, and the good fit of this model to the LTbH-drug release data
strongly suggests that this is also the case in LTbH systems. These findings are
in good agreement with those for LGdH-drug intercalates.®’ If it was desired to
increase the length of time over which sustained release occurs from LTbH, a
possible approach would be to use a polymeric coating to increase the diffusion
path for the drug molecule, as has been demonstrated on many occasions with

other materials — including LDHs.349:3%0
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Figure 2.16 Fits of the Avrami (left) and Bhaskar (right) models to drug release data from LTbH-dic, LTbH-ibu, and

LTbH-nap.
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2.4.11 Fluorimetry

Emission spectra of suspensions of LTbH-ClI and LTbH-drug intercalates
measured at an excitation wavelength of A = 375 nm, are presented in Figure
2.17. In each case, the characteristic Th3* f-f transitions (°D4 — “Fes at 490 nm, °Da4
— 'Fs at 545 nm, °Ds4 — ’Fs at 586 nm) are visible and in good agreement with
peak positions reported®?® for LTbH-NOs. The emission spectrum of LThH-CI
shows evidence of peak splitting by the presence of a shoulder to the right of
each peak, which is consistent with the presence of both 8 and 9 coordinate sites
for Th3* within the LTbH structure.3!1322 The amount of sample used during
measurement was not controlled, and therefore quantitative comparisons
between sample luminescence intensities cannot be drawn. However, it is
evident from the data before normalisation (Figure 2.17a) that the intercalation of
dic, ibu, and nap appears to cause significant dampening in the signals with
respect to the baseline, with this effect being most pronounced in LTbH-nap and
least evident in LTbH-ibu. After normalisation (Figure 2.17b), it can also be seen
that nap generates some background interference below approximately 480 nm
and above approximately 560 nm, but no additional features arising from the
intercalated drugs can be seen. The source of the curved baseline in the spectra

is not known but is believed to be instrument related.

These results demonstrate firstly that both LTbH and LTbH-drug intercalates
exhibit the expected characteristic Tb3* luminescence features which could be
exploited for medical imaging applications. Secondly, it appears that
luminescence intensity of LTbH may vary depending on the intercalated guest

species, which may make it possible to monitor drug release via signal change.

118



e R

-dic -dic
—— LTbH-ibu N | LTbH-ibu
— LTbH-nap [ 586 nm - LTbH-nap

| \ A

Intensity / a.u.
Intensity / a.u.

\‘¥~§;;:;:J

T T T T T T T 1 T T T T T T T 1
400 425 450 475 500 525 550 575 600 400 425 450 475 500 525 550 575 600

Wavelength / nm Wavelength / nm

Figure 2.17 Solid state luminescence emission spectra for LTbH-Cl and LTbH-drug intercalates, collected with an
excitation wavelength of 375 nm. a.) Raw data and b.) Normalised data.

2.4.12 Solid-state photoluminescence

In order to obtain emission spectra of a higher quality (stable baseline, presence
of fine features, no confounding effect from drug release), solid state emission
spectra of LTbH-CI, the LTbH-drug intercalates, and the pure drug salts (Na-dic,
Na-ibu, Na-nap) were measured at an excitation wavelength of A = 325 nm
(Figure 2.18a-d). Solid state measurements eliminate vibrational energy loss to
solvent molecules, leading to enhanced signal (and therefore greater fine feature
resolution).3%! The excitation wavelength used for these experiments was more
energetic (325 nm instead of 375 nm as in the suspension fluorescence
experiments), because the instrument used possesses only fixed-wavelength
lasers, of which 325 nm was the closest matched. The photoluminescence
emission spectrum of LTbH-Cl shows well resolved fine features and clear
evidence of peak splitting arising from the low symmetry coordination

environment31! of Th3".

As it was not possible to control for the mass of sample used in each
measurement (in each case, ca. 5 mg), the differences in intensity between
samples cannot be quantified. However, it can be assumed that small differences

in mass of sample would not fully account for the large difference in the
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magnitude of intensity between LTbH-ibu or LTbH-nap relative to LTbH-CI or
LTbH-dic in the data before normalisation (Figure 2.18a). This indicates that the
interaction between the LTbH matrix and dic differs in nature to that of LTbH with
ibu or nap, leading to a different relaxation pathway. This is also supported by
the significant shift in peaks arising from dic after intercalation, which can be seen
in the spectra after normalisation, and the much-reduced degree of drug peak
shifting in LTbH-ibu and LTbH-nap (Figure 2.18b-c). The decreased
luminescence intensity of LTbH-dic is in contrast with a previous study, which
reported increased luminescence intensity after intercalation of dic.®? However,
due to significant differences in the synthetic method and the excitation
wavelength used 352 nm vs 325 nm) the emission spectra obtained in the

previous study cannot be directly compared to those in the present work.
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Figure 2.18 Solid state photoluminescence emission spectra of LTbH-Cl, LTbH-drug intercalates, and the pure drug salts
(Na-dic, Na-ibu, Na-nap) obtained at an excitation wavelength of 325 nm and laser power of 1 %. a.) Raw data, b-d.)
Normalised data. e.) Normalised solid state photoluminescence emission spectra of LTbH-ibu (pure) and LTbH-ibu at
different stages of release (15 min, 30 min, 1 h, and 4.5 h) as compared to LTbH-Cl. f.) Drug release curve obtained
from photoluminescence compared to the drug release curve obtained by UV-vis. Three independent experiments were
performed, and the results presented as mean + standard deviation.

Since the spectra for the LTbH-drug intercalates show a combination of features
from the pure drugs and a strong peak at 542 nm arising from Th3*, it was thought
that it may be possible to use the ratio between the height of the 542 nm peak
and the height of the surrounding background to establish the extent of drug

release. Presumably, as more drug is released from the formulation, the height
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of the peak arising from Th3* would increase relative to the signal arising from the
drug, and the spectrum would become increasingly similar to the spectrum of
LTbH-CI. Similar real-time tracking of drug release has been reported before, for
instance for doxorubicin release from silica nanoparticles (using fluorescence
resonance energy transfer),>2 or rhodamine release from a hydrogel (by

multispectral fluorescence imaging on live mice).3%3

To test this hypothesis, further drug release experiments were conducted using
LTbH-ibu, in which the experiment was terminated at specific time points and the
solids recovered for photoluminescence analysis. The results of one such
experiment are given in Figure 2.18e. It can be seen that the spectra from
samples that have the shortest release times (15 min, 30 min) are more similar
in character to the spectrum of LTbH-ibu, whereas those with a longer release
time (1 h, 4.5 h) more closely resemble that of LTbH-CI. The halo-like intensity
arising from the presence of the drug appears to decrease in magnitude with
length of release time. This is particularly evident in the region between the first
two Th3* transition peaks, and the intensity of each sample at 512 nm was chosen

as a reference point for further calculations.

Assuming the spectra of LTbH-ibu and LTbH-CI represent the theoretical 0 % and
100 % release respectively, the cumulative release in each of the experimental
samples was calculated using their intensity at 512 nm. The resultant drug
release curve obtained is shown in Figure 2.18f. It can be seen that this release
curve closely resembles the one obtained by UV-vis, and therefore it is feasible
to use the change in luminescence emission to quantify drug release from LTbH-
ibu. It should be noted that due to the nature of the experiment, it is not possible
to truly terminate drug release at exactly the required time point: release will

continue to some extent whilst the sample is wet. Therefore, the extent of release
122



obtained in this manner is likely to be an overestimate of the true extent of release
at a particular point. This is believed to be the reason why the release curve
obtained from photoluminescence measurements appears to be shifted to the left
relative to the release curve obtained by UV-vis. Nevertheless, it is clear that
there is a high degree of correlation between the luminescence properties and
the extent of drug release, and thus the distinct possibility of using the LTbH

formulations for theranostic applications.

2.5 Conclusions

This work considers the theranostic applications of the layered rare-earth
hydroxide LTbH-CI. The hydrothermal synthesis of LTbH-Cl and subsequent
intercalation of the model drugs diclofenac, ibuprofen, and naproxen (dic, ibu,
and nap) via ion exchange, is confirmed by XRD and FTIR characterisation.
Elemental microanalysis and TGA experiments revealed high drug loadings of
80-100 % based on charge balance considerations (or ca. 33 wt %). Most of the
drug cargo was released over approximately 5 h when the formulations were

incubated in phosphate buffered saline at pH = 7.4.

The haemo- and cytocompatibility of all formulations was found to be high, even
at concentrations far exceeding those that would be required for therapeutic
applications (up to 526 pg / ml). Photoluminescence studies revealed
characteristic peaks associated with Th3* and the presence of two different
coordination environments in LTbH-CI, consistent with previous reports in the
literature. It was shown that intercalation of ibu and nap resulted in a significant
increase in luminescence intensity, whereas the intercalation of dic lead to the
quenching of the luminescence signal associated with Th3*. These findings imply

that the LTbH-intercalates could act as fluorophores for luminescence imaging.
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Moreover, it was demonstrated using LTbH-ibu that it is feasible to use the
changing luminescence emission spectrum upon drug release to quantify the
extent of drug which had de-intercalated. This property could provide a non-
invasive way to quantify the real-time drug release kinetics in vivo, determine the
precise location where drug release is taking place, as well as derive the required
delivery frequency to maintain the local therapeutic levels of drug. The LTbH
formulations developed in this work hence have great potential for use as
theranostic agents and bolster the recent interest in LRH materials towards

personalised medicine applications.

To ensure consistent performance and safety for potential in vivo applications,
homogeneous particles with an average size below ca. 500 nm are required. The
particles prepared in this chapter are non-uniform and exceed this size
requirement. Building on the promising findings from this work, Chapter 3 will
seek to devise ways to accurately control LRH patrticle size and ensure it falls in

the desired range for theranostic applications.
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3 Particle size optimisation of layered terbium

hydroxide

A promising theranostic platform based on layered gadolinium hydroxide (LGdH-
Cl, [Gd2(OH)s]Cl-yH20) has been reported previously by our group.®” A mixture
of nano and microparticles of the material was synthesised from a gadolinium
chloride salt via hydrothermal synthesis. Subsequent synthesis of layered
terbium hydroxide (LTbH) by an analogous method3!® as detailed in Chapter 2,
also produced particles which suffered from poor size-uniformity. The lack of
homogeneity in the generated products is problematic, as both the size and
geometry of particulate formulations affect their ultimate performance in vivo. In
this chapter, the hydrothermal synthesis method used to generate LTbH particles
is optimised to reproducibly yield particles with a smaller average particle size, a

narrower particle size distribution and higher morphological consistency.
3.1 Introduction

3.1.1 Particle morphology considerations

Injectable formulations must be able to avoid rapid elimination by the body’s
biological mechanisms to prolong circulation time and increase the effectiveness
of the intended treatment. The main route of elimination of particles from the
blood stream is via phagocytosis by macrophages; while there is no clear
consensus, there is some evidence in the literature that larger particles (ca. 400
nm upwards) are more susceptible to macrophage uptake than smaller particles
(200 nm and below).3%4 Moreover, very large nanoparticles and microparticles

(~500 nm and above) injected intravenously are known to become mechanically
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entrapped in the lung vasculature,®*5-35" making them a less favourable choice

for drug delivery to other tissues.

In relation to cancer therapy, it is also important to consider particle size as it
relates to tumour vasculature and therefore the ability of the particles to pass from
nearby blood vessels into the tumour tissue. Due to the rapid growth of cancerous
tumours, the formation of vasculature is often much less organised than in healthy
tissue, leading to ‘leaky’ blood vessels and poor lymphatic drainage. These blood
vessels have been reported to have intracellular gaps larger than 200 nm,38
whereas the separation between endothelial cells in healthy tissue is between
12-150 nm.3%9:360 This is the basis for passive targeting of particles to tumour
tissue via the EPR effect. Though the reported patrticle size limit for effective EPR
targeting varies widely by tumour type and is the subject of some contention, it is
generally accepted to be around 200 nm.3%! Ultimately, to enable particles to
preferentially accumulate in tumour tissue, particle size should be small enough
to avoid rapid removal by macrophages (< 200 nm), but large enough not to

penetrate the vasculature of healthy tissues (> 150 nm).

The shape and size of particles also influence how they migrate towards blood
vessel walls (margination), and their intracellular uptake. In the context of
nanoparticulate drug delivery, stronger margination is a desirable property as
particles flowing closer to the blood vessel walls are better able to passively target
tumour tissues via the EPR effect. A very basic approximation of margination
dynamics is that spherical particles experience less margination and flow linearly
within the blood vessel, whereas non-spherical particles with a higher aspect ratio

exhibit tumbling effects which allow them to drift laterally (Figure 3.1).362-364
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Figure 3.1 Diagram (reproduced from reference 364 with permission from Taylor & Francis) showing the effect of
particle shape on margination. Spherical particles (black) flow with the bloodstream, whereas disc (yellow) and rod
(blue) shaped particles experience tumbling and tend to flow towards the blood vessel walls.

It has also been demonstrated that an increase of aspect ratio is inversely
proportional to cell uptake efficiency in several cancer cell lines, with spherical
particles being taken up more readily than rods.3%> However, rod shaped patrticle
uptake was reported to be more efficient than sphere-shaped particle uptake in
healthy intestinal cells,3%® so this effect may vary depending on the type of cell
line used. It may also be possible to utilise particle morphology to target
subcellular features. It was demonstrated in a study on Mg2AIl-LDH that rod-
shaped patrticles are effectively internalised into the nuclei of three mammalian
cell lines (mouse, hamster, and human), whereas their hexagonal plate-shaped
counterparts were seen to remain in the cytoplasm.® It is therefore feasible that
sub-cellular targeting can be achieved by exploiting particle morphology, and thus
serve to increase the treatment efficacy if the target is intracellular. Therefore, the
ability to control the shape of nanopatrticles during synthesis may be an important

factor when designing theranostic platforms.
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3.1.2 Particle size evaluation considerations

There are several methods of particle size evaluation in the nanosized range
which are used within the pharmaceutical field. Most commonly, electron
microscopy (in scanning or transmission mode, SEM and TEM respectively) or
dynamic light scattering (DLS) methods are employed. In brief, electron
microscopy generates digital images of samples with a known magnification,
which may then be used to measure the dimensions of individual particles (either
manually or by using a software script). DLS, on the other hand, derives particle
size information by relating the speed of Brownian motion of particles in

suspensions to their size.

While DLS equipment is much less costly to purchase and operate than electron
microscopes (and is therefore a more widely accessible particle size
characterisation technique), it suffers from several shortcomings compared to
electron microscopy.®®’ Firstly, as Brownian motion is also affected by
temperature fluctuations and solvent viscosity, these properties must be precisely
known and controlled during measurement, which may not always be possible.
Secondly, results may be inconsistent/inaccurate depending on sample
concentration and sedimentation of larger particles during the measurement. In
addition, non-spherical particles exhibit rotational effects which must be corrected
for in order to obtain accurate size results, and this may also not always be
possible especially if the sample exhibits low homogeneity (as is the case for
LTbH-CI generated according to the method described in Section 2.3.2.1). On the
other hand, since DLS characterisation is done automatically, this eliminates
potential user bias which may be present with manual measurement of particles

in SEM/TEM images.
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SEM preparation requires samples to be in the solid state, which may be
disadvantageous when characterising particles intended for medical applications
where a suspension may be more representative of the effective particle size in
vivo (due to association with charged entities such as ions, proteins, or amino
acids).®%® However, as demonstrated in Section 2.4.2, there is generally very
good agreement between the average particle size derived by SEM and DLS for
LTbH-CI (within 100 nm), though the standard deviation is much lower in DLS
derived measurements (ca. £ 560 vs 60 nm, presumably due to sedimentation
effects). Moreover, as the aim of this series of experiments is to improve particle
homogeneity and reduce average particle size, particle size measurements from
SEM images are sufficient for characterisation purposes. While TEM is conducted
on suspensions of particles, it is much more expensive and samples are typically
very dilute, making it difficult to procure images with a sufficient number of
particles for reliable average particle size measurements (even more so for a
large number of samples). Electron microscopy also provides a convenient way
to observe and study particle shape. Though it is theoretically possible to derive
some particle shape information by using DLS methods,3%° it involves complex
data analysis and is impractical for characterising a large number of samples.
Based on these factors, SEM was chosen as the optimal method of size

characterisation for this series of experiments.

3.1.3 Hydrothermal synthesis parameter considerations

As described in Chapter 2, the synthesis of LTbH involves hydrothermal
treatment of an aqueous mixture of precursor salts (NaCl, NaOH, TbCls.6H20).

The parameters of reaction temperature, reaction time, and reactor fill volume
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were chosen to systematically investigate in terms of their influence on resultant

particle morphology.

3.1.3.1 Temperature

When water is gradually heated in a partially filled, sealed container (as is the
case during hydrothermal synthesis), thermal energy is provided to the liquid
molecules, which subsequently become more mobile. Therefore, an increase in
temperature results in a decrease in both the viscosity and density of water
(Figure 3.2a), which in turn increases the kinetics of product formation as the
mobility of the reactant species increases. This is particularly evident at
temperatures approaching the critical temperature (Tc = 374 °C) of water,
whereafter a sharp decline in density is observed as the liquid and gaseous
phases merge into a supercritical fluid. In this way, the rate of product formation
is related to synthetic temperature. Where processes are carried out below the

critical temperature (as in this chapter), they are referred to as ‘subcritical’.
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Figure 3.2 Graphs (reproduced from reference 37°) depicting the effect of temperature on the a.) density and b.)
dielectric constant of pure water, subjected to differing pressure conditions..

Another important consequence of increasing the temperature of water during
hydrothermal synthesis is the resultant decrease in its relative permittivity (a

property which is frequently referred to as the ‘dielectric constant’, €, in the
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literature; Figure 3.2b). As it pertains to solvents, relative permittivity is effectively
a measure of the polarity of the solvent. As with density, this effect becomes
particularly strong at temperatures approaching T, after which point the relative
permittivity of water is comparable to organic solvents such as dichloromethane
(ebcm = 9.04).37* On this basis, synthetic temperature may also be expected to

have effects on solubility of the reactant, intermediate, or product species.

Lastly, elevated synthetic temperatures ensure that the product generated is
more likely to be thermodynamically stable, as there is sufficient energy within

the system to decompose any competing metastable phases.3"?

3.1.3.2 Time

The length of reaction time also contributes to selectivity towards the
thermodynamic product, as kinetically favoured phases (given sufficient time) will
gradually be converted into thermodynamically favoured phases.3”3 Additionally,
as described by the La Mer particle growth mechanism (Figure 3.3), time plays a
crucial role in determining the resultant particle size: longer growth phases
correspond to larger particles.3’* Moreover, longer aging times are associated
with higher degrees of crystallinity, as has been demonstrated for LDH

systems.37°
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Figure 3.3 La Mer diagram illustrating the nucleation and growth stages of nanoparticles growing from a solution.

3.1.3.3 Pressure

Pressure is an important parameter to consider because it affects both the density
and dielectric constants (albeit only marginally below the critical temperature,
Figure 3.2a-b), as well as having potential effects on the crystallisation behaviour
of LRHs in solution. The mechanism of formation of LRHs (and LDHS) is poorly
understood at present, but there is some evidence to imply it may be an oriented
attachment process (whereby building blocks of LRH nucleate instantly and
subsequently assemble into a 3D structure).3’® There is evidence in the literature
of similar oriented attachment processes being influenced by the pressure during
synthesis.3’’ Additionally, pressure during synthesis may influence the resultant
product phase, as more dense phases tend to be preferred at higher

pressures.3’8

During heating, water molecules evaporate, producing water vapour. The
corresponding increase in pressure within the sealed container due to the
increase in water vapour is referred to as ‘autogenous’, because it is generated
within the system (in contrast to hydrothermal reactors which can apply external

pressure to the system). The degree of fill within the sealed container is a
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determinant factor for the internal system pressure during synthesis — a higher
degree of fill leaves a lower available volume for water molecules to evaporate
into, and therefore a greater pressure generated at a given temperature. This
effect is illustrated in Figure 3.4.57° It can be noted from this graph that
autogenous pressure in all cases is very low/negligible below ca. 150 °C, and
subsequently rises steeply for reactors with a high fill volume (e.g. up to
approximately 700 bar at 200 °C for 90 % fill volume). Therefore, fill volume is an

effective way to modulate autogenous pressure within a hydrothermal reactor.
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Figure 3.4 Graph (reprinted from reference 37°, with permission from Elsevier) illustrating the effect of fill volume (%)
on autogenous pressure of pure water inside a sealed autoclave.

3.1.3.4 Concentration

The concentration of reagents in a hydrothermal synthesis are known to affect
the morphological properties of products formed for some classes of materials,
for instance metal phosphates and oxides.38%381 However, the literature suggests
that this factor is less important in the case of metal hydroxides. In a study on the
hydrothermal synthesis of boehmite (a layered oxyhydroxide material composed
of edge-sharing Al(O)4(OH)2 octahedra), it was found that while temperature and

pressure exhibited a statistically significant effect on the resultant particle

133



size/morphology, the initial reactant concentration did not.3® It is therefore
reasonable to expect that in the synthesis of LRHs the effects of temperature and

pressure may dominate over those of concentration.

3.2 Aims

The following series of experiments aims to establish whether it is feasible to
control the average particle size and morphology of LTbH-CI by adjusting the
conditions during hydrothermal synthesis. In particular, the parameters of
temperature, time, and fill volume will be systematically investigated. A series of
experiments will be generated using design of experiments software to establish
which (if any) of the above parameters have influence over the resulting particle
size/shape of LTbH. The results of these experiments will then be used to
optimise the necessary conditions to yield particles of the desired size (150 - 200
nm), to be amenable to theranostic applications. Finally, the optimised LTbH
formulation will be compared with the pre-optimisation LTbH formulation in terms

of cytotoxicity, uptake, and fluorescence performance.
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3.3 Experimental

3.3.1 Materials

Terbium chloride hexahydrate was purchased from Sigma Aldrich. All water used

was deionised, and ethanol was of analytical grade.

3.3.2 Synthesis

3.3.2.1 Hydrothermal synthesis of LTbH with systematically varied

parameters

Reaction parameters were determined using JMP Pro 14 software and are
summarised in Table 3.1 and Table 3.2. An aqueous solution of TbCls.6H20 (0.4
M, either 7.5 ml or 13.5 ml) was added dropwise to a stirring aqueous solution of
NaCl/NaOH (1.4 M and 2.1 M respectively, either 2.5 ml or 4.5 ml), such that the
total volume was either 10 ml or 18 ml. The resultant suspension was stirred for
10 min and transferred to a Teflon lined hydrothermal reactor (23 ml). The reactor
was heated to the desired temperature (90, 100, 140, or 200 °C) for the required
length of time (4, 8, 10, or 24 h), at a heating and cooling rate of 10 °C / min, after
which the precipitate was collected by centrifugation. The product was washed
with water (2 x 30 ml) and ethanol (2 x 30 ml), and subsequently dried at 60 °C
for 24 h to yield the product. The product cake was briefly (< 1 min) ground using

a pestle and mortar to produce a fine powder.

3.3.2.2 Attempted intercalation into unknown terbium material synthesised

at 200 °C

The material produced during hydrothermal synthesis at 200 °C was determined
by XRD to be an unknown phase. To investigate if the unknown terbium material
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has ion exchange capabilities, an experiment was conducted using a method
analogous to the one described in Section 2.3.2.2. The unknown material (100
mg) was dispersed in water (15 ml), and ibuprofen sodium (300 mg) was added
to this solution. As the formula of the unknown material is not known, a three-fold
excess by weight was used instead of a three-fold molar excess. The mixture was
heated at 60 °C for 24 h, with stirring. The product was collected by centrifugation,
washed with water (2 x 30 ml) and ethanol (2x 30 ml), and subsequently dried at

60 °C for 24 h.

3.3.3 Characterisation

Characterisation procedures used in this chapter are identical to those described
in Section 2.3.3; any differences and additional methods are described explicitly

in this section.

3.3.3.1 Scanning electron microscopy (SEM)

All particles were measured along their longest dimension. The number of

particles measured per sample is indicated in Table 3.2 and Table 3.5.

