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Abstract

Phosphate-based glasses (PBGs) are hugely promising materials for bone repair and
regeneration as they can be formulated to be compositionally similar to the inorganic
component of bone. Alterations to PBG formulations can be made to tailor their degradation
rates and subsequent release of biotherapeutic ions to induce cellular responses, such as
osteogenesis. In this work, novel invert-PBGs in the series xP,0s-(56-x)Ca0-24Mg0O-20Na,O
(mol%), where x is 40, 35, 32.5 and 30, were formulated to contain pyro (Q') and
orthophosphate (Q° species. These PBGs were then processed into highly porous
microspheres (PMS) via a flame spheroidisation process developed within the research group.
Compositional and structural analysis using EDX and 3'P-MAS NMR analysis revealed
significant depolymerisation had occurred with reducing phosphate content, which increased
further when PBGs were processed into PMS. A decrease from 50% to 0% of Q? species and
increase from 6% to 35% of Q° species was observed for the PMS when the phosphate
content decreased from 40 to 30 mol%. lon release studies also revealed up to a 4-fold
decrease in cations and an 8-fold decrease in phosphate anions released with decreasing
phosphate content. In vitro bioactivity studies revealed that the orthophosphate rich PMS had
favourable bioactivity responses after 28 days of immersion in SBF. Indirect and direct cell
culture studies confirmed that the PMS were cytocompatible and supported cell growth and
proliferation over 7 days of culture. The P30 PMS with ~65% pyro and ~35% ortho phosphate
content revealed the most favourable properties and was proposed to be highly suitable for
bone repair and regeneration, especially for orthobiologic applications owing to their highly
porous morphology.

Doxorubicin (DOX) was used as a model drug to assess its loading and release kinetics from
porous phosphate-based glass microspheres to ascertain their suitability for localised drug
delivery for the treatment of bone cancers. P40 PMS revealed a DOX loading efficiency of
55%, which was significantly greater than P30 PMS at 29.1%. Both P40 and P30 PMS
released more DOX in phosphate buffered saline (PBS) at pH 5 as compared to release at pH
7.4. P40 PMS released 57% of DOX at pH 5 over a 48-hour period, whereas P30 PMS only
released 15% of DOX. A pH-responsive DOX release in a more acidic environment suggests
that the chemotherapeutic delivery and efficacy properties may lead to increased drug release

within tumour tissues.

Internal radiotherapy has been shown to be an effective treatment modality to destroy
cancerous tissues and is usually achieved by the placement of radioactive sources at the

tumour site. In this work, a novel processing method was established to combine yttrium oxide



(Y203) with P40 phosphate glass particles to form uniform, solid microspheres containing very
high yttrium levels via our flame spheroidisation process. The 30Y (~15 mol% Y>03) and 50Y
microspheres (~39 mol% Y»03) had equivalent and superior yttrium content in comparison to
clinically available microspheres used for internal radiotherapy (i.e., Therasphere®). The
yttrium-containing microspheres formed were shown to be glass-ceramics, with crystalline
phases present but with all elements homogenously distributed throughout the microspheres.
Increasing yttrium addition resulted in increased durability of the microspheres, with 50Y
microspheres revealing a 10-fold decrease in the release rate of some ions compared to P40
solid microspheres. Indirect and direct cell culture studies confirmed that the 30Y and 50Y
microspheres were cytocompatible and supported cell growth and proliferation over 7 days of
culture. No significant difference was observed in the metabolic and ALP activity for MG63s
for both 30Y and 50Y microspheres from both indirect and direct cell culture studies. Yttrium
was incorporated into the phosphate-based microspheres at a level that had not previously
been achieved or observed from the literature studies and were shown to support bone cell
attachment and growth. A high yttrium content could enable more radiation to be delivered per
dose of microspheres, resulting in shorter neutron activation times which could prove
beneficial for logistical issues associated with transportation of the biomaterials following

nuclear activation.

The radionuclide holmium-166 (*%¢Ho) which is comparable to yttrium-90 (°°Y) in that it emits
B-radiation with a similar tissue penetration range and a significantly reduced half-life of 26.8
hours, was also investigated. The beneficial paramagnetic properties and density of 1®*Ho
indicates that 1**Ho-doped materials could be visualised through clinical imaging techniques,
whilst simultaneously delivering a therapeutic dose of radiation. In this work, solid holmium-
containing microspheres were similarly produced via the flame spheroidisation process using
holmium oxide (Ho.0s) and P40 phosphate glass particles. The glass-ceramic microspheres
produced had equivalent (30H: ~17mol% Ho0,03) and superior (50H: ~30mol% Ho.03)
holmium content in comparison to clinically used yttrium-doped microspheres (i.e.
Therasphere®). Analogous to yttrium containing microspheres, elevated holmium content
resulted in topographically unigue features on the surface of some 50H microspheres. This
increased holmium content resulted in significantly reduced ion release rates for all the ions
and the holmium-microspheres did not show evidence of bioactivity. However, in vitro indirect
and direct cell culture studies demonstrated their cytocompatibility. No significant difference
was observed in the metabolic and ALP activity of MG63 cells for 30H and 50H microspheres
in both the indirect and direct cell culture methods. This study appears to be the first to
demonstrate microspheres containing high levels of holmium content that can also facilitate

direct cell growth and proliferation of human osteoblast-like cells.



The microspheres developed are therefore hugely promising biomaterials for both drug
delivery and internal radiotherapy applications, as well as for promoting bone repair and
regeneration at damaged sites. High holmium content could also result in higher specific
activity per microsphere to increase radiotherapy delivery whilst also promoting higher visibility
via imaging modalities.
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Figure 4.16 Cumulative ion release profile of (A) [Na], (B) [Mg], (C) [P] and (D) [Ca] measured
via ICP-MS PMS of phosphate glasses investigated in milli-Q water during 28 days of
immersion period. (E) lon release rates (ppm per day) of P40, P35, P32.5 and P30 porous
microspheres calculated from the linear cumulative ion release profiles (observed in A — D)
(Error bars are also included in the data abOVve)..............uuuuiiiiiiiiiiiiiiiieeees 60
Figure 4.17 pH of milli-Q water during 28 days of (a) porous microspheres and (b) solid
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1 Introduction

1.1 Overview

Bone cancers are devastating diseases that cause disruption to bone structure and function.
Although primary bone cancers are rare and have an incidence rate of only 2.6 per 1,000,000
people in the UK, bone is the third most common organ where metastases occur [17]. The
incidence of advanced malignant tumours with bone metastasis is 30-75%, depending on the
primary tumour type, with high incidence especially common in patients with advanced
prostate and breast cancer. Cancers of the bone can cause patients to experience severe
pain, result in pathological fractures and can lead to impaired mobility. Surgical resection is
the primary treatment method to remove cancerous cells and prevent further metastases [18].
This can result in critical-sized defects that may not heal spontaneously. Although the current
gold standard remains autologous bone grafts, the additional morbidity involved for the
patients and the risk of the tissue being rejected, in the case of allografts, due to immune
responses highlights the need for new and improved treatments. An alternative solution is the
use of synthetic bone graft substitute biomaterials that aim to replace native bone and to guide

and stimulate bone repair and regeneration [19].

Calcium phosphate-based biomaterials are seen as ideal candidates for bone repair and
regeneration and as a result have attracted much attention leading to the continuation of their
rapid development [20]. This family of biomaterials are compounds formed through the
interaction of calcium and phosphate ions resulting in their unique resemblance to the
chemical and structural components of native bone tissue [21]. The calcium phosphate-based
biomaterials developed contain a variety of properties that are beneficial when used as a bone-
graft substitute or to promote new bone growth, such as; osteoconductivity, osteoinductivity,
the ability to fully degrade in vivo and the capability to withstand stress at the defect site. In
addition to these properties, many techniques have been developed to process the calcium

phosphate-based biomaterials into a variety of practical geometries and tissue scaffolds [22].

The ability to formulate phosphate-based glasses and glass-ceramics to be compositionally
similarity to the inorganic component of bone has led to their exploration as biomaterials to
facilitate bone repair. These materials can act as osteoconductive surfaces that support cell
growth, whilst simultaneously releasing therapeutic ions that can stimulate increased tissue
repair [23]. Alterations to phosphate-based glass formulations can dramatically affect many of
the glass properties, such as the melting temperature, chemical durability, and ion release

rates [24]. These glasses therefore have the potential to be tailored to encompass the



chemical and mechanical properties as well as induce the biological functions required to meet

the specific requirements for bone regeneration.

During surgical resection, complete removal of all malignant bone tissue is challenging.
Consequently, often a multi-modal treatment strategy involving chemotherapy and
radiotherapy is employed prior to and following surgical resection to both reduce bone tumour
mass and to eliminate residual cancerous cells [25]. The systemic administration of many
prominent chemotherapy drugs results in unwanted off-target side-effects that cause the
detrimental adverse effects suffered by many cancer patients. Techniques continue to be
developed that allow for localised chemotherapy delivery that can increase efficacy at the

target site whilst simultaneously result in a reduction of off-target effects [26].

External beam radiation therapy (EBRT) for bone metastasis is commonly employed as a
palliative therapy with 60-89% patients having a partial response and 25-30% having a
complete response to treatment [27]. Despite this, the deep lying nature of bone tissue limits
the ability to perform EBRT on a large proportion of bone cancer patients. In other cancers
where EBRT is not possible, such as in unresectable liver carcinomas, internal radiotherapy
is delivered using radionuclide-doped glass microspheres. The glass microspheres contain
the element yttrium, which upon neutron activation form the B-emitting Y radionuclide. The
microspheres are therefore able to deliver site specific internal radiotherapy to malignant
cancer cells which has been shown to improve patient prognosis [28].

The beneficial properties of glass microspheres, such as their improved flow properties
compared to irregular shaped particles and their ability to be administered via minimally
invasive injection techniques, has led to their use beyond internal radiotherapy applications.
Porous microspheres can act as a substrate for cell growth and proliferation and have
enhanced gas and nutrient flow which has facilitated their use in a wide range of tissue
engineering applications [29]. Furthermore, porosity can be exploited to enable the loading of
these microspheres with therapeutic cargo for localised delivery to overcome issues
associated with the systemic administration of drugs, growth factors and other biological and

non-biological compounds [30].
1.2 Aims and Objectives

In this work, phosphate-based microspheres were investigated as suitable biomaterials to
address the above problems associated with current bone cancer treatment strategies. The
primary aim of this project was to manufacture and characterise phosphate-based

microspheres that can be tailored to form part of a treatment strategy for bone repair and



regeneration following bone cancer and its associated treatments. Phosphate-based glass
formulations were processed to produce solid and porous microspheres that can release
therapeutic ions upon degradation to stimulate cells and guide bone regeneration at sites
following bone devastation due to cancer or surgical resection. The microspheres were
designed to simultaneously act as osteoconductive surfaces that could promote bone cell
attachment and growth. This project also aimed to encapsulate a chemotherapeutic drug
(Doxorubicin) within the porous structure of the microspheres for potential application in
localised drug delivery for the treatment of bone cancer. These multifaceted microspheres
were intended to deliver localised chemotherapeutics to sites of bone cancer, thereby negating
the adverse effects of systemic administration, whilst facilitating the controlled delivery of

therapeutic ions to promote bone repair and regeneration.

Extensive work was also undertaken to process novel high content yttrium and holmium
containing phosphate-based microspheres that could be used for localised bone cancer
radiotherapy. The development of a processing methodology that can achieve high levels of
both yttrium and holmium content could increase the specific activity per microsphere and
increase the radiotherapy efficacy delivered, whilst decreasing the number of microspheres

required for treatment.
The studies conducted included the following specific objectives:

e Processing phosphate-based glasses into solid and highly porous microspheres and
performing elemental, structural and cytocompatabilty characterisation.

e Investigate the loading and release of doxorubicin from porous microspheres and

assess their potential as localised drug delivery vehicles.

e Develop a processing methodology to produce high yttrium content phosphate-based
microspheres and perform elemental, structural and cytocompatabilty

characterisation.

e Develop a processing methodology to produce high holmium content phosphate-
based microspheres and perform elemental, structural and cytocompatabilty

characterisation.



2 Literature review

2.1 Bone anatomy and structure

Bone is a specialised type of connective tissue that plays an essential role in many biological
processes that include locomotion, protection and support of soft tissues, mineral homeostasis
and haematopoiesis [31]. Its cellular and extracellular composition give rise to a highly
organised architecture which is responsible for bones unique physical and biomechanical
properties. Four types of cells are found within bone: osteoblasts, osteoclasts, bone lining cells
and osteocytes, with each type playing distinct roles in bone homeostasis [32]. Most of the
volume of bone is made up of its extracellular matrix that is comprised of an organic and
inorganic component. The organic component is formed from proteins, such as collagen,
glycoproteins and proteoglycans, which surround the bone cells [33]. Calcium and phosphate
ions that form to create hydroxyapatite crystals are the main constituent of the inorganic
component but other ions such as magnesium are also found within the extracellular matrix of
bone (see Figure 2.1). [34].
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2.2 Remodelling of bone

Bone is metabolically active and is a highly dynamic tissue that is constantly undergoing
adaptive remaodelling in response to mechanical and chemical stimuli. Bone remodelling is a
highly complex process and involves the constant cycle of old bone being resorbed and new
bone replacing it [35]. This process is regulated through the coordinated action and interaction
of the osteoblasts, osteoclasts, osteocytes and bone lining cells (see Figure 2.2). Bone
resorption occurs following activation of osteoclasts whilst osteoblasts are responsible for
forming new bone at the remodelling site. Bone remodelling is influenced and controlled by
multiple local and systemic factors such as hormones, cytokines, prostaglandins, ions and
mechanical loading [31]. A greater understanding of the dynamic nature of bone tissue and
the remodelling process continues to aid in the development of new therapeutic approaches

to bone diseases.
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Figure 2.2 Schematic of the structure of bone and the locations of bone cells. [5]

2.3 Primary bone cancer

Osteosarcomas are the most common form of primary malignant tumours of the bone [36].
Osteosarcomas are characterised by the production of osteoid and local tissue invasion by
the malignant cells and are most commonly, but not exclusively, found in children and young
adults. Osteosarcomas usually develop in the long bones at the metaphysis, due to this region

experiencing the most rapid growth, and frequently present in the distal femur, proximal tibia



and proximal humerus (see Figure 2.3) [37]. Histological examination is performed to grade
osteosarcomas on the likelihood that these malignant cells will continue to grow and spread
to other parts of the body. There are several types of highly aggressive osteosarcomas, such
as osteoblastic, fibroblastic and chondroblastic, dependent on which matrix-producing cells
dominate and less aggressive forms such as parosteal osteosarcomas [38].
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Figure 2.3 Percentage distribution of bone sarcoma cases by anatomical site. [3]

Ewing sarcoma is the second most diagnosed form of primary bone cancer and like
osteosarcomas is most often seen in children and young adults. This highly malignant form of
tumour is found in flat bones, such as the pelvis and ribs, as well as throughout long bones
[39]. Other forms of primary bone cancer include chondrosarcoma, chordoma and

angiosarcoma [38].



2.4 Secondary bone cancers

Bone is a common site of metastases and ranks third amongst all organ metastases, behind
hepatic and pulmonary metastases respectively, and is more frequently observed than primary
bone tumours [40]. The increase in prevalence of bone metastases has been attributed to the
prolonged survival of cancer patients, due to advances in treatment, in addition to more
sophisticated diagnostic techniques [41]. The type and incidence of bone metastases is
dependent upon the primary tumour site. Primary breast and prostate cancer are accountable
for most bone metastases, with the incidence as high as 65-75% in patients with advanced
stage breast or prostate cancer. The median-survival from diagnosis of bone metastases in
breast and prostate cancer ranges from 12-53 months but is as low as 6-7 months in advanced
stage lung cancer patients, where the incidence is 30-40% [42]. Secondary bone cancers have
a significant clinical impact and are a major cause for morbidity. Skeletal related events (SRES)
that arise as a result of metastases in the bone are characterised by severe pain, pathological

fractures, impaired mobility, spinal cord compression and hypercalcemia [43].

For a metastasis to transpire, a complex cascade of events occurs starting with the cancer
cells detaching from the primary tumour, intravasation into blood and lymphatic vessels and
then extravasation into the tissue of a distant organ. This ‘seed and soil’ hypothesis has
provided the basis for research into the molecular mechanisms that orchestrate the frequency
of bone metastases in many cancer patients (see Figure 2.4) [44]. Initially, primary cancer
cells undergo epithelial-to-mesenchymal transition, a process in which epithelial type cancer
cells experience a phenotypic transformation to cells presenting mesenchymal characteristics.
The cancer cells lose cell surface intracellular adhesion proteins and epithelial polarisation
and secrete factors that enable them to migrate to surrounding tissue and into systemic
circulation [45]. The site of the primary tumour and anatomy of the surrounding vessels
influences the likely location of the bone metastases once the tumour cells are in systemic
circulation. For instance, prostate cancer metastasis is most commonly seen in the axial
skeleton in the sacrum, lumbar spine and pelvis as a result of the venous drainage of the

prostate through the pelvic plexus [18].
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Figure 2.4 Schematic representation of the “seed” and “soil” hypothesis for bone metastases.
(A) Site of primary tumour, (B) Local invasion, (C) Intravasation, (D) Dissemination via blood
and lymphatic vessels, (E) Extravasation, (F) Colonisation at site of bone metastases. [15]

The circulating tumour cells often end up residing in bone due to multiple mechanisms that
are initiated by the tumour cells. The primary tumour cells release specific growth factors and
cytokines that can recruit bone marrow derived cells (BMDCs), which in turn cause an increase
in extracellular matrix remodelling, promote vascular permeability, and can suppress some
levels of immune function. This creates an environment favourable for tumour cell attachment
and subsequent growth known as the pre-metastatic niche [46]. The circulating tumour cells
have been shown to over-express specific chemokine receptors, namely C-X-C motif
chemokine receptor 4 (CXCR-4), of which the specific ligand CXCL-12 is produced by various
stromal cells found in bone marrow (mesenchymal stem cells, endothelial cells and
osteoblasts). This chemo-attractive mechanism facilitates osteotropism and causes the
cancer cells to hone to and colonise the pre-metastatic bone niche [47]. The cancer cells then
enter a state of quiescence, enabling the cells to evade the actions of the immune system and
rendering them resistant to treatment. A combination of local and systemic factors then initiate
the development of the bone metastasis with different mechanisms responsible as to whether

the bone metastases is osteoblastic, osteolytic or a combination of both [48].



Osteolytic bone metastases most commonly arise from breast cancer and multiple myeloma
[49]. The tumour cells that are residing in the pre-metastatic niche interact with the bone
microenvironment and establish a self-propagating vicious cycle that disrupts normal bone
homeostasis and structure [50]. The tumour cells secrete various cytokines that, either directly
or indirectly via osteoblast, promote osteoclast differentiation and activity. The result of this is
an increase in bone resorption which is accompanied by the subsequent release of matrix-
embedded growth factors, such as platelet-derived growth factor (PDGF) and insulin-like
growth factor. These growth factors stimulate tumour growth and proliferation, whilst inhibiting
osteoblast activity, thereby perpetuating the vicious cycle and leading to further bone
devastation [43]. The destruction of the normal bone architecture means that this type of bone
metastases has the highest rate of fracture. Patients with multiple myeloma have been found
to have the highest fracture incidence of 43% with the fracture incidence as high as 35% in
breast cancer patients. A study showed that patients who developed a pathologic fracture had
a significant increased risk of death (32% multiple myeloma, 20% breast cancer) relative to
patients without a fracture [51]. The mechanisms that cause the formation of osteoblastic
lesions are less well understood but are most common with metastases from prostate cancer.
Growth factors, such as TGF- 3, bone morphogenetic protein (BMP) and Wnt, are secreted
from the tumour cells which in turn stimulate the differentiation of mesenchymal progenitors
into osteoblasts. This results in an imbalance in bone turnover and increased bone formation
through osteogenesis [52]. Osteoblastic lesions also result in pathological fractures but to a
lesser extent than seen in osteolytic lesions. A study of 640 prostate cancer patients with bone
metastases found that there was a fracture incidence of 19% [51]. An increased
understanding of the multifaceted and complex nature of bone metastases has revealed
numerous cellular and molecular targets for treatment within the metastatic cascade, which
include osteoblasts, osteoclasts, endothelial cells, immune cells, circulating tumour cells and

the extracellular matrix of the bone microenvironment [50].
2.5 Treatment for primary bone cancer

Surgery remains the principal treatment option for most primary bone cancer cases. A wide-
excision is performed in which the whole tumour is resected as well as some of the healthy
tissue around it to ensure that all the cancerous cells are removed. For the majority of patients,
limb-sparing surgery is possible but in a number of cases amputation of limbs is necessary in
order for an effective wide-excision to be performed and the successful removal of all cancer
cells [53]. Advances in surgical and imaging techniques has meant that the extent of bone and
surrounding tissue resected during surgery has decreased but remains a very invasive and

drastic course of action. This in conjunction with more sophisticated and innovative
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reconstructive procedures has improved not only the survival rates for patients but also the
functional outcomes following such operations [54]. A curettage method can be used in some
cases to scrape out and remove cancerous cells in certain regions of long bones and in the
skull and spine. This can reduce the critical size of bone resected but still leaves regions of
bone that need regenerating or to be reconstructed (see Figure 2.5) [55]. Pre- and post-
operative chemotherapy is traditionally used in adjunct to surgical intervention, particular with
patients suffering with osteosarcoma and Ewing sarcoma, to induce tumour necrosis and
prevent any residual tumour cells from surviving and continuing to proliferate. Intraoperative
cryoablation and percutaneous bone cement injections (cementoplasty) are additional
adjuvant procedures that are sometimes performed during open bone tumour surgery to
improve the clinical outcome [56]. In some instances, radiation therapy can also be used to
shrink the overall size of the tumour prior to surgical intervention although no consensus has
been reached about the optimal dose whether the radiotherapy should be delivered in a single
dose or in multiple treatments. The location, severity and condition of the patient will dictate
the treatment regimen. Following the removal of the tumour, an endoprosthetic or biological
reconstruction of the defected site may be required but is dependent upon numerous patient

and tumour-related factors [57].

Figure 2.5 Schematic representation of the surgical curettage technique used for the
removal of a bone tumour. (A) Bone tumour identified in the distal femur. (B) Curettage and
high-speed burring are performed to remove the tumour. (C) Residual tumour cells may still
be present following excision of the tumour. Cyroablation and chemotherapy can be used
to remove residual tumour cells. (D) Reconstruction of the defected bone region via internal
fixation or the use of bone grafts and biomaterial substitutes can be performed. [58]
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Multiple clinical trials have shown that the standard treatment strategy for primary bone cancer
of neoadjuvant chemotherapy, surgical resection followed by adjuvant post-operative
chemotherapy improves prognosis for patients. Some variability exists in the precise
combination chemotherapy regime a patient receives but in most cases some of the most well-
established chemotherapeutics, such as methotrexate, doxorubicin, adriamycin, cisplatin and
ifosfamide are administered [25]. The tumour necrosis response to neoadjuvant
chemotherapy has been found to be a strong indicator of the overall response to treatment. A
study of 97 osteosarcoma patients by O’Kane et al. revealed that patients with 90% tumour
necrosis or more exhibited an 82% five-year survival rate, whereas patients with less than
90% tumour necrosis only had a 68% five-year survival rate [59]. Patients usually remain on
the same chemotherapy regime post-operative unless poor responders pre-operatively or if
experiencing extreme adverse events. The chemotherapy drugs used in the management of
primary bone cancer are a systemic treatment and following administration circulate in their
bloodstream to reach and destroy cancer cells located throughout the body. The toxic nature
and systemic administration of these chemotherapeutics results in the well documented and
inadvertent side effects of chemotherapy (see Figure 2.6). Ifosfamide has been shown to
cause hemorrhagic cystitis, peripheral neuropathy can arise due to cisplatin treatment and
adriamycin-induced cardiomyopathy can be a life-long effect of treatment [60].
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Figure 2.6 Common long-term adverse effects associated with the systemic administration
of many non-specific chemotherapeutics. [2]

2.6 Treatment for secondary bone cancer

In bone metastases, surgical intervention is usually a palliative treatment option performed to
alleviate pain and to restore function and mobility to affected areas. As with primary bone
cancer, surgical intervention may be curative in certain instances when a solitary resectable
metastasis is present. Typically bone metastases involves multiple sites and while resection
of multiple bony defects followed by complex endoprosthetic reconstructive surgery is
occasionally performed, the complex nature of such procedures and the spread of an
individual’s metastases do not always facilitate such practice [61]. Surgery can be performed
for prophylactic fixation of impending fractures and to stabilise pathological fractures that occur
at sites of metastases. A multi-modal treatment strategy is therefore required to improve the
outcome of treatment for the patient with a typical regime comprised of a combination of
chemotherapy, hormone therapy, radiotherapy and surgical intervention in some regards [62].
Numerous patient and cancer-related factors, such as the type of primary cancer, the site of
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metastases, the presence of multiple metastases as well patients age, physical condition and

prognosis will dictate the course of treatment [63].

The site of primary cancer will ultimately dictate the chemotherapy regime that a patient with
bone metastases will undergo. The frontline treatment is systemic chemotherapy that is
effective against the primary tumour type. Additional therapeutics that specifically target the
bone and the site of metastasis are also used to alleviate pain as well as prevent skeletal
morbidity and hypercalcemia. Bisphosphonates (BPs) are seen as the gold standard in bone-
targeted therapeutics for the treatment of osteolytic bone metastases and other bone diseases
characterised by abnormally high bone resorption [64]. Bisphosphonates are a class of drug
that are stable analogues of pyrophosphate, where a P-C-P bond is present in place of the P-
O-P bond of pyrophosphate, making them resistant to chemical and enzymatic hydrolysis. The
P-C-P backbone presents two phosphonate groups that can bind to chelating calcium ions on
hydroxyapatite surface causing bisphosphonates to have a high binding affinity to bone. The
molecular structure of the two covalent side chains, R1 and R», affect the binding affinity and
the pharmacological activity of the various BPs [65]. Bisphosphonates are classified as
nitrogen BPs or non-nitrogen BPs depending on the presence or absence of a nitrogen atom
in their Rz side chain.

Nitrogen BPs or non-nitrogen BPs have different mechanisms of action but both inhibit
osteoclast-mediated bone resorption by supressing osteoclast activity [66]. Non-nitrogen BPs
are metabolised into cytotoxic analogues of adenosine triphosphate (ATP) and the
subsequent accumulation of the resulting metabolites within osteoclasts induces apoptosis.
Nitrogen BPs effect the cholesterol synthesis by inhibiting diphosphate synthase in the
mevalonate pathway. The downstream effect of this is disruption to the morphology,
cytoskeletal arrangement, membrane ruffling and ultimately the osteoclasts ability to function

and resorb bone [11] (see Figure 2.7).
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Figure 2.7 The proposed mechanisms of action of bisphosphonates that result in their
antitumor activity. [11]

As is the case for all cancers, novel ways in which drug therapies can be administered in a
targeted, site-specific manner for the localised delivery of a high concentration of antitumor
agents are being developed and investigated for the treatment of bone cancers. Ozben et al.
loaded polymethyl methacrylate (PMMA), which is used for intraoperative cementoplasty
during orthopaedic surgery, with cisplatin and investigated the cytotoxicity on primary
osteosarcoma Saos-2 cells. The mechanical properties of PMMA remained unaltered by
cisplatin addition but cisplatin did cause a significant reduction in the viability of Soas-2 cells
following incubation. They proposed that cisplatin loaded PMMA may be used to fill the area
following resection of a bone tumour to prevent tumour growth [67]. Antitumour agents such
as doxorubicin and gemcitabine have been conjugated with BPs to improve their targeted
delivery to bone metastases [68]. Studies continue to be undertaken to find ways in which to
improve the therapeutic efficacy of treatment and reduce adverse effects associated with

systemic delivery of non-targeted drugs [69].
2.7 Radiation therapy and treatment for bone cancer

Radiotherapy has become one of the most common and vital modalities for effective cancer

treatment and care and is used either alone or in combination with surgery, chemotherapy and
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immunotherapy in approximately half of all cancer cases worldwide [70]. lonising radiation is
utilised for the treatment of cancer due to its ability to deposit energy that damages the genetic
material of cells, resulting in their inability to survive and proliferate further. The unregulated
manner in which cancer cells rapidly proliferate means that they are more susceptible to
radiation-induced DNA damage than normal healthy cells [71]. Irradiation can also damage
the DNA double helix structure by inducing DNA single and double-strand breaks, which in
turn induces cellular events such as apoptosis, necrosis and abnormal mitosis [72]. DNA can
also be damaged indirectly by reactive oxygen species (ROS) and through free radicals
generated in cells by radiation (see Figure 2.8) [73]. The genomic instability of cancer cells
means that they are inefficient or lack the ability to effectively repair DNA damage induced by
radiation in comparison to normal cells. This mechanism underpins radiotherapy’s selectivity
for inducing cancer cell death [74]. Unfortunately, radiation inadvertently also causes damage
to healthy cells adjacent to cancerous cells, or those in the radiation path. As such,
advancements in this field need to consider maximising the dose of radiotherapy to aberrant

cancer cells whilst minimising exposure to normal healthy cells.
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Figure 2.8 (a) Schematic of how ionising radiation utilised for radiotherapy can damage
DNA. Radiation can directly damage DNA or indirectly damage it through the generation of
reactive oxygen species (ROS). (b) DNA damage can occur because of single-strand
breaks (SSB), double-strand breaks (DSB) or other interactions with DNA and proteins.
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Depending on the type of cancer, radiotherapy can be used to cure localised cancer, as
palliative treatment to reduce symptoms, or to limit progression of the disease in incurable
cases [75]. Radiotherapy can be delivered at different stages of a patient’s treatment regime.
Neoadjuvant radiotherapy is performed pre-operatively with the aim of reducing the size of a
tumour prior to surgical resection. Radiotherapy can also be used as an adjuvant therapy intra-

operatively and post-operatively to help eliminate any residual tumour cells [76].

The radiation itself can be delivered to cancerous targets in two opposing ways, externally or
internally. External Beam radiation is the most prevalent form of radiotherapy used in the
clinical setting and involves aiming high-energy rays, in the form of photons (X-rays or gamma
rays), protons or particle radiation, from outside of the body to the specific tumour site.
Conversely, Internal Radiation occurs as a result of placing radioactive sources within the
body, usually adjacent to or directly into the tumour itself [77]. Technological advances are
continuing to drive progression in both external and internal radiotherapy to improve its

therapeutic efficacy and reduce adverse effects.

Radiation therapy plays an important role in the palliative treatment of bone metastases. It is
administered to patient’s primarily to relieve pain and to improve their quality of life by
ameliorating skeletal function, preventing pathological fractures or spinal cord compressions
and therefore reducing analgesic requirements [78]. The tumour cells present in the bone
microenvironment disrupt the physiological equilibrium between osteoblasts and osteoclasts
causing structural damage and fractures. Invading tumour cells can directly compress
surrounding nerve cells at the site of metastases and the increased expression of chemical
mediators further stimulates nerve fibres and results in local pain. lonising radiation can reduce
osteoclast activation, kill tumour cells at the site of bone metastases and thereby increase
ossification. The reduction in tumour volume that can be achieved using radiation therapy is
capable of providing symptomatic relief by reducing the stimulation to adjacent nerve cells and

by reducing the inflammatory response at the bone metastases site [79].

External beam radiotherapy (EBRT) is most commonly used and between 50% and 80% of
patients have been found to respond to at least partial pain relief following treatment and up
to one-third experiencing complete relief [80]. Technological advances in imaging techniques
and the ability to deliver the radiotherapy has meant that highly conformal therapies, such as
stereotactic body radiation (SBRT) and three-dimensional conformal radiation therapy (3-
DCRT), are routinely employed. These techniques can accurately target specific bone
metastases and deliver a maximum ionising radiation to the target, whilst minimising the dose
to surrounding healthy tissue. The modality, total dose and fraction of the radiotherapy

schedule are considered on an individual basis and are dependent on both the condition of
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the patient and the cancer [81]. Clinical considerations such as location of the tumour and its
subsequent proximity to surrounding critical structures and radiosensitive tissue can mean it

may not always be possible to utilise EBRT in the treatment of cancers of the bone [82].

Injectable radiopharmaceuticals have also been used for the treatment of secondary bone
cancer, particularly when the cancer has metastasised to multiple bone sites [83]. Currently,
there are four commercially available radiopharmaceuticals for bone cancer treatment: 8SrCl,
(Metastron®), ??°RaCl, (Xofigo®) **Sm-EDTMP (Quadramet®), and %*Re-HEDP (186Re-
etidronate®) [84]. Both Radium and Strontium are alkaline earth metals and follow very similar
metabolic pathways in vivo to calcium and therefore have a natural tropism for bone.
Samarium and rhenium are conjugated to phosphonates (EDTMP,
ethylenediaminetetramethylene phosphonate and HEDP, hydroxyethylidene diphosphonate),
which are molecules that have a very strong affinity toward calcium present in the actively
growing bone. The radiotherapeutic agents therefore localise in bone mineral to act as bone-
targeting therapies. The uptake of these agents occurs preferentially at sites of active
osteogenesis meaning that a greater concentration of these agents can occur at osteoblastic
lesions and multiple metastatic sites simultaneously [85]. The ionising radiation emitted from
the radiopharmaceutics has low tissue penetration and consequently can target the bone
metastases with minimal irradiation of adjacent soft tissue. Myelosuppresion is the most
serious of adverse side effects that is occasionally seen in addition to the common adverse
effects of radiation therapy [86]. The systemic administration of radiopharmaceuticals is
limited to certain patients since the majority of cancers require the ablative radiation dose to
be targeted and to occur directly at the cancerous tissue over a short time period, with a rapid

fall-off in dose to ensure minimal irradiation of healthy tissues [87].

Radiation therapy is a very important treatment strategy for most cancers and although well-
established within treatment regimens there is ongoing efforts to design new treatment
modalities and ways of delivering radiation. Selective internal radiation therapy (SIRT) is a
method that has been employed to treat unresectable hepatocellular carcinoma to great effect.
This process involves administering °Y-doped SiO,-Al,Oz radioactive insoluble glass
microspheres that become trapped in hepatic vasculature supplying the tumour. The result of
this is the localised delivery of a high dose of radiation directly to the tumour, whilst reducing
the exposure to surrounding healthy tissue (see Figure 2.9) [88]. Further work has
investigated utilising bioactive glasses as radioisotope vectors for the potential treatment of
other types of cancer and for an array of additional therapeutic applications [89]. lons such as
yttrium and strontium can be incorporated into bioactive glasses and exposure to neutron

bombardment prior to injection can activate radioactive isotopes such as *°Y and #Sr. Careful
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formulation development is required as neutron activation may cause other elements present
within the glass to activate into undesirable radionuclides. The size, shape and bioactivity of
bioactive glasses microspheres facilitates their transport and delivery to specific locations and
can provide in situ radiotherapy.
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Figure 2.9 Schematic of SIRT and the use of Y-doped microspheres for the treatment of liver
cancer. Microspheres are administered via a catheter into the hepatic vasculature.
Microspheres emit beta radiation to the kill tumour cells whilst having an embolic effect to
further induce tumour apoptosis. [7]

2.8 Bioactive glasses

Since their discovery in 1969 by Hench et al. bioactive glasses have been extensively used
as the bulk material for producing medical devices for orthopaedic and dental applications and
more recently for both hard and soft tissue engineering [90, 91]. The original 45S5
Bioglass® (46.1% SiO2, 24.4% NaO, 26.9% CaO and 2.6% P,0s, in mol%) was found to form
strong chemical bonds with host bone tissue without triggering fibrosis. The bioactivity of 45S5
Bioglass® and its ability to bond to bone occurs through a sequence of chemical reactions
and the formation of a hydrocarbonate apatite (HCA) layer on the glass surface. The similarity
between HCA and bone mineral means that collagen fibrils bond to the HCA and integrate the
glass with the bone [92]. This discovery led to a whole field of research into the use of glasses,
glass-ceramics and ceramics as bioactive materials in the biomedical field. There are now
three main types of bioactive glasses based on their network former: silicate, borate and
phosphate-based glasses. The ability to tailor the glass properties by altering the compaosition
of the glass with network modifiers and modifying oxides means that these biomaterials offer

a wide range of potential therapeutic applications. Alterations in the glass formulation affect
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the glasses physico-chemical and mechanical properties, bioactivity and dissolution rate. New
glass formulations have been developed to improve the properties and to enhance the clinical
translatability of bioactive glasses in order for them to address specific medical needs and
elicit therapeutic responses [93].

In contrast to crystalline solids, glasses have no periodic atomic arrangement and long-range
order and are instead organised in a short-range order (see Figure 2.10). This short-range
order depends on the glass composition and the addition of network modifying oxides alters
the structure of the glass and therefore many of its properties. Glasses are considered
amorphous, disordered materials and this gives rise to the unique glass transformation
behaviour that all glasses must exhibit [94]. This means that glasses have greater
compositional flexibility than crystalline solids, due to the lack of constant and well-defined
stoichiometry, meaning that precise compositions can be formulated to produce glasses with
specific properties. It is possible to dope glasses with ions by the addition of modifier oxides
to the glass composition. Since the structure of the glass directly affects its density, stability,
solubility and ion release in an aqueous environment, doping the glass composition with
certain oxides allows for the controlled release of ionic species. This is possible to a greater
extent when using phosphate-based glasses as opposed to silicate-based glasses. The ability
to dope glass formulations with specific ions has been central to the development of bioactive
glasses, as their release has the potential to stimulate an array biological processes and
therapeutic actions [95].

A

Figure 2.10 Schematic structure of (A) a crystalline solid with periodic atomic arrangement
and (B) an amorphous glass with no long-range periodicity. [9]
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A major advantage of delivering metallic ions to elicit a cellular response is that they do not
suffer from the instability and decomposition issues to the same extent as organic molecules.
lons are known to be essential cofactors of enzymes and can alter cellular functions due to
their interactions with other ions, nucleic acids, by directly interacting with ion channels or
acting as second messenger molecules [96]. Extraphysiological levels of certain ions can
result in toxicity and have detrimental effects on vital homeostatic mechanisms and therefore
limits their ability to be administered systemically. The controlled, localised delivery of metallic
ions at specific concentrations will improve their selectivity and ability to interact with the
desired molecular targets. Bioactive glasses can allow for continuous ion release thereby

providing a sustained therapeutic effect throughout the glass degradation.
2.9 Phosphate-based glasses for bone repair and regeneration

Phosphate-based glasses (PBGs) can be formulated to be compositionally similar to the
inorganic component of bone and their biocompatibility and the ability to control their
degradation profile makes them encouraging materials for hard tissue engineering
applications [97]. The primary network former of pure phosphate glass is P.Os but due to its
hygroscopic nature, modifying oxides are added to improve the stability and properties of
PBGs [94]. The PO.,* tetrahedral groups are the structural unit of PBGs, where the
phosphorous atom is covalently bonded to three oxygens via single bonds and to a terminal
oxygen via a double bond. The presence of a terminal oxygen reduces the connectivity of
PBGs relative to silicate-based glasses [98]. The P-O-P bonds that form between adjacent
tetrahedral are known as bridging oxygens (BOs) and the structure of PBG is related to the
number of BO’s [98]. Q" terminology is used to describe the species present within PBGs,
where n signifies the number of BO’s per PO,* tetrahedron [99]. A range of phosphate glass
anionic Q" species can be produced from Q3, Q?, Q! and Q° species which are referred to as

ultra-, meta-, pyro- and orthophosphates, respectively (see Figure 2.11) [99].
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Figure 2.11 The structure of different phosphate Qn species.

PBGs generally degrade faster than silicate-based glasses and altering the glass composition
can vary the rates of dissolution by several orders of magnitude [5]. The network connectivity
and the arrangement of modifier cations within the glass structure can dictate the dissolution
rates of PBGs. The addition of alkali (MeO) and alkaline earth (Me>O) oxides reduces the
network connectivity of the PBGs by decreasing the number of BO’s between the PO.,*
tetrahedrons. The modifier oxides reside in the spaces between the PO,* tetrahedrons and
the ionic strength of the modifiers determines the strength of the bond between them and the
network former. The strength of these interactions can have a profound effect on the physical
properties of the glass, such as their transparency and heat resistance, as well asthe
dissolution rate [100]. The addition of MeO and MeO can be used to introduce a controlled
amount of therapeutic ions into the phosphate glass composition during the standard
manufacturing process. These therapeutic ions are subsequently released upon glass
degradation in vivo [101]. Careful formulation development can therefore be used to tailor the

specific ions as well as the rate in which they are released from PBGs.

The relative ease at which ions of various concentrations with physiological activity and
therapeutic properties can be incorporated into PBGs has led to numerous novel formulations
being developed and investigated. Single inorganic ions such as calcium (Ca), phosphorous
(P) and magnesium (Mg) are vital for bone metabolism and for the growth and mineralisation

of bone tissue [19]. Calcium ions are known to promote osteoblast proliferation and
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differentiation and activate Ca-sensing receptors on osteoblasts to increase the expression of
growth factors, such as IGF-1 and IGF-11 [102]. Magnesium is essential for the formation of the
alkaline phosphatase (ALP) enzyme, which has a vital regulatory role in bone mineralisation.
Furthermore, magnesium deficiency has been shown to impede bone growth and increase
bone resorption [103]. Additional ions such as strontium (Sr) have also been incorporated into
PBGs since Sr has been shown to increase ALP, metabolic activity and differentiation of

osteoblasts whilst also inhibiting osteoclast differentiation [104].

The release rate is as equally important as the specific ions that are released during a glasses
dissolution in vivo. Excessive ion release can lead to local toxicity and increase the likelihood
of unwanted off-target effects. This is particularly important when using glasses to deliver
radiotherapy in a site-specific manner since leaching of radionuclides can cause irradiation of
nearby healthy tissue [89]. The biocompatibility, controllable resorption profiles and the ability
to incorporate specific therapeutic ions in PBGs has led to extensive studies into their use as

part of treatment strategies for bone repair and regeneration (see Figure 2.12) [105].
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Figure 2.12 The various therapeutic ions that can be doped in phosphate-based glasses and
their role in bone tissue formation. [13]

MeO and Me>O modifying oxide addition subsequently causes a reduction in the structural

connectivity and can be used to tailor the phosphate species present with PBGs. Invert
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phosphate glasses, that typically contain less than 40 mol% P.Os, are primarily composed of
pyro- and orthophosphate species and have been shown to have slower degradation rates
than ultraphosphate PBGs [106]. Pyro- and orthophosphates are present within the body and
are integral to the natural cycle of bone resorption and formation [107]. Although inorganic
pyrophosphate (PPi) can inhibit mineralisation by preventing attachment and crystal growth of
hydroxyapatite (HA), it has also been demonstrated to promote ALP activity and gene
expression [108]. ALP, which is secreted by active osteoblasts, can hydrolyse PPi into
orthophosphates causing a loss of PPi inhibition on HA formation whilst simultaneously
resulting in the local saturation of orthophosphates that induce mineralisation [109]. As such,
development of PBGs that contain these anionic phosphate species could hold significant

potential for bone repair due to their intrinsic role in bone mineralisation.
2.10 Microspheres for clinical applications

Bioactive glasses can be synthesised by either melt quenching or sol-gel methods but can be
further processed by an array of technigues, such as fibre drawing, additive manufacturing
and flame-spheroidisation, into a variety of geometries [110-112]. The different processing
techniques allows for bioactive glasses to be fabricated into numerous different practical
morphologies. Glass fibres, rods and monoliths, 3D tissue scaffolds and microspheres have
all been created using bioactive glasses with the desired morphology relating to the intended
clinical application [113].

Microspheres have been extensively investigated for biomedical applications due to their
beneficial functional characteristics. Spheres exhibit a greater uniformity in size and shape
than irregular-shaped particles and enhanced flow properties. Bioactive glasses microspheres
therefore have a more controlled and predictable rate of degradation and subsequent release
of incorporated therapeutic ions, as opposed to irregular shaped particles [1]. In addition to
this, microspheres have improved delivery properties and the ability to be administered by

minimally invasive surgical injections.

Microspheres can be manufactured to be solid, porous and hollow depending on their intended
purpose. Porosity further increases surface area which allows for greater cell attachment,
encapsulation of bioactive compounds and the flow of nutrients and gases [114]. As a result
of this, porous microspheres made from polymers, glasses and glass-ceramics have been
developed for cell culture and tissue engineering applications as well as for vehicles for the

delivery of therapeutic cargo [115].
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Different manufacturing processes can be utilised to create porous microspheres. For polymer
based porous microspheres, emulsion-solvent evaporation, phase separation and spray
drying have been the most commonly utilised techniques [116]. Various manufacturing
processes, such as sol-gel and polymer foam replication, have been used to manufacture
porous glass and glass-ceramic microspheres [20]. Many of these techniques are time-
consuming and labour intensive due to their multi-step nature and the need to remove residual
contaminants. Recent studies have shown that a novel single-stage flame spheroidisation

method can be used to produce highly porous calcium phosphate glass microspheres [21].

The flame spheroidisation method involves feeding irregular-shaped particles of ground glass
into a flame, where the high temperatures cause the glass to melt. The surface tension as the
particles travel through the air results in spheroidisation and the microspheres can be collected
following solidification upon cooling (see Figure 2.13) [1]. Numerous parameters and factors
in the manufacturing process have been found to influence the microspheres size, surface
morphology and chemical composition. The initial particle size, flame temperature, oxygen
and fuel flow rates, the residence time of particles in the flame and the porogen used can all
be altered to tailor the final microsphere product [117].

Glass powder fed
into flame torch

Flame spheroidisation
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Figure 2.13 Schematic of the flame spheroidisation process used to manufacture
phosphate-based glass microspheres. [1]
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3 Materials and methodology

3.1 Glass fabrication

The phosphate glasses were prepared using the following precursors: sodium dihydrogen
phosphate (NaH2PO.,), calcium hydrogen phosphate (CaHPOQ.), calcium carbonate (CaCO3)
and magnesium hydrogen phosphate trihydrate (MgHPO4-3H20) (Sigma Aldrich, UK). The
glass compositions and their corresponding codes are presented in Table 4.1. The precursors
were weighed according to the composition and mixed thoroughly before being heated in a
5% Au/Pt crucible at 350°C for 30 minutes. This initial heating phase was performed to
dehydrate the samples and remove CO; and was then followed by melting at 1150°C at a
heating rate of 10°C/min and held at this temperature for 90 minutes. The molten glass was
then quenched between two stainless plates at room temperature or on plates that had been
kept at -20°C for 4 hours prior to casting. Once the glass had cooled it was broken up and
ground using a Retsch PM100 milling machine and the ground glass samples sieved to obtain

particles in the range of 63 - 125 pym.
3.2 Phosphate-glass microsphere manufacture

Microspheres were processed using a flame spheroidisation method that utilised a thermal
spray gun (MK74, Metallisation Ltd, UK). For solid microspheres, ground glass patrticles in a
size range between 63-125 um were fed through a funnel feeder, containing a 200 um mesh,
into an oxy-acetylene flame at a gas ratio of 3:3. A DC vibratory motor was connected to the
funnel feeder to obtain a sufficient flow of particles into the flame and was used for both solid
and porous microsphere manufacture. Calcium carbonate (CaCOs) was used as the porogen
for porous microsphere manufacture. CaCO3; was sieved into a size range of 45-63 um and
mixed homogenously with the ground glass particles using a bench top vortex mixer in a 1
part glass:3 parts CaCOs ratio. The glass and porogen was then fed into the flame and
collected in the same manner as solid microspheres. Post manufacture, the microspheres
were cooled and collected before being sized at 63 um. The microspheres were then
submerged in 5M acetic acid for 120 seconds and then further washed in 1 litre of deionised
water for 5 minutes. The solution was then filtered using a funnel and filter paper and dried
overnight at 50 °C.
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3.3 Yttrium and holmium-containing microsphere manufacture

The P40 phosphate glass was ground using a Retsch PM100 milling machine and sieved into
a size range of 45-63 pym. The glass was then mixed with the corresponding ratio of yttrium
(1) oxide (ACROS Organics, UK) or holmium oxide (Alfa Aesar, UK) using a benchtop vortex
to achieve homogenous mixing of the two components. The glass to yttrium/holmium oxide
mixture were processed into microspheres using the flame spheroidisation method that
utilised a thermal spray gun (MK74, Metallisation Ltd, UK). The particles were fed into an oxy-
acetylene flame at a gas ratio of 3:3. A DC vibratory motor was connected to the funnel feeder
to obtain a sufficient flow of particles into the flame. The microspheres were washed with
deionised water and left to dry in a 50°C oven overnight. The microspheres were then sieved

into a size range of 45 — 125 um.

Modifications to the materials processing technique were made in attempts to prepare yttrium
and/or holmium-containing porous microspheres. These are discussed in more detail in
sections 5.2.18 and 6.2.17.

3.4 Characterisation methods

3.4.1 Scanning electron microscopy (SEM)

Morphological analysis of microspheres manufactured from phosphate glass was performed
using a JSM-6490LV (JEOL, USA). Representative samples of the microspheres were
mounted on carbon tabs attached to aluminium stubs and sputter coated with ~15 nm of

platinum under an argon atmosphere.

To examine the internal structures of the microspheres, a sample of microspheres was
embedded in cold set epoxy resin. The resin blocks were polished using SiC paper followed
by a polishing cloth embedded with diamond paste down to 1lum whilst using Industrial
methylated spirit (IMS) (Sigma Aldrich, UK) as a lubricating medium. The resin block was
placed in an ultrasonic bath of IMS for 5 minutes and left to dry. The samples were then splutter
coated using a Quorum Q150V (Quorum, UK) with 15 nm carbon or sputter coated with ~15

nm of platinum under an argon atmosphere.
3.4.2 Size analysis

Image J was used on the acquired SEM images to analyse microsphere size. A threshold was

applied to the SEM images to remove background and to select microspheres based on their
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sphericity. Particles at the border of the images and any that overlapped were not selected for

guantification.

3.4.3 Field-Emission Gun Scanning Electron Microscopy

Image acquisitions for higher resolution scans were conducted on a Field-Emission Gun
Scanning Electron Microscope (FEG-SEM) using a JEOL 7100 FEG-SEM (JEOL, USA).
Samples were prepared the same as section 3.4.1.

3.4.4 Focused-lon Beam Scanning Electron Microscopy

Focused-lon Beam Scanning Electron Microscopy (FIB-SEM) was performed on a Zeiss
Crossbeam 550, imaging was performed at a range of accelerating voltages from 2kV to 5 kV.
Gallium ion beam milling was performed at an accelerating voltage of 30kV and currents from
300pA to 3nA. Elemental analysis (EDX) was performed using an Oxford Instruments X-Max
170 detector running Aztec 5 software. Samples were mounted on carbon tabs attached to
aluminium stubs and sputter coated with ~15nm of carbon using a Quorum Q150V (Quorum,
UK).

3.4.5 Energy dispersive X-ray spectroscopy (EDX)

Compositional analysis was performed on ground glass samples and on solid and porous
microspheres. Samples were mounted on carbon tabs attached to aluminium stubs and
sputter coated with carbon using Q150T Turbo-Pumped Sputter Carbon Coater (Quorum,
UK). An Oxford Instruments INCA EDX system fitted with a Si-Li crystal detector was attached
to the JSM-6490LV SEM and operated with an accelerating voltage of 15kV and a working
distance of 10mm for EDX analysis.

3.4.6 Powder X-ray diffraction (XRD)

A Bruker D8 Advanced X-ray diffractometer (Bruker-AXS, Karlsruhe, Germany) was used to
determine the amorphous/crystalline nature of the ground phosphate glass samples and both
solid and porous microspheres at room temperature using a Ni-filtered Cu-Ka radiation source.
Data points were obtained every 0.02° from 10-70° over a 10 minute period. The resulting
data was analysed using DIFFRAC.EVA software (DIFFRAC-plus suite, Bruker-AXS) to
identify phases through a database of known peaks from the International Centre for
Diffraction Data (ICDD) database 2015.
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3.4.7 Differential thermal analysis (DTA)

Approximately 40 mg of each glass composition were heated in platinum pans within a
simultaneous thermal analysis (SDT, TA Instruments SDT Q600, New Castle, DE, USA)
instrument from 40°C to 1000°C at a ramp rate of 10°C min! and a flow rate of 100ml min-
nitrogen gas. An empty pan measurement was performed before a glass sample was run to
obtain a baseline which was then subtracted from the thermal traces obtained using TA
universal analysis 2000 software. The glass transition temperature (Tg), crystallisation
temperature (Tc), melting temperature (Tm) and processing window (Tc onset - Tg onset) of
each glass sample was determined using the thermal traces.

3.4.8 Density

The density of each sample was measured using Micromeritics AccuPyc 1340 pycnometer,
with helium as the displacement gas. For each measurement, a series of repeat readings were

taken until a series of five results agreed within an error of + 0.02 g cm,
3.4.9 NMR experiments

Quantitative 1D P spectra were recorded at room temperature on a Varian Chemagnetics
Infinityplus spectrometer at a Larmor frequency of 121.47 MHz, using a 4 mm zirconia MAS
probe spinning at approximately 10 kHz. The 3P 90° pulse duration was 3.5 ps, the spectral
width was 100 kHz and the acquisition time was 10.24 ms. Chemical shifts are quoted relative
to 85% H3PO, in H20, using Na4P»0O7-10H.0 as a secondary reference. The resulting spectra
were deconvoluted into a series of Gaussian lineshapes, which were integrated to quantify the
relative proportions of the Q" sites. Deconvolution and fitting were achieved using a routine
written in MATLAB and included 1st and 2nd order sidebands.

31p 2D exchange spectra were recorded at room temperature on a Varian Chemagnetics
Infinityplus spectrometer at a Lamor frequency of 121.47 MHz, using a zirconia 4 mm MAS
probe spinning at approximately 10 kHz. The dipolar coupling was recoupled by irradiation of
rotor-synchronised 180° pulses during the mixing time, which was varied between 0 and 18
ms. The mixing time was an integral number of rotor periods, tr, where tr = (spinning
frequency)?, which was typically ~ 100 ps. t; was incremented from 0 to 96 us, with 8 scans
per increment. The acquisition time was 40.96 ms, and the pulse lengths were 3.88 us for 90°
pulses and 7.75 ps for 180° pulses. To make the 2D experiment feasible, a saturation recovery

was performed at the beginning of the pulse sequence, to ensure the reproducibility of the
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magnetisation for each experiment. The saturation pulses were 20 ms long, and the recovery

delay was 85 s.
3.4.10 Fourier transform infrared spectroscopy (FTIR) analysis

Infrared spectroscopy of the glass particles was performed using a Briker Tensor 27 Fourier
transform infrared spectrometer (Bruker Optics,Germany) which was operated in absorbance
mode. Glass samples were ground to a fine powder using a Retsch PM100 milling machine
and glass microspheres using a mineral pestle and mortar. Spectra were measured in the
region of 400 to 6000 cm™ utilising a Standard Pike ATR cell (Pike Technologies, Inc.,UK).
OPUS software version 5.5 was used for the analysis.

3.4.11 Raman analysis

Confocal Raman microscopy was performed using a HORIBA LabRAM HR Raman
microscope. Spectra were acquired using either a 532 or 660 nm laser (at ~20 mW power), a
100x objective and a 200 ym confocal pinhole. To simultaneously scan a range of Raman
shifts, either a 600 or 300 lines mm™* rotatable diffraction grating along a path length of 800
mm was employed. Spectra were detected using a Synapse CCD detector (1024 pixels)
thermoelectrically cooled to —60 °C. Before spectra collection, the instrument was calibrated
using the zero order line and a standard Si(100) reference band at 520.7 cm™. The spectral
resolution is better than 1.5 cm™ (532 nm laser, 600 lines mm™ grating) and 2.4 cm™ (660 nm

laser, 300 lines mm grating) in the respective configurations.

For each glass formulation, point spectra were acquired over the range 200-1700 cm* with
15-60 s integration time and four accumulations to automatically remove the spikes due to
cosmic rays and improve the signal to noise ratio. Where multiple spectra were obtained, these

were then averaged to give a mean.

For the yttrium and holmium-containing microspheres, multiple spectra were collected (0.012
s integration time, 1 accumulation, 200-1700 cm™) in 1 pm steps from within a 20x20 um area
(441 spectra). The spatial resolution (xyz) is ~1x1x5 um in this configuration. Surface
topography was corrected using AutoFocus and ViewSharpTM functionalities. Spectra were
manually despiked to remove artefacts. At least three maps were collected from each sample

with both 660 and 532 nm lasers to evaluate the microsphere-to-microsphere homogeneity.

Images were generated by plotting the intensity ratio (as peak area) of peaks associated with
the cubic phase of Y.0s (377 cm?, 345-410 cm?, Raman-active Ag mode) relative to the

phosphate glass (965 cm, 910-1020 cm™, Raman-active PO, symmetric stretching mode of
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non-bridging oxygens in Q° units). The images were scaled to the minimum and maximum

values and false coloured using the hot colour palette.
3.4.12 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS): Samples were analysed using the Kratos AXIS
ULTRA with a mono-chromated Al ka X-ray source (1,486.6 eV) operated at 10 mA emission
current and 12 kV anode potential (120 W.) Spectra were acquired with the Kratos VISION Il
software. A charge neutralizer filament was used to prevent surface charging. Hybrid slot
mode was used measuring a sample area of approximately 300 ym x 700 ym. The analysis
chamber pressure was better than 5 x 10™° mbar. Three areas per sample were analysed. A
wide scan was performed at low resolution (Binding energy range 1,400 to -5 eV, with pass
energy 80 eV, step 0.5 eV, and sweep time 20 min). High resolution spectra at pass energy
of 20 eV, step of 0.1 eV, and sweep time of 10 min each were also acquired for photoelectron
peaks from the detected elements and these were used to model the chemical composition.

The spectra were charge corrected to the C 1s peak set to 284.5 eV.
3.4.13 lon release studies

lon release profiles of the microspheres were determined by immersing 400 mg of
microspheres in 40 mL of ultrapure (Milli-Q) water at 37°C. The dissolution medium at each
time point (3, 7, 14, 21, and 28 days) was extracted via filtration and replaced. The
concentration of sodium, phosphate, calcium, magnesium, yttrium and holmium ion release
was analysed using inductively coupled plasma mass spectrometry (ICP-MS, Thermo-Fisher
iCAP-Q model). The pH of the solutions was measured at each time point using a pH electrode
InLab Pure Pro-ISM (Mettler Toledo, UK).

3.4.14 Bioactivity studies

Simulated body fluid (SBF) was prepared according to ISO 23317:2014. The apatite forming-
ability of the bioactive glass particles within this study was performed using the TCO4 method.
75 mg of phosphate-based glass microspheres and particles of 45S5 Bioglass were immersed
in 50 mL SBF within Falcon tubes. The tubes were placed on an orbital shaker and agitated
at 120 rpm whilst in a 37°C incubator. The samples were incubated for different time points:
3, 7, 14, 21 and 28 days. At the end of each time point, the sample was removed from the
solution by filtration using 20 pm filter paper. The particles were washed with DI water and the

subject to post-immersion characterisation testing involving and SEM, XRD and EDX.
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A Bruker D8 Advanced X-ray diffractometer (Bruker-AXS, Karlsruhe, Germany) was used to
determine the amorphous nature of the ground phosphate glass samples at room temperature
using a Ni-filtered Cu-Ka radiation source. Data points were obtained every 0.01° from 5-70°
over a 4 hour period with a step size of 2.2 seconds. The resulting data was analysed using
DIFFRAC.EVA software (DIFFRAC-plus suite, Bruker-AXS) to identify phases through a
database of known peaks from the International Centre for Diffraction Data (ICDD) database
2005.

3.4.15 Microspheres sterilisation and preparation of conditioned

media

Sterilisation of microspheres was performed using two washes of 10 minutes with 100%
ethanol followed by complete evaporation at room temperature overnight in sterile conditions.
For the preparation of conditioned medium containing microsphere ion extracts for MG63 cells,
100 mg/ml of sterile microspheres were incubated in standard cell culture medium (SM)
(DMEM supplemented with 10% foetal calf serum, 1% penicillin and streptomycin, 1% L-
Glutamine, 1% of non-essential amino acids, 1.5% ascorbic acid, Thermofisher, UK) at 37 °C
and 5% CO.. The conditioned media containing microsphere ion extracts were collected and
replaced with equal volume of fresh medium every 48 hours. Before being administrated to
the cells, the solutions were filtered through 0.22 um syringe filters to remove any debris or
precipitate.

3.5 In vitro cell culture studies

3.5.1 Indirect cell culture studies

For the indirect culture method with microsphere-conditioned media, the human osteoblast-
derived cell line MG63 (obtained from European collection of cell cultures - ECACC) were
seeded at a density of 10,000 cells/cm?in 300 pl of standard cell culture medium in 48-well
plates. 48 hours after seeding, cells were washed with PBS and 300 pl of the appropriate
conditioned media was added. Cells cultured with either unconditioned standard medium
(+ve), or standard cell culture medium supplemented 5% DMSO (-ve) were used as controls.
All media was refreshed every 48 hours. Two independent biological replicates were

performed with 3 experimental replicates for each condition.
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3.5.2 Direct cell culture studies

For direct seeding of cells onto the porous PBG microspheres, MG63 cells were seeded at a
density of 10,000 cells/cm? onto 10 mg sterilised microspheres from each formulation into low-
adherent 48-well plates previously coated with 1% (w/v) solution of poly(2-hydroxyethyl
methacrylate) (poly-HEMA, Sigma-Aldrich, UK) and ethanol 95% in 300 ul of standard cell
culture medium. Cells were cultured for 7 days at 37 °C and 5% CO.. The media was refreshed
every 48 hours.

3.5.3 Cell metabolic activity

Cell metabolic activity of MG63 cells was evaluated at days 2 and 7 using Alamar Blue assay.
Three hundred uL of Alamar Blue solution (1:9 Alamar blue:Hanks Balanced Salt Solution)
was added to each well and incubated for 90 min at 37°C and 5% CO; followed by further 10
min on a shaker at 150 rpm. For each condition, three aliquots of 100 ul were transferred to a
96-well plate. FLx800 fluorescence microplate reader (BioTek Instruments Inc.) was used to

measure fluorescence at 530 nm excitation and 590 nm emission wavelengths.
3.5.4 Alkaline phosphatase (ALP) activity

At day 7, cells were washed three times with warm (37°C) PBS and immersed in 1 ml of
deionised water. Samples were freeze-thawed three times to lyse the cells and release nuclear
content. The Granutest 25 ALP assay (Randox, UK) was used to measure ALP activity in
MG63 cells. Three aliquots of 50 ul of cell lysate were transferred to a 96-well plate and topped
with 50 ul of ALP substrate (p-nitrophenyl phosphate 10 mM in diethanolamine buffer 1 mM
at pH 9.8, with MgCl, 0.5 mM). Plates were shaken gently for 5 min on a plate shaker, and
absorbance was measured at wavelength of 405 nm using an FLx800 microplate colorimeter
(BioTek Instruments), every 5 minutes for 45 minutes until the readings became constant. The

same process was used for cells grown in both in indirect and direct culture.
3.5.5 DNA content assay

Lysed cell samples used to measure ALP activity were thoroughly mixed using a vortex for
30-60 seconds and 100 pl of each sample was aliquoted into a 96-well plate. Hoechst 33258
stain was prepared (1 mg of BisBenzimide stain dissolved in 1 ml of double distilled water and
diluted to 1:50 in TNE buffer) and DNA standards were prepared using calf thymus DNA
(Sigma, UK) and TNE buffer (10 mM Tris, 2M NaCl, and 1mM EDTA in deionised water,

adjusted to pH 7.4) as a diluent, to generate a standard curve for DNA concentrations. One
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hundred pl of Hoechst 33258 stain was added to each well and mixed on plate shaker for 5
minutes at 150 rpm. FLx800 plate reader (BioTek Instruments) was used to read the plate at

excitation 360 nm, emission 460 nm.

3.5.6 Statistical analysis

Two independent experiments were performed, and results are shown as mean * standard
error of mean (unless otherwise stated). Statistical analysis was performed using Prism
software package (version 9.2.0, GraphPad Software, San Diego, CA, www.graphpad.com).
Two-way analysis of variance was calculated followed by a Tukey's multiple comparison test.

The mean difference was considered to be significant at 0.05 and 95% confidence interval.
3.5.7 Cell imaging

In the indirect study, bright-field images of living cells were taken on day 2 using an EclipseT2

Nikon microscope coupled with a D3300 Nikon camera.

For imaging of cell attachment to microspheres, at day 7 the MG63s were washed three times
with warm (37°C) PBS and fixed with 4% paraformaldehyde for 10 minutes. Fixative was then
removed, and the sample washed twice deionised water. For Environmental Scanning
Electron Microscopy (ESEM), post fixed cells were analysed using a FEI Quanta 650 ESEM

microscope.
3.5.8 Proteomic profiling by LC-MS/MS

The indirect culture method with either P40, 30Y or 30H solid microsphere-conditioned media
was performed using MG63 cells seeded at a density of 10,000 cells/cm? in 3 ml of standard
cell culture medium in a 6-well plates. Forty eight hours after seeding, cells were washed with
PBS and 3 ml of the appropriate conditioned media was added. All media was refreshed every
48 hours. After 7 days of culture in conditioned media, media was removed, and cells were
washed three times with PBS prior to being pelleted at 1200 rpm for 4 minutes. Cell pellets
were washed a further three times with PBS before removal of any supernatant and storage
at -20 °C.

Cell pellets were solubilised in sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS PAGE) loading buffer and subjected to tryptic digestion using sequencing-grade trypsin.

20 ug aliquots of the whole proteome in Coomassie-stained polyacrylamide gel slices were
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separated by tandem mass spectrometry (MS/MS) on an LTQ-Orbitrap-Velos spectrometer
(ThermoScientific, Wilmington, USA) with nano-flow liquid chromatography (Dionex Ltd,
Camberley, UK). Proteome Discoverer (versionl.4.0.288, ThermoScientific, Wilmington,
USA) was used to process the raw data file obtained from the LC-MS/MS acquisition. The file
was then searched using Mascot (version2.2.04, MatrixSciencelLtd, Marylebone, London,UK)
against the UniProt Human_2018 03 database. Peptides were identified in data-dependent
mode combining Mascot and X! Tandem search engines to validate MS/MS assigned spectra
from Proteome Discoverer. The peptide and MS/MS tolerance were set to 10 ppm and 0.02
Da, respectively. Fixed modifications were set as alkylation of cysteine, and variable
modifications set as deamidation of Asn and GIn, and oxidation of Met and Pro residues.
Peptides were identified at greater than 95% probability, with a minimum of two peptides

required for protein identification.