3.3.3.2 Cytotoxicity assay

Cell viability assessments were conducted according to the protocol described in
Section 2.3.3.7; the samples used in this series of experiments were the
unoptimized and size-optimised LTbH-CI particles (samples 150-15-23 and 90-
4-18 respectively). Suspensions of LTbH-CI in culture medium (10 mg / ml) were
prepared, and either 5 or 10 pl of these suspensions were added directly to the

cells, to final concentrations of 270 and 526 pg / ml respectively.
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Three independent experiments were performed, each with treatment conditions

in triplicate, and results presented as mean * standard deviation.

3.3.3.3 Cell uptake and live/dead staining assay

Cells were grown according to the same protocol as for cytotoxicity studies,
detailed in Section 2.3.3.7. For uptake and live/dead experiments, the passage

numbers used were 7-12 (Caco-2) and 9-13 (HEK 293).

Live/dead staining was conducted wusing the LIVE/DEAD™ C12
Resazurin/SYTOX™ Green assay (Invitrogen), in tissue-culture treated clear-
bottom black 96-well plates (Thermo Fisher Scientific), T75 flasks, or glass-
bottom petri dishes. Cell suspension was prepared at a concentration of 5.6 x 10*
cells / ml and deposited into the wells of a black 96-well plate (180 pl per well),
into a T75 flask (5 ml per flask), or into a 35 mm glass bottom petri dish (1.5 ml
per dish). Suspensions of LTbH-Cl in culture medium (10 mg / ml) were prepared.
For microplate experiments, 10 ul of these suspensions were added directly to
the treatment wells. For T75 flask experiments, 275 pl of the suspensions were
added to each flask. For petri dish experiments, 85 pul of the suspensions were
added to each dish. The cells were allowed to adhere and grow for 24 hours after

seeding.

Working solutions of the C12 Resazurin and SYTOX green™ dyes were prepared
according to manufacturer instructions in sterile dimethyl sulfoxide. After 24
hours, the supernatant was carefully aspirated and retained for subsequent
staining with Trypan blue (using equal parts supernatant to dye) to test for
detached cells (data not presented). The remaining adhered cells were washed
once using sterile PBS (100 pl for wells, 3 ml for flasks, 1 ml for dishes). Fresh

PBS was then added to cover the cells, and the working dye solutions added (0.5
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pl per well and 5 pl per flask for each dye). The plates/flasks/dishes were then
incubated at 37 °C for 15 minutes. Cell imaging was performed using a
fluorescence microscope (EVOS® FL Cell Imaging System, ThermoFisher

Scientific) equipped with GFP, DAPI, and Texas red filters.

3.3.3.4 Suspension photoluminescence

Fluorescence measurements were carried out in black 96-well plates using a
SpectraMax M2e microplate reader (excitation = 250 nm, emission = 545 nm, or
scanned across a range of wavelengths where required). LTbH-Cl samples (29.6
mg) were resuspended in water (10 ml), and 150 ul of these suspensions was
transferred to a 96-well plate. Time-resolved fluorescence measurements were

taken after a delay of 50 us and measured up to 1450 us (in increments of 250

US).

3.3.3.5 Statistical analysis

One-way analysis of variance (ANOVA) was used to determine the statistical
significance (at the p = 0.05 level) in the difference of means for particle size
measurements. A Fisher's LSD post-hoc test was used to determine which
sample means differed significantly. The mean particle size values for each set
of experimental parameters were input into JMP Pro 14 software for model fitting

and effect screening.

3.4 Results and Discussion

3.4.1 First generation experiments

For initial experiments, the reaction parameter values were chosen manually and
input into JMP Pro 14 software to design combinations for testing. The
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temperatures were selected as 100 °C and 200 °C (50 °C above and below the
reported method, described in Section 2.3.2.1),3* with incubation times of 10 and
24 h (compared to 15 h originally). The fill volumes chosen were approximately
half the capacity of the reactor (10 ml) and full capacity (18 ml), whilst leaving
some room for air to avoid vessel leakage. These parameters and their
combinations are summarised in Table 3.1 (samples 100-X-Y and 200-X-Y,

where X = incubation time, and Y = fill volume).

Table 3.1 Summary of reaction parameters generated using JMP Pro 14 software, and precursor solution volumes for
100 °C and 200 °C samples. Sample names are designated as T-X-Y, where T = temperature during synthesis, X =
incubation time, and Y = fill volume.

Sample Temperature Incubation Total Volume Volume of Volume of
name (°C) time (h) (ml) TbCl3.6H,0 NaCl/NaOH
solution (ml)  solution (ml)

100-10-10 | 100 10 10 7.5 2.5
100-10-18 | 100 10 18 13.5 4.5
100-24-10 | 100 24 10 7.5 2.5
100-24-18 | 100 24 18 13.5 4.5
200-10-10 | 200 10 10 7.5 2.5
200-10-18 | 200 10 18 13.5 4.5
200-24-10 | 200 24 10 7.5 2.5
200-24-18 | 200 24 18 13.5 4.5

Comparison of XRD patterns (Figure 3.5) to that of LTbH synthesised at 150 °C,
confirmed that all samples produced at 100 °C were also LTbH, whereas those
produced at 200 °C were a different material. There are no reflections present in
the 200 °C samples which correspond to LTbH, showing that a new phase has
formed. It was not possible to search-match this material to any known material
in the ICDD (International centre for Diffraction Data) database. As the XRD
pattern exhibits several strong harmonic reflections it is likely also layered,
perhaps able to ion-exchange like LTbH-CI. It is also possible that this material is
a mixture of phases, though this is unlikely as the number of reflections is rather

low.
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Figure 3.5 XRD patterns for LTbH-Cl synthesised according to the reported procedure (sample 150-15-23),318 described
in Chapter 2, and Tb based materials produced under various experimental conditions as described in Table 3.1.
Samples are denoted as temperature-time-fill volume. The LTbH system is indexed to the orthorhombic Pca2; space

group.

To test whether this material exhibits ion exchange capability, an ion exchange
experiment with ibu-Na was attempted. The XRD pattern of the resultant material
is shown in Figure 3.6. No peak shifting occurs, and no additional peaks arising
from ibu-Na/interactions with ibu-Na are seen. It can therefore be concluded that
this material does not appear to show any intercalation behaviour.

200-10-18
after attempted intercalation of ibu

200-10-18

Intensity / a.u.

10 20 30 40 50 60
20/°

Figure 3.6 XRD patterns of unknown material obtained at 200 °C, before and after attempted intercalation. No
intercalation appears to have occurred based on the lack of change seen in the pattern.
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SEM images of LTbH-Cl samples synthesised at 100 °C are shown in Figure 3.7.
Each sample appears to be a mixture of plate and rod-shaped particles. The
average particle sizes measured for each sample (along with hydrodynamic size

measurements) are summarised in Table 3.2.

The 100-10-10 sample appears to have the lowest overall mean patrticle size of
293 + 126 nm. When the volume of reactant solution is increased to 18 ml (sample
100-10-18), the mean patrticle size appears to increase slightly to 308 £ 128 nm.
A similar increase is seen when the incubation time is increased to 24 hours
(sample 100-24-10), giving a mean particle size of 307 £ 127 nm. However, as
determined by statistical analysis, none of the samples are significantly different

form each other at the p = 0.05 level.

When both the incubation time and volume of reactant solution are increased
(sample 100-24-18, mean size 344 + 130 nm), the resultant mean particle size is
statistically larger than those of the remaining treatment groups. This indicates
that there may be an additive or synergistic effect on particle size of the fill volume
and incubation time parameters. However, this size difference between the
treatment groups is not apparent from the DLS data. In fact, in each sample, the
hydrodynamic diameter is slightly smaller than the average particle size
measured from SEM — which in in contrast to what is expected given that the
hydrodynamic diameter also includes the spatial contribution of associated water
molecules. This difference is slight and is likely explained by sampling error due
to higher aggregation in the solid samples versus the dispersions. Overall, size
differences produced by altering fill volume and incubation time at 100 °C appear

to be insignificant.
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Figure 3.7 SEM images of LTbH-Cl samples synthesised at 100 °C and various fill volumes/incubation times as described
in Table 3.1.

Table 3.2 Summary of the average particle size and number of particles measured for LTbH-Cl samples synthesised at
100 °C. Results are presented as mean * standard deviation *: Significantly different from the remaining samples at
the p = 0.05 level.

Sample Size by SEM Particles Hydrodynamic Polydispersity
name / nm measured diameter / nm index
100-10-10 293 + 126 391 278+ 6 0.18 £ 0.01
100-10-18 308 + 128 246 289 + 15 0.22 + 0.06
100-24-10 307 + 127 247 259 + 13 0.22 £ 0.01
100-24-18 *344 + 130 205 270+ 2 0.22 £ 0.01
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SEM images of the unknown material synthesised at 200 °C are shown in Figure
3.8. Unlike LTbH-CI, this material exhibits uniform particle morphology, consisting
entirely of needle-shaped crystals. Particle length varied between approximately
1 -120 pm, with a median value of 24 ym. Due to their very large size potentially
causing issues with mechanical entrapment in vivo, as described in Section 3.1.1,
these particles would not be suitable for use as injectables. Furthermore, it is well
known that particles with a very high aspect ratio can cause disruption to cell
membranes and elicit an inflammatory immune response.383-3 |n any case, as
the identity of this material cannot be established at present, further exploration

was not undertaken.

Figure 3.8 SEM images of the unknown crystalline material synthesised at 200 °C (sample 200-24-10). Particle length
varied between approximately 1 — 120 um, with a median value of 24 um.
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Though it is not possible to directly measure the internal pressure within a simple
hydrothermal reactor (such as those used for synthesis in this chapter), it is
possible to compare the relative pressure conditions at different temperatures by
considering the vapour pressure generated by water at those temperatures.
Vapour pressure is defined as the amount of pressure exerted by a vapour of a
substance which is in equilibrium with its condensed phase(s) in a closed system.
The vapour pressure for pure water can be approximated by the Arden Buck

equation:

T

Vp (kPa) = 0.61121exp((18.678 — 25714+ T

)( ) (3.2)

234.5

Where V, is the equilibrium vapour pressure over liquid water at a given
temperature, T (°C). Though the addition of solutes to water affects the boiling
point of the solution (an effect known as boiling point elevation),3 this is not an
necessary consideration in this case because all sample solutions used have the
same molality (moles of solute per kg of solvent), which in turn determines the
magnitude of boiling point elevation. Therefore, Vp values for pure water are an

acceptable way to relatively compare the Vp in systems at different temperatures.

The Vp values obtained for the range of temperatures in the current series of
experiments are listed in Table 3.3. The magnitude of Vp at 100 °C is, by virtue
of being at the boiling point, equivalent to atmospheric pressure. At 150 °C, the
Vp is approximately 4.6 times higher than atmospheric pressure, whilst at 200 °C
the Vpis significantly increased (over thrice the Vp at 150 °C, and a nearly 15-fold
increase over the Vp at 100 °C). This could help to explain the formation of the
unknown material at 200 °C — likely, it is a higher density phase which is

thermodynamically favoured by the higher-pressure environment.372
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Table 3.3 Vapour pressure (Vp) of pure water across the range of temperatures employed in the first-generation size-
optimisation experiments, as calculated by the Equation 3.2, rounded to the nearest 100 Pa.

Temperature / °C 100 150 200

Vapour pressure (Vp) / Pa 101,300 470,300 1,489,500

Compared to the LTbH-CI sample synthesised as described in Section 2.3.2.1,
with an average particle size of 670 + 564 nm, both the average particle sizes
and the standard deviation in all the samples synthesised at 100 °C are
significantly reduced. Overall, these data would seem to suggest that
temperature has the most significant influence on resultant particle size, but that
reaction time and fill volume, particularly at higher temperatures, may also

contribute to some degree.

3.4.2 Second generation experiments

As it was shown that the particles produced at 150 °C are irregular in size, and a
phase transition occurs somewhere between 150-200 °C, further experiments
were carried out at reduced temperatures of 90 °C and 140 °C. In addition, the
incubation time was shortened to 4 h and 8 h, both to increase time-efficiency
and potentially further reduce particle size by limiting growth time. These
parameters and their combinations are summarised in Table 3.4 (samples 90-X-
Y and 140-X-Y). A design of experiments approach was used to decide on the
combinations of experimental parameters (temperature, fill volume, incubation

time) based on the outcome of the first-generation experiments.
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Table 3.4 Experimental conditions chosen for second generation experiments to determine effect of synthetic
parameters on particle size. Summary of reaction parameters generated using JMP Pro 14 software, and precursor
solution volumes for all samples. Sample names are designated as T-X-Y-Z, where T = temperature during synthesis, X
= incubation time, and Y = fill volume.

Sample Temperature Incubation  Total Volume Volume of Volume of

name (°C) time (h) (ml) TbCl3.6H,0 NaCl/NaOH
solution (ml) solution (ml)

90-8-10 90 8 10 7.5 2.5

90-4-18 90 4 18 13.5 4.5

140-4-10 | 140 4 10 7.5 2.5

140-8-18 | 140 8 18 13.5 4.5

XRD data (Figure 3.9) confirmed that all samples produced at 90 °C and 140 °C
were LTbH-CI. SEM images of the samples synthesised at 90 °C and 140 °C are
shown in Figure 3.10. It can be seen that at lower temperature, the particles
display a predominantly rod-shaped geometry, whereas at higher temperature
the particles are almost exclusively plate shaped. The mean size of the particles
in each sample is summarised in Table 3.5. Statistical analysis showed that the
mean particle size of the samples generated at 90 °C are statistically equivalent
to each other, but significantly different to those generated at 100 °C and 140 °C.
The mean size of the particles in the two samples generated at 140 °C were
shown to be statistically different to each other, and the smaller 140-4-10 sample
particles we statistically equivalent to all samples generated at 100 °C. All
samples (90 °C, 140 °C) had a mean particle size significantly smaller than that

of samples synthesised as described in Section 2.3.2.1 at 150 °C.
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Figure 3.9 XRD patterns for LTbH-CI synthesised according to the procedure in Section 2.3.2.1 (sample 150-15-23) and
LTbH-Cl samples produced by various experimental conditions described in Table 3.4. Samples are denoted as
temperature-time-fill volume. The LTbH system is indexed to the orthorhombic Pca2; space group.

Table 3.5 Summary of the mean particle size and number of particles measured for LTbH-Cl samples synthesised at 90
°C and 140 °C. *: Significantly different at the p = 0.05 level.

Sample Size by SEM / nm Particles measured
90-8-10 206 £ 80 293
90-4-18 178 £ 63 253
140-4-10* 312 +135 251
140-8-18* 413 + 209 227
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Figure 3.10 SEM images of LTbH-Cl samples synthesised at 90 °C and 140 °C, and various fill volumes/incubation times
described Table 3.4.

Overall, the data imply that at lower temperatures (90 °C and 100 °C) the effect
of incubation time and fill volume has almost no bearing on the resultant particle
size. For fill volume, this aligns with the fact that the vapour pressure generated
by water at such temperatures is less than or equal to atmospheric pressure, as
shown in Table 3.3. At higher temperature (140 °C), it appears that resultant

particle size is more sensitive to fill volume and/or incubation time.

When compared to the particles synthesised at 150 °C as described in Section

2.3.2.1, samples generated at 140 °C with reduced incubation time show
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decreased intra-sample variance. Additionally, change in synthetic temperature
shows good selectivity for particle shape, with plate morphology prevailing over
rod morphology at higher temperatures. As discussed in Section 3.1.1, particle
shape and size have important implications on the properties of nanoscale drug-
delivery platforms. Therefore, the ability to control both by simply changing the
conditions during synthesis is an especially useful property. Based on the
reasoning laid out in Section 3.1, the experimental parameters producing the
smallest average particle size of 178 £ 63 nm (90 °C, 4-hour incubation, and 18

ml fill volume) were chosen for further experiments.

3.4.3 Size-optimised method

The experimental parameters producing particles smaller than 200 nm (90 °C, 4-
hour incubation, and 18 ml fill volume) were chosen as optimal for cancer
theranostics. To verify that this method can consistently produce particles with a
predictable size distribution and an average size of less than 200 nm, the
experiment was replicated 5 additional times (samples 90-4-18-Z, where Z =
replicate number). Particle size data measured by SEM are summarised in Table
3.7 and statistical analysis results from all treatment groups are presented in
Table 3.6. XRD data (Figure 3.11) verified the material was LTbH in all cases.
Statistical analysis showed that the mean particle sizes (by SEM) of the replicates
are not statistically different. Therefore, the present method shows good
reproducibility in terms of mean particle size and size distribution, compared to
other hydrothermally synthesised LRH hydroxychlorides, such as LGdH-CI (rods
and platelets, 100 nm — 2 um)®” and LYH-CI (layered yttrium chloride, platelets,

200 — 500 nm).387
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Figure 3.11 XRD patterns for the replicates of LTbH synthesised at the optimised conditions (90 °C, 4-hour incubation
time, 18 ml fill volume). The LTbH system is indexed to the orthorhombic Pca2; space group.

The reverse microemulsion method has also previously been applied to generate
more monodisperse LGdH-CI particles (200 — 300 nm),38 though the particle
morphology in that case was less regular than reported here, and the use of
surfactants introduced additional components into the system (which are

potentially undesirable in pharmaceutical formulations).

3.4.4 Overall model

The mean particle sizes and statistical analysis results for each LTbH sample are
summarised in Table 3.6. Overall, there appears to be a strong correlation
between synthetic temperature and resultant particle size measured by SEM
(Figure 3.12a), with a contributing effect from reaction time, and no significant
influence from fill volume (Figure 3.12b). All LTbH samples in the present study
had a mean patrticle size significantly smaller than that of samples synthesised

according to the previously reported method (at 150 °C).3!8 Furthermore, particles
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from samples 90-8-10 and 90-4-18-1 (90 °C) were significantly smaller than those
from samples synthesised at 100 and 140 °C, and particles from sample 140-8-
18 (140 °C, with longer incubation time and higher fill volume) were statistically
the largest. There are also statistical differences within each temperature group,
which are explained by secondary effects from the differences in reaction time

and fill volume.

Table 3.6 Statistical analysis of the particle sizes measured by SEM. One-way analysis of variance (ANOVA) was used
to determine the statistical significance (at the p = 0.05 level) in the difference of means for particle size
measurements. A Fisher’s LSD (if sample means had unequal variance) post hoc test was used to determine which
sample means differed significantly. Samples which share a group number are not statistically different. * Data from
previously published work, reference 318,

Sample name  Size by SEM / Groups of statistical equivalence

nm
150-15-23 * 670 1
90-8-10 206 2
90-4-18-1 162 3
90-4-18-2 151 3
90-4-18-3 159 3
90-4-18-4 146 3
90-4-18-5 147 3
90-4-18-6 152 3
100-10-10 293 4
100-10-18 308 4 5
100-24-10 307 4 5
100-24-18 344 5
140-4-10 312 4 5
140-8-18 413 6
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Figure 3.12 a.) Plot showing the relationship between synthetic temperature and mean particle size; b.) Plot showing
the complete model (which includes T, t, and V as variables) fitted to the data, and the statistical impact of each
variable on the model. Plots D and E were generated using JMP Pro 14 software.

The average particle sizes in all samples generated by the optimised method (90-
4-18-X, X = repeat number) are within only ~ 20 nm of each other, and the ranges
and magnitudes of their errors are very similar. Considering also that particle
analysis from SEM images is inherently flawed (as many particles cannot be
measured due to overlap), it can be said that the present samples show a high
degree of reproducibility in terms of average particle size and size distribution,

compared to LRHs and LDHs in the literature.38939

The hydrodynamic diameter of the size-optimised particles, measured by DLS

(Figure 3.13 and Table 3.7), is approximately 50 nm larger than the size
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measured from SEM images, which is to be expected as this diameter includes
water molecules associated with the particles being measured. Therefore, the
DLS and SEM data are in good agreement. All samples have low polydispersity,
though in some cases a small secondary population was observed around 4-6
pm (Figure 3.13). This is believed to be a result of aggregates which were not
sufficiently broken up by sonication.

Table 3.7 Summary of particle size data from SEM and DLS for LTbH samples synthesised at 90 °C.

Sample name Size by SEM Particles Hydrodynamic Polydispersity

/ nm measured diameter / nm index

90-4-18-1 162 + 85 460 199 + 3 0.15+ 0.04
90-4-18-2 151 + 56 472 196 £ 2 0.18 £ 0.02
90-4-18-3 159 + 52 515 199+ 2 0.17 £ 0.03
90-4-18-4 146 + 49 398 194 +6 0.15+0.05
90-4-18-5 147 + 47 849 194 +1 0.18 + 0.04
90-4-18-6 152 £+ 61 840 201+ 2 0.20 +0.02

Overall 152 £ 59 3534 197 £ 4 0.17 £ 0.04
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Figure 3.13 Superimposed hydrodynamic diameter data from DLS experiments on all size optimised LTbH samples
(each sample suspension was prepared once and measured in triplicate).
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3.4.5 Cytotoxicity assay

Cytotoxicity of the size-optimised and unoptimised LTbH formulations was
evaluated using in vitro cell viability experiments on Caco-2 and HEK 293 cell

lines, the results of which are presented in Figure 3.14.
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Figure 3.14 The results of in vitro cell viability assays on a.) Caco-2 and b.) HEK 293 cell lines, performed with both
optimised (90-4-18) and unoptimised (150-15-23) LTbH-CI at two concentrations (270 ug / ml and 526 ug / ml). The
assay experiment was performed three separate times, each in triplicate. Results are presented as mean + standard
deviation. * denotes groups with a significantly different mean viability from the control, at the p = 0.05 level.

For the Caco-2 cell line, no treatment group appears to show a statistically
significant change in cell viability relative to the untreated control. This agrees
with results from Section 2.4.7, which also showed no statistically significant
change in Caco-2 cell viability from treatment with LTbH-CI. However, at the
higher concentration of 526 pg / ml, the viability of cells treated with size optimised
LTbH particles is statistically lower than the viability of cells treated with
unoptimised LTbH particles. It is therefore possible that there may be some
modest size-related effect on viability. Overall, LTbH-CI does not appear to be

significantly cytotoxic to Caco-2 cells at either concentration, irrespective of size.

The results of the viability experiment for the HEK 293 cell line are somewhat less

clear. Some cytotoxicity (70 — 75 % viability relative to the untreated control) is
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seen in both the optimised and unoptimised LTbH-CI| treatment groups at the
lower concentration of 270 pg / ml. At the higher concentration of 526 pg / ml,
however, the unoptimised treatment group exhibits high viability (95 %) compared
to the optimised treatment group, which showed a further reduction in viability to
ca. 65 %. This is mostly consistent with the results from Section 2.4.7, which
showed HEK-293 cell viability was approximately 75 % relative to the control for
LTbH-CI at both concentrations. Overall, it seems HEK-293 cells are somewhat
more sensitive to the presence of LTbH-Cl than Caco-2 cells, with a notable

reduction in viability in three out of four treatment groups.

The assay employed measures cell viability indirectly by quantifying the amount
of ATP (adenosine triphosphate) present, which is only produced by living cells.
However, change in the quantity of ATP present may also arise due to cell
damage rather than death. It may be that smaller particles (optimised LTbH) are
better able to penetrate Caco-2 cells and disrupt their metabolic activity/cause
cell death, leading to reduced quantities of ATP produced. There may also be
differences between uptake behaviour between the cell lines which may help to
explain the difference seen in viability. A live/dead staining assay was therefore
conducted to investigate this further. Since the differences in behaviour are
mainly seen at the higher treatment concentration of 526 pg / ml, this

concentration was selected for the live/dead staining assay.

3.4.6 Live/dead assay and cell uptake studies

The CellTiter Glo assay underestimates the viability of cells, because
metabolically inactive cells do not contribute to the resultant luminescence during
the assay. Therefore, to verify the viability found by CellTiter Glo, a live/dead
staining assay was conducted.
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The live/dead staining kit consists of two components, the first of which is a
resazurin stain which stains metabolically active cells by reacting with reduced
nicotinamide adenine dinucleotide (NADH, an intermediate in several biological
pathways, including glycolysis®®!) to produce a red fluorescence signal. The
second component is a green nucleic acid stain (which is impenetrable to live
cells), and as such it only stains dead cells. As with CellTiter Glo, the resazurin
stain detects metabolic activity rather than true viability, so metabolically inactive
cells will exhibit low (or nil) red fluorescence. The green nucleic acid stain,
however, stains all dead cells. Therefore, dead cells will always exhibit green
fluorescence emanating from the nucleus. In this way, the live/dead stain can
show a.) living, metabolically active cells (bright red); b.) living, metabolically

inactive cells (dim red or dark); and c.) dead cells (bright green).

3.4.6.1 Studies on Caco-2 cell line

The results of the live/dead assay conducted in 96-well plates for Caco-2 cells
are shown in Figure 3.15. The staining process requires a rinse with PBS, which
washed away most of the LTbH particles in the treatment groups and caused the
cells to become rounded in the images. The images were used to derive viability
data, shown in Table 3.8. Overall, the percentage viability reflects what is
observed by the CellTiter Glo assay, showing no significant difference in viability
between the treatment groups and the untreated control. The microscope used
automatically adjusts fluorescence brightness, so while direct and quantitative
comparisons of fluorescence intensity are not possible, it does seem that the
treatment groups (Figure 3.15b, c) exhibit somewhat more intense red emission
than the control. This is consistent with high levels of NADH, which in turn

indicates high metabolic activity.3?? On this basis, it seems that the presence of
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LTbH particles, size-optimised or not, does not seem to exhibit a cytotoxic effect

on Caco-2 cells.

Figure 3.15 Fluorescence microscopy images in 96-well plates of live/dead staining of a.) untreated Caco-2 cells; b.)
Caco-2 cells treated with size-optimised LTbH; and c.) Caco-2 cells treated with unoptimised LTbH. Live cells are stained
red, dead cells are stained green.

Table 3.8 Summary of results of live/dead staining assay in 96-well plates of Caco-2 cells treated with LTbH.

Treatment Live cells Dead cells Viability / %
Control 342 7 97.95
Optimised LTbH 310 9 97.10
Unoptimised LTbH 302 21 93.05

The magnification and resolution possible in a 96-well plate is restricted by the
shape of the plate and the shadows cast by the black plate walls, so further
experiments were conducted in glass-bottom petri dishes, which were easier to
manoeuvre and could be used for further imaging by confocal scanning laser

microscopy if desired.

Images of the cells grown and treated in glass-bottom petri dishes prior to
washing and staining are shown in Figure 3.16, to illustrate cell growth and
spreading. In both LTbH treated groups (Figure 3.16b, c¢) some cells exhibit
bubble-like cavities within the cell membrane (cytoplasmic vacuolation). Though

a detailed discussion on the cell mechanisms involved is beyond the scope of this
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work, this phenomenon has been observed in the treatment of mammalian cells
with high concentrations of inorganic nanoparticles on a number of occasions,
and may be associated with the endocytosis process.3?33% Alternatively, it may
be evidence of autophagy, which is often characterised by the formation of
autophagic vacuoles intended to digest damaged organelles within the cell.395:3%
Autophagy may eventually lead to cell death where the damage in cells is
extensive, but is primarily a protective mechanism experienced by cells during

stress.

Figure 3.16 Microscopy images in glass-bottom petri dishes of a.) untreated Caco-2 cells; b.) Caco-2 cells treated with
size-optimised LTbH; and c.) Caco-2 cells treated with unoptimised LTbH, all prior to washing and staining to illustrate
cell spreading and vacuolation.

The outcome of the staining experiment conducted in a glass-bottom petri dish is
shown in Figure 3.17. It is important to note that, due to lower cellular adherence
on glass, the washing of samples with PBS was done very gently, leading to many
particles being left over and therefore appearing in the images. Additionally, LTbH
particles exhibit auto-luminescence in both the green and red channels, which is
useful because they can be easily seen within cells. It is not expected that the
autofluorescence of LTbH particles would confound the results of the CellTiter
Glo assay, as it is a luminescence assay with no external excitation source,
whereas LTbH autofluorescence occurs in response to excitation by the light

source in the microscope.
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The size optimised LTbH treatment group (Figure 3.17b) shows examples of live
cells with endosomal cell uptake (shown by green arrows) as well as membrane
attachment and/or uptake without associated endosomes (shown by red arrows).
There are also examples of dead cells which show internalised particles (shown
by white arrows), the bottom one of which also shows several large vacuoles
containing particles. Overall, this seems to indicate that, while most cells
experience no ill effects even after uptake several particles, there is potential to
produce enough damage to eventually cause cell death via autophagy in a small
number of cells. This may even be desirable if the cells in question are cancer

cells — providing a potential route to passive cancer treatment.3%7

Images of cells treated with unoptimised LTbH are shown in Figure 3.17c. Due to
the higher degree of rounding of cells in this sample, it was difficult to focus on
the cells/particles simultaneously. This made it hard to evaluate uptake, but there
are some cells which appear to contain LTbH patrticles (shown by the red arrows).
There are multiple large particles/agglomerates of LTbH (example shown by
white arrow), which due to their red auto-luminescence and similar size may be
confused with live cells in the red channel. They are easily distinguishable in the
brightfield channel because they appear dark. Additionally, there appear many
areas surrounding cells (example shown by the green arrow) where there does
not seem to be any particle density. It is possible that these empty areas were
where cells had previously been adhered but contracted away from during the

washing step.

Overall, due to the difficulties in the experimental process involved with the
live/dead staining and uptake experiments presented in this section, it is not
possible to draw any meaningful conclusions about how the size-optimisation of

LTbH particles influences their effect on Caco-2 cells. However, viability data
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derived from the live/dead staining assay supports the idea that the presence of
LTbH particles does not appear to cause additional cell death (at the point of
testing), relative to the untreated control, which agrees with viability data obtained

using the CellTiter Glo assay.

Figure 3.17 Microscopy images in glass-bottom petri dishes of Caco-2 cells stained with live/dead reagents, shown in
brightfield view, and with Texas red/GFP filters. a.) Untreated Caco-2 cells; b.) Caco-2 cells treated with size-optimised
LTbH - red arrows show cells with non-internalised LTbH particle adherence, green arrows indicate cells with
endosomal LTbH uptake, and white arrows show necrotic cells with internalised LTbH; c.) Caco-2 cells treated with
unoptimised LTbH — red arrows show cells with possible LTbH internalisation, the white arrow indicates and example
of an agglomerate of LTbH, while the green arrow shows an empty region around a cluster of cells which is likely to
have been the site of cell attachment prior to washing with PBS.

3.4.6.2 Studies on HEK-293 cell line

The 96-well live/dead staining procedure was replicated several times using the
HEK-293 cell line. However, none of the experiments were successful due to
issues encountered with cell attachment and aggregation, which made it
impossible to glean meaningful information about the cells’ response to the

presence of LTbH.
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In the 96-well plate, the HEK-293 cells did not adhere to the bottom of the wells
(example overlay images are shown in Figure 3.18), making it impossible to
perform a PBS rinse to remove the cell culture medium prior to staining. In turn,
this raises the possibility of cell culture medium interference with the resazurin
(red, metabolic activity stain) assay reagent, which is well known to be sensitive
to the presence of many compounds, particularly amines and thiols.3%® Indeed,

this seems to be the case as the red fluorescence intensity in the 96-well plate

experiments was either very low or undetectable in all cases.

Figure 3.18 Example overlay microscopy images in 96-well plates of a.) untreated HEK-293 cells; b.) HEK-293 cells
treated with size-optimised LTbH; and c.) HEK-293 cells treated with unoptimised LTbH, all stained with live/dead
reagents. The low fluorescence intensity of the live (metabolic activity) red stain is likely low due to interference by cell
culture media, which was not possible to wash away due to poor cell adherence.

Additionally, the cells were seen to form aggregates and exhibited a high degree
of cell death, even in the control samples. This is typical for aggregates of cells,
as the inner cells experience restricted access to culture medium containing
essential nutrients and oxygen. Both poor adherence and aggregation are well

known issues for the HEK-293 cell ling.399:400
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Figure 3.19 Example overlay microscopy images in T75 flasks of a-c.) untreated HEK-293 cells; d-f.) HEK-293 cells
treated with size-optimised LTbH; and g-i.) HEK-293 cells treated with unoptimised LTbH, all stained with live/dead
reagents.

As cell adherence to tissue culture treated glass is even more challenging for
poorly adherent cell lines, the glass-bottom petri dish was substituted for a T75
cell culture flask for further imaging. 24 hours after seeding, the cells were
attached to the flask, enabling a gentle PBS rinse to remove cell culture medium
prior to staining. The PBS rinse caused the cells to detach, but the intensity of
the resazurin stain was enhanced greatly by the removal of the cell culture
medium prior to staining. Example overlay microscopy images are shown in
Figure 3.19. Cell death and cell aggregation is seen to some degree in all groups.
Though there does not seem to be additional cell death in the LTbH-treated
groups relative to the untreated control, cell counting is precluded due to the

significant level of cell overlap.
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3.4.7 Suspension photoluminescence

The photoluminescence response of size-optimised and unoptimised LTbH
samples was compared in aqueous suspension by using time-resolved
fluorescence (TRF), the results of which are shown in Figure 3.20. Briefly, TRF
allows the measurement of luminescence output after a specified time delay
following the flash of the excitation lamp. Moreover, the luminescence output can
be collected for a specified length of time (called ‘integration time’), which is
particularly useful for samples that exhibit phosphorescence rather than
fluorescence, as is the case for terbium-containing species. Phosphorescence is
a slower process than fluorescence (this will be discussed in more detail in the
introduction section of Chapter 4), and therefore TRF measurements may offer
more insight into the photoluminescence response than traditional fluorescence
measurements. Lastly, the use of suspensions rather than solid-state samples
allows quantitative comparisons as the concentration of the suspensions can be

precisely controlled.
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Figure 3.20 Plot showing the luminescence intensity (ex/em = 250/545 nm) in size-optimised vs. unoptimised LTbH,
at different integration times (0 — 1450 us).
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The maximum luminescence intensity reached after 1450 us appears to be higher
in the unoptimised samples than those generated according to the size-optimised
procedure (ca. 6-13M vs. 2M relative fluorescence units). Additionally, the inter-
sample variability in maximum luminescence intensity is much higher in the
unoptimised samples than in the size-optimised samples. Since the mean particle
size distribution was shown to be higher in samples generated by the unoptimised
method, it stands to reason that if the photoluminescence response is particle
size-related, that these samples would have higher luminescence behaviour
variability. Additionally, the size-optimised samples appear to reach saturation
intensity faster (just above 250 ps) than the unoptimised samples (just above 450

- 850 ps).

While it is not certain that this effect is a consequence of particle size alone, size
can influence luminescence intensity when surface defects in particles are
present. For instance, the introduction of surface defects in terbium oxide
nanoparticles by ball milling generates a ‘dead’ layer wherein excitation is
guenched via non-radiative (thermal) pathways along the surface of the
particles.*%* For smaller particles, the distance over which this ‘dead layer’ may
effectively quench luminescence may be comparable to the particle size,
therefore leading to a decreased luminescence intensity relative to samples with
a larger average particle size, even at the same concentration. Since the LRH
samples generated hydrothermally in this chapter all dry into a solid cake, each
sample must undergo a brief mechanical grinding process in a pestle and mortar
to separate the particles and produce a powder prior to further experiments.
Though this process is not thought to influence the particle size (as particles
appear whole and unbroken in SEM images), it may well introduce stress/strain

defects along the surface of the particles and therefore facilitate defect-
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guenching, which would be particularly evident for particles with a smaller

average size population.

Overall, though the presented size-optimised method produces particles with a
notably reduced luminescence intensity, it is still detectable and shows more
inter-sample consistency than LTbH-Cl samples generated according to the

protocol reported in Section 2.3.2.1.

3.5 Conclusions

The particle size and morphology of LTbH was shown to be responsive to the
hydrothermal synthetic parameters of temperature, incubation time, and vessel
fill volume. Optimisation of these conditions led to a significant reduction in both
mean particle size and particle size distribution from that discussed in Section
2.43%8 (from 670 + 564 nm to 152 + 59 nm). This new method developed here
was demonstrated to be highly consistent and reproducible. It is possible to use
synthetic parameter control to achieve a high degree of particle shape selectivity.
LTbH particles exhibit a predominantly rod-shaped morphology when
synthesised at low temperature (90 °C), whereas at higher temperature (140 °C)

the particles preferentially adopt a platelet geometry.

Overall, it was shown in this chapter that alteration of synthetic parameters is a
viable route towards morphological control of LTbH. A method to achieve
homogeneous LTbH particles with an average size below 200 nm was
successfully developed. Chapter 4 will seek to apply this method to generate a
family of LRH systems incorporating other lanthanide elements, which may be of

interest for theranostic applications.
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4 Potential theranostic systems based on layered rare-

earth materials with alternative compositions

It was shown in Chapter 3 that the morphology and size of LTbH particles can be
effectively controlled by varying time, temperature, and fill volume during
hydrothermal synthesis. In this way, the resultant LTbH particle morphology was
optimised to achieve a homogeneous population with a narrow mean patrticle size
distribution (152 £ 59 nm), which is ideally suited in size to theranostic

requirements.

This chapter explores applying the optimised synthetic method to generate LRHs
based on a selection of other rare-earth elements — praseodymium, neodymium,
gadolinium, dysprosium, erbium, and ytterbium. Furthermore, LRH systems with
mixed composition (terbium/gadolinium) with potential for bimodal imaging

capacity will be synthesised and evaluated in terms of their contrast ability.
4.1 Introduction

The rare-earth elements are typically defined as the set of 15 elements from
lanthanum to lutetium. They are the first of two series of elements in the periodic
table which are part of the f-block, the other being the actinides. Rare-earth
elements are also commonly known as the lanthanides (or more formally, the
lanthanoids, ‘lanthanum-like’), because their chemical behaviour remains
remarkably uniform across the period. Conversely, the luminescence and
magnetic properties of the lanthanides vary broadly, as a consequence of the

unique electronic properties of these elements.
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All lanthanide elements in their ground state possess electrons in 4f orbitals
(apart from lanthanum, which has none). Additional valence electrons in
lanthanide elements occur in the 6s orbitals (and in some cases, a single electron

in the 5d orbital).402

An additional quirk of the electronic configuration of lanthanides is that the 5s and
5p orbitals lie lower in energy than do the 4f orbitals, which contain the valence
electrons. However, because the 5s and 5p orbitals have a more distal spatial
probability distribution, they effectively shield the 4f electrons from the
surrounding environment. Because of this, the 4f electrons are relatively
unaffected by the coordination or ligand field effects experienced by the Ln3*
ion.#%2 Conversely, the ability of 4f electrons to shield the outer 5s and 5p
electrons from the positive nuclear charge is poor.*%3 As a result, lanthanide ions
display a phenomenon known as the lanthanide contraction. Briefly, the ionic radii
of the lanthanides contract along the period to a greater extent than might be
expected based on the increasing nuclear charge alone. This happens because
the poor shielding provided by the 4f electrons exposes the outer 5s and 5p
electrons to a higher effective nuclear charge with successive additions of
protons, and the resulting electrostatic interaction causes a contraction in the

ionic radius (Figure 4.1).404
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Figure 4.1 lonic radii of the trivalent lanthanide ions, reprinted with permission from reference 4°4. Copyright 2011,
American Chemical Society.
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Therefore, heavier lanthanide elements form smaller, more charge dense ions.
This phenomenon, in turn, affects the final LRH structure due to the way the
hydroxide anions are able to pack around the central metal ion. This is because
Ln3* centres bind primarily through ionic interactions (as a consequence of the
well-shielded 4f valence electrons) rather than covalently, so their coordination
environment is largely determined by steric considerations.“%> The LRH structure
contains both 8 and 9 coordinate centres, with larger Ln3* ions more able to
accommodate higher coordination and therefore favouring the 9-coordinate

environment.

To date, many LRH materials have been successfully synthesised, with a wide
range of counter ions such as chlorides,310:311.495 nitrates, 122325 as well as drug
anions.?788.123 Many initial attempts to synthesise LRH materials comprising the
lighter lanthanide ions La, Ce, Pr, and Nd were unsuccessful, forming exclusively
the Ln(OH)s phase.3!! Since then, successful syntheses of nanosheets of LRHs
with Ln = La, Pr, and Nd have been reported,014% though occasionally a

secondary hydroxide phase may form, as in the case of LNdH.3!!

A Gd-based LRH doped with Eu (LGdo.9sEuo.0sH) was reported, which exhibited
a reduction in fluorescence intensity arising from Eu®* when intercalated with
amino acids, and thus was proposed to have potential applications in diagnostic
sensing.?*® More recently, composite systems of polymers and Eu/Tb based
LRHs demonstrated tuneable luminescence emission (red, green, or yellow) by
varying the Eu and Tb content.” There are also reports of mixed-lanthanide
systems containing Tb®* and organic sensitizers, such as Gd/Tb/Eu LRH and
Tb/Y LRH for colour tuneable luminescence,*%®4% and a Gd-doped LTbH-NO3
system showing vastly enhanced luminescence arising from the synergistic

interaction of Gd** and Th3*.410 Most recently, “high-entropy” mixed-metal LRH
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systems including up to 7 different rare-earth ions (Y, Eu, Gd, Er, Nd, Sm, and
Tb)*! have been reported. Attempts to include La3* in these high-entropy
systems were not successful, presumably as a result of lattice mismatch due to

the large La3* cation radius.*!!

Additionally, LRH composition may affect the resultant particle morphology, as
has been explored on several occasions. One study on LRH-NOs materials
synthesised via homogeneous precipitation reported a decrease in particle size
for the heavier lanthanides, though the reasons behind this were not
discussed.*'? In another study, LRH-CI materials with different Ln3* centres were
found to form particles with differing geometries (ranging from rectangular to

hexagonal plates).3!!

4.1.1 Rare-earth luminescence

The unigue luminescence behaviour associated with many lanthanide elements
arises from electronic transitions within partially filled 4f orbitals. Because of the
shielding effect provided by 5s and 5p electrons, the f-f electronic transitions are
relatively unaffected by the coordination environment of the Ln3* ion. Therefore,
multiple formulations including a particular Ln3* ion might therefore be expected
to have a very similar emission profiles, which is a useful property when

formulating with different therapeutic moieties.

The balance of radiative vs. non-radiative relaxation pathways within a system
ultimately determines the presence and strength of the luminescent response of
a system. In a study comparing the fluorescence behaviour of Ln3* chelates, it
was shown that particularly strong line emission was observed for Sm3*, Eu®*,
Tb®*, and Dy3*ions.3'° For these ions, the f-orbital splitting is such that: 1.) there

are several low energy levels below the main emitting excited state; 2.) the
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emitting energy levels have a relatively large energy separation from those lower

energy levels.

This energy level distribution allows the radiative (luminescent) relaxation
pathway to dominate over non-radiative relaxation processes (which are more
efficient when the energy separation is low).3!° This is particularly evident in the
Tb3* and Eu®* ions, compounds of which produce among most intense emissions
of all lanthanide ions. In the case of Gd3*, which has an electronic configuration
of [Xe] 4f7, there is a supplementary stability imparted by the half-filled f-orbitals.
As each orbital holds exactly one electron, the repulsion between electrons is
minimised whilst the symmetry of the arrangement is maximised. As a result,
these orbitals lie very high in energy and the lowest possible energy emission is
within the UV region (310 nm). This property limits the medical uses of the

luminescence behaviour of Gd3*, as UV radiation is damaging to living tissue.
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Figure 4.2 Term diagrams for the Tb** and Er3* ions with the main emissive states highlighted in pink.
Strictly speaking, luminescent lanthanide ion emissions can be classified as
either phosphorescence or fluorescence — phosphorescence arises from
transitions which cause a change in spin multiplicity, whereas in a fluorescent

process the spin multiplicity remains the same. For example, in Th3* (Figure 4.2),

170



for transitions from the °Da4 state to one of the "Fx (x = 0-6) multiplet states, the
spin multiplicity changes from 5 to 7, which formally makes these emissions
phosphorescent. In Er3*, transitions from the %Sz state to “lis;2 state, the spin
multiplicity remains the same and therefore it is a fluorescence process (Figure
4.2). When spin-orbit coupling is not considered, a transition which results in the
change of spin multiplicity is forbidden due to the conservation of angular
momentum. However, when spin-orbit coupling is significant (such as in
lanthanides), this restriction is not as prohibitive — for this reason,
phosphorescence processes tend to happen on much slower timescales than do
fluorescent processes. There are also other selection rules which govern the f-f

transitions in lanthanides, but these are outside of the scope of this work.

Two other phenomena which must be mentioned in the context of lanthanide
luminescence for biomedical applications are sensitisation and quenching
effects. As many of the f-f transitions are forbidden by selection rules, direct
excitation of Ln3* is inefficient because both the absorption and emission are
weak. Furthermore, each free Ln3* ion can absorb only a very narrow range of
wavelengths and may require expensive and powerful lamps. A way around this
is to couple Ln3 with molecules which can more efficiently absorb light
(chromophores) across a broader range of wavelengths, and then transfer that
absorbed energy to the emitting levels of the Ln3* ion. In this way, indirect
excitation (sensitisation) of the Ln3* ion is more efficient than direct excitation and
leads to higher luminescence yields — this is sometimes also referred to as the
‘antenna effect’. As demonstrated in Section 2.4.12 using LTbH, small organic
molecules such as ibuprofen may act as chromophores to enhance the

luminescence response in LRH systems in this manner.
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There are several mechanisms of luminescence quenching that are relevant to
lanthanide ion systems. As stated earlier, the smaller gap between the lowest
emissive level and highest low energy levels in some Ln3* ions (for instance Nd3*,
Er3*, Yb3) increases the efficiency of non-radiative relaxation processes.
Specifically, this is because the energy of those transitions happens to be closely
matched to several vibrational modes in C-H and O-H bonds, enabling their
efficient transfer. Consequentially, lanthanide ions which have resonant
emissions in the NIR region are very efficiently quenched if surrounded by such
bonds. In the context of medical applications, this is problematic because living

tissue is rich in sources of O-H and C-H bonds.

Another undesirable pathway of relaxation involves energy transfer between a
pair of Ln®" ions. Essentially, when a Ln®* ion with an electron excited into an
emissive level comes into contact with a Ln3* ion in its ground state, the excitation
energy is redistributed leading to both ions occupying some intermediate energy
(non-emissive) level, and subsequently relaxing via internal conversion. Such
pair interactions prevent the eventual release of a photon via luminesce, and
therefore lower the luminescence yield. As this process requires proximity of the
Ln%* ions, it is concentration dependant — and may be mitigated against using

strategies such as doping or mixing with other species.

4.1.2 Rare-earth magnetism

In brief, MR imaging works by exploiting the response of hydrogen atoms
(protons) in the human body to an externally applied magnetic field to build an
image. Each proton has an associated spin magnetic moment, and in the
absence of an externally applied magnetic field, the orientation of the magnetic
moments of protons in a sample is random. When an external magnetic field is
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applied, the magnetic moment of a proton may align with or against the direction
of the external field, the former being a lower energy configuration and therefore
resulting in a natural excess of protons aligned with the external field. Therefore,
when an external magnetic field is applied, the protons in a sample generate a

non-zero net magnetisation vector, which cannot be measured directly.

To measure the magnetic response of protons from a sample, therefore, the net
magnetisation must be displaced away from the direction of the external field.
The Larmor precession is a phenomenon which occurs for protons as a result of
the torque generated by the external field, and manifests as the rotation of the
magnetic moment of each proton around the direction of the applied field. A
radiofrequency pulse can be used to confer energy to the protons and cause their
magnetic moments to ‘flip’ into the higher energy state, aligned against the
external magnetic field. In addition, the pulse causes the precession of the
magnetic moments to begin to precess in phase with each other. After each
pulse, the system returns to equilibrium by relaxation, which can occur in two
distinct pathways. T1 relaxation, also called ‘longitudinal’ relaxation, is the gradual
return of magnetic moments to the lower energy state (aligned with the external
field). T2 or ‘transverse’ relaxation, on the other hand, is the gradual loss of
resonance from the in-phase precession of protons within the sample. The energy
loss associated with relaxation gives rise to signal, which can be monitored and

translated into greyscale images.