3.6 Doxorubicin loading and release

3.6.1 Drug encapsulation process

Fifty ug/ml of Doxorubicin (DOX) drug was dissolved in phosphate buffered saline (PBS). 50
mg of 125 - 200 um P40 and P30 porous microspheres were added to DOX-PBS solution and
placed on an orbital shaker at 300 rpm for 24 hours at room temperature. After 24 hours, the
supernatant was removed using a pipette and the DOX-loaded microspheres dried in a 37°C
oven for 24 hours. The supernatant was scanned at different wavelength within the range of
200-800 nm by UV-vis spectroscopy, and the maximum absorption wavelength of DOX in
PBS was found at 475 nm, which correlated well with the literature [118]. As a result, the
standard curve was drawn in the range of 0-100 ug/ml and determined the DOX concentration
using a wavelength of 475 nm. The standard curve showed a linear (R? = 0.999) relationship
between absorbance and concentration of DOX. The relationship in the standard cure was as

follows:
Abs =0.017C + 0.016
where Abs is the absorbance of DOX, C is concentration of DOX.

The concentration of unloaded DOX was determined by measuring the absorbance of the

supernatant after centrifugation.

34



3.6.2 Encapsulation efficiency

The encapsulation efficiency was determined by comparing the difference in concentration of
DOX-PBS solution before and after loading. The encapsulation efficiency of DOX in porous

microspheres was calculated according to the following equation.
E= (Mi-M;)/M; x100%

Where M; represents the initial amount of DOX and M; is the residual amount of DOX after
drug loading.

3.6.3 Drug release profiles

The DOX-loaded microspheres were immersed in 4 ml PBS solution (pH 7.5) at 37°C and
placed on an orbital shaker at 200rpm. At each predetermined time point (1, 2, 4, 8, 24 and
48 hours), 2 ml of DOX-PBS solution was removed from the test sample to analyse the
concentration of DOX and replenished with 2 mL of fresh PBS. The supernatant was
centrifuged and the concentration of released drug in the collected solutions were determined
via UV-vis spectroscopy (A = 475nm). Finally, cumulative concentration of DOX released from

porous microspheres was calculated based on the following equation.
Ctcumu = Ct + 526_1 Ct

Where Ct.my is the cumulative concentration of DOX, C:is the actual concentration at time t,

v is volume of being collected at time t, and V is the total volume of PBS medium.
3.6.4 Drug release kinetic models

Several mathematical kinetics models were used to describe the drug release kinetics to
analyse in vitro drug release data. The model dependent approaches included zero order, first
order, Higuchi and Korsmeyer-Peppas.

3.6.5 Zero order model

Zero order kinetics can be described the system where the rate of drug release is independent
of its concentration. The release of the drug which followed first order kinetics can be

expressed by the equation.

log C =log Co — Kit/2.303
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where Co is the initial concentration of drug and K indicates first order rate constant.
3.6.6 Higuchi model

The Higuchi model is considered one of the most widely used drug release equations to
understand drug release mechanisms, such as dissolution or diffusion. The Higuchi equation

can be represented in the simplified form:
Q:KH X tl/2
where Q is the cumulative drug release at time t and Ky is the Higuchi dissolution constant.

3.6.7 Korsmeyer-Peppas model

After determining that the primary mechanism of drug release (diffusion or dissolution) from
the Higuchi plot, the next step is to determine the sort of diffusion the drug follows. The
empirical equation provided by Korsmeyer and Peppas was used to fit the release data. The

equation is as follows:
MidMeo = Kipt"

where Mt/M= is a fraction of drug released at time t, Ky is Korsmeyer-Peppas constant and n

is release exponent.
3.6.8 Cryosectioning

DOX-loaded porous microspheres were placed into cryosectioning molds, covered with OCT
embedding medium (Thermo Scientific) and frozen. 50um sections were cut using an Accu-
Edge low-profile blade (Sakura) within a Cryostat CM 3050S (Leica) and collected on slides

to allow for confocal laser microscopy.
3.6.9 Confocal Laser Scanning Microscopy

A Zeiss ELYRA PS.1 Laser Scanning Confocal Imaging System (LSM 780), equipped with a
405 nm laser, was used to observe the distribution of drug within the microspheres. EC Plan-
Neofluar 10x/0.30 M27 objective was used. Dichroic was 488/561, and emission range was
detected between 569-633nm. The software used for the Confocal Laser Scanning

Microscopy imaging and analysis was Zeiss Zen Black 2012 SP5.
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4 Developing porous ortho and pyrophosphate

microspheres

4.1 Introduction

Early biomaterials used for hard tissue engineering applications were commonly designed to
be bioinert and were created with the primary intention of being able to endure the
physiological stress of having cells cultured on or within them and their implantation into the
body [119]. These materials were not designed to stimulate any specific cellular response and
have had limited clinical success. As a greater understanding of the cellular microenvironment
has developed and appreciation of the role that its constituent parts play in cell behaviour, so
has the function of biomaterials. Nowadays, biomaterials to facilitate bone repair and
regeneration are developed by rational design to provoke specific, desired, biological
responses [120]. The incorporation of additional therapeutic cargo within or onto the
biomaterial can further dictate their ability to manipulate and influence cell behaviour and

tissue formation.

For bone regeneration specifically designed, highly porous biomaterials have been shown to
facilitate the growth and proliferation of osteoprogenitor cells and the incorporation of bioactive
molecules can promote further differentiation and proliferation. The materials are designed to
stimulate the formation of new and functional bone tissue [121]. The role of these materials
is to facilitate the restoration of the tissue structure and function therefore allowing an overall
improvement in the state of the affected tissue [122]. Certain biodegradable materials are of
particular interest since their breakdown in vivo can stimulate the body to repair and
regenerate by its own intrinsic mechanisms and circumvents issues around surgical retrieval
of permanent implants. These materials can promote specific biological processes, such as
osteoinduction and angiogenesis, which are essential for new tissue growth at sites of trauma
and disease [123].

Phosphate-based glasses (PBGs) can be formulated to be compositionally similar to the
inorganic component of bone and their biocompatibility and the ability to control their
degradation profile makes them encouraging materials for hard tissue engineering
applications [97]. In order for PBG microspheres to become an effective material for bone
repair and regeneration, a detailed understanding of the physio-chemical and structural
properties, their interactions with cells, as well as the degradation and their long-term effects

in the body are required [124]. This chapter explores in detail the characterisation of different
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PBG formulations as candidates for bone repair and regeneration. A novel processing
technique has been employed to produce solid and porous microspheres from the PBG and
the structural and physiochemical properties of the microspheres has been explored. The
cellular response of osteoblast-like cells using an indirect and direct cell culture was used to
investigate the cytocompatibilty and osteogenic potential of the porous microspheres.
Processing the PBG into porous microspheres offers the potential to load the microspheres
with therapeutic cargo that can be locally delivered at sites damaged by bone cancer and its
subsequent treatment. Studies involving the loading and release of Doxorubicin (DOX) from
porous microspheres were performed to ascertain their suitability of vehicles capable of

delivering localised chemotherapy.
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4.2 Results

4.3 Glass characterisation

4.3.1 EDX Analysis

Quaternary phosphate glasses in the series xP20s-(56-x)Ca0-24Mg0O-20Na,O (mol%), where

x is 40, 35, 32.5 or 30, were produced using a traditional melt-quenching process. The MgO

and NaxO content remained constant throughout the glass compositions, whereas the P,0s

content was decreased with a subsequent increase in CaO (mol %) (see Table 4.1 for

formulations produced and corresponding glass codes used through the chapter and thesis).

EDX was used to confirm the amount of each of the elements present within the glasses made

and to compare them to their expected theoretical value. This analysis confirmed that the glass

formulations produced were within +1.5% of the target mol%.

Table 4.1 Compositions of the phosphate-based glass formulations investigated using EDX
analysis alongside their corresponding glass codes used.

Glass P20s CaO MgO Na20
codes
(Expected/Actual (Expected/Actual (Expected/Actual (Expected/Actual
value) (mol%) value) (mol%) value) (mol%) value) (mol%)
P40 40/38.7+1.3 16/16.3+1.1 24/249+15 20/201+1.2
P35 35/33.7+£0.4 21/20.0+£05 24/26.1+0.1 20/20.3+£0.2
P325 325/30.1+0.1 235/225+02 24/276+0.2 20/19.7+0.2
P30 30/28.8+0.1 26/24.7+0.2 24/26.3+0.3 20/20.3+0.1
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4.3.2 XRD Analysis

The XRD spectra for P40, P35, P32.5 and P30 glass compositions are shown in Figure 4.1. A
single broad halo peak at 20 values of ~30-32° was observed and the absence of any
detectable crystalline peaks confirmed the amorphous nature for each of the glass
compositions produced.

P40
Wm P35
WWWW M WWWMWM P32.5
P30
1 1 1 | 1 1 1
10 20 3 40 50 60 70
2 Theta

Figure 4.1 Powder XRD patterns of the four phosphate glass compositions. P40 (black), P35
(blue), P32.5 (green) and P30 (red).

4.3.3 Thermal Analysis

The Differential scanning calorimetry (DSC) traces of the starting glasses explored are shown
in Figure 4.2 below along with their corresponding glass transition (Tg), crystallisation (T),

melting temperature (Tm) and the calculated thermal processing window (i.e. T onset — Tg).

An increase in the Ty temperature from 434 °C to 472 °C to 486 °C was observed from P40 to
P35 to P32.5, after which a slight reduction to 482°C was seen for the P30 glass. The increase
in Tqg may arise from structural cross-linking between the shorter phosphate chains in the lower

phosphate content glasses that contain a greater amount of CaO. No apparent trend was
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observed for the T values which were seen to decrease from 573°C in P40 glass to 526°C for
P35 but then increased to 586°C for P32.5°C, with a subsequent decrease to 566°C for P30
glass. Multiple T peaks in P32.5 and P30 glass suggested the presence of several phases.
The melting peaks for P40 and P35 were less well-defined and reduced in area compared to
the other two glass compositions. Moreover, P32.5 exhibited a sharp singular peak at 831°C,
whereas P30 displayed two melting peaks at 789°C and 822°C.

The P30 glass formulation had the greatest tendency to crystallise during glass manufacture
and as a result had to be splat quenched onto steel plates that had been refrigerated at 4°C
during the melting process. This caused the glass to cool more rapidly and prevent it from
surface crystallisation. Despite P35 having a smaller thermal processing window than P32.5
(see Figure 4.2), P32.5 had a greater tendency to crystallise than P35 and was therefore also

splat guenched between the two steel casting plates.
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P40 434 463 573 139 645 765
P35 472 486 526 564 54 804 854
P32.5 486 498 586 633 100 831

P30 482 495 566 649 84 789 822

Figure 4.2 DSC thermal analysis profiles of P40, P35, P32.5 and P30 glass. Table below
highlights Tg, Glass transition temperature, Tc, Crystallisation temperature, Tm, melting
temperature as well as the processing window values for each formulation.
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4.3.4 Density

Density of ground glass patrticles and CaCO3; (which was used as the porogen) were obtained
via helium pycnometry. P40 glass had the highest density at 2.71 g/cm3. The density then
decreased as the phosphate content of the glass decreased within the series from P40 to P30.
The density of P32.5 and P30 was identical to each other and to CaCOs (see Table 4.2).
Acquisition of glass density was performed to identify whether discrepancies in density

between formulations may have resulted in different outcomes following spheroidisation.

Table 4.2 Density measurements of ground glass particles and CaCO3 acquired using a
helium pycnometer.

Material Density (g/cm?)
P40 2.71+0.0018
P35 2.31+£0.0018
P32.5 2.12 £ 0.0035
P30 2.12 £ 0.0008
CaCOs 2.12+0.0014

4.4 Microsphere characterisation

4.4.1 Morphology confirmation of the microspheres produced

SEM analysis was performed to confirm the morphology of the microspheres following
spheroidisation. To obtain solid microspheres, particles of ground glass in the size range of
63-125 um were fed into the hottest region of the oxy-acetylene flame. Cross-sectional SEM
images of resin embedded microspheres confirmed that the microspheres were solid and

lacking porosity throughout (see Figure 4.3E — H).
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Figure 4.3 SEM images of the morphology of the solid microspheres and their cross section.
(A & E) P40, (B & F) P35, (C & G) P32.5 and (D & H) P30.

Calcium carbonate (CaCOs3), in the range of 45-63 um, was used as the porogen material and
was homogenously mixed with the ground glass particles prior to entry into the flame to
produce porous microspheres. As seen from the SEM images in Figure 4.4 below, CaCO3
proved to be an effective porogen for producing a high yield of highly porous microspheres
from each of the four glass compositions investigated (Figure 4.4). Cross-sectional SEM
images of resin embedded porous microspheres, of each formulation, revealed that the pores
were not limited to the surface of the microspheres but also exhibited inner porosity with

interconnected pores (see Figure 4.4E to H).

44



10 50 SEI 5K X200  100pm 08 50 SEI K 08 50 SEI K 08 50 SEI
- y i O AR

.mj

X200 100um 08 50 SEI X200  100pm 08 50 SEI X200  100pm 08 50 SEI

Figure 4.4 SEM images of the morphology of the porous microspheres and their cross
section. (A & E) P40, (B & F) P35, (C & G) P32.5 and (D & H) P30.

Both solid and porous microspheres produced varied in size for all glass compositions. The
addition of CaCOgs; resulted in the formation of larger porous microspheres in comparison to
the solid microspheres formed from particles of the same size range and from each glass
composition investigated. Porous microspheres formed from each composition had a higher
D50 and D90 value than their solid microsphere counterparts, demonstrating that a greater
proportion of microspheres with a larger diameter were produced. The D10, D50 and D90
values indicate the size below which 10%, 50% or 90% of all particles were found. For P32.5
and P30 porous microspheres this was accompanied by a decrease in the D10 value
suggesting that a lower percentage of microspheres in the smaller size range were produced

(see Figure 4.5).
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Figure 4.5 Size distribution of solid and porous microspheres produced from P35, P32.5 and
P30 glass. D10, D50 and D90 correspond to the percentages 10%, 50% and 90% of particles
under the reported patrticle size.

Porous microspheres were sieved into two groups, 0 - 125 um and 125 - 200 um and viewed
using SEM analysis. This confirmed that a lower yield of porous microspheres (<50%) were
present in the smaller size group for all four glass compositions with a large proportion not
having visible porosity (Figure 4.6). Due to the low yield of microspheres with the desired
morphology in the <125 um range, microspheres of 125 — 200 um diameter were subsequently

used for the rest of the study.

X200 100pm 08 50 SEI X200 100um 08 50 SEI

Figure 4.6 SEM images of (a) P32.5 porous microspheres 0 — 125 um size range and (b)
P32.5 porous microspheres greater than 125 um produced from the same batch.
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4.4.2 XRD Analysis

XRD analysis on solid microspheres showed that for each of the glass formulations, with the
exception for P30, processing via flame spheroidisation resulted in the formation of spherical
glass particles which remained amorphous, as depicted by the lack of any sharp crystalline
peaks in Figure 4.7. Although the P30 solid microspheres had the same characteristic broad
peak at 20 values of ~—30-32° as the other formulations, several small crystalline peaks at
24°, 32° and 35° were also observed. These peaks corresponded to sodium calcium
phosphate (ICDD 00-003-0751) and sodium phosphate (ICDD 00-030-1232).

P40
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Figure 4.7 XRD profiles of P40 (black), P35 (blue), P32.5 (green) and P30 (red) solid
microspheres. The crystalline peaks matched for sodium calcium phosphate (*) (ICDD 00-
003-0751) and sodium phosphate (#) (ICDD 00-030-1232).
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XRD of the porous microspheres of each formulation revealed the presence of sharp peaks at
~ 29° 20 and at 36°, 39° and 43° 26 values. These peaks were matched to CaCOs3 according
to powder diffraction file 01-072-1937 (ICDD database). The same sodium calcium phosphate
(ICDD 00-003-0751) and sodium phosphate (ICDD 00-030-1232) peaks that were present in
the P30 solid microspheres were also evident in the P30 porous microspheres (see Figure
4.8).

P32.5

P30

2Theta

Figure 4.8 XRD profiles of P40 (black), P35 (blue), P32.5 PMs (green) and P30 (red) porous

microspheres with the crystalline peak matched for CaCOs ( * ) (ICDD 01-072-1937),
sodium calcium phosphate (*) (ICDD 00-003-0751) and sodium phosphate (#) (ICDD 00-
030-123).

4.4.3 EDX Analysis

Elemental values for the starting glass, solid and porous microspheres were obtained using
EDX analysis and compared with the target composition to evaluate whether processing

altered their chemical composition. Processing into solid microspheres resulted in relatively
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small changes in the particles composition compared to the starting glass. Processing P32.5
and P30 glass into solid microspheres resulted in an increase of 1.7 and 0.4 mol % of P,0Os
from the glass particles. Both P32.5 and P30 solid microspheres displayed 1.8% and 2.2%
elevated levels of CaO in comparison to their unprocessed glass particles. P40 and P35 solid
microspheres had a slight reduction of 0.2 and 0.6 mol% in P,Os respectively and only a very
slight increase in CaO, less than 0.2% in both cases. P32.5 and P30 solid microspheres also
exhibited a decrease in the MgO, with this being most prominent in the P32.5 microspheres,
and decreased NayO values. P35 solid microspheres displayed a stable MgO mol% with a

slightly elevated Na>O above that of the P35 glass particles (see Figure 4.9).

Processing each of the formulations into porous microspheres resulted in far more significant
changes in chemical composition. Porous microspheres from all four compositions exhibited
elevated CaO content of ~ 2.9 — 7.1%. This change was most prominent in the porous P40
microspheres, followed by P32.5 and then by P35 and P30. As a result of this CaO increase,
all compositions of porous microspheres had a lower MgO and Na;O values compared to the
starting glass. An apparent trend visible in Figure 4.9 is that the greater the increase in CaO,
the greater the decrease in MgO. A decrease in P>Os content between ~ 0.5 — 3.9% lower
than the starting glass composition was observed (see Figure 4.9). The largest decrease in
P.Os content was seen in P40 PMS and this correlated with the much larger increase in CaO
content that was observed.
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Figure 4.9 Chemical composition of the starting glass, solid and porous microspheres
ascertained via EDX analysis. (A) P40, (B) P35, (C) P32.5 and (D) P30.

4.4.4 EDX mapping

EDX analysis was also performed to map the distribution of the elements within the
microsphere structure. In all glass compositions and for both the solid (see Figure 4.10) and
porous (see Figure 4.11) microspheres all elements were found to be homogenously
distributed throughout the microspheres.
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Flgure 4.10 EDX mapping of P30 solid microspheres. (a) SEM image, (b) phosphorous
(green), (c) oxygen (red), (d) calcium (cyan), (e) magnesium (purple) and (f) sodium (blue).

Flgure 4. 11 EDX mapplng of P30 porous microspheres. (a) SEM image, (b) phosphorous
(green), (c) oxygen (red), (d) calcium (cyan), (e) magnesium (purple) and (f) sodium (blue).
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4.4.5 Quantitative 1D 3P MAS NMR and 2D NMR

Quantitative 1D 3P magic angle spinning (MAS) solid state nuclear magnetic resonance
(NMR) spectroscopy was used to determine the distribution of the Q, species of the phosphate
glasses and their microspheres. From the spectra obtained it was possible to determine the
isotropic shifts and the relative abundance of Q?, Q! and Q° species for each glass composition
and to explore whether any changes had occurred due to processing into alternate geometries
(see Table 4.3).

Table 4.3 Relative abundance of Q2 Q' and Q° species for P40, P35, P32.5 and P30 glass,
solid and porous microspheres obtained using 1D 31P MAS-NMR.

Q2 (%) Q' (%) Q% (%)
Glass 50 50 0
P40 SMS 38 61 1
PMS 31 62 6
Glass 19 81 0
P35
SMS 16 81 3
PMS 13 80 7
Glass 7 75 18
P32.5 SMS 6 74 20
PMS 4 70 26
Glass 0 68 32
P30
SMS 0 65 35
PMS 0 65 35

As seen in Figure 4.12, as the phosphate composition decreased going from P40 to P30 in
the phosphate glass there was a gradual decrease in structural connectivity and increased
average number of non-bridging oxygen atoms (NBOs). The proportion of Q? species
decreased from 50% to 18% to 7% in P40, P35 and P32.5 glass respectively and were not
detected at all for the P30 glass. The P40 glass was found to be composed of 50% Q2 and
50% Q! species. However, for the other glasses in the series a decrease in the proportion of
Q! species from 81% to 75% and 68% for P35, P32.5 and P30 glass, respectively, was also
observed. Conversely, the proportion of Q° species observed for the P35 glass was less than
1%, which increased to 18% in P32.5 glass and significantly increased to 32% for the P30

glass composition.
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When the phosphate glass particles were processed into both solid and porous microspheres
further depolymerisation of the glass network occurred, although this trend was less
pronounced than the effect observed from decreasing phosphate content (see Figure 4.12).
For the P40 glass, an increase in Q! species to 61%, at the expense of Q? was observed,
which reduced to 35% and 1% Q° were detected when they were formed into solid
microspheres. Interestingly, the formation of porous microspheres resulted in a further
reduction of Q? species, to 31%, and increase in Q°to 6% was also observed. Similar
depolymerisation of the glass network occurred when the P35, P32.5 and P30 glasses were
processed into solid and porous microspheres, albeit to a lesser extent. Processing the
starting glass materials into porous microspheres resulted in the most significant glass network

depolymerisation in comparison to solid microspheres.
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Figure 4.12 Relative abundance of Q2, Q* and Q° species for glasses of the P40, P35, P32.5
and P30 composition obtained using 1D 31P MAS-NMR. Samples of glass patrticles, solid
microspheres (SMS) and porous microspheres (PMS) morphology are displayed.

Previous studies have reported that cyclic metaphosphate species are found within glasses
containing equal to and greater than 50% phosphate content [125]. Based on this assumption
and the highest phosphate content within a formulation being 40 mol%, the average chain
length (nay) within the glass structures could also be theoretically modelled based on the

phosphate content (i.e P30, x = 0.3), by using Equation 4.1:

Nay = 2},@’(1_23{} Equation 4.1
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As seen in Table 4.4, there is a significant decrease in chain length as the phosphate

composition decreases within the glasses.

Table 4.4 Theoretical calculation of average chain length (nay) within P40, P35, P32.5 and P30
glass formulations.

Formulation nay

P40 4.00
P35 2.33
P32.5 1.86
P30 1.50

2D exchange spectrum for P35 solid microspheres (SMS) exhibited a narrow Q? auto peak
despite prolonged mixing times. The auto-correlation peaks were calculated over the duration
of the experiment and had the same chemical shift in both frequency dimensions. The mixing
time determined the degree to which magnetisation could be transferred between P nuclei.
The intensities of signals in the 2D exchange spectrum are proportional to the strength of the
magnetisation transfer. A narrow Q? auto peak demonstrated that there was no significant
exchange between Q? species and therefore suggestive that the units were not in close
proximity. This would indicate that there were no metaphosphate species that contain more
than one Q? unit and were therefore composed of a maximum of three phosphate tetrahedra
(Q*-Q%-Q! chains). This correlated with the theoretical calculations relating to average chain
length seen in Table 4.5. Therefore, the largest Q? containing structures found within P35 and
P32.5 glass and microspheres would be composed of Q-Q?-Q! chains. For P30 samples,
where there was an absence of Q? species, Q! species were present in the Q!-Q* dimeric form
as pyrophosphates, whilst Q° orthophosphate species are isolated from any other phosphate
tetrahedra [126]. In the absence of 2D exchange spectrum for P40 particles, it was possible
to calculate the structural chains forming the glass network based on the 1D P-NMR data and
chain length calculations. For there to be a 50:50 split of Q%2 and Q? species, the chains within
the network must be Q-Q?-Q?-Q?* for the proportion of the species to be the same and gives

the same chain length of 4 as the theoretically calculated value.

From the acquired quantitative 1D spectra’s, it was apparent that two very narrow peaks were
present in both the P30 solid and porous microspheres that were not seen in any of the other
samples (see Figure 4.13B and C). These narrow peaks at 2.89 ppm and 0.41 ppm and at
2.98 ppm and 0.13 ppm were indicative of areas of crystallinity within the microspheres

structure. The narrow width of the peaks relates to the very limited range of bonding
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geometries present. The isotropic shift of values for these peaks suggested that crystalline Q°
species were likely responsible for their formation, with two separate peaks with different shifts
possibly the result of two distinct crystal structures.
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Figure 4.13 Quantitative 1D *P NMR spectra for (A) P30 glass particles, (B) P30 solid
microspheres and (C) P30 porous microspheres. Crystalline peaks are identified with a *.

4.4.6 Theoretical calculation of Q species and BO to NBO ratio

The expected percentage of Q" species and bridging oxygen (BO) to non-bridging oxygen
(NBO) ratio from each of the four glass compositions could be calculated based on the oxygen
to phosphorous ratio (O/P). As seen in Table 4.5, the O/P ratios for P40 and P35 glass were
considered to be within the metaphosphate region (3 < O/P < 3.5), whereas P32.5 and P30
were considered within the pyrophosphate region (3.5 < O/P < 4) [127]. According to the glass
composition regions, the fraction of Q2 and Q! can be theoretically calculated for the

metaphosphate glasses using Equation 4.2 [128]:

ey 33=-(0O/P
For3=0/P<35 f(0')= %x 00" Equation 4.2

£(Q')=100-1(0%)

For the pyrophosphate glasses P32.5 and P30, the fraction of Q* and Q°can be theoretically

calculated using Equation 4.3:
4-{O/P
For3.5<0/P<4 f(0')= %x 100 Equation 4.3
§
f(0")=100- 1(0")
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As seen in Table 4.5, the theoretical percentages of Q species correlated very well with the
experimental NMR results obtained for the P40, P35 and P30 glass and were near identical
in the case of P40 and P30. The theoretical values for P32.5 did not correlate to the
experimental NMR due to the fact the equations used predict the distribution of phosphate
species as a binary model, where only two types of Q" tetrahedra (" and "*') exist for any one
phosphate composition. The results from the NMR revealed that three phosphate species
were present within P32.5 glass therefore the equations used to predict Q" speciation for the

other glasses could not be applied to this composition.

The O/P ratio could additionally be used to evaluate the humber of BO (Equation 4.4) and
NBO (Equation 4.5) in the phosphate tetrahedral units of each of the glasses by using the

following equations:
Ngo = 8 - 2 x (O/P) Equation 4.4

Nnso = 4 = Ngo Equation 4.5

Table 4.5: Theoretical calculation of O/P, Q species and BO to NBO ratio for P40, P35, P32.5
and P30 glass formulations

Formulation  O/P Q2 Q! Qo Neo Nyeo BO/NBO
P40 3.25 50 50 0 1.5 2.5 0.6
P35 3.43 14 86 0 1.14 2.86 0.40

P32.5 3.53 0 94 6 0.94 3.06 0.31
P30 3.66 0 68 32 0.68 3.32 0.20

4.4.7 FTIR analysis

The FTIR spectra of each of the four glass compositions are shown in Figure 4.14. All
compositions display bands around 720 — 740 cm™ and 890-900 cm™ which were assigned to
symmetric (vVs) and asymmetric (Vas) stretching of P-O-P linkages respectively [129]. Bands at
both ~990 and ~1100 cm™ were also seen in all glass compositions and were assigned to the
symmetric and asymmetric stretching modes of the chain terminating Q* groups [130]. A band
at ~1040 cm?is visible in P35, P32.5 and P30 glass which is assigned to symmetric stretching
modes of PO, tetrahedral in Q° calcium orthophosphates [131]. The intensity of this band
increased from P35 to P30 and this correlates with the increase in Q° species from the 3!P

NMR studies (see Figure 4.13). This band was not visible in P40, where no orthophosphate
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groups were measured using 3P NMR. A band at ~1245 cm™* was seen in the P40 glass and
is assigned to asymmetric (Vas) stretching modes of the two non-bridging oxygens bonded to
phosphorous atom in Q? species [132]. The variations in the FTIR spectra were expected as
the phosphate network structure altered between glass compositions, as seen by the changing
O/P ratio and by complementary experimental data obtained via 3P MAS-NMR.
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Figure 4.14 FTIR spectra obtained for the four phosphate glasses. P40 [14], P35 (blue), P32.5
PMs (green) and P30 (red). The dotted lines indicate prominent bands in the spectra.

4.4.8 Raman Analysis

Figure 4.15 displays the Raman spectra for each phosphate glass with each spectrum being
averaged and baseline corrected. The assignment of peaks is based on the PO, symmetric
stretching mode of non-bridging oxygens in Q" units [133]. The band at ~ 965 cm* is assigned

to Raman-active PO, symmetric stretching mode of non-bridging oxygens in Q° units, whereas
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the band at 1050 cm™ was associated with Q! units and 1110 — 1160 cm™ associated with

PO, symmetric stretching of non-bridging oxygen in Q? units.

The Raman spectra acquired at both 660 and 532 nm excitation showed the same general
trend and were broadly consistent with the 3P NMR experiments that were performed to
determine the distribution of the Q. species. As seen in Figure 4.15, P30 appears to comprise
exclusively of Q° and Q! species, whereas P32.5 comprises predominantly Q?, but some Q°
and Q2. P40 is comprised exclusively of Q! and Q? species with no Q° species being detected,

which correlated with the results seen using 3!P NMR and FTIR.
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Figure 4.15 Raman spectra obtained for the four phosphate glasses. P40 (black), P35 (blue),
P32.5 PMs (green) and P30 (red). Shaded regions represent the likely Q species that a
prominent band relates to.
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4.4.9 lon Release Studies

Figure 4.16 shows the cumulative ion release profiles, calculated from measurements
obtained via Inductively Coupled Plasma (ICP) analysis, for the porous microspheres over 28
days and the calculated ion release rates. For each of the four porous microsphere
formulations, the ions appeared to exhibit linear ion release over the time measured (Figure
4.16A — D). A clear trend in the release rate of each ion was seen across the microsphere
series. P40 microspheres released all the glass forming ions at a statistically significant higher
rate in comparison to the other formulations (Na and P: p < 0.0001; Mg: p < 0.00; Ca: vs P32.5
and P30 p < 0.01) (see Figure 4.16E). As the phosphate content in the microspheres
decreased, so did the release rate for all ions. Porous P40 microsphere had the highest
release rate for all the ions and P30 the lowest. P40 porous microspheres released P at a rate
of 10.2 ppm/day and this was at a rate over 4 times greater than P35, 6 times greater than
P32.5 and 7 times greater than P30 porous microspheres.
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Figure 4.16 Cumulative ion release profile of (A) [Na], (B) [Mg], (C) [P] and (D) [Ca] measured
via ICP-MS PMS of phosphate glasses investigated in milli-Q water during 28 days of
immersion period. (E) lon release rates (ppm per day) of P40, P35, P32.5 and P30 porous
microspheres calculated from the linear cumulative ion release profiles (observed in A — D)

(Error bars are also included in the data above).
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The pH of the milli-Q water used to immerse the porous microspheres over the 28-day period
is displayed in Figure 4.17A. For the solution containing P40 porous microspheres, there was
a small decrease in pH from ~7.8 at day 3 to ~7.0 by day 28. The pH of the solution at day 3
was higher for the other 3 glass formulations at a pH of 8.8 — 9.2. For all formulations, the pH
gradually decreased from day 7 onwards. A trend was apparent in that the lower the

phosphate content of the microsphere, the higher the pH of the milli-Q water.

The slightly alkaline pH of the microsphere containing milli-Q water was attributed to any
residual porogen retained on or within the microspheres. As seen in Figure 4.8, the XRD traces
revealed the presence of CaCOj3 within porous microsphere but not for the solid microspheres
post-processing. As seen in Figure 4.17A, lower pH values were observed for the higher
phosphate containing microspheres, which was likely due to the release and breakdown of
phosphate chains leading to more PO, groups and a subsequent increase of PO4%" ions into
solution [134]. To confirm the role that residual CaCO3 within porous microspheres was having
on the pH of the solution, solid microspheres of the same formulation and size were also
immersed in milli-Q water for 28 days. The pH of the solutions containing the solid microsphere
followed the same trend but were at a slightly lower, more neutral pH (Figure 4.17B). This was
most evident between day 3 and 7.
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Figure 4.17 pH of milli-Q water during 28 days of (a) porous microspheres and (b) solid
microspheres immersion within the solution. (Error bars are also included in the data above).
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4.4.10 Degradation analysis

SEM images of the PMS from the four glass formulations following 28 days immersion in milli-
Q water were taken to assess any morphological changes that may occur due to microsphere
degradation (see Figure 4.18). A large proportion of P40 microspheres displayed evidence of
surface integrity deterioration and degradation occurring between adjacent pores. Similar
small cracks and morphological changes were seen in P35 microspheres but to a much lesser
extent. These changes were not apparent in both P32.5 and P30 microspheres with PMS from

both formulations appearing to remain intact following 28 days immersion.