As tissues within the body differ in composition, the local environment of protons
between different tissues results in variable relaxation times, allowing the
differences in measured signal to be used to construct images. However, the
natural contrast of tissues is not always sufficient for therapeutic applications, so

contrast agents are often utilised to improve the contrast of MR images. Contrast
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agents work by further altering the local magnetic environment of protons within
target tissues, changing their T1 and/or T relaxation times, and thereby changing
their brightness relative to surrounding tissues. Contrast agents which decrease
the T1 relaxation time, such as Mn?* and Gd3* ions, are known as ‘positive’, and
lead to enhanced brightness in the image.3>4% Contrast agents which decrease
the T2 relaxation time, such as barium sulphate or superparamagnetic iron oxide,

are known as ‘negative’, and they lead to decreased brightness in the image.

The Gd3®** ion, which contains the maximum possible number of unpaired 4f
electrons, is a special case amongst the lanthanides, because of the highly
symmetrical arrangement of these electrons. This results in a very high energy
excited state, and therefore exceptionally slow electronic spin relaxation relative
to the other lanthanide elements. The slow relaxation times of Gd3* ions (1077
s)*3 make them particularly efficient at enhancing the Ti relaxation of nearby
protons, for reasons which are beyond the scope of this study and will not be
covered here. Conversely, due to the asymmetry in the unpaired electron
distribution (and subsequently, shorter relaxation times of 103 s)*4 in other
paramagnetic lanthanide ions, they act primarily to reduce the T, relaxation time
of nearby protons. The ability of a contrast agent to enhance the relaxation rate
of surrounding protons is quantified by a property termed ‘relaxivity’, which
describes the change in either T1 or T2 relaxation rates as a function of contrast
agent concentration. The ratio of relaxivities (r2/r1) for a particular contrast agent
is a convenient way to express their predominant mode of action — with positive
(T1) agents generally having a low r2/r1 ratio (around 1-2), and predominantly

negative (T2) agents exhibiting higher r2/r1 ratios.*1®
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4.2 Aims

The work in this chapter aims to apply the optimised synthetic method derived in
Chapter 3 to generate LRHs based on a selection of other rare-earth elements —
namely praseodymium, neodymium, gadolinium, dysprosium, erbium, and
ytterbium. It is predicted based on available literature, that the synthesis of these
LRH systems will be facile but may exhibit ion-size related effects on resultant

particle morphology.

Additionally, LRH systems capable of bimodal imaging contrast with mixed
composition (Gd/Tb) will be synthesised and evaluated in terms of their
luminescent and magnetic properties. It is expected based on previously reported
LGdH?® that Gd-containing LRH systems will exhibit T1 type relaxivity, and the
inclusion of Tb (a predominantly T, affecting lanthanide) may enhance T»

relaxivity.
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4.3 Experimental

4.3.1 Materials

Terbium, dysprosium, erbium, and ytterbium chloride hexahydrate salts were
purchased from Sigma Aldrich. Praseodymium and gadolinium chloride
hexahydrate salts were purchased from Alfa Aesar, and neodymium chloride
hexahydrate from Chem Cruz. All water used was deionised, and ethanol was of

analytical grade.

4.3.2 Hydrothermal synthesis of LRH-CI (R = Pr, Nd, Gd, Dy, Er, Yb)

An aqueous solution of RCI3.6H20 (0.4 M, 13.5 ml, R = Pr, Nd, Gd, Dy, Er, Yb)
was added dropwise to a stirring aqueous solution of NaCl/NaOH (1.4 M and 2.1
M respectively, 4.5 ml), such that the total volume was 18 ml. The resultant
suspension was stirred for 10 min and transferred to a Teflon lined hydrothermal
reactor (23 ml). The reactor was heated to 90 °C (150 °C for LYbH) for 4 h, at a
heating and cooling rate of 10 °C / min, after which the precipitate was collected
by centrifugation. The product was washed with water (2 x 30 ml) and ethanol (2

x 30 ml), and subsequently dried at 40 °C for 24 h to yield the product.

4.3.3 Hydrothermal synthesis of Gd:Tb LRH

A solution of TbCl3.6H20 (0.X M, X = 0.3, 0.2, or 0.1) and GdCl3.6H20 (0.4-X M)
in water (13.5 ml) was added dropwise to a stirring aqueous solution of
NaCl/NaOH (1.4 M and 2.1 M respectively, 4.5 ml), such that the total volume
was 18 ml. The resultant suspension was stirred for 10 min and transferred to a
Teflon lined hydrothermal reactor (23 ml). The reactor was heated to 90 °C for 4

h, at a heating and cooling rate of 10 °C / min, after which the white precipitate
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was collected by centrifugation. The product was washed with water (2 x 30 ml)
and ethanol (2 x 30 ml), and subsequently dried at 40 °C for 24 h to yield the

product.

4.3.4 Characterisation

Characterisation procedures used in this chapter are identical to those described
in Section 2.3.3; any differences and additional methods are described in this

section.

4.3.4.1 SEM and electron dispersive x-ray spectroscopy

Samples were sputter coated with gold and imaged using a JEOL JSM-6701F
field emission scanning electron microscope. Particle size analysis on the
resulting images was performed manually using ImageJ 1.52a software, and the
results presented as mean * standard deviation. The number of particles
measured is indicated in Table 4.1. Electron dispersive X-ray spectroscopy
(EDXS) was performed using the same microscope fitted with an INCAXx-Act

detector from Oxford instruments.

4.3.4.2 ICP-OES

To determine the concentrations Ln3* (Ln = Gd/Tb) in suspensions, inductively
coupled plasma optical emission spectroscopy (ICP-OES) was conducted on a
Varian 720-ES ICP-OES instrument. Stock suspensions of samples were
prepared at a concentration of 29.6 mg in 10 ml distilled water. 1 ml of these stock
suspensions was then acid digested using hot nitric acid and diluted with distilled
water to 10 ml. The samples were then measured against a standard containing
either Gd®* or Th®* (100 mg / dm?in 5 % HNOsz and 1000 mg / dm?3 in 2% HNOs

respectively). The standard was diluted to aliquots of 2, 4, 6, and 8 ppm to make
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a calibration curve for the measurements. Analysis of samples was performed by

Connor Wells.

4.3.4.3 Relaxometry

Stock suspensions of samples were prepared at a concentration of 29.6 mg in 10
ml distilled water. The precise Ln3* content of these samples was determined by
ICP-OES. Aliquots (0.5 ml) of these suspensions and water (0.5 ml) were then
transferred to NMR tubes (1 cm diameter) and prewarmed to 37 °C.
Measurements of T1 and T relaxation times were conducted using an MQC+
benchtop NMR analyser (Oxford Instruments), operating at 23 MHz, O.47 T, and
37 °C. The inversion-recovery method was used for T1 measurements (90° pulse
calibration of 250 pm) and the Carr-Purcell-Meiboom-Gill (CPMG) method for T»,
with 4 scans per sample in both cases. Serial dilutions were performed for each
sample by adding 100 pl of water between measurements; five different Ln3*
concentrations were measured for each sample. The suspensions were

sonicated prior to each measurement.

The measured relaxation times were then used to calculate corresponding
relaxation rates, 1/Tx (x = 1 or 2, as appropriate). The observed relaxation rate
can be expressed according to Equation 4.1, where rx is the relaxivity, and [Ln3]

is the concentration of Ln3* ions (in mM), and (1/Tx)w is the relaxation rate of pure

water.
1 ) 1
(— =7, x[Ln3*] + (—) 4.1
Tx obs Tx w

The relaxivities (r1 and r2) were derived from the gradients of the plots of

relaxation rate (1/Tx) against [Ln3*] for each sample.
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4.3.4.4 Suspension fluorescence

Fluorescence measurements were carried out in black 96-well plates (Thermo
Fisher Scientific) using a SpectraMax M2e microplate reader (excitation = 325
nm, emission = 500 — 570 nm). Stock suspensions of LGd/TbH-CI prepared for

ICP-OES as described in Section 4.3.5.3 were used (150 pl per well).

4.3.4.5 Solid state photoluminescence

Photoluminescence measurements were performed on a Renishaw inVia Qontor
microscope at an excitation wavelength of 325 nm, at 1 % laser intensity to limit
sample degradation. Measurements were taken over the range 326 - 700 nm at

a resolution of 0.026 nm.

4.3.4.6 Cytotoxicity assay

Cell viability assessments were conducted according to the protocol described in
Section 2.3.3.7; the samples used in this series of experiments were LRH-CI (R
= Pr, Nd, Gd, Dy, Er, and Gd/Tb). Suspensions of LRH-CI in culture medium (10
mg / ml) were prepared, and either 5 or 10 pl of these suspensions were added
directly to the cells, to final concentrations of 270 and 526 pg / ml respectively.
Three independent experiments were performed, each with treatment conditions

in triplicate, and results presented as mean * standard deviation.
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4.4 Results and discussion

4.4.1 Single-metal LRHs

44.1.1 SEM

SEM images of the synthesised LRH materials are shown in Figure 4.3, and
average particle sizes obtained from these images are summarised in Table 4.1.
In general, there appears to be a loosely inverse relationship between decreasing
Ln3* ion size and particle size under the present synthetic conditions. The
literature, however, presents a somewhat conflicting picture of how lanthanide
ion size relates to LRH particle dimensions. The seminal works, which first
reported the hydrothermal synthesis of LRH materials based on yttrium and the
lanthanides Gd-Lu**® did not note differences in resultant particle size. In another
study, using the homogeneous precipitation method, lateral particle size of LRHs
was seen to decrease across the period (from Sm — Tm).%'2 Conversely, in a
study on the effects of Ln3* doping on the resultant size of layered yttrium
hydroxide (synthesised hydrothermally), it was found that inclusion of lighter

lanthanide dopants led to smaller overall particle size.*’

LRHs based on Nd, Gd, and Dy exhibit very similar rod and plate shaped particles
to the analogous LTbH material (sample 90-4-18, discussed in Section 3.4.2).
Particles in the LPrH sample were highly aggregated, making sample preparation
for SEM more difficult. It was therefore also more challenging to resolve individual
particles in the images, though they appear to be of similar dimensions to LRHs
with R = Nd — Dy, with particle sizes for these materials ranging between 100 -
200 nm. LErH is seen to form thin, plate shaped particles with serrated edges,

which bear very little resemblance to those of any other LRH materials generated,
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including the plate shaped LTbH particles synthesized at 140 °C (Section 3.4.2).
The average size of LErH particles was found to be 442 + 246 nm, which is
significantly larger than the other LRH materials generated using the optimised

protocol at 90 °C.

Crystalline LYbH could not be prepared at 90 °C, instead forming a colloidal
dispersion. The synthetic temperature was therefore increased to 150 °C. The
particles of LYbH produced are several orders of magnitude larger than the other
LRH samples — though a direct comparison cannot be made due to the difference
in synthetic temperature. The majority of LYbH particles are plate shaped, but
some crystals are seen which exhibit unidirectional growth — this may be due to

a presence of a secondary phase.

Table 4.1 Summary of mean particle size and number of particles measured for various LRH materials (R = Pr, Nd, Gd,
Tb, Dy, Er, Yb) synthesised at 90 °C (*: In the case of LYbH synthesis was carried out at 150 °C).

Sample Size from SEM Particles measured
LPrH 138 £ 109 nm 89

LNdH 102 + 33 nm 84

LGdH 171 £ 67 nm 99

LDyH 169 £ 56 nm 75

LErH 442 + 246 nm 101

LYbH * 20+ 14 pm 81
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Figure 4.3 SEM images of the LRH materials (R = Pr, Nd, Gd, Dy, Er, Yb) synthesised at 90 °C (150 °C in the case of
LYbH).




4.4.1.2 XRD

XRD patterns of the LRH materials (R = Pr, Nd, Gd, Dy, Er, Yb) are shown in
Figure 4.4. All patterns exhibit the expected (010) reflection just above 206 = 10°
and can be indexed to the orthorhombic Pca21 space group (refined unit cell
parameters are summarised in Table 4.2). Interlayer spacing is seen to decrease
slightly with decreasing ionic size as previously reported.3!! All samples also
exhibit prominent reflections arising from the (400), (112), (320), and (410)
planes, with the exception of LYbH in which they are not intense. In general, most
reflections shift to higher diffraction angles as the lanthanide ion size decreases,

which is due to the resultant decrease in Ln-O distances within the layers.3*!

All samples appear to be phase pure, except LYbH in which a small reflection
can be seen next to the (010) reflection (Figure 4.4). This peak corresponds to a
secondary phase, with a smaller interlayer spacing of 7.96 A, and has been
reported previously.31° This is also consistent with the observation of two distinct

morphologies for LYbH in the SEM images (Figure 4.3).
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Figure 4.4 XRD patterns for the LRH materials. (R = Pr, Nd, Gd, Dy, Er, Yb). *: (202) and (400) plane reflections are
overlapping, : (212) and (410) plane reflections are overlapping, °: Peak arising from secondary phase of LYbH.

Calculated pattern based on LYbH (ICSD collection code 419745).

Table 4.2 A summary of (010) reflection positions and refined unit cell parameters of LRH materials. (R = Pr, Nd, Gd,
Dy, Er, Yb). Note: LYbH was not phase pure, data shown is for most abundant phase.

Material 20/° alA b/A c/A

LPrH 10.24 12.49 £0.02 8.60 £ 0.01 7.14 £ 0.01
LNdH 10.24 12.54 +£0.02 8.70+£0.01 7.02 £ 0.02
LGdH 10.50 12.71 +£0.02 8.42+0.01 7.047 £ 0.01
LDyH 10.52 12.52 +£0.02 8.37 £0.02 7.05+0.02
LErH 10.58 12.60+0.01 8.41 +0.00 7.12 £ 0.00
LYbH 10.58 12.56 £0.03 8.38+0.01 7.02 £ 0.03
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4.4.1.3 TGA and chemical formulae

Thermograms of the various LRH materials are given in Figure 4.5. All
compounds exhibit the expected triphasic mass loss as discussed in Section
2.4.6. The first mass loss event below ca. 200 °C is attributed to the loss of
interlayer water, and the corresponding mass loss (along with elemental analysis
data) is summarised in Table 4.3. This corresponds to between 1 and 1.75
molecules of water per formula unit, summarised in Table 4.4. Overall, there does
not appear to be any trend in the hydration level of the LRH materials. It is likely
that the interlayer water content is sensitive to drying and storage conditions,

causing natural variability between samples.
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Figure 4.5 Thermograms of the various LRH materials (R = Pr, Nd, Gd, Dy, Er, Yb).

The results of the elemental analysis and water content as determined by TGA
(Table 4.3) were used to calculate the approximate formulae of the LRH materials
(Table 4.4). The carbon content of LPrH and LNdH indicated the presence a
higher-than-expected amount of carbonate anions, making up 90 % of the anions
within the interlayer gallery. It is not known why this might be the case — but it

may be related to differences in charge density of the anions and lanthanide
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cations. This is supported by the fact that carbon content seemingly decreases
with Ln3* ion size — with carbonate ions accounting for only 5 % of the interlayer
anions in LYbH. No clear trend in carbonate content was reportedly observed for
homogeneously precipitated LRHs with R = Nd — Tm, 3! but previous studies on
LDH materials have shown a strong relation between anion selectivity and the

charge density of the constituent LDH layers.*18

Table 4.3 Summary of observed (and calculated from formulae, Table 4.4) values for elemental analysis and TGA
data.

Material %C %H Mass loss % (H20)
LPrH-CI 1.24 (1.30) 1.53 (1.70) 4.77 (4.34)
LNdH-CI 1.22 (1.24) 1.77 (1.97) 8.15 (7.24)
LGdH-CI 0.42 (0.39) 1.59 (1.84) 6.83 (6.78)
LDyH-CI 0.44 (0.39) 1.56 (1.53) 6.45 (5.74)
LErH-Cl 0.24 (0.25) 1.64 (1.68) 6.35 (5.62)
LYbH-CI 0.07 (0.06) 1.63 (1.63) 6.03 (5.48)

Table 4.4 Summary of formulae derived from TGA/elemental analysis data.

Material Formula

LPrH-CI Pr2(OH)5Clo.1(CO3)0.45-H20
LNdH-CI Nd2(OH)5Clo.1(CO3)0.45:1.75H20
LGdH-CI Gd2(OH)sClo.7(CO3)o.15:1.75H20
LDyH-ClI Dy2(OH)sClo.7(CO3)o.15-H20
LErH-CI Er2(OH)sClo.s(CO3)0.1-1.5H20
LYbH-CI Yb2(OH)s5Clo.95(C0O3)0.025-1.5H20
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4.4.1.4 Cytotoxicity assay

Cytotoxicity of the LRH formulations was evaluated using in vitro cell viability
experiments on Caco-2 and HEK 293 cell lines, the results of which are presented
in Figure 4.6. LYbH was not tested due to unsuitable particle morphology (mean
particle size 20 = 14 ym, which is undesirable for theranostic applications due to
reasons outlined in Section 3.1.1). In the Caco-2 cell line experiments, all
treatment groups appear to show no statistically significant cytotoxicity at the p =
0.05 level, though in some cases (particularly for LDyH and LGdH) the standard
deviation was relatively high (> = 15 %). Conversely, for the HEK 293 cell line, a
degree of cytotoxicity is seen in all treatment groups at both concentrations (with
mean viability of less than 90 %). LErH appears to exhibit the most adverse effect
on the HEK 293 cells, with ca. 50 % or less cells surviving after 24 hours, even
at the lower testing concentration (270 pg / ml). This effect may be due to particle
morphology, as LErH exhibits a mean particle size of 442 + 246 nm, which is
larger than the Pr/Nd/Gd/Dy LRHs (mean particle size under 200 nm). Additional
factors, such as Ln%* ion identity or differences in LRH solubility may also
contribute, though erbium compounds are not known to be particularly toxic

relative to the rest of the lanthanides.41°

Overall, the biocompatibility of the formulations appears to differ depending on
the cell line used. In Caco-2 cells, all LRH formulations (R = Pr, Nd, Gd, Dy, Er)
exhibit good biocompatibility (over 80 % viability in all cases), even at high
concentration (526 pg / ml). In contrast, HEK 293 cells were sensitive to the
presence of all LRH formulations, at both testing concentrations (less than ca. 85
% viability in all cases). This effect was particularly strong in the case of LErH,

with average cell viability of approximately 50 %. Though the apparently
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enhanced cytotoxicity of the LRH formulations towards healthy (HEK 293) rather
than cancerous (Caco-2) cells is not desirable, it must be noted that both the
treatment concentrations considered here are higher than those which might be
used therapeutically, and those reported in comparable studies (e.g., up to 100

ug / ml LRH).420
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Figure 4.6 The results of in vitro cell viability assays a.) Caco-2 and b.) HEK 293 cell lines, performed with aqueous LRH
suspensions at two concentrations (270 ug / ml and 526 ug / ml). The assay experiment was performed three separate
times, each in triplicate. Results are presented as mean + standard deviation. * Denotes groups with a significantly
different mean viability from the control, at the p = 0.05 level.

4.4.1.5 Lead element selection

In an endeavour to develop a theranostic platform with the most promising
combination of features, the lanthanide elements gadolinium and terbium were
selected for further study. Terbium exhibits strong luminescence, with the most
intense emission at 542 nm, which is ideally suited to avoid overlap with human
tissue autofluorescence. This will be explored in more detail in Section 5.1.1.
Gadolinium, on the other hand, exhibits by far the strongest magnetic effect of all
lanthanide elements, as laid out in Section 4.1.2. Previous studies have
demonstrated that LTbH systems doped with Gd exhibit a dramatic enhancement
in the luminescence intensity arising from Th,*1° and such a synergistic interaction

could be exploited for biomedical imaging applications. SEM images revealed
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that both LGdH and LTbH form homogeneous particles of similar size under the
optimised synthetic conditions. Moreover, their similar ionic size would likely
result in high compatibility in a combined crystal system. Lastly, both LGdH and
LTbH have demonstrated high biocompatibility in the Caco-2 cell line (> ca. 80 %
viability), and acceptable biocompatibility in the HEK 293 cell line (> ca. 65 %
viability) at concentrations in excess of what would be expected for therapeutic

applications.

4.4.2 Mixed-metal LRHs

4.42.1 ICP-OES

LRH systems containing three different ratios of Gd and Th were synthesised
using feedstock ratios of 1:3, 1:1, and 3:1. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) was used to verify the precise Gd/Tb

composition of each material, and the data are summarised in Table 4.5.

Table 4.5 The Gd/Tb fractions of mixed-metal LRH materials (LGd,xTbxH-Cl), as determined by ICP-10S (and expected
based on concentrations in the synthetic feedstock). Each value is the average of three separate samples.

Feedstock ratio (Gd: Tb) Tb fraction (x) Gd fraction (2 - x)
3:1 1.590 + 0.003 (1.50) 0.410 + 0.003 (0.50)
1:1 1.121 + 0.007 (1.00) 0.879 + 0.007 (1.00)
1:3 0.591 + 0.006 (0.50) 1.409 + 0.006 (1.50)

In each formulation, the Tb content is slightly higher than expected based on the
ratio of salts present during synthesis. It is possible that this effect is related to
ion size/effective nuclear charge effects, with the slightly smaller, more charge
dense Tb3* ions crystallising into the LRH matrix more readily. However, since

the chloride hexahydrate salts used in the synthesis of the present LRH materials

189



are highly hygroscopic, it is also possible that the Gd concentration in the
feedstock solutions was underestimated. It may be that the GdCls.6H20 salt is
more hygroscopic than the ThCls.6H20 salt; it has previously been reported that
hygroscopicity across the period decreases in lanthanide oxides.*?!
Nevertheless, the final Gd/Tb ratios in the synthesised LRH materials are very

close to those intended, and therefore suitable for further study.

4.4.2.2 XRD

XRD patterns of the LRH materials (R = Gd/Tb) with varying composition are
shown in Figure 4.7. In all cases, the patterns are very similar to each other and
to the single-metal LRH materials (LTbH and LGdH). All mixed-metal LRH sample
XRD patterns exhibit the expected (010) reflection just above 28 = 10°. The (010)
reflection, which corresponds to the interlayer spacing, is seen to shift very
slightly to higher diffraction angles with higher Tb content. This is consistent with
the expectation that the interlayer distance should decrease for heavier
lanthanides with a smaller ionic size.3!* There are no prominent (hOl) reflections,
but it is expected that they too would shift to higher reflection angles with
increased Tb content due to the shorter average Ln-O distance within the layers.
The presence of a single basal spacing reflection provides some evidence that

both Gd and Thb ions are incorporated into a single phase.
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Figure 4.7 XRD patterns for various compositions of LRH materials. (R = Gd, Th).

4.4.2.3 EDXS

Attempts were made to use energy dispersive X-ray spectroscopy (EDXS) to
further study the Gd/Tb distribution within the mixed-metal LRH materials. Their
respective spectra are shown in Figure 4.8. As the energy bands arising from Gd
and Tb overlap significantly, and the equipment available did not contain the
necessary software to deconvolute this overlap, it was not possible to use the
spectra to quantify the metal ratios within the samples. Nevertheless, the
overlapping peaks seem to exhibit slight differences in intensity distribution,

which are consistent with the composition determined by ICP.

Intensity / a.u.
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Figure 4.8 EDXS spectra of LRH (R = Gd/Tb) materials with varying composition.
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Additionally, due to the poor spatial resolution in the images used during EDXS
analysis (Figure 4.9), it was only possible to analyse large agglomerates rather
than individual particles. Because of this, no information can be derived about the
elemental distribution on the particle size scale. However, the images did not
show any evidence of phase segregation at the micro scale, and taken together

with other data, support the formation of a mixed-metal phase.

Figure 4.9 Representative SEM image used for EDXS analysis (sample LGd1.41TboseH-Cl). Gadolinium and terbium
atoms detected are shown in red and green respectively; yellow indicates sites which are either Gd or Tbh.