5kV X400  50pm 10 50 SEI 5kV X400  50pm

SkV X400  50pm X400  50pm 10 50 SEI

Figure 4.18 SEM images of (A) P40 (B) P35 (C) P32.5 and (D) P30 PMS after 28 days
immersion in milli-Q water. Yellow arrows indicate regions of degradation on the
microspheres surface.
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4.4.11 Bioactivity Studies Using SBF: SEM Images

Since porosity can facilitate enhanced gaseous and nutrient exchange and encapsulation of
therapeutic compounds, the bioactivity of porous P40, P35, P32.5 and P30 microspheres was
explored to assess their suitability for in vivo orthobiological applications. SEM images were
acquired at each time point following immersion in SBF of porous microspheres of each of the
compositions and compared to particles of 45S5 Bioglass (to confirm media validation). 45S5
was shown to form deposits on its surface characteristic of hydroxycarbonate apatite (HCA)
following 24 hours of immersion within SBF (see Figure 4.19). This was consistent with other
studies where HCA deposits are also seen within this time [135]. These depositions on the

glass surface increased in both size and number as immersion time increased.

The phosphate glass microspheres did not display the characteristic HA-like deposits even
after 28 days. Of the 4 glass compositions, P30 porous microspheres appeared to display
regions which closely resembled the depositions as seen on the surface of 45S5 (see Figure
4.19). The SEM images also revealed evidence of degradation and that extensive cracking
had appeared on the surface of P40 porous microspheres. P35, P32.5 and P30 porous
microspheres did not display these features. The formation of cracks between pores and the
topographical changes that occurred to the P40 microspheres after SBF immersion appeared

to be like those seen in milli-Q water (see Figure 4.18).

5KV X1,000 10pm 0950 SEI Skv  X1,000 10pm 09 50 SEI BV X1,000 10pm 0950 SEI

5KV X1,000 10pm 09 50 SEI 5V X1,000 10pm 0% 50 SEI

Figure 4.19 SEM images of (a) 45S5 particles, (b) P40, (c) P35, (d) P32.5 and (e) P30 porous
microspheres following 28 days immersion in SBF. Depaositions visible on the particles surface
are circled in red.
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4.4.12 Bioacytivity studies using SBF: EDX Analysis

EDX analysis was also performed and used to calculate the Ca:P ratio (wt%) of the porous
microspheres prior to and after 28 days immersion in SBF. The porous microspheres from
each of the formulations exhibited elevated Ca:P ratios in comparison to their parent glass
formulations, which was attributed to the increase in CaO content from use of the CaCO3 as
porogen. Following immersion in SBF for 28 days, microspheres from each glass composition
exhibited an increase in the Ca:P ratios, which were used to predict any potential phases
present on the surface of the microspheres (see Figure 4.20).
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Figure 4.20 Ca:P ratio (wt%), determined by EDX, for porous microspheres from
each composition prior to SBF immersion and after 28 days immersion.

The deposits seen on the surface of P30 porous microspheres had a Ca:P ratio of between of

1.2 — 1.3, which was higher than that of the microspheres themselves (Figure 4.21).
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Figure 4.21 SEM image of the depositions on P30 PMs that underwent EDX analysis.
Depositions are circled in red.

4.4.13 Bioactivity studies using SBF: XRD Analysis

XRD profiles of the four PBG porous microspheres and 45S5 following 28 days immersion in
SBF are shown in Figure 4.22. The XRD spectra for 45S5 were in good agreement with the
results seen in other studies, with sharp peaks at 20 values of 26° and 32° from day 7 onwards
revealing HCA (ICSD 01-084-1998) formation [136]. The spectra obtained for P40 and P35
lacked the sharp peaks at 26 values of 26° and 32° that indicate the formation of HCA on the
microsphere surface. A prominent peak at 26 value of 29° and smaller peaks at 36°, 39°, 47°
and 48° correlated with peaks for CaCOs; (ICSD 00-024-0027) that had previously been
identified using XRD on porous microspheres, prior to SBF immersion (see Figure 4.7). Peaks
at 29°, 36°, 39°, 47° and 48° were present at each time point. P32.5 and P30 spectra displayed
peaks for CaCOs at each time point and by day 28 peaks at 26 values of 31° and 34° were
also visible which corresponded to DCPD (i.e. brushite) (ICSD 00-004-0740) (see Figure
4.22).
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Figure 4.22 Powder XRD patterns for P40 (black), P35 (blue), P32.5 (green), P30 (red) and

45S5 (purple) following 28 days immersion in SBF.
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4.4.14 In vitro indirect Cell culture Studies

To determine the cytocompatibility of the porous glass microspheres, an indirect cell culture
method was performed which involved feeding microsphere-conditioned media to osteoblast-
like cells (MG63s) to evaluate their biological response to the dissolution products released
by each porous microsphere composition, over time. Standard medium (SM) and SM
containing 5% DMSO were included as positive and negative controls, respectively. Analysis
of metabolic activity via the Alamar Blue assay showed a significant increase in cell response
when each of the four porous microsphere conditioned media was applied between days 2 to
day 7. This increase in metabolic activity was also seen for cells treated with SM but cells
treated with SM + 5% DMSO did not have an increase in metabolic activity from day 2 to day
7 (D2 vs D7: p <0.0001). No significant difference was detected between all formulations at
day 2, apart from comparison to SM +5% DMSO (p <0.0001) (see Figure 4.23A). Although
not statistically significant, a trend for increased metabolic activity for the lower phosphate

containing microsphere formulations was also observed.

At day 7, the trend towards increasing metabolic activity with decreasing phosphate content
in the microspheres became significant. Cells grown in P30 conditioned media had a
statistically significant higher metabolic activity response to cells grown in all other conditions
except for those in P32.5 conditioned media (vs P40, P35, SM, SM+5% DMSO p < 0.0001).
Cells grown in P40 media had a significantly lower cell response in comparison to P32.5 (p <
0.05) and P30 cells (p <0.0001) but was comparable to cells grown in P35 conditioned media
and SM (see Figure 4.23A).

Bright field images taken at day 2 of treated cells confirmed the formation of homogenous cell
monolayers that were comparable to the cells grown in the SM control. Cells grown in SM +
5% DMSO were sparsely distributed, and their small and spherical morphology was visibly
different to the elongated shape of the MG63’s grown in all other conditions (see Figure
4.23B).
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Figure 4.23 (A) Evaluation of cell metabolic activity in indirect culture of porous microspheres
at day 2 and day 7. ***p < 0.0001, *p < 0.05. (B) Cell appearance at day 2 of indirect culture.
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Alkaline phosphatase (ALP) activity was measured as an early marker of osteogenic
differentiation in MG63 after 7 days of indirect culture from the four phosphate-glass
microsphere formulations. The ALP activity was normalised to the DNA content of the samples
investigated. Cells grown in P40 conditioned media had significantly higher ALP activity
compared to cells grown in the three other microsphere conditioned media as well as standard
media (vs P35, P32.5 and P30: p < 0.001; vs SM: p < 0.05). There was no statistically
significant difference in ALP activity between cells grown in SM and those grown with P35,
P32.5 and P30 conditioned media (p > 0.05) (see Figure 4.24).
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Figure 4.24 Evaluation of ALP activity in indirect culture with porous microspheres at day 7.
*rrkn < 0.0001.
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4.4.15 In vitro direct Cell Culture Studies

Seeding of MG63 cells directly onto the microspheres was performed to evaluate the cellular
response to direct contact with the four porous microsphere formulations and assess their
suitability as biomaterials for bone repair and regeneration applications. Analysis of metabolic
activity of cells in direct physical contact of the microspheres showed that after 2 days of cell
culture there was no statistically significant difference in cells grown on the four different
microsphere formulations (p > 0.05) (see Figure 4.25).

Metabolic activity decreased slightly by day 7, with this response only being significantly lower
for P32.5 microspheres. After 7 days of culture there was no statistically significant difference
in metabolic activity measured between cells cultured on the four microsphere formulations (p
> 0.05). The metabolic activity of cells cultured on tissue culture plastic (TCP) as a positive
control was significantly lower at day 2, and by day 7 was significantly higher (p < 0.0001) (see
Figure 4.25).
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Figure 4.25 Evaluation of cell metabolic activity in direct culture of porous microspheres at day
2 and day 7. ***p < 0.0001.
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ALP was evaluated after 7 days of direct culture and was normalised to DNA concentrations
of each sample. ALP activity can be used as a measure of cell mineralisation as it is an early
marker of cell matrix maturation. The ALP activity after 7 days of MG63 cell growth on all four
microsphere formulations was significantly higher than those grown on the TCP control (p <
0.0001), although no statistically significant difference was detected between the formulations
(p > 0.05) (see Figure 4.26).
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Figure 4.26 Evaluation of ALP activity in direct culture of porous microspheres at day 7.
*rkn < 0.0001.

MG63 cells that were directly cultured on the four microsphere formulations were visualised
using ESEM at day 7. Cells were shown to adhere onto the microspheres from each of the

four glass formulations (see Figure 4.27).
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Figure 4.27 ESEM images of (A) P40 (B) P35 (C) P32.5 and (D) P30 PMS after 7 days
direct culture with MG63 cells. Yellow circles indicate regions of cells attachment and the
formation of colonies on the microspheres surface.

At a higher magnification it was possible to observe that MG63 cells appeared to have spread
and colonised pore regions within the microspheres structure (Figure 4.28). It was also evident
that cells were spreading and appeared to be displaying lamellipodia and filopodia projections
that were bridging adjacent neighbouring microspheres as well as penetrating into the pores
(Figure 4.28).
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Figure 4.28 ESEM images of MG63 cells cultures on P30 porous microspheres after 7 days.
(A) Red circles indicate regions of cells colonisation within pore regions and (B) blue circle
indicating where cells have spread and attached to adjacent microspheres.

4.5 Doxorubicin loading and release studies

4.5.1 DOX loading studies

Doxorubicin (DOX) was used as a model drug to assess its loading and release kinetics from
porous phosphate-based glass microspheres to ascertain their suitability for localised drug
delivery for the treatment of bone cancers. For this study, porous microspheres with the
highest phosphate content (P40) and the lowest (P30) were selected to see whether
compositional differences affected drug loading and release. DOX encapsulation efficiency
was determined by measuring the DOX concentration prior to and following loading within
PBS using an orbital shaker (as explained in section 3.6.1). The encapsulation efficiency, as
measured via UV-vis spectroscopy (see section 3.6.2), for P40 porous microspheres was
54.8% (+ 1.4%, n = 6) and was statistically significantly lower for P30 porous microspheres at
29.1% (x 1.3%, n = 6) (p < 0.0001) (see Figure 4.29).
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Figure 4.29 The encapsulation efficiency measured via UV-vis spectroscopy of DOX into
P40 and P30 porous microspheres after 24 hours.

4.5.2 In vitro DOX release studies

In vitro DOX release studies were performed for both P40 and P30 microspheres at pH 7.4
and pH 5 over a 48-hour period. As seen in Figure 4.30A, the release rate of DOX from P40
PMS at both pH involved an initial burst release over the first 4 hours, which then plateaued
slowly until 48 hours. A significantly greater quantity of DOX was released from microspheres
within PBS with a pH of 5 compared to that of 7.4. At 4 hours, P40 microspheres in PBS at pH
5 had released 38.9% of the DOX compared to 27.6% at pH 7.4. By 48 hours the difference
between the two had increased as much as 56.6% and 36.8% released in PBS at pH 5 and
7.4, respectively (see Figure 4.30A).

Figure 4.30B shows the same DOX release studies performed with P30 PMS. In addition to
having a lower encapsulation efficiency, P30 PMS released a significantly reduced amount of
DOX throughout the duration of the study. In a similar manner to P40 PMS, an initial burst
release of DOX was seen during the initial 4 hours of immersion in PBS and then a more
gradual release was observed until 48 hours. As with P40 PMS, a greater amount of DOX was
released at pH 5 in comparison to pH 7.4. Even at pH 5, P30 PMS released 14.7% of DOX
after 48 hours and this was only 3.0% at pH 7.4.
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Figure 4.30 The cumulative drug release profiles of DOX from (A) P40 PMS and (B) P30 PMS
within PBS at pH 7.4 and 5.0.

4.5.3 DOX release kinetics modelling

To investigate the release kinetics and associated release mechanisms of DOX from the
microspheres, various mathematical models were applied, which included Zero order, First
order, Higuchi and Korsmeyer—Peppas to understand the experimental release profile of DOX
at the two different pHs. The release kinetics and mechanism were determined by fitting the
release data to these models. The equations for each model are outlined in section 3.6.4.
According to literature studies, the model which showed an R? value closest to 1 indicated the
best fitting with the release profile data [137].
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4.5.4 Zero order kinetics model

For the zero order kinetics model, the correlation coefficient value was calculated by plotting
the percentage cumulative drug release against time as represented in Figure 4.31. For P40
PMS, poor linearity was observed at both pH 7.4 (R? = 0.655) and at pH 5 (R?=0.586). Similar
poor linearity was also seen for the P30 PMS at both pH 7.4 (R? = 0.429) and at pH 5 (R? =
0.405).
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Figure 4.31 Zero order kinetics release model of DOX from (A) P40 PMS and (B) P30 PMS
within PBS at pH 7.4 and 5.0.
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4.5.5 First order kinetics model

The correlation coefficient value of first order kinetics was obtained by plotting the log

cumulative drug release (as a percentage) vs time. As with the zero order model, both P40
PMS at pH 7.4 (R? = 0.567) and at pH 5 (R? = 0.549) as well as P30 PMS at both pH (R? =
0.567 for pH 7.4 and R? = 0.567 for pH 5) showed poor linearity (see Figure 4.32).
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Figure 4.32 First order kinetics release model of DOX from (A) P40 PMS and (B) P30 PMS

within PBS at pH 7.4 and 5.0.
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4.5.6 Higuchi kinetics model

The Higuchi model was applied to evaluate the kinetics of DOX release from the PMS by
evaluating the linear relationship between the amount of DOX released and the square root of
time at the two pH values. P40 PMS were shown to best fit to the Higuchi model at pH 7.4
with an R? value of 0.909. An R? value of 0.803 was determined for P40 PMS at pH 5 with the
linearity of P30 PMS being much lower with R? values of 0.617 and 0.626 at pH 7.4 and 5,
respectively (see Figure 4.33).
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Figure 4.33 Higuchi release model of DOX from (A) P40 PMS and (B) P30 PMS within PBS
at pH 7.4 and 5.0.
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4.5.7 Korsmeyer-Peppas kinetics model

To further investigate the drug release mechanism, the release data was then fitted to the

Korsmeyer-Peppas model. Here, P40 PMS showed better linearity at both pH 7.4 (R?=0.812)
and at pH 5 (R? = 0.891) in comparison to P30 PMS that had R? values of 0.693 and 0.752 at
pH 7.4 and 5, respectively (see Figure 4.34). Despite the relatively low linearity, P40 PMS at
pH 5 and P30 PMS at both pH 5 and 7.4 best fit to the Korsmeyer-Peppas model. The diffusion
exponent or drug release exponent (n) values were calculated to be 0.251 and 0.176 for P40
PMS, which indicated Fickian diffusion as the release mechanism of DOX. For P30 PMS, n
values of 0.217 and 0.590 at pH 7.4 and 5 also indicated that Fickian diffusion was the release

mechanism at the lower pH but non-Fickian diffusion was indicated as the mechanism at pH

7.4 (see Figure 4.34).
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Figure 4.34 DOX release data from (A) P40 PMS and (B) P30 PMS within PBS at pH 7.4 and
5.0 fitted to the Korsmeyer-Peppas kinetics model.
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The kinetic parameters such as the zero order rate constant (Ko), first order rate constant (K4),
Higuchi constant (Ku), diffusional exponent (n) and correlation coefficient (R?) for the different
kinetic models are presented in Table 4.6 for P40 PMS and in Table 4.7 for P30 PMS.

Table 4.6 DOX release kinetic parameters from P40 PMS at pH 7.4 and 5.

pH Zero order First order Higuchi Kormeyer-
Peppas
Ko R2 K1 R2 Knx R2 n R2
0.316 0.655 0.0049 0.567 2.812 0.803 0.176 0.891
5 0.612 0.586 0.0068 0.494 5.020 0.909 0.252 0.812
Table 4.7 DOX release kinetic parameters from P30 PMS at pH 7.4 and 5.
pH Zero order First order Higuchi Kormeyer-
Peppas
Ko R? K1 R? Kn R? R?
0.0155 0.429 0.0058 0.405 0.428 0.617 0.590 0.752
5 0.0058 0.405 0.0155 0.429 1.248 0.626 0.217 0.693
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4.5.8 SEM analysis

SEM images were taken following the 48-hour release study to ascertain whether alterations
to the pH of the solution had resulted in changes to the microspheres morphology. As seen in
Figure 4.35, both P40 and P30 PMS showed no evidence of any significant degradation or
morphological changes after 48 hours. In the pH 5 solution, there was evidence of a
breakdown of the surface integrity of the microspheres and signs of degradation. This was
more prominent in the P40 PMS in comparison to the P30 PMS.

P40

5kV X400  50pm 5kV X400  50um

P30

15kv X400  50pm 15kV X400  50pm

Figure 4.35 SEM images of P40 and P30 porous microspheres following 48-hour release
study. Areas of degradation circled in blue.
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4.5.9 Confocal laser scanning microscopy

Confocal laser microscopy was employed to confirm the encapsulation and distribution of DOX
within porous P40 microspheres. As seen in Figure 4.36, following 24 hours of DOX loading
clear red fluorescent regions were visible on and within the cross-sections of the porous P40
microspheres, indicating the presence of DOX. No red fluorescent regions were detected in
the P40 samples that had not been loaded with DOX.

Bright field Confocal

P40

P40-DOX

Figure 4.36 Bright field and Confocal laser microscopy images of P40 and DOX-loaded P40
porous microspheres following 24 hours of encapsulation.



4.6 Discussion

Recently, studies have shown that bioactive materials consisting mainly of pyro- and ortho-
phosphate species show highly favourable cytocompatibility responses [107, 109]. These
phosphate species have been shown to play a vital role in bone mineralisation as well as
stimulating osteogenic differentiation, matrix gene expression and ALP activity in osteoblasts
[108].

In this work, PBG formulations termed P40, P35, P32.5 and P30 were produced and EDX
analysis confirmed that the elemental compositions of the starting glasses produced were
within 1.5% error margin of the target values. This is commonly seen in other studies involving
phosphate glasses where a 1 — 2 mol% error between the theoretical and empirically obtained
values is usually observed [138]. The slight discrepancies between the expected and target
values reported in other studies on phosphate-based glasses are often attributed to the
hygroscopic nature of phosphate precursor salts used in the glass manufacturing process
[139].

A high yield (>90%) of both solid and porous microspheres, in the size range of 125 — 200 um,
were successfully processed from each compaosition using the flame spheroidisation process
developed within the research group. For the porous microspheres at each composition, pores
of varying diameters were present throughout the surface and inner body of the microspheres
and were shown to be interconnected. Evaluating the elemental composition of the glass
formulations and of both solid and porous microspheres revealed that processing into porous
microspheres had a more pronounced effect on the composition than processing into solid
microspheres. The addition of calcium carbonate as a porogen resulted in in all PMS having
elevated CaO content in comparison the starting glass formulation (Figure 4.9). This was seen
to the greatest extent in P40 PMS and not only did this correlate with the greatest decrease in

P.Os but also the increased porosity observed in this formulation (Figure 4.4).

Cross-sectional SEM images of resin embedded porous microspheres revealed that the pores
were not limited to the surface of the microspheres but exhibited inner porosity and
interconnected pores (Figure 4.4). The interconnected porosity will have increased the surface
area of the microspheres thereby increasing the rate of degradation and subsequent release
of therapeutic ions [140]. It is hypothesised that the increased surface area would also facilitate
greater potential to load the microspheres with therapeutic cargo (such as chemotherapeutics
or growth factors) and subsequent release of cargo from the microspheres. The cross-
sectional SEM images also revealed that some of the microspheres from each glass

composition had pores on their surface but a solid core. This may have been due to the glass
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particles not having resided within the flame during spheroidisation for long enough or at a
region hot enough for the whole glass particle to become molten [117]. It is possible that there
may not have been sufficient porogen mixed with and in close proximity to those glass
particles.

XRD analysis confirmed that processing of the P40, P35 and P32.5 glass formulations into
solid microspheres resulted in the retention of their amorphous nature. However, when
processing into porous microspheres crystalline peaks were observed which were attributed
to residual porogen remnants within the microspheres which had not been fully removed
during the wash step. Conversely, crystalline regions were detected in P30 solid and porous
microspheres by both XRD and 3!P MAS-NMR spectroscopy (Figure 4.7 and Figure 4.13).

Quantitative 1D 3!P MAS-NMR spectroscopy was used to explore the distribution of the
phosphate glasses Q" species and for both solid and porous microspheres. The individual Q"
species each have a topologically unique and characteristic role within the glass network
structure: Q° (isolated), Q! (terminating) or Q? (bridging) (see Figure 4.37). Structural analyses
revealed that as the phosphate content of the glass particles and the microspheres decreased,
a gradual decrease in structural connectivity (Q? to Q! to Q% and increased average number
of non-bridging oxygen atoms was observed. The 3!P MAS-NMR data showed an absence of
QO species for P40 glass and a considerable increase from less than 1% for P35 glass up to
18% and 32% for P32.5 and P30 glass, respectively. The increase in Q°as phosphate content
decreased was accompanied with a subsequent decrease of Q?and Q* species (Figure 4.12).
These changes were attributed to the higher proportion of modifier oxides present in the lower
phosphate content glasses, which indicated that more non-bridging oxygens were needed to
charge balance the cations. This led to a greater number of oxygen atoms that were therefore
unable to covalently bond with adjacent phosphate tetrahedra leading to depolymerisation of

the glass network [141].
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Figure 4.37 The structure of (a) Q° orthophosphate, (b) Q'-Q* pyrophosphate and (c) Q*-Q?-
Q' metaphosphate chain displaying the tetrahedral phosphate environments. Bridging
oxygen atoms are displayed in black and non-bridging oxygen atoms in blue.

As seen in Figure 4.12, the P30 glass, solid and porous microspheres contained exclusively
Q° and Q! tetrahedra at an approximate 1:2 ratio. The glass compositions used in this study
were considered ‘invert glasses’ as the network modifier ions govern the properties of the
glass rather than the anionic network forming ions [100]. Previous studies found that invert
phosphate glasses, in the series P,0s-CaO-Na.O-MgO (where P»Os content ranged from
39.4 to 28.7 mol%), were predominantly formed of pyro (P.07*) and orthophosphates (PO,*)
[142]. Q° orthophosphates replace the role of the network modifying cations Ca?*, Na* and
Mg?* and act to charge balance the cations [141]. In the absence of Q? or Q® species in P30
samples, Q! must be present as Q!-Q! dimers, which subsequently creates inorganic
pyrophosphate group (P.O+*). As a result of this, it is proposed that P30 samples are therefore
not composed of a cross-linked or two-dimensional structure of polymerised phosphate
tetrahedra. Instead, they are arranged through a distribution of isolated molecular PO,* and
P,O7* anions, which electrostatically interact with the surrounding Ca?*, Na* and Mg?* ions
[126].

Although 1D 3!P MAS-NMR provided information on the structure of the glass through
guantitative information on the distribution and abundance of Q" species, it is unable to
investigate the connectivities of the tetrahedra and probe the longer-range (~1 nm) structure
of the glass [143]. In order to achieve this two-dimensional (2D) NMR experiments can be
used to determine the network connectivity of the glass where magnetisation between nuclei

can indicate the proximity of nuclei [144].
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1D 3P MAS-NMR spectroscopy showed that the higher the phosphate composition of the
samples studied, the greater the proportion of covalently bonded phosphate species present.
2D 3P MAS-NMR spectroscopy revealed that the phosphate chain length appeared not to
exceed a maximum of three phosphate tetrahedra for P35 and P32.5 samples. Despite P35
glass containing 18% Q? species and less than 1% Q° species, its structure can still be
regarded as a distribution of isolated molecular anions surrounded by Ca?*, Na* and Mg?* ions
[141].

Processing the phosphate glasses into porous microspheres resulted in a more significant
change in the Q" species than processing into solid microspheres. EDX analysis revealed that
the addition of CaCOs (which was used to induce porosity in the microspheres) resulted in an
increase in CaO content compared to the initial glass sample. This increase caused a
subsequent decrease in the proportion of P,Os, MgO and NaxO (Figure 4.9). The additional
calcium cations incorporated into the glass structure introduced an excess of positive charge
that resulted in an increase in the quantity of non-bridging oxygens to neutralise the charge
balance. In order to achieve a greater proportion of non-bridging oxygen atoms network
depolymerisation must occur and is seen with the increased proportion of Q° and a decrease
primarily in Q? but also Q* species [126].

A high proportion of orthophosphate (Q° and pyrophosphate (Q?) species were detected for
the P32.5 and P30 glasses, which were likely responsible for the high crystallisation tendency
of these glasses during manufacture (especially P30) [106]. The tendency for a glass to
crystallise is closely associated to the viscosity of the melt, with lower viscosities facilitating
the arrangement of the components into an ordered crystalline structure more easily. The
disrupted structure created by the short phosphate units meant that the P30 and P32.5 glasses
had a lower viscosity of the melt and therefore higher tendency to crystallise [126]. This was
the likely reason that crystalline peaks were observed for P30 SMS and PMS following
processing but were not seen in the other formulations. Nevertheless, it should be noted that
porous microspheres were still successfully produced from both these formulations. The 1D
3P MAS-NMR spectra identified crystalline regions within the structure of P30 solid and
porous microspheres that were likely due to two distinct crystal Q° structures (Figure 4.13). It
is postulated that these phases are Sodium Calcium Phosphate (a- NasCaPO,4) and Sodium
Phosphate (B-NasPO.) that were identified via XRD (Figure 4.7).

The glasses used in this study have been formulated to largely be composed of
pyrophosphates and in the case of P30 exclusively from pyro and orthophosphates. Pyro and
orthophosphate ions play a vital role in bone mineralisation. Pyrophosphates are known to be

inhibitors of HA formation and therefore control biomineralisation [145]. Alkaline phosphatase
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(ALP) is released by active osteoblasts which hydrolyses pyrophosphate ions into
orthophosphates [67]. This results in the loss of inhibition of HA formation and causes super
saturation of orthophosphates in the extracellular fluid thereby inducing mineralisation [109].
It is hypothesised that the high pyrophosphate and orthophosphate content within the
microspheres may provide enzymatically controlled levels of these ions that are required and

beneficial for enhanced mineralisation.

Evaluation of the apatite forming ability of a bioactive glass can provide useful information
about its potential bone-bonding ability in vivo. In this study the Bioglass Technical Committee
4 (TCO4) of the International Commission on Glass (ICG) method was used for evaluating the
apatite-forming ability of bioactive glasses in vitro [136]. This was due to the TCO4 method
fixing the particle mass per solution volume ratio instead of fixing the surface area to volume
ratio when comparing samples. As well as the glass microspheres used throughout this study,
45S5 Bioglass particles of the same size range were used during this set of experiments as
positive controls. Immersion of 45S5 within SBF confirmed the apatite-forming ability of the
SBF solution (Figure 4.22). Analysis of SEM images revealed that HA-like deposits were
present on 45S5 particles after 7 days immersion in SBF. These depositions on 45S5
increased in size and frequency with increased immersion time. Small depositions were first
present on P30 porous microspheres after 14 days immersion and increased in prevalence by
day 28. The presence of these depositions was not conclusive in confirmation of apatite

formation.

XRD analysis was performed to identify and differentiate crystalline phases present on the
glass microspheres following immersion in SBF. By day 28, P30 and P32.5 microspheres
exhibited peaks that corresponded to dicalcium phosphate dihydrate (DCPD), whilst P40 and
P35 porous microspheres only exhibited CaCO; peaks that were present in all the
compositions. The Ca:P ratios (wt%) at day 28 for P32.5 (0.68) and P30 (0.84) porous
microspheres were within the range suggested for precipitated amorphous calcium phosphate
(ACP) (0.67 — 1.5) [146]. It has been reported that precipitated ACP formed on calcium
phosphate biomaterials acts as a precursor phase towards the eventual formation of HA [147].
DCPD and other calcium orthophosphates, such as octacalcium phosphate (OCP), are also
known to form prior to precipitation of HA crystals on phosphate based bioactive glasses [148].
The lack of apatite-like depositions on metaphosphate glasses has been reported in other
studies. Kasuga et al. performed NMR analysis of ternary phosphate glasses in the system
XxCa0-(90 — x)P,0s5-10TiO, (x = 45 ~ 60) [149]. It was reported that 60Ca0-30P20s-10TiO2
glass contained orthophosphate and pyrophosphate groups, whereas glasses with a higher

P-Os content consisted predominantly of metaphosphate groups. Studying the apatite forming
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ability of these glasses revealed that a bonelike apatite phase formed on the surface of the
60Ca0-30P,0s5-10TiO2 glass particles following 7 days immersion in SBF. Additionally, it was
reported an apatite-like phase did not form on the metaphosphate glasses [150]. However,
the P30 and P32.5 glass formulations developed which contained high proportions of
orthophosphates and pyrophosphates did exhibit greater bioactivity and cytocompatibility,
which would lead to more favourable environments to promote bone repair and regeneration

than the other higher phosphate species containing glasses.

Phosphate-based glasses have the potential to aid in bone repair and regeneration by the
controlled release of therapeutic ions in a targeted manner. The glass compositions used in
this work were tailored to contain a high proportion of calcium, magnesium, and phosphate to
be released in a controlled fashion to aid bone regeneration. These ions are not only present
in the inorganic component of bone but their release from the microspheres are intended to
play an important role in the formation of new bone by stimulating growth and osteogenic
differentiation of cells via continuous release of Ca?*, PO,* and Mg?* ions. Several studies
have reported that up to a concentration of around 5 mM, the addition of PO~ and Mg?* ions
during stem cell culture can enhance the osteogenic activity of the cells [151]. The
microspheres are releasing several ions simultaneously so it may be difficult to ascertain the
role those individual ions are having on cell activity. However, biomaterials that can provide a
bioactive surface and release specific ions are likely to have a synergistic effect that can cause
an increase in the materials ability to promote bone formation [152]. The dissolution of the
glass microspheres must not be too rapid as extraphysiological levels of certain ions can result
in toxicity and have detrimental effects on vital homeostatic mechanisms [96]. Many
therapeutic ions are unable to be administered systemically due to potential off-target effects,
which can be mitigated by localised delivery. It is therefore of great advantage to be able to
have a predictable release rate of therapeutic ions from a biomaterial and being able to alter
or fine tune the release by changes to the physico-chemical composition of the material.
Tailoring the morphology of the phosphate-based glass product can also impart further control

on degradation and subsequent release of ions.

The porous P40 microspheres released a significantly greater amount at an increased rate of
all the ions in comparison to the other three porous microsphere formulations. Microspheres
from each of the four porous formulations exhibited linear ion release profiles and as the
phosphate composition decreased from P40 to P30 this was accompanied by a subsequent
decrease in ion release (Figure 4.16). The quantity and rate of ion release from P40 PMS
correlated well with previous studies that investigated ion release from porous microspheres

of the same formulation [1]. It is well established that the dissolution behaviour of phosphate
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glasses depends on the phosphate anions and the associated metal ions that constitute the
glass structure [153]. The P35, P32.5 and P30 formulations are considered as invert glasses
as their properties are controlled by the interactions of cations with the phosphate groups
rather than the P»,Os network and the entanglement of phosphate chains [100]. P32.5 and P30
microspheres released the lowest amount of all the ions and in comparable amounts, including
Ca?" which they contained a greater amount of in comparison to the other formulations.
Calcium ions within phosphate glasses are known to have strong complexing abilities with
linear polyphosphates forming cross-linking interactions which strengthen the glass network
[154]. A more compact phosphate glass network, due to the presence of ortho and
pyrophosphate groups and increased cross-linking, is responsible for the lower solubility and
subsequent ion release profiles due to the inability of water molecules to easily penetrate and
hydrate the structure [155]. Although there was variation in the quantities of ions released, all
four porous microspheres formulations released calcium, phosphate, magnesium and sodium
ions throughout the duration of the study. Continued, localised ion release from the
microspheres could deliver therapeutic ions in a site-specific manner, which would not only
optimise their therapeutic efficacy but minimise any off-target effects [156]. The role of ions,
such as calcium, phosphate and magnesium, within the bone regeneration processes have
been established with them primarily acting as enzyme co-factors. They are therefore able to
stimulate various signalling pathways and their controlled release can influence stem cell
differentiation down specific lineages and be harnessed to increase osteogenesis [157]. The
conversion of mesenchymal stem cells (MSCs) down the osteogenic lineage into osteoblasts
is a vital process to facilitate bone mineralisation at sites of osseous tissue damage during
bone remodelling and repair [158]. ICP analysis was unable to determine the specific
phosphate species released by the microspheres. However, it has been reported that some
of the phosphate anions released into solution are the same structural units present from the
glass. Phosphate chains released from the glass surfaces then dissolve (via hydrolysis) in

agueous conditions to smaller phosphate units [159].