4.4.2.4 TGA and chemical formulae

Thermograms of the LRH materials (R = Gd/Tb) are given in Figure 4.10. The
ICP-OES, TGA, and elemental analysis data (Table 4.5 and Table 4.6) were used
to derive the formulae of the three LRH materials (Table 4.7). All three
compounds exhibit an initial mass loss event below ca. 200 °C which is attributed
to the loss of interlayer water, in each case equivalent to approximately 1.6
molecules of water per formula unit. The subsequent mass loss event between
ca. 200 — 400 °C is caused by dehydroxylation as discussed previously. Overall,

the water and interlayer anion content are uniform across the three compositions.
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Figure 4.10 Thermograms of mixed LRH materials with varying composition (R = Gd/Tb).

Table 4.6 Summary of observed (and calculated from formulae, Table 4.7) values for elemental analysis and TGA data.

Sample % C % H Mass loss % (H20)
LGd1.41Tho.s9H-Cl 0.30(0.28) 1.62 (1.78) 6.14 (6.22)
LGdo.sTh1.12H-Cl 0.30(0.28) 1.60 (1.78) 6.18 (6.21)
LGdo.41Th1.5H-Cl 0.35(0.32) 1.58 (1.74) 5.94 (5.83)

Table 4.7 Summary of formulae derived from ICP-OES/TGA/elemental analysis data.

Sample Formula

LGd1.41Tho.ssH-CI Gd1.41Tbo.59(OH)sClo.78(C0O3)0.11:1.6H,0
LGdo.ssTh1.12H-CI Gdo.gsTb1.12(0OH)sClo.78(C0O3)0.11-1.6H,0

LGdo.41Tb1.59H-CI Gdo.41Tb1.59(0OH)sClo.75(C0O3)0.125:1.6H,0

4.4.2.5 Relaxometry

Aqueous suspensions of the mixed-metal LRH materials (as well as LTbH and
LGdH) were evaluated in terms of their potential MRI contrast ability using
relaxometry. The relaxivity of samples can be determined from the gradient of a

plot of relaxation rate (1/T1 or 1/T») against the concentration of MRI active
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component (Ln*, in mM) during serial dilutions (as outlined in Section 4.3.4.3).
Both Gd and Th are magnetically active, with Gd primarily affecting T: and Tbh
predominantly affecting T.. Since the samples tested have varying Gd/Tb
content, the relaxation rate may be plotted against the total Ln3* ion concentration
(Gd + Tb) to compare their performance directly. The mean r1 and r2 relaxivities
(and the resultant r2/r1 ratios) for the various formulations derived in this manner

are shown in Figure 4.11a-c, and the data are summarised in Table 4.8.
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Figure 4.11 a-b.) Relaxivities (r; and r) for LRH materials with varying Gd/Tbh compositions. c.) The ry/r; ratio of the
LRH materials. Data are presented as mean + standard deviation, from three separate samples for each formulation.

Considering first the T1 data plotted against the total lanthanide ion concentration
(Figure 4.11a), the expected pattern is seen — samples with higher Gd content
exhibit higher r1 values which are associated with positive contrast agents.
Moreover, since the relaxivity values are normalised to the total Ln3* content
rather than Gd3* only, higher content of Th (which is less active as a T1 agent) is
expected to result in a lower observed r1 relaxivity. The highest mean r1 value is

seen for LGdH (0.38 + 0.05 mM-s1), and the lowest for LGdo.41Th1.s0H (0.02 +
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0.04 mM-1s?); it was not possible to measure LTbH samples because their T1
relaxation was not detectable. The previously reported r1 relaxivity for LGdH-Cl is
somewhat higher (0.51 mM-1s1),87 though in that instance the synthetic protocol
produced particles with a larger mean size, and samples were suspended in
agarose gel rather than water, both of which affect water access to the Gd centres
and therefore the apparent relaxivity. Compared to commercially available agent
Gd-DPTA (r1 = 3.8 mMst in agueous suspension, at 0.47T),%?? the r1 relaxivities
of the present materials are very low. This is believed to be a consequence of the
layered nature of the LRHs — with only the surface Gd-OH polyhedra able to
efficiently partake in proton exchange with the surrounding bulk water, thus
contributing to Ty relaxation. The remaining Gd centres, which are exposed only
to the interlayer environment, may not have sufficient bulk water access to
contribute to T: relaxation. This is analogous to reports of non-layered Gd-
phosphate nanoparticles,*?® where r1 relaxivities were shown to depend on
surface to volume ratio (with samples containing proportionally more Gd surface

sites exhibiting higher relaxivities).

The T2 relaxation rate data (Figure 4.11b) revealed that LTbH-CI exhibited the
highest r2 values overall (3.48 + 0.25 mM-s'), which is unsurprising as Th** is
predominantly a negative contrast agent. This is comparable to the r2 relaxivity of
commercially available Gd-DPTA (r2 = 4.2 mMs! in aqueous suspension, at
0.47T).4?2 The remaining formulations appeared to show a loosely positive
correlation between Tb content and r2 relaxivity. However, these relaxivity values
are broadly comparable (ca. 2 mM-s?) irrespective of composition when the
standard deviations are considered. The T2 relaxation behaviour of Tb is thought
to be predominantly determined by water diffusion effects,*?* which in turn are

affected by the dynamic behaviour of the particles in suspension. Therefore, it is
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not certain whether any differences in rz relaxivity in the present data are an effect
of composition or of particle morphology/aggregation behaviour. The r2 relaxivity
of Tb-containing materials has been previously shown to be more effective at
higher magnetic field strengths (10.4 and 48.5 mM-is? at 1.44T and 9.4T
respectively),*?> suggesting that the relaxivities of the present LRH materials may

potentially be improved if measured at higher field strengths.

The r1, r2, and r2/r1 values for all formulations are summarised in Table 4.8. As
the r2/r1 ratios in all cases are higher than 1, it can be tentatively said that all
formulations act predominantly to affect T> relaxation. LGdo.ssTb1.12H-Cl and
LGdo.41Tb1.590H-Cl show particularly high r2/r1 ratios (15.32 and 58.52 respectively)
and may therefore be candidates as negative contrast agents for MRI; however,
these ratios are enhanced primarily due to their very poor T1 relaxivity, rather than
good T performance. The LGd1.41Tbo.soH-Cl system may offer a more reasonable

compromise between r1 and rz relaxivity.

Table 4.8 Summary of ri, ri, and rz/r; values for various LRH materials (R = Gd/Tb). Results are shown as the mean *
standard deviation of three separate, independent samples.

Sample ri/ mmis? r./ mMts? r2/r1 (unitless)
LGdH-CI 0.38 £0.05 1.60+£0.17 4,21 +0.64
LGd1.41ThosgH-ClI 0.26 £ 0.06 1.72 £ 0.7 6.83 +2.50
LGdo.ssTh1.12H-CI 0.13+0.00 2.05+£0.98 15.32 £ 7.47
LGdo.41Tb1 s0H-ClI 0.02 £0.04 2.31+£0.44 58.52 + 18.26
LTbH n/a 3.48 £ 0.25 n/a

4.4.2.6 Suspension photoluminescence

The photoluminescence response of the various compositions of LRH (R = Gd,
Tb) was compared in aqueous suspension by using time-resolved fluorescence
(TRF), the results of which are shown in Figure 4.12. By far the highest maximum

luminescence intensity reached after 1450 ps is seen in LGd1.41Tho.sgH-Cl (ca. 4
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— 6M relative fluorescence units). The remaining mixed-metal LRH samples and
LTbH-CI exhibit comparable luminescence intensity, though the luminescence of

LGdo.gsTh1.12H-Cl is marginally more intense than LTbH-CI.
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Figure 4.12 Plot showing the luminescence intensity (ex/em = 250/545 nm) in LRH materials with varying composition,
at different integration times (0 — 1450 us). Results are presented as mean of three separate samples * standard
deviation.

Overall, this is likely a combination of two effects —firstly, Tb-Tb quenching effects
are minimised with higher Gd content (as there is more separation between Th
centres on average). Secondly, additional energy transfer from Gd to Tb occurs,
resulting in a higher population of excited states in the Tb centres and thence
higher luminescence production, as has been reported in several types of
systems containing both Tb and Gd.#194%6 This also helps to explain the longer
time to reach saturation intensity in LGd1.41Tbo.seH-Cl compared to the other Th
containing samples ( over 1450 pus vs. less than ca. 1050 us). as the additional
energy transfer from Gd-Tb is not instantaneous and therefore occurs for some

time after the excitation flash.
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4.4.2.7 Cytotoxicity

Cytotoxicity of the mixed Gd/Tb LRH formulations was evaluated using in vitro
cell viability experiments on Caco-2 and HEK 293 cell lines, the results of which

are presented in Figure 4.13.
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Figure 4.13 The results of in vitro cell viability assays on a.) Caco-2 and b.) HEK 293 cell lines, performed with LRH
materials of varying composition at two concentrations (270 ug / ml and 526 ug / ml). The assay experiment was
performed three separate times, each in triplicate. Results are presented as mean * standard deviation. * Denotes
groups with a significantly different mean viability from the control, at the p = 0.05 level.

For the Caco-2 cell line, no LRH (R = Gd, Th) composition appears to show a
statistically significant change in cell viability relative to the untreated control at
the lower treatment concentration (270 pg / ml). At the higher concentration of
526 pg / ml, the viability of cells treated with LGdo.ssTb1.12H-Cl and LGdo.41Th1.59H-
Cl declines slightly to approximately 70 % relative to the untreated control. The
marginally higher cell viability after treatment with LGd1.41Tbo.seH-CI may be
related to the slightly higher Gd content, as has been reported for LGdH-CI
previously.®” Overall, LRH composition does not appear significantly affect the
viability of Caco-2, but may have some influence at higher treatment

concentrations.
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Some cytotoxicity (75 — 80 % viability relative to the untreated control) is seen in
all HEK 293 cell treatment groups at the lower concentration of 270 pg / ml. At
the higher concentration of 526 pg / ml, the cell viability reduces further to ca. 50
— 60 %. It seems that HEK-293 cells are more sensitive to the presence of LRH
materials than Caco-2 cells; this is broadly in agreement with cytotoxicity data

presented for LTbH-Cl and LGdH-CI in Sections 3.4.5 and 4.4.1 respectively.

Overall, these results are not dissimilar to other reported Ln-containing systems
explored for biomedical applications, for instance Gd-containing quantum dots
(ca. 70 % viability in Caco-2 at 400 pg / m)*?” and Gd/Tb containing silica
nanoparticles (ca. >75 % viability in Caco-2 at 100 pg / ml).4?® The HEK 293 cell
line has been previously demonstrated to be more sensitive than cancerous HelLa
cells to the presence of silver nanoparticles,*?*® as well as experiencing mild
inhibition (ca. 95 % viability) in the presence of only 10 pg / ml of Gd/Th-containing

nanoparticles.*3°

45 Conclusions

The size-optimised hydrothermal synthesis method derived in Chapter 3 (Section
3.4.3) was applied to generate a series of LRH materials with alternate
composition (R = Pr, Nd, Gd, Dy, Er, Yb). The synthesis was successful for R =
Pr, Nd, Gd, and Dy, in all cases yielding particles with mean size under 200 nm,
which is suitable for theranostic applications. For LErH, though the synthesis itself
was facile, mean patrticle size in the resultant product was over 400 nm, indicating
that further optimisation may be necessary if LErH was to be used for theranostic
purposes. The synthetic temperature according to the optimised protocol (90 °C)
was insufficient to generate LYbH; subsequent synthesis at 150 °C yielded a

biphasic material with average particle size of 20 um, which was deemed
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unsuitable for further studies. The cytocompatibility of the various LRH materials
was assessed and was found to be high in Caco-2 cells (over 80 % viability in all
cases). On the other hand, HEK 293 cells were more sensitive to the presence
of all LRH formulations — this was particularly true of LErH, with average cell

viability of only 50 %.

Lead elements Gd and Tb were selected based on their favourable properties for
theranostic applications — high magnetic activity, intense photoluminescence,
similarity in ion dimensions and resultant particle size, as well as relatively high
biocompatibility. Three additional formulations containing the elements Gd and
Tb were created, at varying composition ratios. The synthesis of these mixed-
metal LRHs was found to be facile, with the resultant materials likely forming a
single phase, as evidenced by XRD and EDXS. Relaxometry studies revealed
that while the LRH materials exhibit low r1 relaxivities (r1 = 0.02 — 0.38 mM-1s™),
their r2 relaxivities are promising (r2 = 1.6 — 3.48 mM-s™1). The photoluminescence
of the various LRH formulations was assessed in agueous suspension, and it was
found that LGd1.41TbosoH-Cl exhibited higher than expected fluorescence
intensity, which was attributed to the minimised Th-Tb quenching and additional

energy transfer from Gd to Th.

Based on these results, a lead formulation (LGd1.41TbosoH-CI) was selected for

photodynamic and photothermal capacity testing in Chapter 5.
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5 Photodynamic and photothermal properties of

layered rare-earth hydroxide materials

5.1 Introduction

A range of LRH materials has been successfully synthesised in previous chapters
and found to exhibit favourable properties for theranostic applications.
Specifically, the ability of these materials to act as luminescent/magnetic
resonance contrast agents and drug delivery systems has been explored, in

addition to their cytocompatibility.

Of particular interest were terbium and gadolinium containing LRHSs, for their
abilities to act as luminescent and magnetic resonance probes respectively.
Notably, a mixed metal LRH system (LGd1.41Tho.s9H-Cl) showed vastly enhanced
luminescence relative to LTbH, as well as showing comparable MR contrast
ability to LGdH. This mixed system is therefore a promising bimodal imaging

platform and lead formulation for this work.

It is of interest to explore whether such systems have potential to exhibit further
treatment modalities — namely photothermal and photodynamic responses, which
are introduced in Section 1.2. Based on the significant drug-dependant change
in the luminescent profile of LTbH after intercalation, as outlined in Section 2.4.12,
the guest molecules and the LRH matrix are able to interact electronically.
Therefore, it is feasible that LRH systems loaded with a suitable chromophore
may be able to utilise externally applied light to produce heat/energy for reactions
to generate ROS, and thereby elicit localised cell death. This ability may be

enhanced relative to the unbound photosensitiser by way of synergistic electronic
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interaction with the LRH matrix. LRH-photosensitiser intercalates will be prepared

and tested in terms of their photothermal and photodynamic effects.

5.1.1 Choice of laser

5.1.1.1 Wavelength

For theranostic applications, the ideal wavelength should be minimally damaging,
have good penetration depth, and elicit minimal autofluorescence in human
tissues for maximal contrast. For these reasons, longer wavelengths which are
less energetic and therefore less likely to elicit damage are generally preferred.3!
Additionally, autofluorescence in human tissues is particularly strong in the UV-
visible region, owing in large part to the high absorbance of haemoglobin.*3? The
concept of a biological window for imaging purposes aims to define a range of
wavelengths which offer higher transparency (and therefore deeper penetration)
for incoming light.#33 The most commonly used are the first and second windows
(Figure 5.1),%** which lie in the NIR region, between the absorbance maxima of
haemoglobin (below 600 nm) and those of haemoglobin and water (above 1400
nm). Many NIR-absorbing molecules, including indocyanine green (the only NIR
dye approved by the European Medicines Agency for diagnostic use in
humans),*®®> operate in the first NIR window, and this region has therefore
received the most attention in the literature.*3643” Within this window, by far the
most commonly employed wavelength for PTT/PDT applications is 808 nm, which

is the wavelength selected for the present work.
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Figure 5.1 Graph (Reproduced from reference 43* with permission from Springer Nature) showing the attenuation
coefficients (which govern absorbance) of whole human blood, skin, fat, and water across a range of NIR wavelengths.

However, it should be noted that melanin (a pigment occurring in human skin and
hair) has been shown to absorb wavelengths in the NIR region. In a series of
experiments on mice of different colours (ranging from black to white/hairless) it
was shown that darker mice exhibited slightly higher skin autofluorescence
across the whole NIR range, but particularly under 750 nm (Figure 5.2a).438
Interestingly, irradiation with 808 nm also exhibited a marked photothermal
response (> 50 °C, Figure 5.2b)*3® that was ascribed specifically to absorption by
melanin in hair (as this effect disappeared when the mice were shaved).43®
Therefore, in terms of theranostic applications, while a laser operating at 808 nm
is certainly preferable over UV-vis wavelengths, the degree of background noise

(autofluorescence) may be subject dependant.
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Figure 5.2 Graphs (reproduced from reference %3¢ with permission from John Wiley and Sons) showing a.) the
autofluorescence in response to irradiation at NIR wavelengths in differently coloured mice; b.) observed photothermal
effect on differently coloured mice with and without hair.

5.1.1.2 Laser type and operation mode

Many types of lasers exist, and the type required is highly application dependent.
The most commonly used lasers in medicine are the CO:2 laser (10,600 nm) and
the Nd:YAG (1064 nm) laser, for surgical and ablation applications.**® PDT
frequently employs metal vapour or dye lasers, the latter of which are particularly

advantageous because they are wavelength tunable.#39

More recently, diode lasers have begun gaining popularity as the laser of choice
for PDT/PTT applications, particularly in research. Diode lasers are highly energy
efficient, relatively cheap, and compact compared to other types of lasers. This
makes them a good choice for both research purposes and for use in medical
applications. Diode lasers can operate in both continuous wave mode and pulsed
mode. A continuous wave laser emits a beam with constant power, whereas a
pulsed laser emits pulses of light of short duration (as short as a couple

femtoseconds, but more commonly in the ns — s range) at regular intervals.

The pulses in a pulsed laser are of much higher powers than the beam in a
continuous wave laser because the power rating for a pulsed laser is commonly

expressed as the average power (accounting for both time on and off). Therefore,
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pulsed lasers and continuous wave lasers with the same power rating in fact may

operate at different peak powers.

The power density is a measure of the laser power delivered per unit area and is
an important comparative measure between different lasing setups. The laser
selected for this series of experiments has a maximum theoretical power density
of 0.4 W/cm?, calculated using Equation 5.1 (using power of 0.025 W and a
gaussian beam spot area of 12.5 cm?). This is in line with guidance describing
the maximum permitted exposure (MPE)**° values for laser irradiation of skin at
exposure times between 10 — 30,000 seconds. The MPE describes the maximum
power density applied which will not cause irreversible damage and is tissue
specific. For an 808 nm laser, at this exposure time range, the MPE for skin
exposure is 0.33 W/cm? (calculated according to Equation 5.2, where A is the
laser wavelength in microns). Many literature reports, particularly for PTT
applications, utilise power densities in vast excess of this value (for instance, 104
W/cm?),44t which could be potentially prohibitive for medical applications.
Therefore, it is important to investigate systems which enable lower power density

to be used.

Gaussian b densit ( ) =2 power 5.1
aussian beam power density i) = b beam spot area (5.1)
MPE (skin, 808 nm,> 10 s) = 0.2 x 102(4-0.700) (5.2)

Additionally, pulsed lasers inflict photoacoustic damage to irradiated tissue, and
they therefore have a lower MPE than continuous wave lasers, even at the same
peak power. However, determination of MPE for pulsed lasers differs
substantially depending on the pulsing parameters chosen, and therefore direct

comparisons with many literature sources are difficult. Continuous wave lasers
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have been more commonly employed for photothermal applications in the
literature historically. Pulsed lasers are becoming more commonly used in the
literature in recent years, and there are instances in the literature which
demonstrate higher rates of PDT/PTT efficiency in pulsed lasers compared to
continuous wave lasers.442443 However, this increase in efficiency is seen only as
a direct repercussion of the aforementioned photoacoustic effect of pulses, which
is potentially damaging to surrounding tissue. For the reasons outlined above, a
continuous wave laser was considered the optimal choice for this series of

experiments.

5.1.2 Photodynamic response

5.1.2.1 Reactive oxygen species generation in photodynamic therapy

In conventional photodynamic therapy, a photosensitising molecule is utilised
alongside a source of photons at the appropriate wavelength to elicit excitation of
the photosensitising molecule. Generally, the ground state of photosensitising
molecules is a singlet state, and excitation leads to the formation of an excited
singlet state. This excited state is short lived because the transition back to the
singlet ground state is spin-allowed and therefore efficient. In some cases, it is
possible for the excited singlet to instead undergo a transition to an excited triplet
— a process known as intersystem crossing. Triplet states are generally longer
lived than singlet states because the transition back to the singlet ground state is

now a spin-forbidden process (and is therefore inefficient).

Such intersystem crossing processes are important as they pertain to
photodynamic therapy because the existence of the photosensitiser in a long-
lived excited triplet state allows it time to undergo photochemical processes that

eventually generate reactive oxygen species. Broadly, there are two mechanisms
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by which this occurs — type 1, which is a complicated electron transfer mechanism
generating a series of radicals; and type 2, a mechanism which involves the direct
transfer of energy from the photosensitiser to nearby molecular oxygen,
generating reactive singlet oxygen. The type 2 mechanism is predominant in PDT
applications,*** and will therefore be the focus of discussion in this chapter.
Furthermore, because the ground state of molecular oxygen exists as a triplet
state, the interaction between an excited triplet photosensitiser and the ground

state triplet of molecular oxygen becomes a spin-allowed, efficient process.

In LRH intercalates where terbium luminescence is enhanced by intercalation
(such as LTbH-ibu), additional energy transfer is assumed to occur from the
intercalated molecule to the terbium centres within the LRH matrix, which then
predominantly relax via a radiative process. For PDT applications, this is
undesirable as the radiative relaxation pathway competes with energy transfer to
the photosensitising molecule, and the subsequent non-radiative relaxation which
eventually gives rise to the production of singlet oxygen. By contrast, in LRH
intercalates where terbium luminescence is quenched by intercalation (such as
LTbH-dic), net transfer of energy likely occurs from the LRH matrix to the
intercalated molecule. In such intercalates, there may be more available energy

for non-radiative relaxation, which is potentially favourable for PDT.

If LRH-Intercalated photosensitisers can show higher rates of singlet oxygen
production as opposed to the unintercalated photosensitiser at 808 nm
irradiation, it is likely that additional energy transfer from the LRH matrix to the
photosensitiser is occurring. It also implies that energy absorbed by the
photosensitiser is not efficiently transferred to the LRH. In that scenario, it is likely
that there will be reduced terbium luminescence under UV excitation (as the

energy will again be transferred efficiently to the photosensitiser, rather than lost
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radiatively). There therefore may be a trade-off between terbium luminescence

contrast and photodynamic ability of the resultant LRH.

The required wavelengths for eliciting luminescence in terbium containing LRH
materials tested in Chapters 2 and 3 are in the UV region, which is somewhat
undesirable due to the dangers of UV radiation and high autofluorescence of
tissues as outlined in Section 5.1.1.1. Therefore, even if an intercalate system in
this Chapter exhibits a predominantly radiative relaxation pathway using 808 nm
and low/no singlet oxygen production, it may still be useful as a NIR luminescent
probe. It is also possible that the PDT/PTT/fluorescence behaviour of a given
LRH-photosensitiser may change as the result of de-intercalation when in

suspension.

5.1.2.2 Detecting singlet oxygen

As discussed in Section 5.1.2.1, the photodynamic response of a substance is its
ability to produce singlet oxygen in response to irradiation by light of a wavelength
compatible with that substance. The relaxation of singlet oxygen to its triplet
ground state can be seen directly as it is a phosphorescent process, emitting light
at a wavelength of around 1270 nm.**> However, most spectroscopic equipment
does not possess a detector capable of measuring emissions so far into the NIR
region. Therefore, indirect detection of singlet oxygen by using fluorescent or

absorbent dyes is more frequently utilised.

A common dye used for this purpose is 1,3-diphenylisobenzofuran (DPBF, Figure
5.3), which reacts with singlet oxygen to form 1,2-dibenzoylbenzene (DBB).
DPBF exhibits a strong absorbance peak at 412 nm, whereas DBB does not —
the resulting decrease in absorbance of this peak in response to irradiation can

therefore be used to quantify the photodynamic response. DPBF is not strictly
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specific to singlet oxygen, and can react with other ROS species (for instance,
hydroxyl and superoxide radicals).**¢ However, for the purposes of establishing
the presence and extent of photodynamic response in simple (non-biological)
systems, this is sufficient and widely used in the literature.*4”448 In addition, DPBF

is cheap, readily available, and has good solubility in H2O/EtOH systems, unlike
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many other singlet oxygen probes.

Figure 5.3 Reaction of DPBF with singlet oxygen, via an endoperoxide intermediate, producing DBB.

5.1.3 Photothermal response

As explained in Section 5.1.2.1, NIR absorbing entities with strong spin-orbit
coupling, which predominantly relax via the intersystem crossing pathway
(thereby generating a long-lived triplet excitation state) are particularly suitable
for PDT applications. Conversely, PTT applications favour entities which

preferentially relax via vibrational relaxation/internal conversion.*4°

Vibrational relaxation occurs when an excited molecule transitions to a lower
energy vibrational mode and dissipates the excess energy kinetically (to other
vibrational modes or by collision with surrounding molecules). In some molecules,
where vibrational energy levels are coupled to electronic energy levels, such
relaxations may be accompanied with an electronic state transition, in which case
the process is referred to as internal conversion. In both cases, kinetic energy is

released by the molecule to its surroundings, thus generating heat which can be
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exploited for PTT. Because of this, systems which allow frequent molecular

collisions are conducive to this relaxation pathway.*>°

Molecules intercalated within the LRH matrix may benefit from enhanced
collisional heat loss, as the guest molecules within the LRH are arranged in close
proximity to both each other and to the host layers. For instance, increased
photothermal conversion efficiency has been reported in MXenes intercalated
with polymer molecules relative to unintercalated MXenes.**! Alternatively, it may
also be the case that intercalation may restrict some molecular motion modes
(particularly rotation) and thereby reduce the photothermal efficiency of the

photosensitising molecule.#52:453

5.1.4 Choice of NIR-absorbing guest species

Indocyanine green (ICG, Figure 5.4) is a NIR absorbing dye which has been used
as a fluorescent angiography contrast for diagnostic applications since the late
1950s, when it was first approved for human use. It is generally well tolerated,
with rare instances of allergic reactions,*** and is still in wide use today. In
addition to being an effective photosensitiser for photodynamic applications, ICG
has been known to generate heat in response to irradiation (photothermal effect)
since the mid-1990s.%%> Moreover, ICG is anionic and therefore a good candidate

for intercalation into LRH systems.

Figure 5.4 Chemical structure of indocyanine green.
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An investigation into the potential PDT activity of ICG was first reported in
2002,%%6 where an 830 nm diode laser was used to irradiate human melanoma
cells in the presence of ICG. It was shown that after approximately 500 seconds
of irradiation at a power density of 0.2 W / cm? (which is under the MPE value),
the cell viability decreased to only 10 % relative to cells which were treated with
ICG but not irradiated. Though the authors in this instance did not measure the
ROS generation or temperature change, this significant decrease in viability

inspired many subsequent investigations into the PDT/PTT activity of ICG.

On several occasions, LDH-ICG intercalates have been reported,3°745" as well
as a rare-earth doped LDH-ICG intercalate,**8 with highly promising results. An
LDH-ICG intercalate co-loaded with doxorubicin®*’ showed exceptional tumour
suppression properties in mice (Figure 5.5a), after only 2 minutes total irradiation
with an 808 nm laser at 0.3 W/cm?. This result is attributed to the synergistic effect
of ROS production, DOX release, and photothermal response. The authors report
enhanced ROS production by LDH-ICG compared with pure ICG, but do not offer
insight as to why this is the case. Perhaps more impressively, a Gd/Yb doped
LDH-ICG intercalate system has been reported, which is capable of trimodal
imaging contrast (MR, CT, and NIRF) in addition to trimodal therapy (PTT, PDT,
and chemotherapeutic release).**® The combined effect of these treatment

modalities lead to complete tumour suppression in mice (Figure 5.5b).
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Figure 5.5 a.) Diagram (reprinted with permission from reference %>7. Copyright 2021, American Chemical Society)
showing tumour volume change in mice under different treatment conditions; ‘L’ denotes irradiation at 808 nm, 0.3
W/cm2 for a total of 2 minutes. ‘BSA’, ‘DOX’, and ‘PBS’ denote bovine serum albumin, doxorubicin, and phosphate
buffered saline respectively. b.) Diagram (adapted from reference %58 with permission from the Royal Society of
Chemistry) showing tumour volume change in mice under different treatment conditions; ‘L’ denotes irradiation at
808 nm, 1 W/cm2 for a total of 3 minutes. ‘S’, ‘I', and ‘PBS’ denote SN38 (a chemotherapeutic drug), indocyanine
green, and phosphate buffered saline respectively.

Many first window NIR absorbing molecules suffer from poor commercial
availability, high costs, and stability/toxicity issues.4%%460 There is therefore
continuing interest in discovering new entities which efficiently absorb NIR light,
particularly if they are readily available or simple to synthesise. There exist
reports of organic compounds which, in their crystalline form, are able to achieve
long lived (>1 s) triplet excitation states.*5! One of these compounds, isophthalic
acid (IPA, Figure 5.6), was shown to exhibit phosphorescence up to 4 seconds
after exposure to a UV illumination source. Another group hypothesised that it
may be possible to achieve similar long-lived triplet excitation states by
intercalating such compounds into an LDH matrix.! In this way, the regular
arrangement of those organic molecules, which is necessary for the long-lived
excitation state, is provided by their intercalation within the LDH matrix. In turn,
this allows such long-lived excitation states to be exploited (in liquid suspensions)

to generate ROS for PDT applications.
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Figure 5.6 The chemical structure of isophthalic acid.

It has been demonstrated that an LDH-IPA compound was able to successfully
generate ROS species in response to laser irradiation.! Moreover, as the
mechanism of absorption in this case proceeded via a two-photon process, the
photodynamic effect was achieved using NIR irradiation (808 nm) as opposed to
UV.! This LDH-IPA intercalate, when tested in mice irradiated for 10 minutes (0.7
W / cm?),! was also able to elicit complete or near-complete tumour suppression
in all cases. It was noted in the study that irradiation only effected a < 5 °C
temperature increase, which is insufficient for PTT and therefore such systems

are only suitable as PDT agents.

To date, no reports of LRH materials intercalated with ICG or IPA exist, nor any
LRH-based systems for photothermal applications. Only one recent work
mentions photodynamic therapy in the context of LRHs. In this report, a
photodynamic pro-drug, 5-aminolevulinic acid (5-ALA) is intercalated into a
Gd/Eu based LRH.*?° When internalised by cells, 5-ALA%%? is converted into a
porphyrin-like metabolite, which is capable of absorbing a range of wavelengths
up to approximately 650 nm to subsequently produce ROS.*63 Since 5-ALA is a
prodrug and does not produce ROS outside of living cells, it is not suitable the
purposes of the present study as the irradiation equipment is not configured for

biological studies.
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5.2 Aims

The work described in this chapter aims to investigate the potential use of LRH
materials in photothermal and photodynamic therapy applications. To do this, a
laser assembly will be first be constructed according to the required specifications
and tested to verify its functionality. The lead formulation of LRH (LGd1.41Tbo.s9H)
will then be intercalated with indocyanine green (ICG) and isophthalic acid (IPA),
and the intercalates subsequently irradiated using 808 nm laser light to evaluate
their ability to act as photothermal/photodynamic platforms (Figure 5.7). It is
predicted based on available literature that the resultant intercalates should
exhibit the ability to generate reactive oxygen species for photodynamic therapy
or heat for photothermal applications. The influence of the intercalation of
ICG/IPA into the selected LRH systems will also be evaluated in terms of their

luminescence performance.

Laser (808 nm) localised reactive Cell death
oxygen species
(ROS) release

g

e ® &
e

Laser (808 nm) localised heat Cell death
release

Figure 5.7 Illustration of the a.) photodynamic and b.) photothermal response of nanoparticles causing cell death in
response to laser illumination.
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5.3 Experimental

5.3.1 Materials

Isophthalic acid and indocyanine green were sourced from Sigma Aldrich. 1,3-
diphenylisobenzofuran was obtained from Merck. All water used was deionised,

and ethanol was of analytical grade.

5.3.2 Laser apparatus assembly

The lasing apparatus was assembled in-house, with help from Ryan Mellor (3D
printing) and John Frost (external laser housing) using various components as

follows.

A single-mode, fibre-coupled laser (ThorLabs, 808 nm, part number S1FC808)
was used as the source of light. A fibre patch cable (ThorLabs, part number P5-
830A-PCAPC-1 S) and mating sleeve (ThorLabs, part number ADAFC4) were
used to connect the laser source to an aspheric collimator (ThorLabs, part
number CFS18-850-APC). The external laser housing was made by John Frost
from 3 mm thick, black polyethylene sheet (RS components) cut to form a box
consisting of two parts — a base and a removable lid. The lid and base were fitted
with a magnetic interlock connected to the laser. The base was built to house a
miniature stirring plate (MIXdrive 1 XS, 2Mag), which was connected to an

external control unit (MIXcontrol Eco, 2Mag).

The internal components of the laser housing were designed, and 3D printed by
Ryan Mellor to allow the collimator to be aligned at the necessary focal distance
and height to a quartz cuvette, containing a cuvette stirring bar. A temperature
probe (RS Components, part number 204-8390) was inserted through a hole

drilled into the top of the housing, and a circular clamp was used to affix the probe
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at the necessary height to avoid the laser beam path and the stirring bar in the
cuvette. The temperature probe was connected to an external digital

thermometer and data logger (RS components, part number 123-3217).

An NIR detector card (ThorLabs, part number VRC4) was used to visualise the
laser beam. Digital images of the NIR detector card were then used to measure

the approximate spot size using ImageJ software.

5.3.3 lon exchange reaction

LRH-CI (150 mg, R = Tb/Gd) was dispersed in water (15 ml), and ICG (10 mg) or
IPA (150 mg) was added to the solution. To aid dissolution of IPA, water was
basified to pH 9 or 12 with NaOH (1M) solution. The mixture was heated at 60 °C
for 24 h, with stirring. The product was collected by centrifugation, washed with
water (2 x 30 ml) and ethanol (2 x 30 ml), and subsequently dried at 40 °C for 24

h.

A further intercalation experiment was performed in an analogous manner, using
LGd1.41Tho.soH-ICG (150 mg) and ibuprofen sodium (223 mg) dispersed in water

(15 ml).

5.3.4 Characterisation

Characterisation procedures used in this chapter are identical to those described
in Section 2.3.3; any differences and additional methods are described in this

section.

5.3.4.1 Nuclear Magnetic Resonance

'H NMR spectra were collected using a Bruker Advance Neo 500 MHz
instrument. All samples were prepared 24 h prior to testing. Solutions of ICG and
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DPBF were prepared in deuterated ethanol (EtOD) at concentrations of 1 mg/ml
and 3 mg/ml respectively. A mixture of ICG and DPBF was made using the
respective solutions in equal volumes (with the resultant final concentration of 0.5
mg / ml for each component). Part of the mixture was then irradiated under 808
nm wavelength laser light (25 mW power) for 1 hour. NMR peak positions and

assignments are listed in the caption for Figure 5.29.

5.3.4.2 Solid state photoluminescence

Photoluminescence measurements were performed on a Renishaw inVia Qontor
microscope at an excitation wavelength of 325 nm, at 0.05 % laser intensity to
limit sample degradation and avoid exceeding the intensity limit. Measurements

were taken over the range 326 - 700 nm at a resolution of 0.026 nm.

5.3.5 Photodynamic response testing

A stock solution of 1,3-diphenylisobenzofuran (DPBF, 0.1 mM in EtOH) was
made in a darkened room, and the container wrapped in aluminium foil for storage
at room temperature. The dye solution gradually deactivates upon storage, so
fresh stock was prepared periodically. As DPBF is light sensitive, all
transfers/mixing were also carried out in a darkened room. A calibration curve
was generated using DPBF in EtOH/H20 (1:1, the solvent system used for further

testing).

Aqueous LRH suspensions were prepared immediately prior to testing at a
concentration of 1 mg / ml and diluted to prepare a stock solution with
concentration of 0.05 mg / ml to minimise particle interference with the UV-vis
measurement. At the point of measurement, the stock solution was diluted with

water or DPBF dye as needed, such that the final concentration was 0.025 mg /
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ml. A solution of ICG for use as a positive control was prepared at a concentration
of 0.5 mg / ml and subsequently diluted to a final concentration of 0.016 mg / ml

(0.02 mM). ICG solutions were prepared fresh each time when required.

For ROS generation assays, 1.5 ml of the DPBF solution was mixed with 1.5 ml
of agueous stock suspension of sample directly in a quartz cuvette (such that the
final concentration of DPBF was 0.05 mM, of LRH suspension was 0.025 mg /
ml, and of ICG was 0.016 mg / ml). A cuvette stirring bar was added to ensure
even mixing during illumination. The absorption spectrum of the sample (300 —
800 nm) was then measured immediately after mixing using a Jenway 7205
UV/Visible Diode Array Scanning Spectrophotometer. The sample was then
transferred to the laser assembly to be illuminated for the required amount of
time, with stirring at 200 rpm, after which the absorbance spectrum was

measured again.

To test the stability of DPBF to the illumination in the UV-vis spectrophotometer,
a solution was made using 1.5 ml of DPBF stock and 1.5 ml water. The cuvette
was transferred to the UV-vis spectrometer and spectra recorded at 1 minute time
intervals without laser illumination. The process was then repeated, with laser
illumination at 808 nm and 25 mW between measurement intervals to ensure
DPBF stability under 808 nm laser illumination. The stability of ICG was evaluated

in the same manner, using a solution of ICG in water (0.016 mg / ml).

5.3.6 Photothermal response testing

To test the photothermal response of samples, the equipment described in
Section 5.2.3 was used. Briefly, a quartz cuvette containing a stirring bar was
filled with the required aqueous suspension (3 ml) and transferred to the laser

assembly. LRH suspensions were made in water at a concentration of 1 mg / ml.
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An agqueous ICG solution (1 or 0.03 mg / ml) were used as a positive control, and
pure water was used as a negative control. Depending on the experiment, the
stirring bar was either set to 200 rpm or not turned on. At the required timepoint,
the laser was switched on at the desired power, and temperature data collected

for as long as needed.

5.4 Results and discussion

5.4.1 Initial laser assembly

The laser assembly is described in detail in the experimental section and is
illustrated in Figure 5.8. To verify that the beam is being produced and is in the
correct position, a near-infrared laser detection card was used. The card is coated
in a material which produces visible luminescence when exposed to near-infrared
wavelengths (790 - 1590 nm), and has a printed reticule pattern on it, which
allows the approximate measurement of the beam spot size by using it as a scale
bar. The card was inserted into the position where the cuvette would be, and
several digital images were taken to measure the beam diameter (representative

example shown in Figure 5.8, inset).
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Figure 5.8 Interior of the laser housing, illustrating the position of the cuvette (green arrow) and collimator (beam
source, red arrow). The 3D printed assembly holding the cuvette in place has a circular cut-out to allow the beam
through (not visible). The stirring plate is built into the stage below the cuvette (blue arrow). Inset: the laser beam
visualised on a NIR detector card.

A laser beam striking an object at 90° can be thought of as forming a ‘spot’ on
the surface of the object, where the intensity of the light is strongest at the centre
of the spot and fades towards the edges. This is referred to as a Gaussian beam,
because plotting the intensity of light against distance from centre of the spot
results in a Gaussian curve (Figure 5.9). The total beam spot diameter is
therefore not well defined, but the beam spot diameter at a specified intensity can
be defined. Frequently, 50 % intensity is selected, and this gives a spot diameter
which is called the full width at half-maximum (FWHM). Another measure of beam
diameter often quoted is the 1/e? width, which is the full width of the spot at the

point where the beam intensity diminishes to the fraction 1/e2 (13.53 % intensity).
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Figure 5.9 Gaussian beam intensity graph illustrating the spot radius at 50 % intensity (FWHM) and at 13.5 %
intensity (1/e2).

The theoretical maximum beam diameter at the focal length quoted by the
manufacturer for the beam collimator was 3.99 mm (1/e?width). This is equivalent
to approximately 2.35 mm for the FWHM value, as calculated by Equation 5.3
(where w is the 1/e? width). The beam spot measured from the digital images
using the NIR visualisation card was 2.95 + 0.38 mm. Since the images were
taken in a lit room, the edges of the beam spot are not easily visible, therefore it
is reasonable to expect that the beam spot size measured by this method would
be smaller than the 1/e? width. This shows that the set-up is functioning well, and
the beam position is suitable (because it is pointed directly at where the cuvette
would be).

_ FWHMV2

NI (5.3)

The output power of the laser is not possible to measure without a specialist laser
power output meter. The attenuation value for the specific fibre type used in this
set-up is quoted as < 0.5 dB per kilometre by the manufacturer, which is
essentially negligible when considering a fibre cable length of only 1 metre.
Therefore, the output power of the laser in this setup is likely very close to the

maximum power of the laser source (25 mW).
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5.4.2 LRH intercalate synthesis and characterisation
5.4.2.1 LRH-IPA
5.4.2.1.1 Synthesis at elevated pH

To prepare LGd1.41TbosoH-IPA for PDT applications, it was necessary to basify
the reaction solution to aid the dissolution of IPA. To this end, IPA intercalates
were prepared at pH 9 and pH 12 (weak and strong base conditions); the
resultant diffractograms are shown in Figure 5.10a. Unexpectedly, in both cases,
the (010) reflection was seen to shift to a higher diffraction angle (11.03 and
11.81° respectively, relative to 10.39° before intercalation); this indicates that the

intercalation of IPA into the precursor LRH caused a contraction in the interlayer

distance.
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Figure 5.10 XRD patterns for a.) IPA, LGd1.41Tbo.s0H-Cl and the resulting intercalation compounds LRH-IPA generated
atpH 9, pH 12; b.) LGdp.41Tb1.50H-Cl and LGdy.gsTh1.12H-Cl and the resulting intercalation compounds LRH-IPA generated
at pH 9, pH 12. Dotted line shows the (010) reflection of the precursor LGd1.41Tbo s9H-Cl for reference.

When IPA intercalation was attempted into the two other mixed metal systems
(Figure 5.10b) a contraction was also observed. In all cases, the intercalate
generated at pH 12 exhibits the (010) reflection at a slightly higher diffraction
angle than that of the intercalates made at pH 9, indicating that the contraction
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effect is somewhat stronger under more alkaline conditions. Moreover, all
intercalates synthesised at pH 12 exhibit an additional reflection around 27.0 -
27.6° (indicated by an asterisk) which may indicate the presence of an additional

phase or pure IPA (which shows a primary reflection at 28 °).

Based on the (010) reflection positions (26 = 10.39°, 11.03°, and 11.81°), the
interlayer spacing was calculated to be 8.55 A in the precursor LRH, and 7.53-
8.06 A in the IPA-loaded LRHSs respectively. This intercalate layer spacing is
notably smaller than that reported in LDH-IPA (13.0 A). The individual LRH layer
thickness can be approximated as 6.0 A 3! giving a gallery height of 1.53 — 2.06

A in the present LRH-IPA intercalates.

The height and width of individual IPA molecules have been previously reported
as approximately 7.4 and 8.5 A respectively,*®* both of which are larger than the
derived gallery heights. This may suggest that unlike in the reported LDH-IPA
intercalate which postulated a vertical arrangement of IPA molecules between
the LDH layers, the LRH-IPA intercalate may instead comprise IPA molecules
arranged in a planar fashion within the LRH layers. This is feasible as such an
arrangement would allow the delocalised 11 — electron cloud of the IPA molecules
to interact with the positively charged LRH layers. Additionally, since rotation of
the carboxylate groups is free about the C-C bond, such a planar arrangement
would still facilitate the electrostatic interaction between the LRH layers and the
anionic carboxylate groups. Similar planarftiited arrangements of molecules
containing 1T — systems within LDH materials have been reported
previously.#65466 Planar arrangement of IPA molecules between the LRH layers

may explain the unexpected contraction in layer spacing seen.
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The formulae of both LRH intercalates (Table 5.2) was calculated using EM and
TGA data (Table 5.1, Figure 5.11), and the IPA loading was determined to be
6.12 % (pH 9) and 1.92 % (pH 12) by mass. The intercalate synthesised at pH 12
does not appear to exhibit two distinct dehydroxylation/dehydration phases
typical of LRH materials, instead showing one mass loss event up to 400 °C
associated with water loss. This may indicate that the nature of the interaction of
interlayer water/hydroxyl groups in this material may be slightly different than that
in the pH 9 intercalate, though the total water content is approximately the same
(ca. 15 %). Therefore, synthesis under higher alkalinity conditions appears to
hinder IPA loading, possibly through competitive intercalation of hydroxide
anions. It may also be the case that the post-synthesis washing steps may be
removing some of the intercalated IPA via rapid release, so further syntheses

with a reduced number of washes will be attempted to improve IPA loading.
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Figure 5.11 Thermogram of LRH-IPA intercalates synthesised at pH 9 and pH 12 (reference lines correspond to
weight % at calculated mass for each phase).
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Table 5.1 Summary of observed (and calculated from formulae, Table 5.2) values for elemental analysis and TGA data
for the LRH-IPA intercalates synthesised at pH 9 and pH 12.

Material pH 9 pH 12

% C | 3.74 (3.71) 1.28 (1.25)
% H | 1.43 (1.90) 1.40 (1.81)
Mass loss % (Hz0) | 6.54 (6.34) n/a (6.14)

Table 5.2 Summary of formulae derived from TGA/elemental analysis data.

Material Formula Drug loading / % mass

LRH-IPA, pH9 | Gd1.41Tbo.s9(OH)s(CO3)0.05(Cl)o.54 6.12
(CH404)0.18-1.7H20
LRH-IPA, pH 12 | Gd1.41Tho.59(OH)s5(CO3)0.05(Cl)o.79 1.92

(CsH404)0.055-1.6H,0

5.4.2.1.2 Synthesis with reduced washes and prolonged drying time

Since the basis of ROS generation in reported LDH-IPA materials relies on the
regularity of distribution of IPA within the LDH matrix, it was desirable to increase
the crystallinity of IPA intercalates. One possible route to achieve this is heat
treatment. The basis for this process is that heating provides the necessary
energy for components within a solid to rearrange, gradually transforming
disordered solids into more ordered structures. For instance, this has been
previously reported for LDH materials, with calcination between 100 - 250 °C
resulting in notable reflection narrowing in the diffraction pattern after 6 hours of

treatment.467

At temperatures above 100 °C, significant changes due to the dehydration and
subsequent dehydroxylation of the LRH layers are expected to occur. It was
reasoned that treatment at a milder temperature for a longer period may be

preferrable. It was therefore attempted to prepare LGd1.41Tbo.seH-IPA with the
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drying time extended from 24 hours to 7 days (at 40 °C). Additionally, since the
washing step after synthesis may be causing low IPA loading, the washing was

limited to a single rinse with water.

The diffractograms of the resultant compound, pure IPA, and precursor LRH are
shown in Figure 5.12. While the material generated by this method does exhibit
a strong reflection at 8.35°, the position is not consistent with those of the
intercalates generated at pH 9 or 12.8 (ca. 11 °). Additionally, the reflections
between ca. 27 - 31° in the parent LRH material (arising from the (400), (112),
(320), and (410) planes), which are present to some degree in all LRH
intercalates generated in prior chapters, appears to be absent in the 7-day dried
sample, providing more evidence that it is unlikely to be an analogous phase. It
is therefore likely that the main reflection at 8.35° may be arising from an unknown
phase. It is possible that the IPA molecules have become ligated directly to the
individual Tb/Gd3®** centres or to individual Tb/Gd (OH) polyhedra; similar

coordination polymer structures have been reported in the literature.68.46°
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Figure 5.12 XRD patterns for IPA, LGd1.41Tb0.59H-Cl and the resulting compound generated by reducing the post-
synthetic washing and increasing the drying time to 7 days (168 hours).
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EM and TGA data for this compound are shown in Table 5.3, Figure 5.13. The
carbon content of this phase is much higher than for the LRH-IPA intercalates
generated in Section 5.4.2.1.1 (ca. 36 % as opposed to 1-4 %). The material
exhibits two mass loss events which coincide with dehydration/dehydroxylation
as is typical for LRH materials. The total water/hydroxyl content corresponds to
approximately 15 % which is also consistent with the other LRH-IPA intercalates

(Section 5.4.2.1.1).