From the indirect cell culture studies performed (using microsphere degradation conditioned
media from each of the four formulations) to assess cellular responses, it was demonstrated
that the ion release products from the microspheres were cytocompatible. Cells grown in all
four microsphere conditioned media had either comparable or significantly increased
metabolic activity in comparison to cells grown in SM (Figure 4.23). At day 7, a trend was
observed where increasing metabolic activity correlated with decreasing phosphate content in
the microspheres. Cells grown in P30 conditioned media revealed a significantly higher
metabolic activity response to cells grown in all other conditions except for those in P32.5

conditioned media. lon release studies (Figure 4.16) revealed that the release rate of all ions
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decreased as the phosphate content in the microspheres decreased. As highlighted above,
the 3P MAS-NMR revealed that P30 microspheres were formed exclusively from ortho- and
pyrophosphate species and that P32.5 were also comprised of a greater proportion of these
species in comparison to P35 and P40 microspheres. It is suggested that the concentration of
ions and the specific phosphate species released from the microspheres resulted in the
increased metabolic activity for the MG63 cell line. As shown in Figure 4.17, the ion release
products from the four porous microsphere formulations did not result in radical changes or
fluctuations to the pH of solution. Therefore, the profiles observed most likely created a stable

and highly favourable microenvironment for cell growth and proliferation.

After 7 days of indirect culture from the four phosphate-glass microsphere formulations, the
MG63s grown in P40 conditioned media revealed significantly higher ALP activity in
comparison to the three other microsphere formulations (Figure 4.24). As seen in Figure 4.16,
the P40 microspheres degraded faster and hence released a greater quantity of ions. In a
study by Gupta et al., hMSCs exposed to solid microspheres, with the same P40 glass
formulation also resulted in higher ALP activity compared to cells cultured in the slower
degrading  borosilicate  (1.7Ca0O-7.11Na20-78.6Si02-9.5B203-3.1A.03) and P45
(45P205-16Ca0-24Mg0-11Na>0-4Fe>Os mol%) microsphere conditioned media [117]. The
correlation between increased ALP activity for the faster degrading microsphere formulation,
in comparison to the slower degrading formulations, was also seen in the present study.
Intracellular Ca?* has been shown to enhance glutamate secretion inside cells, which has
been proposed as one mechanism for promoting osteogenic fate of osteoprogenitor cells
[160]. The Ca?* and other ions released from the P40 microspheres may have led to a greater
osteogenic effect in comparison to the other microsphere formulations investigated.
Conversely, Gupta et al. showed hMSCs exposed to P40 solid microsphere media also
resulted in cells revealing higher metabolic activity in comparison to the slower degrading
microsphere formulations, which was not seen in this study. It is vital to assess the effect that
degradation products of the microspheres have on cell response as this greatly influences the

success of a material for bone repair applications.

The direct cell culture method exposed cells to both the effects of the microsphere dissolution
products as well as to the physical environment via contact with the materials themselves. All
four porous microsphere formulations showed cell growth over the 7 days of culture tested
(Figure 4.25). In contrast to the indirect study, there was no significant difference in the
metabolic activity of cells regardless of which microsphere formulation they were grown on. A
study by De Melo et al. explored how tailoring the phosphate species within phosphate-based

glasses effected the adhesion of hMSCs to the glass surface. As the phosphate content
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decreased from 40 to 30 mol% in the glass series (40-x)P,0s:(16+x)Ca0-24MgO-20Na,0 (x
=0,5 and 10 mol%) depolymerisation of the glass network resulted in the formation of a greater
abundance of ortho- and pyrophosphate species at the expense of metaphosphate species.
This decrease in phosphate content in this glass series correlated with an increase in the
number of hMSC’s that adhered to the polished surface of the flat glass discs and greater
metabolic activity of cells after 24 hours. This effect was not seen in the present study, where
MG63 cells were used and cultured over a longer time on phosphate glasses but with a

different morphology and geometry.

Studies involving longer in vitro cell culture are required to establish further how the chemical
formulation, geometry and degradation products of the microspheres could affect cell growth.
Visible signs of some surface deformation was present in the higher phosphate containing
microsphere after 28 days in both milli-Q water and SBF (Figure 4.18 and Figure 4.21). These
cracks and delamination may result in decreased cell attachment, loss of extracellular matrix
deposition from established cells and reduced proliferation [161]. Deformation and the effects
of degradation are likely to be exacerbated in highly porous microspheres, where low-volume
areas and small struts that connect adjacent pores are most susceptible to damage. In this
work, P40 microspheres exhibited the greatest degree of porosity as well as being the fastest
degrading formulations. It may be that increased breakdown of the material surface coupled
with the release of fragments or particulates from the microspheres could negatively affect
cells in long-term culture [162].

Changes to the surface integrity of biomaterials can affect the ability of cells to adhere to their
surface. Figure 4.18 highlights the surface morphology of the microspheres following 28 days
immersion in milli-Q water and revealed that the majority of microspheres remained intact at
this point and similar images were acquired following 28 day immersion in SBF (Figure 4.21).
It is likely that the 7 days over which the cells were cultured on the microspheres, there was
not a drastic breakdown to the physical surfaces of the microspheres and would therefore be
unlikely to impair the ability of the cells to adhere. Both the physical attachment of the cells as
well as the cellular microenvironment will affect the rate of degradation of the microspheres.
The stable glass surface and gradual ion release from all glass formulations in this study is
likely to be creating favourable environments devoid of drastic pH (Figure 4.17) and osmolarity

fluctuations that can be detrimental to the osteogenic response and potential of the cells [163].

Previous studies involving direct cell culture with phosphate-based glass microspheres
showed that cells attaching to and proliferating on and between adjacent microspheres
alongside colonisation of the inner pore regions [1]. This was also observed in the present

study, further indicating the suitability of the porous microspheres as substrates for cell growth
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and proliferation (Figure 4.27). Biomaterials that facilitate bone repair and regeneration would
ideally be both osteoconductive (provide optimum conditions for bone growth) and
osteoinductive (induce stem cell differentiation down the bone lineage). Additional desirable
characteristics that significantly enhance the regenerative potential of the material are
mechanical stability and porosity [164]. An interconnected, 3D network of pores has been
shown to facilitate cell attachment and allow for the infiltration of osteoblastic and vasculature
cells that support matrix deposition and the ingrowth of new bone [165]. Microporosity has
been attributed to promoting bioactivity and protein interaction, whereas larger pores, ranging

from 1 - 100um, support cell adhesion, proliferation and migration [166].

The essential and synergistic role of phosphate anions in combination with calcium and
magnesium cations for the development of new bone tissue is well established [167]. Ortho-
and pyrophosphates can directly influence the natural cycle of bone formation and resorption
and are utilised to increase the generation of new bone tissue and stimulate HA crystallisation.
Orthophosphates are vital for the mineralisation of collagen fibres formed from osteoblasts
within the remodelling process [168]. Inorganic pyrophosphates can modulate
biomineralisation by acting as both an inhibitor for mineralisation but also as a source of
orthophosphates following their hydrolysis by ALP. Furthermore, pryophosphates can
stimulate extracellular matrix gene expression, ALP activity and differentiation of
osteoprogenitor cells [108].

The phosphate-based glass formulations produced herein have huge potential for hard tissue
engineering applications due to their ability to influence biomineralisation through their release
of specific ions in a controlled manner [169]. Microspheres that release ortho- and
pyrophosphate species may provide enzymatically controlled levels of the inorganic
components required for mineralisation [109]. Biomaterials such as these can be tailored to
induce specific biological responses as opposed to materials that are designed solely to mimic
a component of a biological structure [170]. The P32.5 and P30 porous microspheres used in
this study were designed to release ortho- and pyrophosphate anions in addition to calcium,
magnesium and sodium cations to create a favourable micro-environment for the migration,
proliferation and differentiation of osteoblast and osteoprogenitor cells. They act not only as
vehicles to deliver ions but provide a surface structure to improve osteointegration of new
bone tissue, whilst limiting inflammatory or fibrotic responses following in vivo delivery. The
microsphere size and morphology facilitate their delivery via minimally invasive (injection)
techniques and allows them to be utilised for orthobiological applications [171]. Ideally, the
microspheres would release ions that stimulate osteogenesis, support cell growth upon their

surface and degrade at a suitable rate for new bone tissue formation [22].
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Surface structures and geometries have been shown to directly influence cellular responses
including adhesion, proliferation and osteogenic differentiation [172]. In vivo studies have
indicated that collagen deposition and new bone formation occurs preferentially at concavities
on biomaterial surfaces, further signifying the potential for porous microspheres to influence
osteogenic differentiation over extended culture periods [173]. It may be that these concavities
resulted in the increased ALP activity of cells grown directly on the microspheres in
comparison to those on TCP (Figure 4.26). The increased ALP activity seen for cells cultured
on the porous microspheres suggests that the microspheres provided a more favourable
surface for influencing osteoblast cell differentiation and mineralisation of bone compared to
TCP. A possible upregulation in ALP activity of the cells directly grown on the microspheres
may be responsible for the slight reduction in metabolic activity seen at day 7 in comparison
to day 2. It has been reported that the upregulation in ALP activity is coupled with a down

regulation of cell proliferation, as maturation of the extracellular matrix occurs [174].

Longer in vitro direct studies involving osteoprogenitor cells will be required to assess whether
the microsphere formulation and morphology have a more profound effect of cell fate and
therapeutic potential. Investigating extracellular matrix deposition (ECM), calcium deposition
and collagen (a late osteogenic differentiation marker) can provide evidence as to which
formulation may be most suitable for bone repair and regeneration. Several mechanisms
including chemical factors, such as ions, hormones and growth factors, as well as
environmental factors, including mechanical stimuli, material geometry and topography, have
been identified as being able to influence osteogenic differentiation [175].

Previous in vivo studies involving the implantation of porous P40 microspheres into ovine bone
defect model, over a 13-week period, established their biocompatibility and potential as
candidates for bone repair and regeneration. Histological analysis comparing cellular
response and tissue formation between porous P40 microspheres, and a slower degrading Ti-
containing formulation (P40Ti) revealed marked differences [176]. In the defects where P40
microspheres were implanted, reduced trabeculae-like interconnection and higher fatty bone
marrow content was observed, whereas P40Ti microspheres promoted dense interconnected
tissue. The widely distributed connective tissue coupled with the lack of trabecular
organisation led to McLaren et al. suggesting that although the slower degrading P40Ti
microspheres stimulated greater tissue formation, this may have delayed tissue maturation
and remodelling at the bone defect. In the groups treated with P40 microspheres, a greater
amount of mineralised tissue was identified in comparison to the P40Ti treated group. The
varying degradation rates of the two formulations used affected tissue formation due to both

structural effects of the material and instructive cues through ion release. This work highlighted
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that long term in vivo studies are vital in establishing the potential of the four microsphere
formulations used in the present study for bone regeneration applications. The differing
degradation rates coupled with the type and relative quantity of ions released have the
potential to be used to modulate bone remodelling and regeneration [102]. In vivo studies
comparing P40 and P30 porous microspheres could be hugely valuable to confirm the
potential efficacy of the slower degrading, ortho and pyrophosphate-rich P30 composition.
Fully resorbable biomaterials offer the possibility to stimulate bone growth and be

progressively substituted by new tissue whilst re-establishing physiological functionality.

The microspheres in the present study are biomaterials that have the potential to influence
and instruct beneficial responses to endogenous cells that are present at the site of injury
following bone cancer treatment. Bioinstructive materials that do not need exogenous cells
grown in vitro on or within them remove the logistical and technical issues around the retrieval,
proliferation and differentiation of the exogenous cells and implantation into the injured site
[177]. Cell-based therapies can suffer from patient-to-patient variability, whereas a material
can possess specific, reproducible properties capable of eliciting specific therapeutic
responses to restore tissue structure and function at the injured sites [178].

The porous microspheres not only have the potential to facilitate bone repair at regions where
tissue has been damaged as a result of bone cancer or its surgical resection, but they can
also be loaded with therapeutic cargo to improve bone cancer treatment outcomes. Many
chemotherapeutic drugs are toxic to normal cells and often their lack of specificity and
selectivity can prevent their use in high dosages [179]. Delivering chemotherapeutics to solid
tumours remains challenging due to the complex nature of tumour vasculature and the
distinctive microenvironment that they create. Hypoxic and acidic conditions can limit the
efficacy and availability of drugs delivered and result in reduced penetration and accumulation
within the tumour, particularly within osteosarcomas [180]. Chemotherapy is one of the primary
strategies employed to improve bone cancer patient’'s prognosis by destroying malignant
cancer cells and preventing them spreading. It is often utilised throughout the course of
treatment adjuvant to other forms of therapy. The synergistic effect of chemotherapy and
radiotherapy has the potential to enhance cancer treatment efficacy and a consequential
reduction in the treatment time for patients. Chemotherapy is commonly employed as an
adjuvant therapy prior to and following radiotherapy to enhance its tumorcidal ability [7].
Chemotherapy is predominantly administered systemically and is often non-selective, which
can cause radiosensitivity of healthy tissue and therefore limits drug dosage and potential
efficacy [181, 182]. Postoperative chemotherapy is also crucial for destroying any residual

cancer cells that remain after treatment and to prevent any cancer recurrence [183]. As such,
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producing microspheres that can locally deliver chemotherapeutics simultaneously to and
after radiotherapy in a site-specific manner have the potential to improve and enhance the
effect of both treatment forms.

Doxorubicin (DOX) is a prominent chemotherapy drug that is commonly used for the treatment
of osteosarcomas, as well as several other types of cancer. The use of DOX is often dose-
limited due to both acute cardiotoxicity (e.g tachycardia and myopericarditis) and chronic
adverse cardiac effects (congestive heart failure), in addition to the other common side effects
of myelosuppression and mucositis [184]. Various drug delivery systems have been
investigated to deliver DOX in a site-specific manner to reduce the risk of cardiomyopathy,
and other systemic adverse events, whilst increasing the dose received at the target [185]. Liu
et al. fabricated poly(propylene fumarate)-co-poly(L-lactic acid) (PPF-co-PLLA) porous
microspheres by thermally induced phase separation incorporating DOX and embedding
within an oligo(poly[ethylene glycol] fumarate) (OPF) hydrogel. This technique allowed for
localised and long-term delivery of DOX and in vitro cytotoxic effects up to 30 days in the
osteosarcoma 143B cell line [185]. Calcium phosphate-based biomaterials have also been
explored for DOX delivery for osteosarcoma treatment. Hess et al. produced tricalcium
phosphate/alginate beads loaded with DOX or cisplatin and incorporated them within porous
hydroxyapatite matrixes obtained by freeze gelation. The co-loaded composites were shown
to enhance toxicity towards MG63 cells with the porous matrix structure additionally acting as
a scaffold for future bone formation [186]. In the present work, preliminary studies involving
P40 and P30 phosphate-based glass porous microspheres were performed to investigate their
suitability as drug delivery vehicles by investigating the loading and release of DOX from the

microspheres.

At a concentration of 50 pg/ml of DOX, P40 PMS were found to have a far greater
encapsulation efficiency, 54.8% (+ 1.4%), in comparison to P30 PMS 29.1% (zx 1.3%). This
was likely due to the increased porosity of the P40 microspheres (observed via SEM, Figure
4.4), with the increase in both size and quantity of the pores invariably resulting in increased
surface area as seen in other studies [1]. The increase in loading efficiency may also be due
to increased electrostatic interactions between the DOX and the P40 PMS. DOX has a free
amino group (see Figure 4.38) that is positively charged at physiological and acidic pH,
whereas phosphate-based glasses are hydrophilic materials which can develop negative
charges on their surface due to the formation P-OH groups [187]. Increased OH- content within
calcium phosphate-based materials has been shown to effect electrostatic interactions, with
HA having more OH-groups compared to tricalcium phosphate, which therefore improved its

electrostatic interactions with other molecules [188]. To improve drug loading efficiency,
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further studies are required in which the concentration of the drug and time used to load DOX
is explored. This would allow for the development of an optimal process by which an efficient
and clinically relevant amount of DOX could be loaded and subsequently released from the
microspheres over time. In vitro cellular studies would be required to establish the
effectiveness of the porous microspheres to deliver tumoricidal doses of chemotherapeutics.

NH>
Figure 4.38 The chemical structure of Doxorubicin (DOX). [8]

In addition to being loaded with a significantly lower amount of DOX, P30 PMS also released
a significantly reduced amount of DOX at both pH 7.4 and pH 5. Both P30 and P40
microspheres exhibited similar release behaviours in that an initial release of DOX was seen
over the first 4 hours, followed by a more gradual release over the subsequent duration of the
study. This initial rapid release could be attributed to the increased proportion of DOX located
on and near the microsphere surface, as evident from the confocal laser scanning microscopy
image in Figure 4.36. For both microsphere formulations, drug release was highest in PBS
with a pH of 5 in comparison to 7.4. A pH of 7.4 and 5 were selected to simulate normal
physiological and the acidic tumour microenvironment that can develop in bone sarcomas.
The source of acidosis in the tumour microenvironment arises mainly due to altered glycolytic
metabolism that results in extracellular proton accumulation, which becomes an intrinsic driver
of malignancy [189]. This extracellular acidosis increases invasion, angiogenesis, metastasis

and can result in resistance to certain types of therapy [190]
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Elevated DOX release at pH 5 may be due to increased breakdown of the integrity of the
microspheres surfaces and changes in their morphology. The hydrolysis reaction that cleaves
the P-O-P and P-O-MeO/Me,0 bonds are accelerated at lower pH where there is additional
protons, therefore resulting in a faster rate of hydration and dissolution [191]. Interconnecting
regions between pores at the surface are most susceptible to degradation and loss of
structural integrity here can lead to exposure of inner pore regions allowing greater drug
release. As seen in Figure 4.35, it was evident that P40 PMS underwent a more substantial
change to their morphological integrity at pH 5 compared to pH 7.4. Phosphate glasses
containing longer phosphate chains (e.g. meta and ultraphosphates) are more prone to
hydration and hydrolysis than pyro and orthophosphate species [192]. As seen in Figure 4.16,
P40 PMS degraded at a much faster rate and released more ions in comparison to P30
microspheres when immersed within milli-Q water. The increased drug release in the more
acidic environment indicates excellent chemotherapeutic delivery properties. A pH-responsive
DOX release within tumour tissue could selectively kill cancer cells, whilst reducing DOX
delivery to healthy cells within normal physiological pH environments [68]. The sustained
localised delivery could therefore not only increase therapeutic efficacy but may also lead to
a reduction in adverse unwanted effects to healthy tissues.

P40 PMS at pH 7.4 most closely followed the Higuchi drug release model, which indicated
that the drug release profiles were diffusion controlled release [193]. P30 porous microspheres
at both pH values as well as P40 PMS at pH 5 were shown to best fit to the Korsmeyer-Peppas
model. The diffusion exponent, n, derived from the Korsmeyer-Peppas model was determined
by plotting of log cumulative percentage drug release versus log time. The diffusion exponent
characterises the release mechanism and for P40 microspheres at both pH 5 and 7.4 the n
value was calculated to be < 0.43, indicating a Fickian diffusion mechanism being responsible
for the release [194]. Fickian diffusion was also indicated for P30 PMS at pH 7.4, but at pH 5
the n value fell within the range of 0.43 < n < 0.85 meaning that non-Fickian diffusion was the
dominant release mechanism and that a combination of diffusion and erosion based drug

release was occurring [195].

Further studies are required to ascertain whether the porous phosphate glass microspheres
could deliver other therapeutics that may improve bone cancer treatment or aid in bone repair.
Often a combined regimen of multiple therapeutics prior to and following surgical intervention
is used when treating bone sarcomas. Clinical and preclinical studies have shown that
nitrogen-bisphosphonates (BPs), such as zoledronic acid, can prevent skeletal related events
(SRE) in patients suffering from bone metastases and also exhibit antitumour activity that can

prevent the spread of bone metastasis in certain cases [196]. BPs are thought to induce
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apoptosis of circulating primary tumour cells, reduce tumour and endothelial cell proliferation
as well as having an antiangiogenic effect. This causes the bone microenvironment and pre
metastatic niche to be a less conducive region for cancer cell survival and may provide a

means to prevent cancer recurrence [197].

The skeleton is a rich source of growth factors and during bone resorption, which is
upregulated in osteolytic lesions, these matrix-embedded factors are released. Nitrogen-BPs
ability to inhibit the action of osteoclasts prevents the release of the bone-derived factors that
stimulate tumour growth and proliferation [11]. Several studies have shown that when
zoledronic acid is used as a neoadjunvant therapy alongside other chemotherapeutics it has
a synergistic beneficial effect [198]. It may be that future studies could look at incorporating
BPs within the porous microspheres used in this study and investigate their synergistic effect

with other clinically used chemotherapeutics.

98



5 Yttrium- doped phosphate-based microspheres

for internal radiotherapy delivery

5.1 Introduction

Internal radiation therapy is a form of cancer treatment that involves the placement of
radioactive sources within the body, usually adjacent to or directly within a cancerous tumour
[77]. This treatment can be particularly effective against cancers where the response to
chemotherapy is poor or when external beam radiotherapy is not possible due to the location
of the cancerous tissue [199]. In order for effective treatment, the delivery of the radiation must
maximise the dose of radiotherapy to aberrant cancer cells, whilst minimising exposure to
surrounding healthy cells [71]. One strategy that has been successfully used to deliver internal
radiotherapy is the use of radionuclide doped microspheres. Direct injection of the
microspheres into the tumour cavity, or into the blood vessel supplying a tumour, increases
the localised in situ delivery of tumoricidal doses of radiotherapy [200].

Various biomaterials have been employed to deliver specific radionuclides that emit alpha,
beta or gamma radiation for internal radiation therapy. Beta-emitting () radionuclides have
been the most comprehensively utilised due to their ability to deliver high doses of radiation
with sufficient levels of tissue penetration [201]. The properties of the radionuclide are used to
select the best candidate to deliver the desired dose of radiation, over the required distance,

to achieve the most efficacious treatment for the specific tissue or organ [202].

Yttrium 90 (°°Y) is a radionuclide that has been extensively studied and has been used
clinically to deliver internal radiotherapy. Non-radioactive 8°Y is activated to the pure B -emitter
%Y by neutron bombardment prior to implantation, with the resulting *°Y having a half-life of
64.2 hours, a tissue penetration depth ranging from 2.5 -11 mm and the capability of delivering
therapeutic doses of ionising radiation [203]. Currently two different types of °°Y containing
microspheres are commercially available that are used in Selective Internal Radiation Therapy
(SIRT) (also known as radioembolisation) for the treatment of unresectable hepatocellular
carcinoma [88]. SIR-Spheres (Sirtex Medical, Sydney, Australia) are resin-based
microspheres that are comprised of a proprietary biocompatible microsphere that is coated
with a cross-linked cation exchange polystyrene resin. Yttrium is integrated into and
immobilised within the resin matrix via ion exchange of sodium for yttrium followed by its
precipitation as a phosphate salt [7]. TheraSphere (Boston Scientific, United Kingdom) are

alumina silicate glass microspheres produced via traditional melt-quenching technique
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involving yttrium oxide (Y20s3), aluminium oxide and silicon dioxide, followed by flame-

spheroidisation [204].

Glass microspheres are attractive materials for the delivery of internal radiotherapy since the
non-radioactive isotope is able to be incorporated into the chemical and physical structure of
the glass during the manufacturing and processing procedure [113]. Neutron activation is the
final step in the manufacturing process, and this therefore provides an inherent safety benefit
during their fabrication. Once irradiated, the glass microspheres need to possess high
chemical durability in order to prevent leaching of the radionuclide and irradiating the patient
away from the target site. [205]. The time from neutron activation of the microspheres to their
delivery in the clinic is also used to ensure a specific dose is administered. Despite this,
significant decay of the microspheres radioactivity occurs before treatment has started due to
the relatively short half-life of °°Y [206]. Therefore, production of microspheres that are not

only chemically durable/stable but also contain a high yttrium content are greatly desirable.

Several studies in the literature have reported on the use of bioactive glasses as vectors for
internal radiotherapy delivery [207]. Bioactive glasses undergo a series of surface reactions
in vivo or when exposed to physiological fluids that allow them to bond with native host tissue
and their dissolution products can stimulate cellular responses, such as osteoconduction and
angiogenesis [208]. Modifications in the glass formulation affect the glasses physico-chemical
and mechanical properties, bioactivity and dissolution rate. This allows for the ability to tailor
the properties of the glass for the desired application. Bioactive glasses that are fully
resorbable or capable of delivering multiple therapeutic responses are of great interest in
medical research. The amount of Y,Os3 that can be incorporated into the glass structure is
currently limited to around 18 mol% in silicate based glasses and requires a high temperature
melting process, due to Y203 melting temperature of 2,425°C [209]. A study by Arafat et al.
investing the crystallisation behaviour of glasses within the system 45P,0s— (30 — x) Na:O—
25Ca0—xY20s—(where x = 0 to 10) found that the addition of Y.O3 was limited to 5 mol%, as
further addition resulted in crystallisation of the glass [210]. This demonstrates the difficulties
often encountered when trying to incorporate high quantities of Y,O3 within a phosphate-based
glass although Martin et al. incorporated approximately 31 mol% Y,Os within yttrium alumino-
phosphate glasses [211]. The low concentration of yttrium incorporated into glass
microspheres reduces the maximum dose of radiation, therefore limiting efficacy of treatment
and results in an increased time required to activate the radionuclide through neutron
bombardment [212].

Alternative biomaterials, such as ceramics, have also been used to fabricate microspheres

containing yttrium for internal radiotherapy delivery. Ceramics are an attractive material of
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choice since certain bioceramics, particularly calcium phosphate based ceramics, have been
shown to be cytocompatible and have the ability to both bond to bone and enhance new bone
tissue formation [213]. Ceramic materials typically have high chemical durability making them
suitable for radiotherapy and hard tissue engineering applications [214]. The formation of
YPO. and Y-doped calcium phosphate microspheres via hydrated ion exchange for internal
radiotherapy delivery has been explored by Zhou et al. [215]. Beta-tricalcium phosphate (-
TCP) based composites have also been formed by classical ceramic sintering route of
chemically synthesised and calcined B-TCP with up to 50 wt% yttrium phosphate powders
[216]. Microspheres formed solely from Y03 and YPO, powder have been fabricated using a
high-frequency induction thermal plasma melting technique to increase the yttrium content per
microsphere. This would increase the amount of radiation that could be delivered per
microsphere and at levels greater than are currently achieved using conventional yttrium-
doped glass microspheres [217]. Microspheres that are comprised of yttrium and phosphorous
are of increased interest due to *'P, which is found at a natural abundance of 100%, yielding
radioactive 32P, which is a B-emitter with a half-life of 14.3 days following neutron
bombardment [206]. A biomaterial containing 2P within its structure could deliver localised
radiotherapy simultaneously with another radionuclide, such as Y, and over an increased
duration potentially enhancing their radiotherapeutic effect [218].

Microspheres formed from a biomaterial that has intrinsic bioactive properties, whilst also
simultaneously being able to deliver radiation therapy via neutron activated radionuclide would
be highly advantageous over clinically available options. Once the ionising radiation has
decayed, the dissolution of the microspheres into harmless products and resorption in the
body could circumvent issues associated with permanent implantation and surgical retrieval
of devices that occurs in other forms of internal radiotherapy, such as brachytherapy. The
degradation of some bioactive materials have the capability of promoting new and rapid growth
of healthy tissue that would aid in the regeneration and repair of tissue damaged by cancer
and its accompanying treatment [212]. Fabricating such a microsphere that could achieve the
properties is challenging since bioactivity only occurs due to specific surface reactions, whilst
a sufficiently low release rate of any radionuclides is required during their period of

radioactivity.

Glass-ceramics are polycrystalline materials composed of one or more glass and crystal
phases that are produced when glasses are subjected to heat treatment and undergo
crystallisation to a lower energy state [219]. This is generally a highly controlled process as
both the starting glass composition and the temperatures used have been empirically shown

to have a direct effect on the final properties of the glass-ceramics and the phases present
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[220]. Glass-ceramics are not fully-crystalline in nature with typically 30-70% volume of the
microstructure being crystalline and residual glass accounting for the rest [221]. The
composition of the crystalline phase or phases produced as a result of heating, as well as
residual glass, are different to that of the original parent glass [222]. The crystallisation process
is usually performed to produce a material that has enhanced properties over the parent glass.
When employed as biomaterials, the properties that are most desirable for glass-ceramics is
high physical and chemical durability combined with biocompatibility [223]. Certain calcium
phosphate glasses have demonstrated biocompatibility, bioactivity, bioresorbability and
osteoconductivity and have therefore been investigated as potential parent glasses for glass-

ceramic fabrication [224].

This chapter discusses processing and structural characterisation of yttrium-containing
phosphate-based microspheres that could be used to deliver internal radiotherapy for the
treatment of bone cancers. In vitro bioactivity and cytocompatibility studies have been
performed to assess the microspheres’ ability to support cell growth and proliferation and to
facilitate bone repair and regeneration to damage tissue following devastation due to bone
cancer and it associated treatments.
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5.2 Results

5.2.1 Morphological and elemental analysis

SEM analysis confirmed that following processing and sieving a high yield of spherical
microspheres were produced via the flame spheroidisation method. As seen in Figure 5.1, a
lack of aggregation and a narrow size distribution was achieved using this manufacturing
process. This was apparent at each yttrium oxide to glass ratio that was used prior to
spheroidisation. Initial SEM analysis revealed that the microspheres topography was not
homogenous with different surface features visible on microspheres produced at the various

compositions.

15k X330  50pm 11 56 SEI 15kY X300  50pm 11 56 SEI

Figure 5.1 SEM images of the morphology of the yttrium-containing microspheres produced.
(A) Microspheres processed using a 30:70 yttrium oxide to P40 glass ratio (30Y) and (B)
microspheres processed using a 50:50 yttrium oxide to P40 glass ratio (50Y).

EDX analysis was performed to confirm the composition on the microspheres manufactured
at each yttrium oxide to glass ratio. As the amount of yttrium oxide that was mixed with the
glass increased, there was a proportional decrease in all the other glass elements within the
microspheres (see Figure 5.2).
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Figure 5.2 Elemental composition determined EDX of the yttrium microspheres produced via
flame spheroidisation.

Throughout this work, the following naming convention was used to refer to the samples i.e
30Y, where 30 refers to the ratio of yttrium oxide mixed with P40 glass prior to spheroidisation
and Y the radionuclide of interest. 30Y microspheres were chosen for further characterisation
and study due to their yttrium content (15.0 mol% +1.8) being comparable to that of
Therasphere™ and containing a P.Os content of ~30 mol%. 50Y microsphere were also used
as these had the highest yttrium content (39.1 mol% +3.3) and revealed some rather intriguing

surface morphologies.
5.2.2 30Y Surface topography and elemental analysis

For the 30Y composition, microspheres appeared to present with two topographically different
surface features (see Figure 5.33A). Most microspheres had a smooth surface with almost no
distinguishable features visible. A second distinct group of microspheres presented with grain-
like structures over some or all the microspheres’ surfaces. Field Emission Gun (FEG)-SEM
was used to further investigate the surface of these yttrium-containing microspheres (see
Figure 5.33B and C).

104



OkV X500  50pm

Topography 4 0 e ool R toRography 2o st

D
P20s
CaO
MgO
Na,O
Y203

Figure 5.3 (A) SEM image of multiple 30Y microspheres (B) FEG-SEM image showing
example 30Y microsphere with a smooth topography. (C) FEG-SEM image showing example
30Y microsphere with a rough topography and grain-like structures on its surface. (D)
Elemental composition determined EDX of 30Y microspheres with the two different
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EDX analysis of the two subsets of microspheres revealed that their topography appeared
indicative of the yttrium content. Microspheres with a smooth surface topography had a higher
yttrium content, 20.6 mol% (+ 3.9), compared to those with the grain-like structures on their
surface, revealing ~10.6 mol% (= 2.9). The elevated yttrium content in the smooth
microspheres meant there was a proportional decrease in the other elements in comparison

to microspheres with the rougher surface morphology (see Figure 5.33D above).

EDX mapping of resin embedded microspheres was performed to establish whether any of
the elements were concentrated at regions within the microspheres. The mapping showed
that yttrium was homogenously distributed throughout the whole of the 30Y microspheres and
did not appear to be concentrated at the surface. This was also apparent for the other elements
that were present from the P40 glass (see Figure 5.4). The intensity of the yttrium correlated
with the quantitative EDX values obtained in that there was variability in the yttrium content

between microspheres.

Figure 5.4 EDX mapping of resin embedded 30Y microspheres showing the homogenous
distribution of all the elements throughout the microspheres produced
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5.2.3 50Y Surface topography analysis and elemental analysis

From the SEM images obtained, it was apparent that a greater proportion of the 50Y
microspheres had topographically distinct features in comparison to 30Y microspheres (see
Figure 5A). Using FEG-SEM analysis, at an increased magnification it became evident that
three topographically distinct microspheres were present within 50Y samples produced from
the same batch. All the microspheres within the 45 — 125 um size range displayed a spherical
shape but some had a rough topography with repeating units of irregular shape on their
surface (see Figure 5.5A and B). These structures were highly ordered, with each structure
appearing discrete from one another. The units on the microsphere surfaces ranged in size,
with the largest visible approximately 10 um in diameter (topography 1). Other microspheres
appeared to have a smooth surface topography, like those seen in the 30Y samples, when
viewed using the SEM but closer inspection using FEG-SEM revealed the presence of
submicron units on the surface of some microspheres (see Figure 5.5C; topography 2). Using
the SEM, it was difficult to distinguish these units even at a high magnification. A third group
of microspheres displaying a rough surface that contained grain-like structures randomly
orientated on a proportion or the whole of a microspheres surface were also identified (see

Figure 5.5A and D; topography 3).