The remaining material after heating to 900 °C corresponds to the mixed
Gd/Tb(Ill) oxide form (Gd1.41Thos903, RMM = 363.5 g mol?). As this form
accounts for ca. 38 % of the mass of the initial material, the total formula unit
mass can be approximated as 956.6 g mol, which in turn is approximately 48.6
% heavier than the precursor LRH (RMM = 463.60 g mol?). If the material was
an LRH, the theoretical loading of the IPA dianion based on charge balance
considerations would be ca. 16 % (assuming the same level of hydration as the
precursor LRH). The presence of a further 32 % mass equivalent of IPA in the
material implies the presence of excess pure IPA (which is unlikely, as a reflection
corresponding to pure IPA is not seen on the XRD pattern); or that the material
exhibits alternative coordination to IPA anions than simple electrostatic
interaction. Based on the shape of the TGA curve, it is likely that the IPA
molecules are all in a similar environment because they burn off within a short
temperature range (at 550 — 650° C). It is therefore not unreasonable that a
coordination compound may have formed as opposed to an intercalate. Under
the alkaline synthetic conditions, each IPA molecule forms a dianion and may act
as a bis-bidentate ligand; one or more IPA molecules may then bridge adjacent

Ln3* centres, with the remaining free coordination sites occupied by hydroxyl
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anions. Regardless, since the structure/identity of the compound cannot be

verified, it was not used for further study.
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Figure 5.13 Thermogram of LRH-IPA compound (reference lines correspond to weight % at calculated mass for each
phase).

Table 5.3 Summary of observed values for elemental analysis and TGA data for the LRH-IPA complex generated with
reduced washing and increased drying time (7 days).

Material % C % H Mass loss % (H20)

LRH-IPA complex 36.07 1.98 3.879

5.4.2.2 LRH-ICG

Since ICG is a vividly coloured compound, the coupling of ICG to LRH during the
attempted ion exchange reaction was easily confirmed visually (Figure 5.14).
Prior to the addition of LRH, the ICG solution was a deep, dark green colour.
Immediately after the addition of the LRH, the mixture became opaque due to the
suspension of the white LRH particles. After 24 hours, particulate matter within
the flask appeared as dark green, and the supernatant was almost colourless —

indicating that ICG was no longer in solution, and that the previously white LRH
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particles had coupled to the available ICG molecules resulting in their colour

change.

a.) |

Figure 5.14 Images of a.) solution of ICG prior to addition of LRH; b.) ICG and LRH suspension immediately after mixing;
¢.) LRH-ICG composite after 24 hours of mixing.

XRD patterns of the precursor LRH (LGd1.41Tho.seH-CI), ICG, and their resultant
composites prepared by attempted ion exchange are shown in Figure 5.15. The
reflections present in the precursor LRH are identical to those present in the
LRH/ICG composite. This may indicate that the coupling of LRH and ICG did not
proceed via intercalation, as intercalation is expected to result in a change of the
interlayer spacing (and therefore a shift in the corresponding reflections). It is
possible that due to the large size of individual ICG molecules, the layers of the
LRH were not able to shift apart sufficiently to accommodate the guest molecule,
or that the amount of ICG intercalated was very little. It may be possible that ICG
has instead adsorbed to the surface of the LRH particles, possibly by electrostatic
attraction of the negative sulfonate groups on ICG to the positively charged

surface layers of the LRH patrticles.

Surface adsorption is not expected to result in a change in interlayer spacing and
would therefore not result in changes to the diffraction pattern relative to unloaded
LRH. To test if the LRH-ICG composite could still display intercalation behaviour

whilst retaining the coupled ICG molecules, a further ion-exchange reaction was
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performed using ibuprofen sodium, and the resulting pattern is shown in Figure
5.15. The (010) reflection is seen to shift to a higher angle, indicating a contraction
in the interlayer distance which is consistent with what was observed for the
intercalation of IPA into the same precursor LRH described in Section 5.4.2.1.
However, this was unexpected as intercalation of ibuprofen into LTbH (Section
2.4.3) resulted in an increase in the interlayer distance, as expected based on
the hydrophobic nature of the ibuprofen ion. It is therefore unclear whether the
nature of the LRH composition may be influencing the intercalation behaviour. In
any case, it was evident from the vivid green colour of the resultant particles that
the coupled ICG molecules were not lost during the synthesis, indicating that it is
possible to co-load ICG and a small molecule APIl. However, the degree of

crystallinity in the resultant compound
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Figure 5.15 XRD patterns for ICG, LGd1.41Tho s9H-Cl, the resulting composites of LRH-ICG prepared on three separate
occasions, and the ion-exchange product LRH-ICG-IBU.

FTIR spectra for ICG, LGd1.41Tbo.s9H-Cl, and the resulting LRH-ICG composite
were measured and are shown in Figure 5.16. The precursor LRH spectrum is
consistent with that of LTbH described in Section 2.4.4, and most prominently

exhibits multiple broad stretches over the range 3650 - 3330 cm™* ascribed to O-
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H stretching vibrations arising from intercalated water molecules and hydroxide

groups coordinated to Gd®*/Th3*.

The FTIR spectrum of pure ICG shows broad, diffuse absorption above
approximately 1750 cm, most likely associated with various overlapping C-
H/C=C stretching and bending modes. Stretching bands arising from the S=0

bonds in the sulfonate groups are seen at 1398 and 1350 cm respectively.

The LRH-ICG compound shows the band positions arising from the S=0
sulfonate stretches are shifted to higher wavenumbers (1416 and 1355 cm™)
relative to pure ICG (Figure 5.16b). This shifting is presumed to be the result of
electrostatic interactions between the anionic sulfonate groups of ICG and the
cationic LRH layers, therefore supporting the possibility of surface adsorption of

ICG onto the LRH surface.
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Figure 5.16 a.) FTIR spectra for ICG, LGd1.41Tbo.seH-Cl and the resulting LRH/ICG composite prepared by ion exchange.
b.) Enlarged view showing band shifting in LRH-ICG composite relative to the pure ICG spectrum.

As the ICG loading is limited by the amount of ICG initially present during the
attempted intercalation (10 mg of ICG to 150 mg of precursor LRH), the
theoretically possible ICG loading in the LRH/ICG patrticles is only ca. 6.6 % by
mass. Elemental analysis and TGA were employed to verify the actual ICG

loading of the LRH-/ICG composite.
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Since the only source of nitrogen in the LRH-ICG composite is the ICG molecule,
the elemental analysis data (Table 5.4) was a convenient way to determine ICG
loading with reasonable certainty. The amount of nitrogen detected by elemental
analysis corresponds to approximately 6.9 % ICG loading (by mass). This value
is slightly higher than the theoretical 6.6 % (based available amount of ICG
present during synthesis), though the difference is slight enough to be explained
by weighing or measurement errors. The thermogram of LRH-ICG (Figure 5.17)
displays the expected initial intercalated water loss around 100 — 150 °C,
corresponding to approximately 1.5 water molecules per formula unit. The
second mass loss event, occurring between approximately 200 — 300 °C, is
ascribed to dehydroxylation of the LRH layers, which is consistent with data
obtained in previous chapters. Above around 400 °C, mass loss is ascribed to
the gradual loss of intercalated ions (COs, CI, ICG, and H) to form the mixed
Gd/Tb oxide. The combined TGA and elemental analysis data was used to

calculate the approximate formula of LRH-ICG (Table 5.5).
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Figure 5.17 Thermogram of LRH-ICG composite (reference lines correspond to weight % at calculated mass for each
phase).
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Table 5.4 Summary of observed (and calculated from formula, Table 5.5) values for elemental analysis and TGA data.
*: Data presented in Chapter 4, Section 4.4.2).

Material % C % H % N Mass loss % (H20)
LRH-Cl precursor * | 0.35 (0.32) 1.58 (1.74) - 5.94 (5.83)

LRH-ICG 6.81 (5.70) 1.50(2.07) 0.27 (0.26) 6.03 (5.49)

Table 5.5 Formula derived from TGA/elemental data for the LRH-ICG composite.

Material Formula Drug loading / % mass

LRH-ICG Gd1.41Tbo.59(OH)5(Cl)o.55(CO3)o.2  7.54

(Ca3H47N206S2)0.05(H20)1.6

5.4.3 Luminescence response

The solid-state photoluminescence spectra of LGd1.41Tbo.seH, IPA, and the LRH-

IPA intercalate generated at pH 9 are shown in Figure 5.18.

Under UV excitation with the 325 nm laser, pure IPA is seen to display molecular
phosphorescence across a broad range of wavelengths (particularly between 475
— 600 nm, Figure 5.18b). The spectrum of precursor LRH exhibits peaks
consistent with the characteristic terbium transitions (°Da to ‘Fe-3). Considering
the IPA intercalate, it can be seen that the intensity of the terbium emissions is

vastly increased relative to the precursor LRH.

The strong intensity enhancement provided by the IPA in the intercalate is also
evident by the appearance of the remaining terbium transitions (°Ds to "F3.0),
which are too low in intensity to be seen in the precursor LRH. This implies that
the overall energy transfer flows from the intercalated IPA molecules to the
terbium centres. As explained in Section 5.1.2, the presence of a strongly

radiative relaxation pathway in a compound intended for PDT applications is
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undesirable and prevents efficient ROS generation. It is therefore unlikely that the

LRH-IPA intercalate will exhibit significant PDT activity.
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Figure 5.18 Solid state photoluminescence emission spectra of IPA, LGd;.41Tho.soH-Cl, LGd1.41Tho.ssH-IPA (synthesised
at pH 9); b.) enhanced view for clarity; obtained at an excitation wavelength of 325 nm and laser power of 0.05 %.

The solid-state photoluminescence spectra of ICG, LGd1.41Tbo.soH,
LGd1.41Tbo.soH-ICG, and LGd1.41Tbo.soH-ICG-IBU are shown in Figure 5.19. Pure
ICG exhibits no detectable molecular luminescence in the range of wavelengths
measured under UV excitation (325 nm). Likewise, the LRH-ICG composite
shows negligible emission intensity between 400 — 700 nm. It is evident that the
presence of ICG in the composite quenches the characteristic terbium transitions
seen in the precursor LRH, and that the relaxation of the excited composite is
primarily non-radiative. By extension, this implies that the net flow of energy is
likely from the LRH matrix to the ICG molecule, which is desirable for PDT

applications.

It was demonstrated in Section 2.4.12 that intercalation of ibuprofen anions into
LTbH leads to an enhancement in the emission intensities associated with
terbium. It was therefore of interest to determine if the signal from LRH-ICG would
be recovered following the intercalation of ibuprofen. This was found to be the

case — the composite LGd1.41ThosoH-ICG-IBU exhibits vastly higher emission
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intensity relative to the precursor LRH. Such co-loaded systems could potentially
find use as a pathway for dual treatment — an initial drug release stage where an
intercalated small molecule APl shows loading-dependent luminescence;
followed by a second stage, whereby the remaining LRH-ICG composite switches

to a non-radiative relaxation mode, allowing efficient ROS generation for PDT.
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Figure 5.19 a.) Solid state photoluminescence emission spectra of ICG, LGd1.41TbosoH-Cl, LGd1.41ThoseH-ICG, and
LGd1.41Tho.50H-ICG-IBU intercalates; b.) enhanced view for clarity; obtained at an excitation wavelength of 325 nm and
laser power of 0.05 %.

5.4.4 Photothermal response
5.4.4.1 Negative control tests with water

Since the absorbance of water at 808 nm is low,*’° and samples tested will be in
agueous suspension, water was selected as the medium for negative control
thermal response tests. It was reasoned that, due to the lack of absorption at the
laser wavelength, there should be no change in temperature measured within the
cuvette with the laser on. In other words, the graph of temperature versus time
should look the same before and after the laser is turned on and should be

approximately horizontal.

The first test consisted of turning on the stirring (200 rpm) and measuring the

temperature of the water without irradiation. Unexpectedly, the temperature did
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not appear to be stable and showed a continuous increase. The experiment was
repeated three times on different days, and allowed to continue for 1 h, 2 h, and
just under 3 h respectively. The resultant graphs are shown in Figure 5.20. The
rate of temperature change appears to show a decay-type pattern and is
estimated to reach equilibrium at approximately 32° C (according to the limit of

the fitted decay curve, not shown).

Since the temperature increase occurred with the laser powered off, it was
assumed that the heat must be either be generated electrically by the stirring
plate built into the enclosure, or by friction arising from the magnetic stirrer.
Unfortunately, it was not possible to set the rate of stirring lower than 200 rpm
because at lower rotation rates there was not enough power to overcome the

weight of the magnetic stirrer bar.
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Figure 5.20 Graph illustrating the increase in temperature measured for water without laser illumination, with stirring
at 200 rpm.

Preheating samples to 32° C showed an improvement in the resulting plot (Figure
5.20); however, on colder days the sample cooled rapidly and would thereafter

begin to heat again, leading to inconsistent results. Therefore, further
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photothermal response measurements will be conducted in the absence of
stirring to achieve a stable temperature baseline. Consequentially, the vertical
mixing of liquid within the cuvette would be relatively poor and the total change in
the temperature of samples may be expected to represent a slight overestimate

as the warmer liquid rises towards the temperature probe.

The experiment was therefore repeated without magnetic stirring, on 3 separate
days, and the resulting graphs are shown in Figure 5.21. In all cases there is a
slight temperature decrease at the start of the measurement, presumably due to
the sample temperature equilibrating with the internal temperature of the laser
enclosure. After approximately 20 min, the temperature is seen to stabilise, and

remains stable (x 0.1 °C) for the next 1.5 h of measurement.
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Figure 5.21 Graph illustrating the change in temperature measured for water without laser illumination and without
magnetic stirring. Individual sample temperature change is shown.

To establish the effect of the laser on the temperature of water, further
experiments were conducted in which the samples were allowed to equilibrate for
20 min without illumination, illuminated at 25 mW for 10 min, and subsequently

allowed to equilibrate for a period of 20 min with no illumination. The resultant
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graphs are shown in Figure 5.22. As with previous samples, the initial stage
shows slight cooling as the samples equilibrate with the equipment, with an
average cooling of 0.5 °C. During illumination, an average temperature increase
of 0.4 °C was seen, with subsequent cooling of similar magnitude (- 0.3 °C) after
the laser was turned off. This temperature increase is very small, and within the
range of the tolerance of the temperature probe (1.5° C). Furthermore,
photothermally responsive materials generate localised heat at vastly higher
temperatures (typically 40 — 60 °C).*"* Therefore, temperature increases of this

magnitude will not present an issue in further experiments.
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Figure 5.22 The change in temperature measured for water before, during, and after laser illumination at 25 mW and
without magnetic stirring. Average sample temperature change is shown for each segment.

Overall, based on the results obtained with water, further experiments will be
conducted without stirring, and with a period of at least 20 minutes of equilibration

to ensure a stable temperature baseline.
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5.4.4.2 Tests with indocyanine green and LRH-ICG

As ICG is a well-known NIR chromophore for PTT applications, it was selected
for use as a positive control for this series of experiments. An initial solution of
ICG at a concentration of 0.03 mg / ml was tested (Figure 5.23), effecting only a
0.2 °C rise in temperature after illumination at maximum power (25 mW) for 10
minutes. Such a small temperature increase is comparable in magnitude to that
seen for pure water (0.4 °C). This is inconsistent with the literature, with some
reports of solutions of ICG at much lower concentrations (2.5 pg / ml) resulting in
a temperature change of ca. 5 °C after illumination at a similar laser power density

(0.5 W cm) after only 3 min.4>8
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Figure 5.23 The change in temperature measured for aqueous solutions of ICG (1 mg/ml and 0.03 mg/ml) and an
aqueous suspensions of LRH-ICG (1 mg/ml) before, during, and after laser illumination at 25 mW and without magnetic
stirring. Average sample temperature change is shown for each segment.

The testing concentration was therefore increased to 1 mg / ml, and the resultant
temperature change under identical illumination conditions (Figure 5.23) was 0.6
°C. Though marginally higher than the negative control, the magnitude of the

photothermal response seen was still not in line with what would be expected at
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such a high concentration. Finally, the LGd1.41TbosoH-ICG sample (at a
concentration of 1 mg / ml) was tested. Given the calculated drug loading (7.54
% by mass), the total ICG content of this suspension was approximately 0.075
mg / ml. It was therefore expected that if this material exhibited any enhanced
PTT effect relative to pure ICG, that the temperature increase should be at least
double that of the 0.03 mg / ml ICG solution. However, the total measured

temperature change during illumination was only 0.1 °C.

Taken together, it is likely that the present experimental apparatus is in some way
unsuitable to adequately elicit or measure the photothermal response. In many
instances of similar work, the temperature response of samples on irradiation is
measured using a thermal camera instead of an immersion probe.3203472 Sych
an approach may have been more suitable for this work, as the lack of stirring
may have prevented the immersion probe from detecting much of any potential
temperature change. Since it is not certain how far the laser beam may penetrate
into the cuvette, and to what extent penetration depth is affected by the
concentration or colour of sample solutions/suspensions, a thermal camera
would have also provided more consistent measurements between samples.
Unfortunately, due to a combination of factors arising from the COVID-19
pandemic, it was not possible to acquire a thermal camera and conduct further

photothermal experiments.
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5.4.5 Photodynamic response

5.4.5.1 DPBF dye stability

Due to the light sensitivity of the DPBF dye, it was first necessary to determine
how stable the dye is with respect to illumination by a spectrophotometer during
measurement. Therefore, a solution of DPBF was prepared at a final
concentration of 0.05 mM (the same as would be used in further experiments).
The solution absorbance spectrum was then measured once per minute, over 18

minutes. The results of this experiment are shown in Figure 5.24a.
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Figure 5.24 a.) Change in absorbance spectrum of DPBF (0.05 mM) over repeated measurements; b.) single point
absorbance measurements of DPBF at 412 nm, showing decline in absorbance intensity with repeated measurements.
Three independent experiments were performed, and the results are shown as mean + standard deviation.

A significant decrease in the absorbance intensity of DPBF (approximately 50 %,
Figure 5.24a) is seen as a result of repeated measurements. Further experiments
were conducted in which sample absorbance at 412 nm was measured either
once per minute, or once every five minutes. The results of these experiments
are shown in Figure 5.24b. Fewer measurements lead to a smaller decrease in
absorbance of DPBF (0.09 units vs. 0.18 units), indicating that repeated exposure
to the broad-spectrum illumination by the spectrophotometer lamp results in
minor DPBF photobleaching. Therefore, further experiments will aim to minimise

the number of absorbance measurements as far as practicable.
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To verify that illumination from the laser does not cause degradation of DPBF,
sample absorbance was measured before, during, and after a total of 10 minutes
laser illumination (at full power, 25 mW). The outcome of this experiment is shown
in Figure 5.25. The average change in absorbance (0.03 units) is very low, even
compared to DPBF without laser illumination (Figure 5.24b). It can therefore be
concluded that light at 808 nm does not have any detrimental effect on the
performance of DPBF, and that this is a suitable dye to use for singlet oxygen

detection in this context.
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Figure 5.25 Single point absorbance measurements at 412 nm of DPBF (0.05 mM), before and after laser illumination
(808 nm, 25 mW power). Three independent experiments were performed, and the results are shown as mean +
standard deviation.

5.4.5.2 Positive control tests with indocyanine green

To determine the optimal concentration of ICG to use, a series of solutions were
made (0.25 — 0.016 mg / ml) and their absorbance measured over 300 — 800 nm
(Figure 5.26). It was desirable that the optimal concentration solution should have
low absorbance at 412 nm (so as not to interfere with DPBF and allow accurate
ROS detection), but also high absorbance at around 800 nm to ensure good
absorption of NIR laser irradiation. The optimum final ICG concentration was
chosen to be 0.016 mg / ml, as further dilution resulted in significant reduction in
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absorbance around 800 nm, which was not desirable. To verify the dye stability
towards illumination by the spectrophotometer, a fresh solution was prepared at
0.016 mg / ml and the absorbance spectrum was measured once per minute for
20 minutes, shown in Figure 5.26b. The change in absorbance over the course

of the experiment is negligible and can therefore be disregarded.
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Figure 5.26 a.) Absorbance spectra of aqueous solutions of ICG at various concentrations. b.) Enlarged view of the
change in absorbance spectrum of a 0.016 mg / ml aqueous solution of ICG due to repeated measurements.

To measure the ROS production by pure ICG under 808 nm laser illumination,
samples were prepared containing both ICG and DPBF at the final concentrations
derived above (0.016 mg / ml and 0.05 mM respectively). Sample absorbance
spectra were taken at 10-minute intervals of laser irradiation at 25 mW power (up
to a total of 30 minutes irradiation), as depicted in Figure 5.27a. For comparison,
the same experiment was performed with pure DPBF and pure ICG (Figure

5.27b-C).

The samples containing both ICG and DPBF (before irradiation) show slightly
altered absorbance profiles relative to their pure, unmixed, counterparts. Firstly,
pure ICG exhibits two prominent absorbance maxima — 713 nm and 765 nm, with
intensity of 0.73 and 1.06 units respectively. These maxima are consistent with

the oligomer and monomer forms of ICG respectively.*”® Upon mixing with DPBF,
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the monomer maximum at 765 nm increases in intensity to ca. 1.29 units.
Secondly, the absorbance maximum of pure DPBF (412 nm, intensity 0.95 units)
is also seen to increase in intensity upon mixing with ICG (to 1.1 units). In the
case of the DPBF peak, this difference is most likely additive in nature, as ICG
shows some absorbance (0.1 a.u.) at 412 nm. However, the increase in intensity
for the ICG peak at 765 nm (a change of 0.23 units) is difficult to explain, as the

absorbance of DPBF at that wavelength is only around 0.08 a.u.
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Figure 5.27 Absorbance spectra of solutions of a.) DPBF, 0.05 mM; b.) ICG, 0.016 mg / ml; and c.) ICG + DPBF (0.05
mM and 0.016 mg / ml respectively) after several 10 minute intervals of irradiation with 808 nm laser light (25 mW);
d.) Graph showing the total remaining amount of DPBF (in nmol) in the cuvette at specified time intervals of irradiation,
as calculated using a DPBF calibration curve.

Pure ICG is seen to lose some intensity with irradiation — this is likely due to
photodecomposition as has been reported.*’* For the mixed ICG/DPBF samples,
the mean absorbance before irradiation and at each irradiation time interval is
summarised in Table 5.6. After 30 minutes of irradiation, the DPBF peak has

decreased in intensity by approximately 79 %, whereas the ICG peak decreases
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in intensity by approximately 54 %. In both cases, this decrease is much higher
than that seen for pure DPBF or pure ICG (Figure 5.27b), meaning that it exceeds
the natural signal decay that is seen due to deactivation of DPBF/ICG by the laser
and spectrophotometer. Additionally, while the decrease in absorbance of DPBF
was expected (due to the production of ROS species and the subsequent
conversion of DPBF to DBB), such a dramatic absorbance loss arising from ICG

was not expected.

A calibration curve was used to convert the absorbance arising from DPBF to the

amount of DPBF reacted (nmol), and these values are summarised in Table 5.6.

Table 5.6 Summary of the absolute absorbance and % change in absorbance of solutions containing ICG and DPBF
(0.016 mg / ml and 0.05 mM respectively) after different laser irradiation intervals.

Irradiation time DPBF absorbance Loss/ DPBFreacted/ ICG absorbance Loss/

at412 nm % nmol at 782 nm %
0 min ‘ 1.08 £ 0.01 0 0 1.33+0.01 0
10 min ‘ 0.75+0.04 31 53.37£8.54 1.11+0.04 17
20 min ‘ 0.30+0.02 72 129.35+4.31 0.70+0.02 47
30 min ‘ 0.23+0.01 79 141.25+0.42 0.61 +£0.02 54

These results may be explained by one of three proposed scenarios:

1.) During irradiation, ICG produces ROS which then react with DPBF, producing
DBB (thereby reducing the DPBF peak intensity); ROS, the reaction intermediate
epoxide, and/or product DBB subsequently reacts with ICG, thereby reducing

ICG peak intensity;

2.) ICG produces ROS, which then react with DPBF to form DBB as above; the
ICG peak loses intensity because ICG has some signal enhancing interaction

with DPBF, which is now diminishing;

3.) ICG does not produce ROS, instead it reacts directly with DPBF until it is

consumed.
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For the purposes of ROS detection using DPBF, scenarios 1 and 2 are equally
acceptable, because the intensity of absorption arising from DPBF is still directly
related to the amount of ROS produced, and the intensity arising from ICG is of
no consequence to the result. However, scenario 3 is undesirable because the
loss in intensity for the DPBF peak in that case would not yield information about
the quantity of ROS production. Therefore, to exclude this possibility, ICG and
DPBF were mixed and stirred (without irradiation) for the same time intervals as

the irradiation test. The resulting absorbance spectra are shown in Figure 5.28a.

No photobleaching is seen in the mixture of DPBF and ICG without laser
irradiation, even after 30 minutes of stirring. Therefore, it is unlikely that ICG and
DPBF are reacting chemically. This supports the conclusion that the process
involved in diminishing the respective absorbance of both ICG and DPBF in
mixture is photochemical in nature (either scenario 1 or 2). This can also be seen
visually by the change in colour of the ICG + DPBF mixture with irradiation as
opposed to without (Figure 5.28b). This is in agreement with other literature
sources which investigated the use of ICG/DPBF systems under laser
irradiation,*’>476 though in those cases the absorption decay of ICG was not

addressed.
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Figure 5.28 a.) Absorbance spectra of aqueous solutions of ICG + DPBS without irradiation, stirring for 10-minute
intervals over the course of 30 minutes. Experiment was performed in triplicate and the absorbance spectra overlaid.
b.) representative photographs of sample solutions before and after 30 minutes of irradiation to illustrate
photobleaching effect.

To investigate the nature of this photoconversion further, solutions of ICG, DPBF,
and their mixture before and after irradiation were used to conduct *H NMR
analysis. Due to the dilute concentrations of samples used, it was not possible to
obtain FTIR and 13C NMR data. *H NMR data for the pure solutions of ICG and
DPBF are presented in Figure 5.29, and for the ICG/DPBF mixture before and
after irradiation in Figure 5.30. The spectrum of pure ICG is largely consistent
with the literature,*’” and shows a prominent, poorly resolved multiplet at 3 2.02
ppm (14H m, Ho/Hm/Hn, Figure 5.29a) with an integration value that solves for six
protons less than expected (20H). It is presumed that this is a consequence of
proton exchange with the solvent or the poor resolution of the multiplet resulting
in incorrect integration. The spectrum of DPBF (Figure 5.29b), is also consistent
with the literature*’® but exhibits several multiplets (highlighted in green, Figure
5.29b) which can be assigned to its photodegradation product, DBB,*’® as a

result of light exposure during transit/measurement.
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Figure 5.29 1H NMR spectra and assignments for a.) ICG and b.) DPBF solutions in deuterated ethanol (1 mg / ml
concentration). Large amount of DBB present in DPBF sample due to exposure to light during measurement/transfer.
Hydrogen atoms not shown in ICG for clarity. Ethanol-d6 (solvent; § = 5.30, 3.58, 1.14 ppm) and contaminant water
(ca. 6 =4.56 ppm) peaks removed for clarity. Where peaks have been removed, a break in the X-axis is shown.

1H NMR, ICG: & (ppm) 8.21 (2H, d, Ha), 8.00 (6H, m, H/He/H;), 7.69 (5H, m, Hy/Hi/Ha), 6.66 (2H, poorly resolved triplet,
H)), 6.44 (2H, poorly resolved triplet, Hp), 4.28 (4H, t, H)), 2.91 (4H, t, H,), 2.02 (14H*, m, Ho/Hm/Hy). *: peak intensity
does not integrate to the expected 20H, presumably due to non-gaussian shape of peak.

1H NMR, DPBF: & (ppm) 7.99 (4H, dd, He), 7.91 (2H, dd, Ha), 7.52 (4H, t, Hb), 7.31 (2H, t, Ha), 7.08 (2H, dd, He). Spectrum
contained additional peaks arising from the photodegradation product of DPBF (DBB) due to exposure to light during

transportation and measurement.
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The spectrum of the ICG/DPBF mixture (Figure 5.30a) displays a combination of
the features of the pure ICG and DPBF solutions, with no associated chemical
shifts relative to the pure solutions (Figure 5.29). After irradiation, the peak arising
from ICG (& 2.02 ppm, Hg/Hm/Hn, Figure 5.30a) is seen to split into a well-resolved
multiplet. This is similar to what has previously been reported for pure solutions
of ICG,*® wherein the splitting was ascribed to the removal of symmetry of the
methyl groups (Hg) within the molecule as a result of dimerization at the j/k carbon
atoms over time. In the present case, since all four samples were prepared at the
same time, and splitting was not observed in the spectrum of pure ICG, it is
unlikely that dimerization of ICG alone was responsible for the change. It is more
likely that some kind of reaction has occurred at the same position (j/k carbon
atoms). Singlet oxygen is known to be reactive towards alkenes,*8! and ICG has

also been reported to react with the ROS species it generates.*8?

Two of the peaks arising from DPBF (& 7.90, 7.07 ppm, Hd and He) are
significantly diminished after radiation, which is consistent with the formation of

DBB (whereby the expected intensity increase at & 7.70 ppm is observed).

In summary, DPBF is stable to the measurement conditions and is therefore an
appropriate choice for further ROS detection tests. ICG was, as expected,
successfully able to elicit a ROS generation response under 808 nm irradiation.
Specifically, 20 minutes of irradiation at full power led to over 70 % reduction in
absorbance intensity by DPBF at the concentrations tested (0.05 mM and 0.02
mM respectively). The absorbance intensity arising from ICG was found to also
diminish with irradiation, though to a lesser extent than DPBF, likely due to

reaction with the generated ROS species.
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Figure 5.30 'H NMR spectra for mixtures of ICG/DPBF (0.5 mg / ml each) a.) without irradiation, and b.) with 30 minutes
of irradiation with a laser at 808 nm, and 25 mW power. Hydrogen atoms not shown in ICG for clarity. Ethanol-d6
(solvent; 6 = 5.30, 3.58, 1.14 ppm) and contaminant water (ca. § = 4.56 ppm) peaks removed for clarity. Where peaks
have been removed, a break in the X-axis is shown. Prominent peaks arising from DPBF and ICG are highlighted for
illustrative purposes; peaks arising from DBB are present but not highlighted in the overlapping region between ca. 6
=7.8-7.4ppm.
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5.45.3 LRH materials

It is important to account for light scattering by particles when using UV-vis as a
technique to test suspensions. Briefly, a UV-vis measurement consists of
illuminating a cuvette containing a sample solution from one side, and a detector
on the opposite side of the cuvette is used to quantify the intensity of light which
has passed through the sample. Any light intensity lost to the sample is due to

the sample absorbing light of that wavelength.

However, when the sample is a suspension containing particles, light is also
scattered away from the detector by the particles, in random directions. In this
way, light intensity lost to the sample is now a combination of absorbance and
scattering. The resultant absorbance spectrum of a suspension hence
overestimates the absorptivity of suspensions, particularly at shorter
wavelengths.*® Therefore, to determine the optimal concentration of LRH
suspensions to use for PDT effect screening, a series of suspensions of
LGd141ThosoH at different concentrations was made and their resultant

absorption spectra are shown in Figure 5.31.
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Figure 5.31 Absorbance spectra of aqueous suspensions of LRH at various concentrations, illustrating a pronounced
Rayleigh scattering effect towards the shorter wavelength end of the spectrum.
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Based on these results, final concentrations of LRH samples of 0.025 mg / ml
were chosen as optimal, giving limited absorbance (ca. 0.05 units) at the DPBF
absorbance wavelength (412 nm). It is expected based on previous results
(Figure 5.27) that the absorbance intensity at 412 nm will range from ca. 0.2 — 1
absorbance units, therefore competing absorbance of only 0.05 units should not
present a problem. It was not desirable to further decrease the concentration of

LRH samples, because the amount of ROS produced may be too low to detect.

Suspensions of LRH formulations (LTbH, LGdH, and LGd1.41Tho.s9H) at 0.025 mg
/ mL were tested for ROS production using DPBF before and after irradiation for
10 minutes, and the resultant spectra are shown in Figure 5.32. In each case, no
significant change in the absorbance peak of DPBF is seen — at least at this
concentration. This is in line with what was expected, considering that the spectra
of LRH materials (Figure 5.31) do not show any absorbance around 800 nm.
Therefore, LRH alone is not expected to absorb energy and produce ROS which
can then react with DPBS, and hence no change in DPBS absorbance is seen.
LTbH + DPBF, no laser
—— LThH + DPBF, 10 min laser
LGdH + DPBF, no laser

—— LGdH + DPBF, 10 min laser
1.0 [\ LGd, ,; Thy soH + DPBF, no laser

| — LGd, 4, Tby 5oH + DPBF, 10 min laser

Absorbance / a.u.
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Figure 5.32 Absorbance spectra of aqueous suspensions of LRH materials (0.025 mg / ml) with DPBF before and after
10 minutes of irradiation with 808 nm laser light (25 mW).
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The results of the ROS production test for LGd1.41Tbo.soH-IPA are shown in Figure
5.33. No significant decrease in the absorbance intensity arising from DPBF is
seen, and therefore the IPA intercalate does not exhibit photodynamic activity.
Considering the results of the photoluminescence tests in Section 5.4.3, this is
unsurprising as intercalation of IPA resulted in a vast terbium luminescence
enhancement, implying net energy transfer from the IPA molecules to the LRH
matrix. Therefore, the intercalate was unlikely to exhibit photodynamic activity, as
the excited IPA molecules would rapidly transfer their excess energy to the LRH

matrix instead of nearby oxygen molecules.
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——LGd, 4, Tb, 5gH-IPA + DPBF, 30 min laser

Absorbance / a.u.
© o o pr P
D ()] [00) o N
1 1 1 1 1

©
N
1

©
o
1

300 400 500 600 700 800
Wavelength / nm

Figure 5.33 Absorbance spectra of LGd1.41Tho.seH-IPA with DPBF, at selected irradiation intervals (808 nm, 25 mW). No
change in absorbance is observed, indicating no ROS generation by the intercalate.

The same test was conducted for suspensions of LGd1.41ThosoH-ICG, and the
results are shown in Figure 5.34. Unlike the precursor LRH (Figure 5.32), the
LRH-ICG composite shows significant ROS production as measured by the
decrease in absorbance of the DPBF peak. This confirms that the photodynamic

capacity of ICG is preserved upon conjugation with the LRH matrix.

Considering the ICG loading within the LRH (7.54 % by mass), the ICG

concentration in the samples tested was approximately 0.002 mg / ml. When
253



compared to the free ICG solution tested (Figure 5.27c¢, 0.016 mg / ml), the
present LRH-ICG intercalates show comparable ROS generating activity, even
at only a fraction of the ICG content. A calibration curve was used to convert the
absorbance arising from DPBF to the amount of DPBF reacted (nmol), and these
values are summarised in Table 5.7. On average, after 30 minutes of irradiation,
around 105 nmol of the DPBF was deactivated by LRH-ICG compared to 141

nmol by free ICG (at approximately 8 times the ICG content).

It therefore seems that conjugation to the LRH matrix may improve the
photodynamic activity of ICG relative to free ICG. It was established in Section
5.4.3 that the LRH matrix efficiently transfers excitation energy to the associated
ICG molecules. Therefore, ICG molecules associated with the LRH are not
expected to relax efficiently by energy loss via the LRH matrix. Additionally, it is
possible that the LRH matrix may be absorbing vibrational energy lost by the ICG
molecule and donating it back to the ICG molecule which then generates ROS.
Such a mechanism would explain both the increased conversion efficiency and

poor photothermal performance of this material.
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Figure 5.34 Representative absorbance spectra of aqueous suspensions of LRH-ICG (0.025 mg / ml) with DPBF before
and after several intervals of irradiation with 808 nm laser light (25 mW).
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Table 5.7 Summary of the absolute absorbance and % change in absorbance of suspensions containing LRH-ICG and
DPBF (0.016 mg / ml and 0.05 mM respectively) after different laser irradiation intervals.

Irradiation time DPBF absorbance at  Loss/ % DPBF reacted / nmol
412 nm

0 min . 0.884+0.06 0 0

10 min \ 0.678 £ 0.05 233 65.61+7.85

20 min \ 0.529+0.04 40.2 90.89 +5.74

30 min \ 0.446 +0.03 49.5 104.92 £4.10

5.5 Conclusions

The work presented in this chapter sought to investigate LRH materials with
potential PTT and PDT applications. A near-infrared laser assembly was first
designed, constructed, and tested to facilitate these experiments. The lead LRH
formulation, LGd1.41TbosoH, was loaded with known PTT/PDT dye indocyanine
green (ICG), and isophthalic acid (IPA) which has recently been reported to act
as an efficient PDT agent when intercalated into a structurally similar LDH
system.! It was found that the loading of ICG onto the LRH matrix does not
proceed via ion-exchange, and the resulting LRH-ICG composite retains its ion-
exchange capacity; this was demonstrated by co-loading ibuprofen (IBU) to

produce LRH-ICG-IBU.

Solid-state luminescence measurements under UV excitation revealed that the
loading of ICG onto the precursor LRH caused a significant quenching in the
characteristic terbium transitions relative to the unloaded LRH; in turn, this
suggested that the main relaxation pathway of the system is non-radiative, which
is conducive to high PDT efficiency. Co-loading with IBU lead to terbium signal
enhancement relative to the parent LRH, leading to the possibility of a sequential
treatment system — an initial drug release stage where an intercalated small
molecule APl shows loading-dependent luminescence; followed by a second

stage, whereby the remaining LRH-ICG composite switches to a non-radiative
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relaxation mode, allowing efficient ROS generation for PDT. Conversely, loading
with IPA resulted in a vast increase in the intensity of terbium transitions, implying
that energy absorbed by the intercalated IPA molecules is rapidly transferred to
the LRH matrix. It was therefore expected that LRH-IPA would not exhibit efficient
ROS generation. Despite this, the luminescence enhancement seen in LRH-IPA

compounds may be of potential use for imaging applications.

The measurement of photothermal response in this work was unfortunately not
successful, due to a combination of experimental equipment factors. However,
the photodynamic response measurements resulted in some promising findings.
As expected, the precursor LRH systems and the LRH-IPA intercalates exhibited
no significant ROS generation ability. On the other hand, LRH-ICG exhibited
greatly enhanced ROS generation efficiency relative to free ICG — deactivating a
comparable amount of DPBF to pure ICG (105 nmol 141 nmol), at only 1/8™ of

the ICG content.
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6 Conclusions

6.1 Summary of findings

The work presented in this thesis aimed to investigate the potential of layered
rare-earth hydroxides (LRHs) as theranostic platforms. To date, the structurally
related layered double hydroxides (LDHs) have received considerable attention
in theranostics and the wider field of biomedical literature, with many promising
results and high-impact publications. The layered structure of LRHS/LDHs is
particularly attractive for theranostics as it can efficiently and reversibly uptake
anionic drug or photosensitiser molecules, thereby enabling drug delivery or

phototherapy.

The rare-earth (RE) elements possess inherent magnetic and luminescent
properties, and there exists a wealth of biomedical literature exploring the RE
elements as dopants to enhance other systems, mainly for imaging applications.
Despite this, research exploring LRHSs for theranostic applications is still nascent.
To this end, our research group has previously explored the potential of LGdH as
a theranostic agent.?” Building on these findings, Chapter 2 of this thesis
described the hydrothermal synthesis, characterisation, and functional

performance assessment of LTbH as a theranostic platform.318

The synthesis of LTbH-CI and subsequent intercalation of the model drugs
diclofenac, ibuprofen, and naproxen (dic, ibu, nap) was confirmed by XRD;
elemental microanalysis and TGA experiments revealed high drug loadings of
80-100 % based on charge balance considerations (ca. 33 wt %). The haemo-
and cytocompatibility of the LTbH formulations was found to be high.

Photoluminescence studies revealed that intercalation of ibu and nap resulted in
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a significant increase in luminescence intensity, whereas the intercalation of dic
lead to the quenching of the luminescence signal associated with Th3*. Moreover,
it was demonstrated using LTbH-ibu that it is feasible to use the changing
luminescence emission spectrum upon drug release to quantify the extent of drug
which had de-intercalated. This property could provide a non-invasive way to

guantify the real-time drug release kinetics in vivo.

To ensure consistent performance and safety for potential in vivo applications,
homogeneous particles with an average size below ca. 200 nm are required. The
particles prepared by the method described in Chapter 2 were found to be non-
uniform and exceed this size requirement (670 £ 564 nm). Aiming to resolve this,
the work described in Chapter 3 concerns the optimisation of the hydrothermal
synthesis method to reproducibly yield LTbH particles with a smaller average
particle size and higher morphological consistency. The synthetic parameters of
temperature, incubation time, and vessel fill volume were systematically varied.
It was shown that temperature exhibits a dominant effect in determining resultant
particle morphology. The optimised, low temperature (90 °C) method was
demonstrated to be highly consistent and reproducible, resulting in particles with

a mean size of 152 + 59 nm, ideally suited to theranostic applications.

To establish if other, theranostic-compatible LRHs can be produced in an
analogous way, Chapter 4 begins by describing the application of the size-
optimised hydrothermal method to produce a small family of LRH systems (R =
R = Pr, Nd, Gd, Dy, Er, Yb). The synthesis was successful for R = Pr, Nd, Gd,
and Dy, in all cases yielding particles with mean size under 200 nm. In the case
of LErH, the resultant mean patrticle size was somewhat larger at 442 + 246 nm,
which is thought to be related to the smaller ionic size of Er3*. In the case of LYbH,

synthesis at 90 °C was not facile, resulting instead in the formation of a colloidal
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dispersion; increasing synthetic temperature to 150 °C resulted in a biphasic solid
with mean particle size 20 + 14 ym. Lead elements Gd and Tb were selected
based on their favourable properties for theranostic applications — high magnetic
activity, intense photoluminescence, similarity in ion dimensions and resultant
particle size, as well as relatively high biocompatibility. Three additional
formulations containing the elements Gd and Tb were created, at varying
composition ratios. Relaxometry studies revealed that while the LRH materials
exhibit low r1 relaxivities (r1 = 0.02 — 0.38 mM-1s?), their r2 relaxivities are
promising (r2 = 1.6 — 3.48 mM-s!). The photoluminescence of the various LRH
formulations was assessed in aqueous suspension, and it was found that
LGd1.41TbosgH-Cl exhibited higher luminescence intensity arising from Tb than
would be expected based on Tb content, which was attributed to the minimised

Tb-Tb quenching and additional energy transfer from Gd to Tb.

Based on these results, a lead formulation (LGd1.41Tho.soH-Cl) was selected for
photodynamic and photothermal capacity testing in Chapter 5. A near-infrared
laser assembly was first designed, constructed, and tested to facilitate these
experiments. The lead LRH formulation, LGd1.41Tho.seH, was loaded with known
PTT/PDT dye indocyanine green (ICG), and isophthalic acid (IPA) which has
recently been reported to act as an efficient PDT agent when intercalated into a
structurally similar LDH system.! The measurement of photothermal response in
this work was unfortunately not successful, due to a combination of experimental
equipment factors. However, the photodynamic response measurements
resulted in some promising findings. Though the LGd1.41Tho.59-IPA intercalate did
not exhibit any photodynamic activity, LGd1.41Those-ICG exhibited greatly
enhanced ROS generation efficiency relative to free ICG — an 8-fold improvement

in DPBF deactivation compared to the equivalent free IGC concentration.
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Additionally, it was found that the loading of ICG onto the LRH matrix does not
proceed via ion-exchange, and the resulting LRH-ICG composite retains its ion-
exchange capacity; therefore, this system may be able to carry a drug load in

addition to high photodynamic activity and bimodal imaging capacity.

Overall, the work presented in this thesis contributes to the body of knowledge
regarding LRH materials for potential biomedical applications, an area which
holds great promise but has thus far not been addressed in depth. This work
serves as an introductory exploration into the theranostic facets of several LRH
systems — their cytocompatibility, capacity for morphological control, drug loading
and release properties, as well as their potential for acting as imaging contrast

agents and facilitating phototherapy.

6.2 Future work

Firstly, and perhaps most importantly, the cytocompatibility of LRH systems
should be investigated more thoroughly. It was found in the work presented here
that the HEK 293 cell line (used as a healthy cell model) was more sensitive to
the presence of LRH materials than the cancerous Caco-2 cell line. Therefore, it
would be of interest to investigate how LRH materials (without additional
pharmaceutically active ingredients) may affect the viability and proliferation in
other human cell lines (particularly healthy cells). Additionally, such studies would
help to ascertain the local concentration level at which LRH particles begin to
exhibit cytotoxicity, which would be essential knowledge for further development
of LRH materials as potential theranostic agents. Confocal imaging studies of
LRH-treated cells should also be conducted to understand the LRH particle
uptake behaviour and how it may differ depending on LRH composition and

particle morphology. Further down the line, it would also be necessary to conduct
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studies to investigate the ultimate fate and safety of LRH patrticles in vivo, and
whether metabolic elimination results in LRH dissolution (and therefore release
of potentially toxic free Ln3* ions), if there is any bioaccumulation, or if LRH

particles are excreted intact.

Secondly, further intercalation studies could be undertaken to better understand
the nature of LRH matrix interaction with guest molecules. Ostensibly, there may
be readily accessible, small molecule moieties which when intercalated into LRH
matrices may exhibit strong photothermal or photodynamic effects. Studies
should also be conducted using LRH materials loaded with anti-cancer drugs (for
example, methotrexate or doxorubicin) instead of model drugs. It would also be
of interest to investigate if targeting moieties (antibodies or small molecules)
could be functionalised onto the surface of LRH materials, to facilitate better
selectivity towards cancerous cells (and presumably mitigate against off-target
toxicity towards healthy cells). Such surface functionalisation would enable the
LRH particles to retain their ability to carry a chemotherapeutic drug load via
intercalation. Furthermore, studies on the use of polymer coatings to modulate
drug release behaviour from LRH matrices would be beneficial, as they would
enable the development of sustained-release formulations and potentially expand
the use of LRH theranostic systems beyond cancer therapy. Additionally,
investigating enteric coatings to protect LRH formulations from the acidic
stomach environment may enable their delivery via the oral route, which is
currently precluded due to the instability of LRH materials under acidic conditions.
Such formulations may be useful for the image-guided treatment of localised
gastrointestinal diseases such as cancer, Crohn’s disease, or ulcerative colitis,
though oral delivery of LRH formulations is unlikely to be effective as a systemic

treatment.
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Thirdly, there is scope to improve the imaging contrast abilities of LRH materials.
The luminescence properties of the other rare-earth elements as part of LRH
systems should be investigated in more detail. For instance, LRHs comprising
one or more strongly luminescent rare-earth elements may enable multi-channel
luminescent imaging or exhibit synergistic effects that further enhance the
viability of LRH materials as biomedically relevant luminescent probes. Strategies
to improve MRI relaxivity, such as delamination of bulk LRH materials to improve
water access, could also be investigated. Delamination may also be a strategy to
further enhance the photodynamic capabilities of LRH-ICG materials, as ICG
presumably grafts onto the LRH via surface adsorption, and delamination would

expose more surface area available for adsorption.

The laser apparatus presented in this work could be further configured to enable
more thorough photo-therapy characterisations. The photothermal activity of LRH
materials (and LRH-photosensitiser intercalates) could be investigated with the
use of a thermal camera. Additionally, if the laser equipment were to be
configured to enable in vitro studies, the photothermal/photodynamic response
could be quantified in terms of the resultant cytotoxic effect, rather than indirectly

via assay methods or temperature measurements.

Overall, LRH systems show great promise as potential theranostic agents. There
is limitless scope for fine-tuning LRH performance, from their inherent properties
such as composition, luminescence and magnetism, through to their diverse
intercalation chemistry and potential surface functionalisation or incorporation
into composite materials. Though research interest into LRH materials for
biomedical applications is only beginning to gather momentum, it is certain that
the potential benefits and discoveries in this field will be abundant in the coming

years, leading to exciting new possibilities in the realm of personalised medicine.
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