EDX analysis of 50Y microspheres revealed that the distinctive, highly ordered structures on
the microspheres surface were indicative of yttrium content. Microspheres that displayed the
highly ordered structures on their surface had the largest yttrium content of 41.4 mol% (+ 4.9).
Within this subset of microspheres, the larger, more prominent these features, the greater the
yttrium content. Microspheres that appeared almost completely smooth or that had much
smaller features on their surface at increased magnification, had a slightly lower yttrium
content, 34.9 mol% (x 2.9). Microspheres that displayed the rough surface and grain like
structures had the lowest yttrium content, 16.3 mol% (x 3.9), in comparison to the other two
topographically different microspheres (see Figure 5.5E).
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Figure 5.5 (A) SEM image of multiple 50Y microspheres (B) FEG-SEM image showing
example 50Y microsphere with a unique ordered structures on the microspheres surface.
(C) FEG-SEM image showing example 50Y microsphere with a smooth topography. (D)
FEG-SEM image showing example 50Y microsphere grain-like structures on its surface.
(E) Elemental composition determined EDX of 50Y microspheres with the two different
topographies (n=10).
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EDX analysis of the surface features on the 50Y microspheres was able to determine that the
individual units displayed localised regions of yttrium content. The centre of the structure was
shown to contain the highest yttrium content, with a slightly reduced level of yttrium found in
the surrounding unit. The spaces between each unit contained around two thirds the amount
of yttrium in comparison to the centre and elevated levels of the glass elements (see Figure
5.6A and B). EDX mapping of these small regions confirmed the localised concentration of
yttrium at the centre of each unit and the higher proportion of the glass elements around each

unit (see Figure 5.6C).

A B
Spectrum 1 Spectrum2 Spectrum 3
P,0; 20.0 18.4 218
Ca0 11 10.3 136
MgO 19.1 171 236
Na,O 10.8 9.4 124
Y0, 39.1 4.7 28.6
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Figure 5.6 (A) SEM image of the 50Y microsphere surface and regions analysed. (B)
Elemental values obtained via EDX of the different regions on the surface (C) EDX mapping
of the surface of a 50Y microspheres showing localised yttrium content. (i) SEM image (ii)
Oxygen (i) Sodium (iv) Magnesium (v) Phosphorous (vi) Calcium (vii) Yttrium
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Despite the presence of localised regions of yttrium content, EDX mapping of resin embedded
50Y microspheres showed that all the elements were distributed throughout the microspheres.
Yttrium was detected and appeared homogenously distributed throughout the whole body of

the microspheres (see Figure 5.7).

homogenous distribution of all the elements throughout the microspheres produced via flame
spheroidisation. (a) SEM image (b) Oxygen (c) Sodium (d) Magnesium (e) Phosphorous (f)
Calcium (g) Yttrium

5.2.4 FIB-SEM

Focused lon Beam Scanning Electron Microscopy (FIB-SEM) was subsequently utilised to
ablate away a section of the microspheres to perform high resolution observational and
elemental analysis to investigate below the microsphere surface. As seen in Figure 5.5, a
significant quantity of 50Y microspheres displayed altered surface morphology because of
localised regions of high yttrium content (Figure 5.5; topography 1). Ablation of a surface
section from a topographically unique microsphere revealed that it possessed distinctive and
heterogeneously organised structures beneath the microsphere surface. Figure 5.8 shows
that the lighter and darker regions present in the body of the microsphere were clearly
distinguishable from one another. The lighter regions appeared to be concentrated directly
below the raised features that caused these microspheres to have the distinctive topography,

highlighted below in Figure 5.8.
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Figure 5.8 An image acquired using FIB-SEM in which a focused ion beam was used to
mill through the surface of a 50Y microsphere to expose its inner structure. Blue arrows
indicate the concentration of lighter regions below a raised surface feature.

EDX analysis was performed to determine whether the two distinctive regions were also
elementally discrete from one another. Figure 5.9 shows where an EDX line scan was
performed that started within a darker region of a 50Y microsphere and moved through, from
left to right, into a lighter region. Yttrium was present in the darker regions but when the scan
reached the lighter region, a greater amount of yttrium was detected. This contrasted with
phosphorous, where much more was detected in the darker region and almost no detection
visible in the lighter region. The glass forming elements, Na and Mg, which were able to be
detected at the accelerating voltage used, and O remained constant throughout the duration

of the scan from dark to light region (see Figure 5.9).
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Figure 5.9 (A) An EDX line scan taken between two distinct regions with the inner structure
of a 50Y microsphere acquired using FIB-SEM. (B) EDX analysis of yttrium as the scan
moved from left to right. (C) EDX analysis of phosphorous (D) EDX analysis of sodium (E)
EDX analysis of oxygen (F) EDX analysis of magnesium.
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The surface of a 50Y microsphere that displayed a smooth surface topography (Figure 5.5A,;
topography 2) was also ablated using focused ion beam. This revealed that underneath the
microsphere surface there was no homogenous core but the presence of a large quantity of
distinct and spherical features (see Figure 5.10A). EDX analysis was performed on these
structures and on the darker regions around them. From the spectra obtained, it was not
possible to determine whether there was any significant difference in the elemental
composition despite the differences in appearance (see Figure 5.10B, C and D).

112



Figure 5.10 (A) FIB-SEM image of 50Y microsphere with an apparent smooth topography
and its inner structure (B) Areas where EDX analysis was performed. (C) EDX spectra for
position 28 (D) EDX spectra for position 31.

As seen in Figure 5.11, a different 50Y microsphere that exhibited the rough surface
topography also contained contrasting light and dark regions within the microsphere following
ablation of the surface (Figure 5.5; topography 3). The size, shape and orientation of the lighter
regions was not uniform and appeared to be concentrated below the raised protrusions
observed on the microsphere surfaces. A larger dark area was present in the valley region

between the areas with a high number of light sections observed (see Figure 5.11A).

To further investigate the differences between the light and dark regions, single point EDX
spectra were obtained from each of the two distinct regions. As seen in Figure 5.11C and D,
Spectrum 39 represents an area within a light region and Spectrum 40 in a dark region. The
spectra seen here correlates with Figure 5.9, in that a yttrium peak with a greater intensity was
seen in light region (spectrum 39), indicating that this region was yttrium rich, in comparison

to the dark region represented by spectra 40. Spectrum 40 exhibited peaks with greater
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intensity for Na and Mg revealing the darker regions contained a greater proportion of the
glass forming elements (see Figure 5.11C and D).

Figure 5.11 (A) FIB-SEM image of 50Y microsphere with a rough topography and its inner
structure (B) Areas where EDX analysis was performed. (C) EDX spectra for position 39 (D)
EDX spectra for position 40.
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5.2.5 XRD

Figure 5.12 shows the XRD profiles for the solid microspheres made from P40 parent glass
and both 30Y and 50Y microspheres. A single broad halo peak at 26 values of ~20-40° was
observed for the P40 solid microspheres and the absence of any detectable crystalline peaks
confirmed the amorphous nature of the glass microspheres. In the spectra for 30Y
microspheres, following processing the presence of crystalline peaks indicated that the
microspheres produced were glass-ceramics and not purely amorphous samples. Sharp
peaks at ~ 29°, 34°, 49°, 58° and 61° 26 values were observed, which were matched to cubic
Y>03 according to powder diffraction file 01-079-1257 (ICDD database) (see Figure 5.12).
Additional peaks were also seen at ~30° and 32° which were matched to hexagonal Y03
according to powder diffraction file 01-076-7397 (ICDD database). Peaks at ~26° and 35°
were also seen and corresponded to Y(PO,) (ICDD 01-084-0335). In the 50Y microspheres
spectra, only peaks at ~ 29°, 34°, 49°, 58° and 61° 26 values which corresponded to cubic
Y03 were observed (01-079-1257 ICDD database).
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Figure 5.12 XRD spectra of P40 SMS (black), 30Y (gold) and 50Y (orange) solid
microspheres. The crystalline peaks matched for cubic Y,Os (*) (01-079-1257), hexagonal
Y203 (?) (01-076-7397) and Y(PO.,) (#)( 01-084-0335).
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5.2.6 1D 3P MAS-NMR

Quantitative 1D 3P MAS-NMR spectroscopy was used to determine the Q" distribution of the
phosphate species present in the microspheres. The yttrium-containing microspheres were
compared to microspheres of the same size made from the parent P40 glass formulation. As
seen in Figure 5.13A, for P40 solid microspheres there were two clearly defined peaks at -
8ppm and -22 ppm, which corresponded to Q! and Q?, respectively. Fitting the spectra into a
series of Gaussian line shapes indicated there were also a small proportion of Q° species

present at ~ 2ppm.

For both the 30Y and 50Y microspheres, the 1D 3P MAS-NMR spectra only had one defined
31p peak centred approximately at -1 ppm. Due to the presence of only one line to fit, it was
not possible to obtain the relative proportions of Q°, Q! or Q2. Signals in the 30Y microspheres
indicated the presence of undefined crystalline region/s that had 3'P resonance (see Figure
5.13B and C).
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Figure 5.13 Quantitative 1D 3P NMR spectra for (A) P40 solid microspheres, (B) 30Y solid
microspheres and (C) 50Y porous microspheres. Crystalline peaks are identified with a #.
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5.2.7 Thermal analysis

The Differential scanning calorimetry (DSC) trace of the parent P40 glass showed the
presence of a solitary crystallisation temperature of 573 °C. The initial crystallisation
temperature increased for both the yttrium-containing microsphere samples. In 30Y
microspheres, an initial crystallisation temperature (T¢) of 610 °C was recorded and was higher
still for the 50Y sample at 680 °C. 30Y microspheres exhibited additional T at 661 °C, 694 °C
and 956 °C, whilst 50Y had additional T at 741 °C and 921 °C. These peaks were broader
and less defined than those seen in P40 sample. P40 displayed two melting temperature
peaks at 645 °C and 765 °C. In the 30Y microspheres the melting temperature peaks were
higher at 648 °C and 826 °C and these increased further in the 50Y microspheres to 718 °C
and 804 °C (see Figure 5.14).

P40
1 1 1 1 1
200 400 600 800 1000
Temperature °C
Sample T, T, T,
Onset Mid 1 2 3 1 2
P40 434 463 573 645 765
50Y 855 681 742 921 718 804

Figure 5.14 DSC thermal analysis profiles and corresponding Tg, Tm and Tc values for
P40, 30Y and 50Y solid microspheres.
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5.2.8 High temperature XRD

Thermal analysis via DSC suggested the presence of multiple crystallisation phases within the
30Y and 50Y microspheres. XRD was then performed on samples which had been heat
treated to specific temperatures within the XRD instrument, via a temperature stage, and
scanned to try and ascertain whether certain phases were present or formed at specific

temperatures.

For 30Y microspheres, the crystallisation temperatures were 610 °C, 661 °C and 694 °C, the
scans were performed at 630 °C, 681 °C and 714 °C to ensure each crystallisation
temperature was achieved. As seen in Figure 5.15, no discernible change was observed in
the XRD pattern at each of the three temperatures scanned. All three spectra showed sharp
peaks at 29, 34, 49 and 58° 26, which were matched to Y03 according to powder diffraction
file 01-079-1257 (ICDD database). Peaks at ~30°and 32° which were matched to hexagonal
Y,0s3 according to powder diffraction file 01-076-7397 (ICDD database) and at 35° were also
seen to correspond with Y(PO,) (ICDD 01-084-0335) as was seen in the XRD scans at room
temperature. A singular peak at 23° 20 grew in intensity as the temperature increased but
could not be matched using ICDD database 2021.

For 50Y microspheres, the crystallisation temperatures were 681 °C, 742 °C and 921 °C, the
scans were performed at 701 °C, 762 °C and 941 °C to ensure each crystallisation
temperature was achieved. As seen in Figure 5.16A, no detectable change was observed in
the XRD pattern at each of the three temperatures scanned. All three spectra showed sharp
peaks at 29, 34, 49 and 58 28, which were matched to Y,03; according to powder diffraction
file 01-079-1257 (ICDD database) and had previously been identified as the only phase

present in 50Y microspheres at room temperature.

Following high temperature XRD, the 30Y and 50Y microspheres were imaged using SEM to
see whether any structural or topographical changes had occurred due to heat treatment. As
seen in Figure 5.15B and Figure 5.16B, all the microspheres retained their spherical
morphology. There did not appear to be a difference in the proportion or appearance of the
microspheres displaying the different morphologies at the 30Y and 50Y compositions post

heat treatment.
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Figure 5.15 (A) XRD traces for 30Y microspheres at different temperatures. (B) SEM image
of 30Y microspheres after heat treatment for XRD experiment.
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Figure 5.16 (A) XRD traces for 50Y microspheres at different temperatures. (B) SEM image
of 50Y microspheres after heat treatment for XRD experiment.
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5.2.9 Raman Spectroscopy

For Raman analysis, a hot colour palette was used to generate images which plotted the
intensity ratio (as area) of peaks associated with the cubic phase of Y,03 (377 cm™?, 345-410
cm’, Raman-active A; mode) relative to the Raman-active PO, symmetric stretching mode of
non-bridging oxygen’s in Q° units within phosphate glass (965 cm™, 910-1020 cm?) [133]. For
reference, the intensity ratio ls77:less is ~560 and ~0 in the cubic-Y.Os reference and the parent
P40 glass, respectively, i.e., a high intensity ratio means high cubic-Y»03; content, and a low
intensity ratio means high glass content.

As seen in Figure 5.17, which represents analysis of a 50Y microsphere, the brighter regions
of the image are associated with cubic-Y2Os rich spectrum, ~377 cm™, whereas the spectrum
related to the darker region are glass-rich with a more prominent peak seen at ~965 cm™.
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Figure 5.17 Raman mapping experiment in which hot colour palette image created by using
intensity ratio ls77:1965 With corresponding spectra for ¢-Y»Os-rich spectrum (orange) and glass-
rich spectra (black).
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The hot palette images and the mean spectrum extracted from each mapping experiment from
three different 50Y microspheres, using a 660 nm laser, are shown in Figure 5.18A, B and C.
There was significant similarity between the spectra from each of the microspheres, indicating
that on average, the composition of the microspheres is relatively uniform and that Y203 is
abundant. As seen in Figure 5.18A, B and C, although Y03 was abundant, it was variable in

absolute quantity as a function of spatial location.

The spectra represent an approximate superposition of cubic-Y203; and phosphate glass. Q°
were the most abundant phosphate species present within the microspheres, although there
was a tail on the right-hand side of the main peak at ~965 cm indicating that some Q? or Q2

may also have been present (see Figure 5.18D).
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l l l _ ;?
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Figure 5.18 Raman mapping experiment using 660 nm laser in which hot colour palette image
created by using intensity ratio lz77:lgss for three separate 50Y microspheres (A), (B) and (C).
(D) The Raman spectra for 50Y microsphere (A) blue, microsphere (B) red and microsphere
(C) green.
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The same experimental process was performed on 30Y microspheres and the mean spectrum
extracted from each mapping experiment at 660nm is shown in Figure 5.19A. There was little
to no direct evidence of cubic-Y,Os3 present, with the spectra for microspheres 2 (green) and
3 (red) appearing to be glass-only. Additional Raman peaks at ~1100 — 1200 cm? in the
spectra collected from microsphere 1 (blue) were present (Figure 5.19A). The main peak at
~965 cm in the spectra of all three microspheres indicated that Q° were the most abundant
phosphate species, though there may have been some Q! and Q? present due to the tail on
the right-hand side of the main peak at ~965 cm™. In comparison to 50Y, there was significant
difference between mean microsphere spectra for the 30Y microspheres, suggesting that the

composition was more heterogeneous at the lower yttrium content.

As seen in Figure 5.19B, when using a 532nm laser, again no direct evidence of cubic-Y;03
was found in the three 30Y microspheres. Microsphere 2 appeared to be glass-only but
additional Raman peaks at ~1100 — 1200 cm for microspheres 1 and 3 were present like the
spectra from the 660 nm experiment. The mean spectrum from microsphere 2 showed no
evidence for cubic Y,Oz; and only exhibited peaks associated with phosphate glass. The
prominent main peak at ~970 cm indicated that the primary species was Q°, although the
slight tail on the peak suggest some Q! and Q? were potentially present.
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Figure 5.19 (A) The Raman spectra for three 30Y microsphere at 660nm excitation. (B)
The Raman spectra for three 30Y microsphere at 532nm excitation.

5.2.10 Theoretical O/P calculations

The O/P ratio was calculated for P40, 30Y and 50Y solid microspheres based on the EDX

values obtained. Equation 5.1 was used to calculate the ratio as follows:

[P,05 |x 5+[Ca0]+[MgO]+[NaO]+[Y,03]x 3 Equation 51
[P205 ]x 2

0/P =

As seen in Table 4.5.1, as the yttrium content in the microspheres increased there was a

corresponding increase in the O/P ratio.

Table 4.5.1 Theoretical O/P calculations for P40, 30Y and 50Y solid
microspheres

Solid microsphere OI/P ratio
formulation
P40 3.33
30Y 4.01
50Y 5.77
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5.2.11 X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed to provide information on the signature binding energy of the
peaks from their different elements. For the P40, 30Y and 50Y solid microspheres the survey
spectra peaks were assigned to the glass constituents P, O, Ca, Mg and Na. For the 30Y and
50Y spectra an additional peak at 156 — 162 eV was observed and identified as a Y 3d peak

[225] (see Figure 5.20).
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Figure 5.20 Survey X-ray photoelectron spectra for P40, 30Y and 50Y solid microspheres
identifying all elemental photoelectron emissions.

126



High-resolution O 1s spectra were recorded for the P40, 30Y and 50Y solid microspheres. For
the P40 SMS, the peaks were resolved into two components, with the highest binding energy
peak at 533.1 eV (23.6%) corresponding to bridging oxygen (BO) within the glass structure,
whilst the lowest binding energy peak at 531.4 eV (76.4%) was associated with non-bridging
oxygens (NBO) (see Figure 5.21A). These binding energies were consistent with other XPS
studies on phosphate-based glasses [226, 227].

In the 30Y microspheres there was an increase in the number of O peak components. A peak
at 531.3 eV (78.0%; shift by 0.1 eV) for the NBO peak was seen. A peak at 532.4 eV (15.3%)
was present and identified as Y-O-P bonding. This had a binding energy of 0.7 eV lower than
the peak for BO (P-O-P) bond seen within the P40 solid glass microspheres and was likely
due to the asymmetric bonding due to the difference in electronegativity between Y and P.
Additional peaks at 533.6 eV (6.3%) were present and ascribed to Y-O-Y bonding as well as
528.9 eV (0.5%) that corresponded to Y-O bonding within Y,O3 (see Figure 5.21A and Table
4.5.2).

In the 50Y microspheres, the area for the peak at 531.2 eV (66.1%), which corresponded to
NBO decreased, whilst the area of the peak at 529.0 eV (2.2%) for Y-O bonding within Y203
increased. Increases in the area for the peak at 532.7 eV (22.3%) for Y-O-P bonding and at
533.8 eV which corresponded to Y-O-Y (9.4%) were also oberved (see Figure 5.21A and
Table 4.5.2).
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Table 4.5.2 High-resolution O 1s spectra from XPS analysis of P40, 30Y and 50Y SMS.

Binding Energy

Area (%)

Sample Code Elements (eV) Corresponding Bonds
531.4 NBO 76.4
P40 O1s 5331 BO 236
534.2 Na KLL Auger
528.9 Y-Oin Y,0; 0.5
531.3 NBO (P-O-Mg/Ca/Na) 78.0
30 ots 532.4 Y-0-P 15.3
533.6 Y-O-Y 6.3
536.1 Na KLL
529.0 Y-Oin Y,0; 22
531.2 NBO (P-O-Mg/Ca/Na) 66.1
50Y O1s 532.7 Y-0-P 223
533.8 Y-O-Y 94
535.9 Na KLL

High-resolution Y 3d spectra for 30Y was resolved into 2 components (see Figure 5.21B). The
component at 158.1 eV (93.0%; 3d 5/2) was attributed to Y-P bonding [228]. The component
at position 156.6 (7.0%) corresponded to Y-O bonding. For the 50Y SMS, there was an
increase in the number of Y peak components. There was a slight decrease in the area of the
peak at 158.0 (78.5%) for Y-P bonding, whereas the area of the peak at 156.7 (11.3%)

associated with Y-O bonding increased. The additional peak observed at the highest binding

energy of 159.6 eV (10.1%) most likely corresponded to Y-O-Y bonding within the structure

(see Figure 5.21A B and Table 5.3).
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Table 5.3 High-resolution Y 3d spectra from XPS analysis of P40, 30Y and 50Y SMS

H 0,
Sample Code Elements Binding Energy (eV) Corresponding Area (%)

Bonds
156.6 Y-Oin Y,0, 7.0
30Y Y 3d 158.1 Y-P 93.0
156.6 Y-O in Y,0,4 22
50Y Y 3d 158.0 Y-P 66.1
159.0 Y-O-Y 223
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Figure 5.21(A) High-resolution spectra of O 1s peaks with overlapping Na KLL Auger emission
and (B) High-resolution spectra of Y 3d peaks for P40, 30Y and 50Y solid microspheres.
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5.2.12 lon release studies

Figure 5.22 shows the cumulative ion release profiles for P40, 30Y and 50Y solid
microspheres calculated from measurements obtained via ICP analysis over 28 days and the
calculated ion release rates. The ions released from each microsphere formulation exhibited
a linear relationship with time and were released consistently (apart from yttrium which was
not released from P40 microspheres) (see Figure 5.22A— E). P40 solid microspheres released
all the glass forming ions at a statistically significant higher rate in comparison to the yttrium-
containing microspheres (Na and P: p < 0.0001; Mg and Ca: vs 30Y p < 0.01, vs 50Y p <
0.001) (see Figure 5.22F). As the yttrium content in the microspheres increased, there was a
decrease in the release rate of the glass forming ions. P40 microspheres released Na* (3.47
ppm/day), Mg?* (2.00 ppm/day), and P (8.35 ppm/day) at a rate around 3.5 times greater than
that of the 30Y microspheres and around 10 times the rate compared to 50Y microspheres. P
was the only ion that was released at a statistically significant higher release rate (2.18
ppm/day) by 30Y microspheres in comparison to 50Y microspheres (0.61 ppm/day) (p < 0.01).
The yttrium containing microspheres released a very small amount of yttrium ions in
comparison to all the other elements. 30Y microspheres had the highest release rate of Y3*
ions (0.39 ppm/day), whereas the 50Y microspheres, which contained a greater amount of

yttrium, only released 0.10 ppm/day.
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Figure 5.22 Cumulative ion release profile of (A) [Na], (B) [Mg], (C) [P], (D) [Ca] and (E) [Y]
measured via ICP-MS PMS of solid P40, 30Y and 50Y microspheres immersed in milli-Q
water over a 28 day period. (F) lon release rates (ppm per day) of P40, 30Y and 50Y solid
microspheres calculated from the linear cumulative ion release profiles (observed in A — E).
(Error bars are also included in the data above).

Figure 5.23 shows the pH of the milli-Q water in which the microspheres were immersed over
the 28-day period. For the solution containing P40 solid microspheres, there was a decrease
in pH from ~7.2 at day 3 to ~7.0 at day 7, where it remained constant over the duration of the
study. 30Y solution had a comparable value to the P40 sample at both day 3 and day 28 albeit
with a slight decrease in pH which occurred more gradually. A pH of ~ 6.9 for 50Y was

observed at day 3 which then increased to ~ 7.4 by the end of the 28-day period.
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Figure 5.23 pH of milli-Q water during 28 days of P40, 30Y and 50Y solid microspheres
immersion within the solution. (Error bars are also included in the data above).

SEM images of the P40, 30Y and 50Y microspheres following the period of immersion in milli-
Q water are shown below in Figure 5.24. The P40 microspheres displayed evidence of
cracking on their surface with the outer most layer appearing to flake and peel away from the
surface of the microspheres after 28 days. These features were not observed on the surface
of either 30Y or 50Y microspheres. The lack of structural and morphological changes to the
yttrium containing microspheres correlated with the reduced ion release observed following
28 days immersion in milli-Q water. This was further evidence that yttrium incorporation into

the microspheres had increased their durability when in an aqueous environment.
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Figure 5.24 SEM images of (A) P40 (B) 30Y and (C) 50Y SMS after 28 days immersion in
milli-Q water. Yellow arrows indicate regions of degradation on the microspheres surface.

5.2.13 Bioactivity studies in SBF: EDX Analysis

EDX analysis was performed on the P40, 30Y and 50Y microspheres prior to and after 28
days immersion in SBF. The Ca:P ratio (wt%) for each composition was calculated from the
EDX values acquired (see Figure 5.25). Microspheres from each of the three formulations had
a slight (but not significant) increase in the Ca:P ratio following 28 days immersion. The most
pronounced increase was seen for the P40 microspheres with almost no discernible increase

in the ratio for both yttrium-containing microspheres.
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Figure 5.25 Ca:P ratio (wt%), determined by EDX, for P40, 30Y and 50Y solid microspheres
prior to SBF immersion and after 28 days immersion.

5.2.14 Bioactivity studies in SBF: XRD Analysis

XRD profiles of P40, 30Y and 50Y solid microspheres and 45S5 (which was used as a positive
control), following 28 days immersion in SBF are shown in Figure 5.26. The XRD spectra for
45S5 were in good agreement with the results seen in other studies, with sharp peaks at 26
values of 26° and 32° observed from day 7 onwards revealing HCA (ICSD 01-084-1998)
formation [136]. A single broad halo peak at 26 values of ~—30-32° was observed for the P40
solid microspheres at both day 0 and day 28. The absence of any detectable crystalline peaks
confirmed the amorphous nature of the microspheres prior to and following SBF immersion.
In the 30Y microspheres, there was no additional peaks or change in the XRD spectra from
day 0 to day 28 after immersion in SBF. The 50Y microspheres also exhibited no discernible
additional peaks at day 28 to those that were present prior to SBF immersion. The lack of new
crystalline phases suggested that no HA or alternative calcium phosphate phases had formed
on the surface of the microsphere during 28 days immersion in SBF (see Figure 5.26).
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Figure 5.26 XRD patterns for P40 (black), 30Y (gold) and 50Y (orange) solid microspheres
prior to and after 28 days immersion in SBF. Inset is the XRD trace for 45S5 after 7 days
immersion for SBF validation. * HCA (ICSD 01-084-1998).
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5.2.15 In vitro indirect cell culture method

To determine the cytocompatibility of the microspheres produced, an indirect cell culture
method was performed which involved feeding microsphere-conditioned media to osteoblast-
like cells (MG63s) to evaluate their biological response to the dissolution products released
over time. Standard medium (SM) and SM containing 5% DMSO were included as positive
and negative controls, respectively. Analysis of metabolic activity via the Alamar Blue assay
showed a significant increase in cell response when both 30Y and 50Y microsphere
conditioned media was added between day 2 to day 7 (D2 vs D7: p < 0.0001). This increase
in metabolic activity was also seen for cells treated with SM but cells where SM + 5% DMSO
was applied had no increase in metabolic activity from day 2 to day 7 (D2 vs D7: p < 0.0001).
At day 2, cells treated with P40, 30Y and 50Y conditioned media had a significantly greater
metabolic response compared to those treated with SM and SM + 5% DMSO (p < 0.0001).
There was no statistically significant difference detected between cells treated with 30Y and
50Y conditioned media (p > 0.05). There was also no statistically significant difference
between the cells treated with 30Y and 50Y conditioned media at day 7 (p > 0.05). At day 7,
cells treated with P40 and SM media revealed a statistically significant increased metabolic
response compared to the yttrium-formulations (p < 0.001), however no statistically significant
differences were detected between P40 and SM (p > 0.05) (see Figure 5.27A).

Brightfield images of the MG63 cells after 2 days of culture within microsphere conditioned
media confirmed the formation of homogenous cell monolayers in the presence of P40, 30Y
and 50Y conditioned media. The confluency and morphology of the cells was comparable to
that of the MG63s grown in SM. Conversely, cells grown in SM +5% DMSO were small and
circular in morphology and sparsely distributed as expected (see Figure 5.27B).
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Figure 5.27(A) Evaluation of cell metabolic activity in indirect culture of P40, 30Y and 50Y
solid microspheres at day 2 and day 7. ****p < 0.0001, *** p < 0.001, * p < 0.05. (B) Cell
appearance at day 2 of indirect culture; (A) P40, (B) 30Y, (C) 50Y, (D) SM and (E) SM + 5%
DMSO.

Alkaline phosphatase (ALP) activity was also measured as an early marker of osteogenic
differentiation in MG63 cells after 7 days of indirect culture from P40, 30Y and 50Y
microsphere formulations and SM. The ALP activity was normalised to the DNA content of the
cells under investigation. At day 7, there was no statistically significant difference in ALP
activity between cells grown in SM and both 30Y and 50Y conditioned media (p > 0.05). Cells
grown in P40 media had statistically significantly higher ALP activity compared to cells to
grown in the two yttrium-containing microsphere media (vs 30Y and 50Y: p < 0.001) (see
Figure 5.28).
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Figure 5.28 Evaluation of ALP activity in indirect culture of P40, 30Y and 50Y solid
microspheres at day 7. ** p < 0.001.

5.2.16 Proteomic profiling by LC-MS/MS

Due to 30Y microspheres releasing a greater amount of yttrium ions and comparable cellular
responses to indirect culture between 30Y and 50Y, the 30Y formulation was chosen to
investigate how the release products from 30Y microspheres impacted protein expression
within the cells. This was achieved using the indirect culture method and LC-MS/MS to
compare cells treated with P40 conditioned media. LC-MS/MS analysis detected a total of 986
proteins from the samples measured (from a minimum of two peptide sequences with a protein
threshold of 99.9% and a false positive discovery rate of 4.5%). 935 proteins were detected
from the cells cultured in either P40 or 30Y conditioned media. 37 proteins were present from
cells treated with P40 media that were not in the 30Y cells. The number of proteins unique to
cells treated with 30Y microsphere media was found to be 14 (see Figure 5.29). Detection of
proteins using LC-MS/MS is simply a broad indication of protein quantity. Failure to detect a
protein indicates the absence of the protein or its presence in quantities below the detection

limit.
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Figure 5.29 Venn diagram showing the number of proteins detected via LC-MS/MS and
whether they were present in cells cultured in P40 and 30Y conditioned media or were
exclusive to one condition.

A limitation of the experiment was that only one sample for each cultured condition underwent
analysis. This meant that quantitative analysis tests could not be performed to assess whether
there were statistically significant differences in the protein’s quantitative values between the
different samples. Only proteins that were present in one sample but not in another were
considered significant. Studying the normalised total spectrum counts (semi-quantitative
indicator of protein abundance generated within Scaffold software) of proteins unique to the
30Y sample revealed Beta-actin-like protein 2 (ACTBL2) (accession number Q562R1) to be
present in the greatest amount (12.5 a.u.). This was followed by Transforming Growth Factor-
Beta-Induced Protein (TGFBI) (accession number HOY8L3) (3 a.u.). Table 5.4 displays the

proteins unique to the 30Y samples and their normalised total spectrum counts
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Table 5.4 LC-MS/MS analyses of MG63 protein expression which were only detected in cells
cultured in 30Y conditioned-media.

Gene name

Identified proteins

Accession number

P40

(counts)

30Y

(counts)

ACTBL2

TGFBI

KRT7

KRT14

SLC5A3

IKBIP

HIST1H1C

PRPF6

THBS1

Beta-actin-like  protein 2
OS=Homo sapiens PE*=1
SV**=2

Transforming growth factor-
beta-induced protein ig-h3
(Fragment) OS=Homo
sapiens PE=1 SV=1

Keratin, type Il cytoskeletal 7
OS=Homo sapiens PE=1
Sv=5

Keratin, type | cytoskeletal
14 OS=Homo sapiens PE=1
Sv=4

Sodium/myo-inositol
cotransporter OS=Homo
sapiens PE=1 SV=2

Isoform 4 of Inhibitor of
nuclear factor kappa-B
kinase-interacting  protein

OS=Homo sapiens

Histone H1.2 OS=Homo
sapiens PE=1 SV=2

Pre-mRNA-processing
factor 6 OS=Homo sapiens
PE=1 SV=1

Thrombospondin-1
OS=Homo sapiens PE=1
Sv=2

Q562R1

HOY8L3

P08729

P02533

P53794

Q70UQ0-4

P16403

094906

P07996

125

3.0

15

15

15

15

15

15

15

141



FKBP1A Peptidyl-prolyl cis-trans  P62942 0 15
isomerase FKBP1A
OS=Homo sapiens PE=1
Sv=2

GSTM2 Glutathione  S-transferase  E9PHNG6 0 0.8
OS=Homo sapiens PE=1
Sv=1

SUMF2 Sulfatase-modifying factor 2  C9J660 0 0.8
OS=Homo sapiens PE=1
Sv=1

ALDH7A1 Alpha-aminoadipic AOA1BOGVUO 0 0.8
semialdehyde
dehydrogenase (Fragment)
OS=Homo sapiens PE=1
Sv=1

*PE = protein existence, a numerical value describing the evidence for the existence of the protein (1 — 5; 1 being

very high, 5 being very low).

**SE = Sequence Version, a version number of the sequence.

52.17 In vitro direct cell culture studies

MG63 cells were also directly seeded onto P40, 30Y and 50Y solid microspheres to assess
the effect of direct physical contact on cellular responses and the microspheres’ ability to
provide a suitable surface to facilitate cell growth and proliferation. Analysis of metabolic
activity at day 2, revealed that there was no statistically significant difference in metabolic
activity between cells grown on P40 microspheres and the two yttrium-containing microsphere
formulations (p > 0.05). Cells cultured on 30Y microspheres revealed higher metabolic activity
at day 2 compared to those grown on 50Y (p < 0.05). Cells grown on any of the three
microsphere formulations displayed statistically significantly lower metabolic activity compared
to TCP control (p < 0.0001) (see Figure 5.30).

A statistically significantly higher metabolic activity was seen in cells cultured on each of the
three microsphere formulations and TCP at day 7 in comparison to day 2 (p < 0.0001). At day
7, there was no statistically significant difference in metabolic activity between the cells

cultured on 30Y and 50Y microspheres (p > 0.05), however it was statistically significantly
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lower than those cultured on P40 microspheres (vs 30Y: p < 0.01; vs 50Y: p < 0.001) (see

Figure 5.30).
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Figure 5.30 Evaluation of cell metabolic activity in direct culture of P40, 30Y and 50Y solid
microspheres at day 2 and day 7. **** p < 0.0001, *** p < 0.001, ** p< 0.01, *p < 0.5.

The ALP activity after 7 days of MG63s grown directly on the microspheres and TCP was

determined and normalised to the DNA concentration. Statistically significantly higher ALP

activity was recorded in cells grown on P40, 30Y and 50Y microspheres in comparison to

those grown on the TCP control (p < 0.0001). There was no statistically significant difference

in ALP activity detected between cells grown on P40 and the two yttrium-containing

microsphere formulations (p > 0.05) (see Figure 5.31).
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Figure 5.31 Evaluation of ALP activity in direct culture of P40, 30Y and 50Y solid microspheres
atday 7. *** p < 0.001.

MG63 cells directly cultured onto the microspheres were visualised using ESEM at day 7.
Cells were shown to adhere onto P40, 30Y and 50Y microspheres and appeared to be
displaying lamellipodia and filopodia projections that were bridging adjacent neighbouring
microspheres and spreading over the microsphere surfaces (see Figure 5.32).

Figure 5.32 SEM images of (A) P40 (B) 30Y and (C) 50Y solid microspheres after 7 days direct
culture with MG63 cells. Yellow circles indicate regions of cells attachment and the formation
of colonies on the microspheres surface.
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5.2.18 Manufacturing porous yttrium P40 microspheres

Similar to the previous chapter, attempts were also made to produce porous yttrium-containing
microspheres using P40 glass particles. As seen in Table 4.5.5, a range of processing
parameters were explored. Initially the same process that had been effectively employed to
produce high yields of porous phosphate glass microspheres was used. The glass particles,
Y0z and CaCOs (at different size ranges) were combine at various ratios and mixed using a
benchtop vortex prior to flame spheroidisation. At first, the 30Y composition (30:70 ratio of
yttrium oxide: glass) was used with the intention to try and increase yttrium content once a
suitable processing procedure had been established. Evidence of porous microspheres was
observed however the yield was very low. The failure of this method to produce a consistently
high yield of porous yttrium-containing microspheres led to changes in the way in which the
components were mixed prior to spheroidisation. Polyvinyl alcohol (PVA) was used as a binder
for the particles, as was a ball milling machine prior to spheroidisation. Regardless of the
parameters used, no significant added benefit on the yield of yttrium-containing porous

microspheres within resulting particles was evident following flame spheroidisation.
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Table 4.5.5 Processing parameters used prior to flame spheroidisation in attempting porous
yttrium microsphere production.

Glass Yttrium:glass Porogensize  Porogen Vortex Ballmilling  PVA addition

particle size (uM) ratio mixing
(uM)

45-63 30:70 45-63 1:1

45-63 30:70 45-63 1:2

45-63 30:70 45-63 1:3

45-63 30:70 45-63 1:1

45-63 30:70 45-63 1:2 X X

45-63 30:70 45-63 1:3 X X

45-63 30:70 <5 1:.0.5

45-63 30:70 <5 1:1

45-63 30:70 <5 1:2

45-63 30:70 <5 1:05

45-63 30:70 <5 1:1

45-63 30:70 <5 1:2 X X

45-63 50:50 <5 1:0.5

45-63 50:50 <5 1:1

45-63 50:50 <5 1:2

45-63 50:50 <5 1:0.5

45-63 50:50 <5 1:1

45-63 50:50 <5 1:2

SEM analysis revealed that the resulting particles were largely agglomerated with a small
proportion of solid microspheres and a very low yield of porous microspheres (see Figure
5.33). EDX analysis of the microspheres showed that the SMS contained yttrium but at a much
lower level than when produced in the absence of CaCOs Elemental analysis of the
microspheres that most closely resembled the desired porous morphology showed that these
particles contained no yttrium or extremely low levels (<3 mol%). The porous microspheres
also lacked the complete spherical geometry that was seen when porous phosphate glass
microspheres of the P40, P35, P32.5 and P30 formulations were produced. The addition of a
greater amount of CaCOzdid not result in increased levels of porosity. When a greater amount
of Y,Oz powder was added this also did not result in an increase in the yttrium content of the
porous particles. These results demonstrated that this method of processing was not suitable

for producing the desired final porous microsphere products.
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Figure 5.33 SEM images of attempts to form porous yttrium-containing microspheres using
P40 glass particles and Y20s.

In the studies above, a gravitational funnel feeding system to introduce particles into the flame
and a vibratory motor was used to maintain a constant feed rate and prevent accumulation of
particles within the feeder. To try and optimise the entry and trajectory of the patrticles, a
pneumatic sand blasting gun (Neilsen CT5267, UK) was used to inject the particles into the
flame. The particles were directed into the inner cone region of the flame from a slightly
elevated angle and downstream along the same path of the flame (see Figure 5.34).
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Figure 5.34 Schematic diagram of the modified flame spheroidisation technique using a
pneumatic sand blasting gun to feed the particles into the flame.

The P40 glass and Y03 were mixed at a 70:30 ratio and then at a 1:1, 1:0.75 and 1:0.5 ratio
with CaCOg3 prior to being fed into the flame using a pneumatic sand blasting gun. Due to the
smaller starting glass particle size (45 — 63 um), CaCOs porogen less than 5 ym in size was
chosen when optimising the process as it was hypothesised that this would allow the porogen
to coat the outer surface of the glass particles and provide higher coverage.

SEM analysis revealed that this method of forcibly feeding particles into the flame resulted in
the formation of a much higher yield of highly porous microspheres at each of the three ratios
(see Figure 5.35A, B and C). The high yield of PMS with the desired shape and morphology
was not seen when the particles were fed using the gravitational feeder. Despite the promising
effect on morphology, EDX analysis revealed that again only low levels of yttrium were
incorporated into the microspheres (Figure 5.35D). The lowest porogen ratio appeared to
produce microspheres with the greatest Y.Os; content (~5%) and this decreased as the
porogen content increased. The P.Os content remained constant throughout the samples at
around 36-37%.

As previously seen, simply increasing the amount of yttrium oxide mixed with the glass
particles did not cause a significant increase in yttrium content of the porous microspheres.
Although the results were promising with regards to the porosity, the low levels of yttrium
incorporation meant that further optimisation of the process was required to produce porous

microspheres with sufficient yttrium content.
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Figure 5.35 (A) SEM image of the porous yttrium-containing microspheres produced using
1:1 microsphere to porogen ratio and the regions analysed using EDX. (B) SEM image of
the porous yttrium-containing microspheres produced using 1:0.75 microsphere to porogen
ratio and the regions analysed using EDX (C) SEM image of the porous yttrium-containing
microspheres produced using 1:0.5 microsphere to porogen ratio and the regions analysed
using EDX and (D) EDX values for the microspheres produced at each porogen ratio.

An alternative approach to form porous microspheres was to first process solid yttrium-
containing microspheres, crush the solid microspheres using a pestle and mortar and to then
mix these with porogen. The hypothesis for processing the particles in this way was that
delivering the patrticles into the flame using pneumatic sand blasting gun appeared to be
effective at inducing porosity in the microspheres. This may be due to enhanced particle
residence time or penetration within the flame. It was hypothesised that solid microspheres
containing a confirmed amount of radionuclide incorporated within their structure would
hopefully guarantee a higher yttrium content than was seen using previous methodology.

Using the 30Y composition, a proportion of the microspheres produced displayed evidence of
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surface porosity (see Figure 5.36A). EDX analysis of these microspheres revealed that they
contained yttrium within their structure and at levels that were comparable to 30Y solid
microspheres subjected to only a single round of flame spheroidisation. Elemental analysis
showed that compositional heterogeneity existed between the microspheres particularly with
respect to the yttrium content (see Figure 5.36B). However, the yield of porous microspheres
remained low with less than 50% of the microspheres displaying apparent porosity. When 50Y
solid microspheres were processed in the same manner, no porosity was seen in the resulting

microspheres.
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Figure 5.36 (A) SEM image of the 30Y porous yttrium-containing microspheres produced
using 1:1 microsphere to porogen ratio and the regions analysed using EDX. (B) EDX values
for the 30Y porous microspheres produced.
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The major limitation of this processing method was the small quantity of the final product
collected and the large quantity of particles lost during processing. The current method also
introduced greater variability into the system due to inherent differences in the angle and
position in which the particles were fed into the flame between batches. However, these
studies were proof of concept that porous yttrium containing microspheres could be formed.
Further optimisation would be required to increase the yield of porous microspheres to allow
for further characterisation. Additional alterations to the processing procedure may also be

necessary for the cost-effective production of high yttrium containing porous microspheres.
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5.3 Discussion

In this work a novel processing method was established to combine Y0z with phosphate glass
particles prior to spheroidisation using a thermal spray gun, facilitating the production of
uniform solid microspheres containing high yttrium levels. This method allowed the yttrium
content to be tailored, by varying the Y.Os to glass ratio, which resulted in the formation of
microspheres that had either equivalent or superior yttrium content in comparison to clinically
available aluminosilicate glass microspheres used for internal radiotherapy applications
(Therasphere™). 30Y microspheres were chosen for further characterisation and study due
to their yttrium content (15.0 mol% +1.8) being comparable to that of Therasphere™ and
containing a P20Os content of ~30 mol%. Previous work in Chapter 3 had shown that glass
microspheres with this phosphate content primarily contained ortho and pyrophosphate
species that were beneficial for facilitating bone repair. 50Y microsphere were also used as
these had the highest yttrium content (39.1 mol% +3.3) and it was postulated they may retain
some of the beneficial features from their parent P40 glass, such as release of therapeutic
ions. In addition to this, microspheres have improved delivery properties, in comparison to
irregular-shaped particles, and the ability to be administered by minimally invasive surgical
injections. This is important when using the microspheres for internal radiotherapy, where the
ability to administer them easily and accurately would be vital in order to maximise their
therapeutic efficacy.

EDX analysis showed that in a similar way as to when CaCO3; was mixed with phosphate glass
particles to induce porosity, the addition of Y,Osresulted in the formation of microspheres that
had reduced content of all glass forming elements after processing. With increasing Y.Os
addition proportional decreases in these elements were observed (Figure 5.2). It is proposed
that a high yttrium content is desirable for radiotherapy applications as it could enable more
radiation to be delivered per dose of microspheres, leading to the use of fewer microspheres
[229]. A higher yttrium content could also result in shorter neutron activation times and aid with
logistical issues involving the time and transportation of the microspheres from the nuclear
activation facility to the clinic. Nuclear decay occurs during this period and the greater the
amount of radioactivity, the longer the transit time available in order for the patient to still

receive an efficacious radiation dose [230].

The quantity of yttrium varied between microspheres produced from the same batch and was
observed quantitatively and qualitatively by EDX and EDX mapping respectively (Figure 5.3,
Figure 5.4, Figure 5.5). Preliminary studies involving P40 glass particles in the 63 — 125 pm

size range, that had been used to produce porous phosphate glass microspheres in chapter
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3, found that there was a much larger deviation in the yttrium content between microspheres.
The size range of 45 — 63 um was subsequently used which reduced the discrepancy between
the size of the glass and the yttrium oxide particles resulting in more uniform yttrium content
within the microspheres.

SEM analysis revealed that topographically distinct microspheres existed at the 30Y
composition, and that the topography appeared indicative of the yttrium content. Most
microspheres had a uniform shape and size and a smooth surface topography. A small
proportion had rough surfaces and grain-like structures on their surface. This set of
microspheres were found to have a yttrium content typically around 10 mol% or lower (Figure
5.3).

However, a significant proportion of the 50Y microspheres presented with an array of
distinctive and topographically unique surface features (Figure 5.5). These were broadly
categorised into three groups based on their topography using SEM and FEG-SEM analysis.
FEG-SEM uses a high brightness electron beam and has a higher spatial resolution compared
to SEM, which uses thermionic tungsten filaments, and was therefore more suitable for
imaging the small surface features on the microspheres in greater detail [231]. The first subset
of microspheres exhibited prominent, highly ordered structures and were visible on the surface
of the majority of 50Y microspheres. The size of these structures varied between 3 — 10 pm
in diameter and a trend was established in which the larger and more highly ordered the
structures, the greater the yttrium content (as detected via EDX). EDX analysis also revealed
that these structures contained localised regions of yttrium content. Yttrium was found to be
concentrated at the central region of the structure with more of the elements from the parent
glass in the region between each unit (Figure 5.6). This highlighted the potential to tailor the
surface topography of the microspheres in addition to the yttrium content by altering the yttrium

oxide to glass ratio prior to spheroidisation.

These surface structures were initial evidence that the addition of Y.Os resulted in the
formation of microspheres that were glass-ceramics [222]. Glass-ceramics are defined as
polycrystalline materials, which are usually obtained by controlled crystallization of glass
through heat-treatment. Typically, glass-ceramics are produced by quenching a glass,
nucleating at an elevated temperature followed by crystal growth at a higher temperature (see
Figure 5.37). Separate nucleation and crystal growth steps allow for greater control over the
crystallisation process and final product. It is also possible to have substantial overlap in the
temperature at which the nucleation and crystallisation occurs [232]. In the case of the 50Y
microspheres with the unigue topographies, it appears that a yttrium rich nucleus had formed

and then crystal growth occurred, resulting in orientated glass-ceramic microstructures. The
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appearance and size of the glass-ceramic microstructures appears to be related to the yttrium
content of the microspheres, with larger, more prominent structures occurring with elevated

yttrium content.
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Figure 5.37 Schematic of glass processing in the formation of a glass ceramic. [4]

FIB-SEM analysis revealed that in the 50Y microspheres the formation of crystalline phases
occurred within the body of the microspheres and was not limited to the surface. In Figure 5.8
and Figure 5.11, the crystalline structures appeared to be concentrated or culminated at
regions where the prominent surface features were observed. In Figure 5.10, for 50Y
microspheres that displayed a smooth surface topography, small spherical phases were
visible which were distinct from a glassy matrix phase. The FIB-SEM analysis of the
microspheres suggested that bulk crystallisation was occurring and it may be that the Y203
was not completely miscible within the phosphate glass and therefore forming microscopic
clusters that are evenly dispersed throughout the microsphere [233]. EDX analysis of the
crystalline regions within the 50Y microspheres revealed that these were yttrium-rich in

comparison to the regions around them.

From the FIB-SEM analysis, it appeared that phase separation had occurred as seen by the
physically and chemically distinct regions within the microspheres. During flame
spheroidisation, phase separation into a “yttrium-rich” phase and a “glass-rich” phase has

occurred, with both phases containing different proportions of the network forming ions [234].
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The yttrium-rich phase is not vitrifiable, so upon cooling of the molten microsphere this phase
crystallises, thereby forming the glass-ceramic microspheres. Interestingly, the phases
present within different 50Y microspheres were morphologically discrete to one another. As
seen in Figure 5.10, droplet-like phases were present and are formed via classical nucleation
and growth (see Figure 5.38A). Similar phase separation with the characteristic droplet-like
phases was seen in a study by Luo et al. where spherical Y3* phases were dispersed within
an yttrium silicate glass matrix upon heat treatment [235]. In some microspheres, as seen in
Figure 5.8 and Figure 5.11, the yttrium-rich phases are different in appearance and may have
formed via spinodal decomposition leading to the formation of intertwined tendril-like phases
(see Figure 5.38B). Spinodal decomposition is a continuous phase transformation mechanism
occurring throughout a solid resulting in spontaneous formation of distinct phases that are

chemically and physical discrete from one another [236].
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Figure 5.38 (A) Schematic of the classical droplet-like phases produced from nucleation and
(B) “Tendril” patterns produced by spinodal decomposition. Reproduced from [10].

The XRD spectra of the microspheres studied was further evidence that the yttrium containing
formulations were glass ceramics containing crystalline phases within an amorphous base
glass (see Figure 5.12). 30Y microspheres had peaks that corresponded to both the cubic
(ICDD 01-079-1257) and hexagonal phase (ICDD 01-076-7397) of Y,03 as well as for Y(PO4)
(ICDD 01-084-0335). The 50Y microspheres containing higher yttrium content, showed only
peaks that correspond to the cubic phase of Y03 (ICDD 01-079-1257). Similar results were
seen in a study by Kawashita et al. where ceramic microspheres were formed from solely Y203

or YPO. powder using a high-frequency induction thermal plasma melting technique [217].
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Only peaks that corresponded to cubic Y.O3 were detected in the Y,Os microspheres, whereas
weak diffraction peaks that corresponded to both cubic and monoclinic Y.Os;were identified in
addition to YPO4 peaks in the YPO4 derived microspheres. For the YPO4 microspheres, it was
found that the intensity of the YPO4 peaks decreased whilst the Y,03; peaks increased with
increasing plasma flame power. This was attributed to the loss of P.Os due to volatilisation.
Similarly, the decreased P,0s content within 50Y microspheres compared to 30Y may prevent

the formation of a YPO, phase.

The 1D 3P MAS-NMR spectra revealed that the P40 solid microspheres contained primarily
Q! and Q? species but may have also contained a small proportion of orthophosphate Q°
species within their amorphous structure (Figure 5.13). Due to the presence of only one peak
within the 50Y and 30Y spectra it was not possible to definitively determine which Q" species
were present in these microspheres using this technique. Although not conclusive, the solitary
peak could be interpreted to imply that both 30Y and 50Y microspheres were composed
entirely of Q° species or that they were almost entirely composed of Q* and the Y components
had shifted the peak to a higher chemical shift. The spectra for 30Y detected the presence of
crystalline regions within the microsphere structure that had 3P resonance. XRD analysis has
confirmed that 30Y microspheres were not amorphous and contained crystalline phases that
include Y(PO,) (ICDD 01-084-0335). Only cubic Y203 was detected in 50Y microspheres via
XRD analysis confirming that these microspheres were also not amorphous like their parent
P40 glass but glass-ceramics containing crystalline regions. Y203 has no *'P resonance and
meant that no crystalline regions were detected using 1D 3!P MAS-NMR within the 50Y

microspheres.

Raman analysis was performed to gain additional structural information and to ascertain which
phosphate species were present in the microspheres. Yttrium addition to phosphate glasses
is known to result in depolymerisation of the glass network [237]. The depolymerisation is
attributed to the greater proportion of non-bridging oxygen’s that are required to charge
balance the additional cations introduced into the glass network. This subsequently results in
a reduction of bridging oxygen that are able to covalently bond with adjacent phosphate
tetrahedra [141]. The microsphere in this study were now glass ceramics and had significantly
higher yttrium content than has been achieved before in traditional phosphate glasses.
Mapping experiments were performed in which a hot colour palette was used to generate
images that plotted the intensity ratio (as peak area) of peaks associated with the cubic phase
of Y,03 (377 cm?, 345-410 cm?, Raman-active A mode) relative to the Raman-active PO,
symmetric stretching mode of non-bridging oxygen’s in Q° units within phosphate glass (965

cm™, 910-1020 cm™) [133]. Expressing the intensity as a peak ratio provided a measure of
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internal normalisation and the ability to visually display the amount of cubic-Y,Os relative to
phosphate glass, rather than as an absolute quantity. This allowed for more viable cross-
comparison within and between microspheres (Figure 5.17).

The Raman spectra for both the 30Y and 50Y microspheres revealed that the microspheres
appeared to predominantly contain orthophosphate species. This correlated with the 3!P MAS-
NMR spectra suggesting that only orthophosphate species were present. In the 50Y
microspheres, XRD spectra had established that crystalline cubic Y03 was present, and this
was confirmed via Raman analysis. The composition of the microspheres was found to be
relatively uniform and, as was the case with EDX mapping experiments, the Raman mapping

also showed that there were regions of localised yttrium content on the microspheres.

Although cubic Y.03was detected via XRD in the 30Y microspheres, this appeared not to be
present or at very low levels in the Raman spectra. Additional Raman peaks at ~1100 — 1200
cmt in the spectra collected from one of the microspheres (Figure 5.19A) were present and
were potentially associated with a different phase of the oxide. Husson et al. studied phase
transitions in yttrium oxide and saw deviation from the most stable cubic phase to a monoclinic
phase with increasing pressure and this resulted in alterations in the corresponding Raman
spectrum [238]. XRD had shown hexagonal Y,O3z;was an additional crystalline phase in these
microspheres and may be responsible for the peaks seen. Since similar peaks were seen in
both the 532 nm and 660 nm Raman spectra of 30Y microspheres, this confirmed their origin
as Raman scattering as there was no wavelength dependence, as would be seen with

emission spectra.

A study by Li et al. found that below 10 mol% the progressive addition of Y,Oszin the glass
xY203:—(100-)(12Ca0-20Fe,03-68P.0s), x = 0 - 12 mol%, resulted in the formation of
amorphous glasses but once 12 mol% Y,03; was added a crystalline YPO, phase was
detected. They stated that excessive Y03 was acting as a nucleating agent and its addition
increased the O/P ratio causing depolymerisation of the glass network and reducing the glass-
forming range [239]. A similar situation appeared to be happening within the 30Y microspheres
in this study, where the Y,03 content was ~15 mol% and a YPO, phase was detected using
XRD (Figure 5.12). Interestingly, with progressive Y.Os addition (when processing 50Y
microspheres) a YPO, phase was no longer present and only a crystalline Y,Oz phase was
detected via XRD. The crystal structure of YPO, consists of a YOg decahedron (coordination
number 8) and PO, tetrahedra linked together by an edge (see Figure 5.39A), whereas Y,03
has an octahedral coordination geometry of (coordination number 6) (see Figure 5.39B) [240].
A study by Cole et al. used Extended X-ray Absorption Fine Structure (EXAFS) analysis, which

indicated that Y3* cations were coordinated by 6-8 oxygen ions in phosphate glass structures
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and further studies found that the coordination numbers of Y3' cations in meta- and
ultraphosphate glasses were ~6.5 and ~8.0, respectively [241, 242]. Christie et al. found that
the addition of 6 mol% in their classical molecular dynamics simulations of yttrium-containing
metaphosphate phosphate glasses had coordination number of 6.3 + 0.2 suggesting they were
bound in an octahedral structure (YOs). The progressive addition of Y,Os; when forming the
microspheres appeared to be changing the binding interactions of the Y** cations, which may
have resulted in lower coordination number. This may also explain why YPO, is seen in 30Y
microspheres but with progressive Y03 addition to achieve the 50Y formulation resulted in

only crystalline Y,O3 detection.
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Figure 5.39 (A) YPO, cluster model. The central yttrium atom (grey) is shaded and
represents a YOg decahedron with coordination number 8. O1 represent an oxygen atom
(red) that belong to one orthophosphate (phosphorous; pink) group visible in the main
cluster area, while O2 atoms belong to two adjacent orthophosphate groups. Reproduced
from [6]. (B) Schematic of a fragment of a Y.Oscrystal. The central yttrium (black) atom is
bound to 6 oxygen atoms (white) and has an octahedral coordination geometry of due to
its coordination number of 6. Reproduced from [16].

During processing, the addition of Y.Os into the microsphere structure and the resulting
decrease in phosphate content altered the O/P ratio of the microspheres. In Chapter 3,
theoretical calculations for O/P ratio with the glass compositions showed that an increase from
3.25 for P40 glass to 3.66 in P30 glass occurred across the glass series. The change in O/P
ratio resulted in significant depolymerisation of the glass network and the formation of Q°
species at the expense of Q? species. This increase in O/P ratio was also evident when
additional CaO is introduced into the microspheres structure due to the use of CaCOs as a
porogen for porous microsphere production. The addition of Y,Os when processing 30Y
microspheres caused a significant increase to the theoretically calculated O/P ratio to 4.01, in

comparison to P40 SMS which is 3.33. This would suggest that each P atom would be bound
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to 4 O atoms and therefore there would be no BO present within the structure. This hypothesis
correlated with the Raman and NMR data indicating that the microspheres contained primarily
orthophosphate species.

XPS analysis was performed to investigate the binding energy of the constituent elements
within the microspheres. In the Ols components of phosphate-based glasses typically a
higher binding energy contribution due to the presence of BO atoms and a lower binding
energy associated with the NBO [243]. The components at 533.1 eV and 531.4 eV for the P40
solid microspheres were ascribed accordingly and were consistent with other studies [244].
O1s components in the solid yttrium microspheres may have arisen from oxygen atoms
existing in some or all the following structural bonds: P—O-P (BO), P-O-Y, Y-O-Y and P-O-
Mg/Ca/Na (NBO). 3P MAS-NMR data showed that both 30Y and 50Y microspheres appeared
to be formed exclusively of orthophosphates meaning that no P-O-P (BO) bonds should have
formed. This meant that the component with the highest binding energy of 533.6 and 533.8
eV, in 30Y and 50Y microspheres respectively, was likely to be due to Y-O-Y bonds that had
formed. Incremental Y,O3 addition has been shown to result in depolymerisation of phosphate
glasses and disrupts phosphate chains via the formation of Y-O-P bonds [237]. Y3* ions act
as network modifiers to charge balance the negative charge of [PO4]*" tetrahedrons and can
bond with [PO4]*~ tetrahedrons via edge or corner sharing connectivity’s (see Figure 5.40). In
edge-sharing, one Y*" bonds with two O? of a single [PO4]*" tetrahedron, resulting in the
subsequent formation of two P—O-Y bonds. As seen in Figure 5.40A, edge-sharing also
results in the formation of Y-O-Y bonding, which was detected via XPS analysis. The edge-
sharing bonding may lead to the formation of clusters of YO, polyhedral through the formation
of covalent bonds between the phosphate chains [245]. It could be that increased Y03
addition to the glass microsphere formulations created an increased clustering of yttrium ions
resulting in the formation of the unique topographical features observed for the high yttrium-
containing 50Y microspheres. Elemental analysis of these topographical features revealed a
yttrium-rich core that appeared to be acting as a nucleus for crystallisation. In contrast, corner-
sharing is when a single oxygen of the [PO4]*" tetrahedron is participating in the connectivity
with the yttrium ion meaning less oxygens of the tetrahedra are occupied per bond with yttrium

and can potentially form additional bonds with other elements (see Figure 5.40B).
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Figure 5.40 Structure depictions of yttrium ions bonding to a [PO4]*" tetrahedron via (A) edge-
sharing and (B) corner sharing connectivities. Adapted from [245].

NBO bonds between P-O—-Mg/Ca/Na were present and revealed a slight 0.2 and 0.1 eV shift
for 30Y and 50Y microspheres compared to P40 SMS. The decrease in the area for NBO
between 30Y and 50V, at 531.1 — 531.2 eV, could be due to the decrease in concentration of
P within the microsphere formulations and an increase in O/P ratio due to Y03 addition. There
was subsequently less P available for binding relative to the other elements. An additional
component at 532.4 and 532.7 eV was observed for 30Y and 50Y but not for P40 microspheres
which had a binding energy intermediate to BO and NBO. A similar peak was observed in a
study by Majjane et al. when using XPS to study vanadium barium phosphate glasses and
they ascribed this peak to P-O-V bonding [243]. In the current work it is postulated that the
peak here is due to Y-O-P bonding occurring in the microsphere structure and correlates with
the XPS fitting for YPQO4 [228]. The Y-O-P bonding can lead to the formation of cross links
between PO, tetrahedra via P-O- - - Y- - -O-P bonds. The peak with the lowest binding energy
in both the 30Y and 50Y samples was ascribed to Y-O bonding within YOz and was consistent
with the literature and not seen for the P40 SMS [246]. The increase in the component area
for Y-O bonding within Y203 from 30Y and 50Y correlated with the XRD data where peaks
associated with cubic- Y>Oz were seen at a greater intensity for the 50Y microspheres (Figure
5.12).

The Y3d components agree with the working hypothesis that edge-sharing connectivity’s
appear to be increasing with Y03 addition within the 50Y microsphere formulation. A decrease

in area at 159.0 eV associated with Y-P bonding was seen in 50Y compared to 30Y
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microspheres. There was an additional component in the 50Y microspheres attributed to Y-
O-Y bonds and the increased amount of yttrium ions involved in this bonding meant fewer
were able to participate in Y-P bonding. Studies have found that in crystallised cubic Y03, Y3*
is bound to six equivalent O% atoms and forms a mixture of distorted edge and corner-sharing
YOs octahedra [247]. YPOy, is bound to 8 instead of 6 equivalent O atoms to form distorted
YOs hexagonal bipyramids that share corners with four equivalent PO, tetrahedra, edges with
four equivalent YOg hexagonal bipyramids, and edges with two equivalent PO, tetrahedra
[248]. This demonstrates that the yttrium complexes detected in the 30Y and 50Y
microspheres via XRD both exhibited edge-sharing and corner-sharing connectivity’s.
Increasing the amount of Y03 into the formulations altered the type and frequency of bonding
occurring and dictated the structures that formed. Due to the microspheres being glass-
ceramics and not fully crystalline materials with completely geometrically ordered structures it
was only possible to postulate what binding was occurring within the microspheres based on
the data available. The novel processing technique used and the high yttrium content (which
has not previously been achieved before) with phosphate-based glasses meant that there was
a lack a comparable literature to compare the XPS results with. Further structural
characterisation, using techniques such as neutron diffraction, high energy XRD (HE-XRD)
and X-ray absorption near edge structure (XANES) would be needed to establish the bonding

and structures occurring within the microspheres at the atomic level.

The addition of yttrium to phosphate glass microspheres not only facilitated their potential use
as a vector for radiotherapy delivery but could also be used to improve the durability of
phosphate glasses [89]. Other transition oxides such as TiO,, Al,O; and Fe,Os; have been
incorporated into phosphate glasses and have been shown to improve some of the physical
properties, such as their rapid degradation within agueous media that can limit their clinical
applications [249-251]. The addition of certain transition oxides have been shown to decrease
degradation rates by up to 3 to 4 orders of magnitude [252]. The role of yttrium oxide within
silicate glass systems has been explored and it has been discovered that yttrium oxide can
act as either a network former or a network modifier depending on the amount of yttrium oxide
present. Classical molecular dynamics simulations have been conducted on the structure of
yttrium doped phosphate-based glasses which found that yttrium oxide up to 6 mol% acted as
a network modifier and resulted in depolymerisation of the phosphate network within
quaternary phosphate glasses [253]. Structural analysis by Martin et al. revealed that yttrium
acted as a network modifier within the studied alumino-phosphate glasses and that Y3* cations

preferentially bonded to the terminal oxygen atoms of PO, tetrahedra [211].

161



A study by Arafat et al. investigated the role of yttrium in phosphate-based glasses in the
system 45(P205)-25(Ca0)—(30-x)(Na2O)—x(Y203) mol% (0< x< 5) prepared via melt
guenching [210]. As with silicate glasses, depolymerisation of the glass network was seen with
increasing yttrium oxide addition. 3*P NMR analysis showed an increase of Q! species, from
23 to 42%, which was accompanied by a corresponding decrease of Q? species from 77 to
58% as Y03 addition increased from 0 to 5%. The increasing Y.O3 content also resulted in a
decrease in the phosphate chain length (from 8.69 to 4.88), which was further evidence of
depolymerisation and the dissociation of metaphosphate chains. As a network modifier, Y3*
occupy the interstitial space between PO, tetrahedra and bond with phosphate glass terminal
oxygen’s causing a decrease in BO and an increase in NBO. Previous studies have concluded
that yttrium perturbs the glass network strongly, by stabilizing the formation of negatively
charged species such as non-bridging oxygen atoms [254]. Due to it being a high field strength
trivalent cation, yttrium forms strong cross-linking Y-O-P bonds between phosphate chains.
Yttrium’s field strength (~0.60 e A™) is significantly higher than that of magnesium( ~0.46 e
A=), calcium’s (~0.33 e A™?) and sodium’s (~0.19 e A?) and this leads to the formation of
stronger bonds within the phosphate glass network and is why an increase is chemical
durability is seen with increasing Y,Os content [212, 255]. Classical molecular dynamics
simulations have revealed that in phosphate glasses, when there was multiple modifier atoms
present, they compete for their preferred bonding environments, which leads to different
amounts of NBOs and BOs. A study by Fu and Christie revealed that yttrium was found to
bond almost completely exclusively to NBOs within their glass system [253].

Previous studies have found that the increase in cross-linking of the phosphate network with
the addition of Y03 causes a decrease in the degradation of the glasses, since Y-O-P bonds
are more resistant to hydration attack than P-O-P bonds [256]. Classical molecular dynamics
simulations have shown that when yttrium is incorporated into a ternary phosphate glass
series it bonds to a greater number of phosphate chains (4.2 — 4.3) in comparison to both
calcium (3.8) and sodium (3.1-3.2) [253]. This indicated that yttrium cations bond to more
chains in the glass network and strengthen the glass against dissolution. Decreased
degradation results in a lower ion release profile which would be beneficial when developing
glasses for radiotherapy applications [257]. The glass needs to be durable whilst the yttrium
is radioactive to avoid leaching of the radionuclide and irradiating the patient away from the
target site. In the aforementioned studies on yttrium incorporation within phosphate-based
glasses, the Y.03 content remained relatively low, less than 6%, due to crystallisation of the

glass at higher Y,0O3 content.
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The yttrium content within 50Y microspheres of 39.1% is significantly higher than anything
obtained and studied previously in phosphate glasses. For both 30Y aand 50Y microspheres,
extensive depolymerisation of the network has occurred and crystalline phases were present
throughout the bulk of the microspheres. lon release studies demonstrated that increased
yttrium content resulted in a reduction in the release of all ions from the microspheres. Despite
50Y microspheres containing more than twice the yttrium content on 30Y microspheres, 30Y
microspheres released over three times the amount of yttrium ions over 28 days immersion
(Figure 5.22). Considerably less yttrium was released from both microspheres in comparison
to the glass forming elements. Further evidence of the increased durability of the yttrium-
containing microspheres was apparent from the lack of surface deformation and degradation
following the period of immersion within mill-Q water in comparison to the P40 solid
microspheres (Figure 5.24). The yttrium-containing microspheres must have high chemical
durability and resistance to degradation within bodily fluids to be used for internal radiotherapy
delivery. The half-life of ®°°Y means that radioactivity decays to a negligible level within 21 days
after neutron bombardment, as such stability and minimal leaching of active radioisotopes
during this period is essential [205].

30Y and 50Y microspheres were shown to retain their geometry and morphology following
heat treatment up to 941°C during a thermal XRD experiment. This demonstrated the high
durability of the microspheres and is further evidence of their suitability as devices to deliver
internal radiotherapy. The high neutron fluxes during neutron activation required to produce
%Y can result in high temperatures, which the microspheres must be able to withstand in order
for the radioactive product to have the desired geometry and characteristics [258]. To
empirically establish whether the microspheres are able to withstand such conditions, neutron

activation experiments are required.

P40, 30Y and 70Y microspheres were immersed in SBF for 28 days to investigate their
bioactivity. The EDX values (Figure 5.25) and XRD traces (Figure 5.26) indicated that no
apatite formation had occurred during the duration of the study. The P40 solid microspheres
did not appear to have intrinsic bioactivity during the 28 days immersion and similar results
had been seen in section 4.4.11 with P40 porous microspheres. The yttrium containing
microspheres released significantly less ions in comparison to P40 microspheres and also
showed no evidence for HA formation whilst immersed in SBF. Decreased bioactivity with
increasing yttrium content has also been seen in a study by Cacaina et al. in which the
influence of Y03 on the bioactivity of glasses in the system SiO;-Na,O-P,0s-Ca0-B,03-K,0-
MgO was investigated. They found the tendency of the glasses to form a calcium phosphate

layer was reduced with the progressive addition of Y.Osto the parent glass formulation. They

163



suggested that the formation of thinner calcium phosphate layers on the glasses due to
increased Y,03zcontent had lower bioactivity and exhibited slower dissolution compared to the
glass formulations that displayed a thick layer. The slower dissolution was accompanied with
lower weight loss in the high Y03 containing glasses, signifying the increased structural
stability that yttrium was imparting due to the high field strength of the Y*ion [200]. It has been
suggested that the nanoscale clustering and aggregation ions can act as an inhibitor of
bioactivity in bioactive glasses since clustering of modifiers can affect ionic transport [259].
The clustering of yttrium ions that may be occurring due to the proposed edge-sharing

connectivity’s may therefore be suppressing bioactivity.

Glass-ceramics are generally considered to have superior mechanical properties to that of
their parent glass but lower bioactivity due to the increased stability of the crystalline phases
[260]. The increased durability, reduced degradation and ion release from the yttrium-
containing glass-ceramic microspheres was attributed to reducing the likelihood of HA
formation in SBF. Although they have been empirically shown to be useful to establish the
bioactivity of glass and glass-ceramics, in vitro studies involving SBF are not definitive since
highly resorbable ceramics such as B-TCP and calcite (CaCOs3) do not demonstrate apatite
formation in SBF but can bond to bone in vivo [97]. In addition to the physico-chemical
processes, such as dissolution and precipitation, that cause bioactivity and resorption of glass
and glass-ceramic biomaterials, cellular processes are also known to have direct effects. Cell-
mediated resorption occurs on implanted materials due to inflammatory multinucleated cells
that degrade materials through phagocytosis and by osteoclasts when the material is
implanted adjacent to or within bone tissue [261]. The responses are also governed by the
size and geometry of the glass/glass-ceramic material implanted in vivo. It is therefore
important to look at the in vitro and in vivo cellular responses to yttrium containing

microspheres.

Cytocompatibility results showed that MG63 cells cultured with P40 SMS conditioned media
demonstrated the greatest levels of metabolic activity after 7 days and were comparable to
that of cells cultured in SM. Cells cultured in both 30Y and 50Y media had significantly lower
metabolic activity (p < 0.001) than those cultured in SM and P40 media at day 7 but their
relatively high activity and the significant increase in metabolic activity seen from day 2 to day
7 demonstrated their cytocompatibility. Previous in vitro studies of porous glass microspheres
of the P40 formulation (40P,0s-16Ca0-24Mg0O-20Na,O mol%) have shown that they were
biocompatible according to the standard ISO 10993-5. Hossain et al. showed that the
proliferation rate of hMSCs grown using an indirect culture method was shown to be greater

than 70% of the cells grown in the SM when using an MTT assay [1].
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As seen in Figure 5.22, P40 solid microspheres were faster degrading than both the 30Y and
50Y microspheres and released a significantly greater amount of all glass forming ions. The
simultaneous exposure and quantity of ions released from the different microsphere
formulations to the cells resulted in the differences in cell response. Phosphate, calcium,
magnesium and sodium ions have all been shown to play vital roles within bone metabolism
and homeostasis [105]. Extracellular Ca?* plays an key role in the regulation of osteoblastic
proliferation and differentiation by influencing the expression of specific Ca?*-channel isoforms
on osteoblasts [262]. The increased exposure of cells to ions from P40 SMS is therefore likely
responsible for the increase metabolic activity seen at day 2 and 7 when compared to 30Y

and 50Y formulations.

ALP is constitutively active at low levels in all cells, but during the early stages of osteogenic
differentiation its activity significantly increases [161]. It is therefore used as a marker for the
detection of early osteogenic differentiation. Cells exposed to P40 release products had
significantly greater ALP activity compared to 30Y and 50Y formulations. The similar ALP
activity within cells exposed to 30Y and 50Y correlated with the ion release data in that the
levels were comparable between the two formulations and resulted in no significant difference

between them.

Liquid chromatography coupled with mass spectrometry (LC-MS) has been widely employed
for profiling protein expression levels. This approach to proteomics involves subjecting the
proteins to enzymatic cleavage and separating the resulting peptide products based on
chemical or physical properties [263]. Differences in hydrophobicity and polarity causes each
peptide to elute from the LC column at a distinct retention time [264]. The eluted peptide
products are then analysed using mass spectroscopy. Tandem mass spectrometry (MS//MS)
is a technigque involving two or more mass analysers. Samples are ionised and separated by
their mass-to-charge (m/z) ratio in the first spectrometer. The ions are then split into smaller
fragment ions and separated again by their m/z-ratio, thereby allowing the separation and
identification of discrete ions with very similar m/z-ratios [265]. Computational approaches and
software have been developed for automated assignment of peptide sequences to MS/MS

spectra from available protein sequence databases.

Quantitative analysis using LC-MS/MS revealed that 935 proteins were detected in cells
cultured using P40 or 30Y conditioned media and that 37 were unique to cells cultured in P40
media and 14 to those using 30Y media. The high proportion of shared proteins suggested
that the proteome of the cells using the different culture conditions remain stable. Beta-actin-
like protein 2 (ACTBL2) was only detected in MG63 cells cultured in 30Y conditioned media.

Actins are highly conserved proteins ubiquitously expressed in all eukaryotic cells and are
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involved in cell motility, structure and integrity [266]. Although there is limited published data
concerning ACTBL2, it has been shown to be expressed at very low levels in several
melanoma cell lines whilst other melanoma cells exhibited high ACTBL2 expression [267].
Further studies are required to understanding the signalling pathways involved in ACTBL2
expression in health and disease and whether exposure to yttrium ions is influential. One
protein of interest which was exclusively detected in MG63 cells cultured in 30Y conditioned
media was transforming growth factor-beta-induced protein ig-h3 (TGFBI) (see Table 5.4).
TGFBI is an extracellular matrix protein that has been reported to function as a tumour
suppressor [268]. Loss of TGFBI expression has been associated with several types of
malignant cancer cells, whilst ectopic expression of TGFBI significantly suppressed
tumorigenesis in human bronchial epithelial cells [269]. The 30Y culture conditions appeared
to cause an upregulation in TBFI expression which may repress tumorigenesis of malignant

cells in comparison to cells cultured using P40 conditioned media.

ADP-ribosylation factor 5 (ARF5) was a protein detected exclusively in cells grown in P40
conditioned media and was present in the greatest amount (5 a.u.). ARF5 is a GTP-binding
(guanosine triphosphate) protein that regulate protein and membrane trafficking events [270].
Dysfunction of ADP-ribosylation has been associated with several types of cancer [271].
Another protein, ribose-phosphate pyrophosphokinase 3 (PRPSL) was also only detected in
cells cultured in P40 conditioned media. PRPSL function is to catalyse the synthesis of
phosphoribosylpyrophosphate (PRPP) which is essential for nucleotide synthesis [272].
PRPSL is activated by magnesium and inorganic phosphate and the elevated release of these
ions from P40 microspheres compared to 30Y is likely responsible for the upregulation of this
protein. Synthesis of DNA and RNA is essential for transcription and translation to facilitate
protein synthesis for cell growth and proliferation [273]. Upregulation of proteins involved in
these biochemical pathways, such as PRPSL, may account for an increase in metabolic
activity of cells cultured in P40 conditioned media compared to those using 30Y or 50Y -
conditioned media (Figure 5.27). Compositional development of PBGs could lead to materials
which can heavily influence cells via the activation and upregulation of certain proteins. Further
studies are required to investigate how the culture conditions created by the microspheres

affect cell phenotype and which proteins and biochemical pathways are responsible.

When cells were seeded directly on to the microspheres, both the 30Y, 50Y and parent P40
glass microspheres promoted cell growth, as seen by an increase in metabolic activity from
day 2 to day 7. Cells cultured on 30Y microspheres showed initially higher cell metabolic
activity at day 2 but there was no significant difference in metabolic activity observed after 7

days of culture on the two yttrium formulations. Surface roughness has been shown to play a
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conductive role in the initial cellular adhesion and may explain the difference in metabolic
activity at day 2 [274]. The durable nature of the yttrium-containing microspheres means that
minimal changes to the materials surface integrity and a stable pH of the local
microenvironment, evident from Figure 5.23 and Figure 5.24, facilitated a suitable environment
for cell adhesion. The addition of ions, such a titanium and iron, is commonly employed to
increase the durability of phosphate based glasses to increase cell adhesion and provide a
more stable surface to support cell proliferation and differentiation [275]. Whilst the material
surface is vital for cell adhesion and colony establishment it is not the sole determinant of
subsequent biological processes, as the degradation products have the potential to influence

the proliferation and differentiation of the cells [107].

Cells grown on P40, 30Y and 50Y microspheres all had increased ALP activity in comparison
to TCP after 7 days of culture. The increased ALP activity of cells cultured on the microspheres
suggested that the microspheres were a more favourable surface for influencing osteoblast
cell differentiation than TCP. It is likely that the phosphate, calcium, magnesium and sodium
ions released from the microspheres were stimulating an early osteogenic response. Studies
have established that Ca?* ions are required to promote osteocalcin expression and matrix
mineralisation, whilst certain concentrations of phosphate and Mg?* added to cells in culture
can further induce mineralisation [276]. Cells grown on TCP were not exposed to these
additional ions and is likely why there was significantly lower ALP activity in these cells. The
surface topography of biomaterials has also been shown to directly influence cellular
responses including adhesion, proliferation and osteogenic differentiation [277]. The rough
surface of native bones mineralised ECM has been identified as an important feature that
promotes adhesion and differentiation of osteoprogenitor cells to an osteogenic lineage [278].
A rough topography therefore can effectively mimic the mineralised ECM interface that cells
adhere to in vivo when participating in bone remodelling and regeneration. The increased ALP
activity seen in cells grown on the 30Y and 50Y microspheres, in comparison to the P40
microspheres, may be due to the surface roughness and topographies seen on many of the

microspheres.

Yttrium has been added to calcium phosphate ceramics, in the form of yttrium phosphate, to
increase the machinability of the ceramics to potentiate more applicable materials and
geometries to be used as bone graft substitutes and in hard tissue engineering applications
[216]. Up to 50 weight % yttrium phosphate has been incorporated into both hydroxyapatite
(HA) and beta tricalcium phosphate (B-TCP) composites [216, 279]. MTT assays revealed that
there was no significant difference in viability of MG63 cells cultured on the yttrium containing

composites in comparison to both HA and 3-TCP alone. Similarly, yttrium has also been added
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to other ceramic materials such as zirconia and alumina to be used in orthopaedics and
restorative dentistry. In arecent study, commercially available 8 mol% yttria-stabilised zirconia
plates exhibited excellent cell attachment, proliferation, and cell differentiation of mouse L929
and mouse bone-marrow derived MSCs, indicating their promise as restorative materials
[280]. These studies and the current study highlight the potential of yttrium containing calcium
phosphate ceramics as materials to facilitate bone repair. The ability to neutron activate the
yttrium-containing microspheres in this study highlights the potential applications beyond bone
regeneration and may be used to deliver localised radiotherapy at the site of delivery. The
novel microsphere formulations satisfy the necessary requirements for internal radiotherapy
applications in that they; (i) contain high levels of radionuclide within their structure capable of
delivering therapeutic radiation, (ii) are chemically durable and resistant to physiological fluids
to prevent substantially radionuclide release during period of radioactivity. Additionally, the
yttrium-containing microspheres were biocompatible and supported osteoblast-like cell growth

and proliferation.

Although solid yttrium-containing microspheres of varying content were successfully
produced, the conventional processing method that resulted in formation of highly porous
phosphate glass microspheres (in Chapter 3) could not be applied to produce high yields of
porous yttrium-containing microspheres. Alterations to the processing procedure prior to
spheroidisation were investigated to try and achieve homogenous mixing of the glass, Y03
and CaCOs. Irrespective of the mixing procedures used, significant agglomeration of the
particles occurred resulting in the formation of a high proportion of large, irregular shaped
particles. The particles that were porous contained no detectable or very low levels of yttrium

content.

Hossain et al. proposed mechanism for porous microsphere formulation via flame
spheroidisation involves the decomposition of the porogen and engulfing of the gas evolved
within the molten glass particles. The entrapped gas subsequently escapes from within the
molten glass to form pores as the material is cooled upon ejection from the flame. The
spherical shape is formed due to the influence of surface tension [1]. The melting temperatures
(Tm) of the phosphate glasses used in Chapter 3 range between 645 and 854°C, whereas the
Tm for Y203 is much higher at 2,425°C [209]. This was very close to the maximum temperature
of the flame that could be produced by the thermal spray gun (MK74, Metallisation Ltd, UK)
which was reportedly around 3,000°C, although the actual flame temperature could not be
verified with the equipment available. The flame spheroidisation method was able to form high
yields of completely spherical yttrium-containing microspheres despite the high Tr, of Y20s. It

appeared that when Y,03; became embedded and dispersed within the P40 glass matrix that
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the physico-chemical properties of the particles within the flame no longer facilitated the facile
formation of porous microspheres. It was postulated that the temperatures achieved, or the
particle residence times whilst in the flame may not have been sufficient for the majority of
particles to become fully molten or to achieve levels of melt viscosity for CO2 entrapment and

release.

Changes in the physico-chemical properties to the yttrium-containing particles within the flame
that may negatively affect porosity formation are likely further compounded by the addition of
CaCOs, The decomposition of CaCOs3; porogen (CaCO3z; — CaO + COy), that is responsible for
CO; production and release to impart porosity, has been shown to increase CaO content within
particles post flame spheroidisation (Figure 4.9). Previous studies of ternary PBG in the P2Os-
Ca0O-NazO glass system reported that increasing Ca content in place of Na increased the
cross-linking between the phosphates chains and led to increased chemical durability [281]. It
is postulated that the viscosity of the yttrium-rich particles may not be conducive to allow CO-

to pass through them.

It was therefore suggested that higher temperatures and increase particle residence time are
required for the glass, Y.03;and CaCOs; particles to coalesce within the flame and to achieve
the required combination of physical and chemical parameters for porosity formation. In
addition to this, the particles need to be in close proximity to one another and delivered into
the flame simultaneously. The conventional method of producing porous phosphate glass
microspheres appeared to be unable to fulfil this set of criteria when Y,0s; and CaCOs; was

simultaneously added and consequently meant optimisation of the process was necessary.

Studies have shown that it is the time-temperature combination to which the particles are
subjected that determines successful microsphere formation via flame spheroidisation [282].
Incomplete spheroidisation can occur when patrticles travel a small trajectory within the flame
or within regions that are not hot enough for the heat exchange kinetics required for the
particles to become sufficiently molten. This can result in the particles not forming completely
spherical shapes, which is often seen in large sized particles where agglomeration has
occurred [283]. Smaller particles are also affected by higher initial acceleration when they
enter the flame which can affect particle residence time. In addition to this, smaller and less
dense particles can suffer from a “surfing effect”, in which they are unable to penetrate into
the centre of the flame and are subsequently ejected along trajectories on the flame edge
away from the primary flame direction. These regions are less hot and decrease the likelihood

of the particles reaching the necessary temperature [29].
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The greatest success seen in producing porous yttrium containing microsphere was achieved
using ground particles of solid yttrium microspheres produced via a first round of flame
spheroidisation that were then subjected to a second round using a pneumatic sand blasting
gun and porogen. The rationale for this was to try and minimise the agglomeration of particles
during the feeding stage, which can occur when using small particles. Additionally, Venturi et
al. had shown that downstream injection, as opposed to perpendicular or upstream injection,
of graphene nanoplatelets (GNPs) resulted in approximately 200°C increase in particulate
temperature when investigating feedstock injection parameters using suspension high velocity
oxy-fuel (SHVOF) thermal spray [284]. Increased flow rate of fed particles resulted in
increased penetration within the flame but may result in reduced residence time due to the
increased initial velocity of the particles. Although this study used a suspension feedstock it
was postulated that the small particles used within the flame spheroidisation process would

behave in a similar manner.

The modified feeding system did result in decreased agglomeration and furthermore, also
appeared to increase porosity. Despite this, the yield of porous compared to solid
microspheres remained comparatively low and did not allow for further characterisation. The
greatest limitation to this processing method was the small quantity of particles collected at
the end of processing. The high flow rate generated to eject the particles out of the pneumatic
sand blasting gun contributed significantly to the scattering of particles when entering the
flame and their subsequent loss to the surroundings. The increased porosity seen within the
30Y formulations in comparison to the 50Y may be due to the increased proportion of glass
within each microsphere. The lower melting temperature of the glass in comparison to yttrium
oxide would mean a greater likelihood of the particles becoming molten and allowing for CO-
to become engulfed and released to impart porosity. The high cost associated with using Y203
meant that this is not a feasible process and significant quantities would be required to make

sufficient amount of particles.

To produce microspheres for therapeutic applications it is vital that there is consistency and
reliability in the final product. Whilst this can be achieved with yttrium-containing solid
microspheres further optimisation is require for porous yttrium microsphere production. The
setting and control of the process input parameters such as gas flow rates, particle size and
feeding conditions, will reduce batch to batch variability and should assure the production of

a high yield of quality microspheres with the desired characteristics.

Porosity within biomaterials facilitates enhanced gaseous and nutrient exchange and has
been shown to result in favourable cell responses, especially for bone repair and regeneration.

Interconnected pores allow for cellular and vasculature infiltration to promote new tissue
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formation and matrix deposition [165]. The added potential of being able to load porous
microspheres with therapeutic cargo was the rationale for developing a process for porous
yttrium-containing microsphere production. Microspheres that are capable of delivering
radiotherapy and chemotherapy simultaneously could have a synergistic effect if
radiosensitisation of the target tissue could be achieved whilst sparing neighbouring healthy
tissue [14]. A suitable methodology would have to be developed depending on whether the
microspheres were loaded prior to neutron activation or after. Any cargo that would be loaded
within the microsphere would have to be able to withstand the conditions of neutron activation
and not form any undesirable radionuclides [285]. If they were to be loaded post-neutron
activation the process becomes time sensitive as this would decrease the therapeutic dose

received by the patient and may also expose clinicians to harmful doses of radiation.
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6 Holmium-doped phosphate-based microspheres

for internal radiotherapy delivery

6.1 Introduction

The favourable nuclear properties of °Y have led to the development and use of two
commercially available microsphere products containing °°Y for Selective Internal Radiation
Therapy (SIRT) to treat unresectable hepatocellular carcinomas. Prior to microsphere
administration during SIRT, a diagnostic angiography is conducted to assess the vasculature
of the liver and tumour [286]. Technetium-99m macroaggregated albumin (**"Tc-MAA)
particles, that are comparable in size to the ®°Y microspheres, are injected as a scout dose
and their distribution within the liver is studied. Due to **™Tc emitting readily detectable gamma
(y) rays, single-photon emission computer tomography (SPECT) can be used to estimate the
dose to the tumour and surrounding parenchyma and evaluate the potential of pulmonary and
extrahepatic shunting [287]. Although **"Tc-MAA SPECT dosimetry is considered accurate
for SIRT, alternate methods are being developed that can combine therapeutic radiotherapy
with the ability to simultaneously achieve diagnostic information at the tumour site.

Alternative radionuclides that not only emit high energy, tumoricidal -radiation but can
simultaneously emit gamma-radiation (y) or possess inherent properties that can allow for
visualisation through clinical imaging techniques are therefore highly desirable [288]. The
incorporation of such a radionuclide within a biomaterial could facilitate a theranostic approach
by providing real time diagnostic information on the biodistribution of radiotherapeutic agents
within a tumour. This could help determine the optimal dose and monitor the response to
treatment concurrently to and potentially following the delivery of delivering ionising radiation
[288].

The radionuclide holmium-166 (*%®Ho) possesses these decidedly beneficial properties as it
emits high energy B-radiation as well as y-radiation [289]. Due to %®*Ho having a natural
abundance of 100% and a cross section of 64 b, it can be neutron activated in a relatively
short neutron activation time resulting in *®Ho with a high purity of the isotope [290]. The only
by-product is metastable **Ho meaning that no costly chemical purification steps are required
for production of nuclear reactor derived ®®Ho [291]. 1®Ho is comparable to °°Y in that it emits
B-radiation, but it has a significantly reduced half-life of 26.8 hours [292]. The maximum tissue
range of B-radiation from **Ho is similar to °°Y at 8.7 mm in soft tissue, with an average range

of 2.2 mm and 90% of the total radiation dose is delivered in the first 2.2mm. However, the
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resultant dose-rate is relatively high if the same cumulative dose was given in comparison to
other radionuclides used for cancer therapy such as °°Y, 31| and '®®Re which have larger half-
lives [293].

One of the primary advantages of using '®®Ho is that it is a y-emitter, meaning that it can be
detected using Single Photon Emission Computer Tomography (SPECT). Additionally, ***Ho
has paramagnetic properties allowing for visualisation using Magnetic Resonance Imaging
(MRI) and also by Computer Tomography (CT) technigues because of its density [294]. These
clinical imaging techniques can facilitate real time visualisation of holmium-doped biomaterials
during and post-treatment and could be used to quantitatively measure *®Ho distribution in
vivo [295].

Several compounds or materials have been investigated that are either labelled with or have
incorporated within them ®®Ho for applications in interventional oncology. *®Ho-labelled
chitosan complexes have been investigated for intratumoral treatment of tumours located in
the brain, prostate and liver [296-298]. Bone marrow transplantation is a possible curative
treatment for several hematologic malignancies but requires high doses of local radiation to
destroy old bone prior to transplantation. In order to achieve bone-seeking agents,
phosphonate chelates have been combined with %®Ho to form stable complexes to deliver
high levels of radiation to bone and bone marrow [299]. *%Ho has also been conjugated to
various bone-seeking agents, such as EDTMP (ethylenediamine- tetramethylene phosphonic
acid) and PAM (pamidronate), to generate high local radiation doses for bone marrow ablation
and limit damage to healthy tissues and organs that may occur using external beam
radiotherapy [300, 301].

Radiovertebroplasty is a further treatment method that has been developed to treat bone
malignancies. This form of internal radiotherapy involves the incorporation of radionuclides,
such as %®Ho, within commonly used bone cement materials, such as Polymethylmethacrylate
(PMMA), to treat spinal metastases [292]. These materials can be administered via minimally
invasive percutaneous procedures and provide structural and mechanical support to the
effected regions, whilst simultaneously irradiating malignant cells in the immediate area [302].
Donanzam et al. formed composite PMMA with multiphasic calcium phosphates that
incorporated holmium as novel biomaterial to treat spinal metastases. Upon neutron
activation, ®*Ho was produced with an activity calculated to be 32.5 MBg/mg, which was

considered to be clinically suitable for site specific radiotherapy [303].

Microspheres that have holmium incorporated within them have also been developed for SIRT

and the treatment of liver malignancies. Currently, the only commercially available and
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clinically used microspheres for SIRT that utilise radioactive holmium is the **Ho-loaded
poly(L-lactic acid) (PLLA) microspheres (**®Ho-PLLA) (QuiremSpheres®, Quirem Medical
B.V., The Netherlands), which have been developed as an alternative to glass microspheres
[304, 305]. The use of **Ho-PLLA has the potential to eliminate the need of a scout dose,
such ®MTc-MAA, followed by a therapeutic dose since the *®Ho-PLLA microspheres can
perform both roles concurrently. The diagnostic feature of 1®®Ho-PLLA could enable monitoring
of the intrahepatic behaviour of the microspheres during and post treatment [289]. Knowledge
of the quantity of microspheres that reach the cancerous and normal liver tissue of each
patient allows clinicians to adjust the treatment plan accordingly and identify tumours that may
be receiving an inadequate dose [306]. Polymers susceptibility to degradation due to the use
of high neutron fluxes during neutron activation and the difficulty in achieving a high enough
activity to produce a therapeutic effect must be circumvented when developing microspheres
for SIRT [307]. The microspheres are not limited to just the treatment of liver malignancies but
have been investigated for the treatment of tumours within the kidney and head-and-neck,
amongst others [308, 309].

This chapter discusses processing and structural characterisation of holmium-containing
phosphate-based microspheres that could be used to deliver radiotherapy for the treatment of
bone cancers. In vitro bioactivity and cytocompatability studies have been performed to assess
the microspheres’ ability to support cell growth and proliferation and to facilitate bone repair
and regeneration to damaged bone tissue following devastation due to bone cancer and it

associated treatments.
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6.2 Results

6.2.1 Morphological and elemental analysis

SEM analysis following processing and sieving confirmed that a high yield of spherical
microspheres were produced via the flame spheroidisation method. As seen in Figure 6.1, a
lack of aggregation and a narrow size distribution was achieved using this manufacturing
process. This was apparent at each holmium oxide to glass ratio that was used prior to
spheroidisation.

15KV X500  S0pm 10 50 SEI 15KV X500  S0pm 11 56 SEI

Figure 6.1 SEM images of the morphology of the holmium-containing microspheres
produced. (a) Microspheres processed using a 30:70 holmium oxide to P40 glass ratio
(30H) and (b) microspheres processed using a 50:50 holmium oxide to P40 glass ratio
(50H).

EDX analysis was also performed to confirm composition of the microspheres manufactured
at each holmium oxide to glass ratio. As seen with the yttrium microspheres in the previous
chapter, as the amount of holmium oxide mixed with the glass increased so did the content of
holmium in the microspheres formed. As holmium content increased, there was a proportional

decrease in all the glass elements within the microspheres produced (see Figure 6.2).
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Figure 6.2 Elemental composition determined via EDX of the holmium containing
microspheres produced via flame spheroidisation.

Throughout this work, the following naming convention is used to refer to the samples i.e 50H,
where 50 refers to the ratio of holmium oxide mixed with P40 glass prior to spheroidisation
and H the radionuclide of interest (holmium). As was done with yttrium containing
microspheres, 30H microspheres were chosen for further characterisation and study due to
their holmium content (17.2% +5.8) which was comparable to that of the yttrium content of
commercial Therasphere™ and a P,Os content of ~30 mol%. 50H microspheres were also
investigated as these had the highest holmium content (30.1% +5.4) (see Figure 6.2).

6.2.2 30H Surface topography and elemental analysis

Figure 6.3 shows SEM images acquired of 30H microspheres which revealed the presence of
two topographically distinct sets of microspheres, like those seen for the 30Y microspheres in
Chapter 4. Most microspheres had a smooth surface with little to no discernible surface
features (topography 1) (see Figure 6.3B). A second distinct group of microspheres
possessing a rough surface containing randomly orientated grain-like structures over most of

the microspheres surface were also seen (topography 2) (see Figure 6.3C).
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EDX analysis of the two subsets of microsphere topographies revealed that the elemental
composition of the microspheres was very similar. Slight deviations in exact quantity of each
element, particularly holmium, was evident in microspheres produced in the same batch. A
holmium content of approximately 15 mol% was detected in both sets of microspheres (see
Figure 6.3D).
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Figure 6.3 (A) SEM image of multiple 30H microspheres (B) SEM image at increased
magnification showing example 30H microsphere with a smooth topography. (C) SEM image
at increased magnification showing example 30H microsphere with a rough topography and
grain-like structures on its surface. (D) Elemental composition determined EDX of 30Y
microspheres with the two different topographies (n=10).
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EDX mapping of resin embedded 30H microspheres was performed to establish whether any
of the elements were concentrated at regions within the microspheres. The mapping showed
that holmium and all the elements were homogenously distributed throughout the whole of the
30H microspheres and did not appear to be concentrated at the surface (see Figure 6.4).

Figure 6.4 EDX mapping of resin embedded 30H microspheres showing the homogenous
distribution of all the elements throughout the microspheres produced via flame
spheroidisation. (a) SEM image (b) Oxygen (c) Phosphorous (d) Calcium (e) Magnesium (f)
Sodium and (g) Holmium.

6.2.3 50H Surface topography and elemental analysis

In a similar manner to the 50Y microspheres in Chapter 4, SEM analysis revealed that a high
yield of spherical particles was produced at the 45 — 125 um size range, although
topographically distinct 50H microspheres existed. A small proportion of the microspheres had
a rough morphology with repeating units of irregular shape on their surface that were very
similar to those seen on the 50Y microspheres. These highly ordered structures varied in size
on the microspheres surface as well as between different microspheres (topography 1) (see
Figure 6.5A and B). Most of the microspheres appeared to have a smooth surface, with some
displaying evidence of submicron units on the surface at increased magnification (topography
2) (see Figure 6.5A and C).

EDX analysis of 50H microspheres revealed that the distinctive, highly ordered structures on
the microspheres surface were indicative of holmium content. Microspheres that displayed
highly ordered structures on their surface had the largest holmium content of 54.1 mol% (+
8.1). Like the 50Y microspheres, the larger, more prominent these features the greater the

holmium content detected. Microspheres that appeared almost completely smooth or that had
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much smaller features on their surface at increased magnification, had a slightly reduced
holmium content of 28.3 mol% (x 9.2). Greater heterogeneity of holmium content was detected
within this subset of microspheres (see Figure 6.5D).
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Figure 6.5: (A) SEM image of multiple 50H microspheres (B) SEM image at increased
magnification showing example 50H microsphere with a smooth topography. (C) SEM image
at increased magnification showing example 50H microsphere with a rough topography and
grain-like structures on its surface. (D) Elemental composition determined EDX of 30Y
microspheres with the two different topographies (n=10).
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At increased magnification, EDX analysis of the surface features belonging to 50H
microspheres with topography 1 revealed that the individual units on the surface displayed
localised regions of holmium content. Analogous to the 50Y microspheres, the centre of the
structures on the surface of 50H microspheres were shown to contain the greatest holmium
content. The holmium content reduced slightly away from the central point of the units with
increased levels of the glass forming elements found in the regions between the holmium-rich

units (see Figure 6.6).

+Spectrum 3
' +Spectrum 2 Spectrum 1 Spectrum 2 Spectrum 3
+Spectrum 1
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CaO 3.2 58 144
MgO 49 8.7 10.6
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Ho,0, 81.4 67.8 h8.6

10pm Electron Image 1

Figure 6.6 (A) SEM image of the 50H microsphere surface and regions analysed. (B)
Elemental values obtained via EDX of the different regions on the surface.

Despite the presence of localised regions of holmium content, EDX mapping of resin
embedded 50H microspheres showed that all the elements were distributed throughout the
microspheres. Holmium was detected and appeared homogenously distributed throughout the

body of the microspheres (see Figure 6.7).
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Figure 6.7 EDX mapping of resin embedded 50H microspheres showing the homogenous
distribution of all the elements throughout the microspheres produced via flame
spheroidisation. (a) SEM image (b) Oxygen (c) Phosphorous (d) Calcium (e) Magnesium (f)
Sodium and (g) Holmium.

6.2.4 FIB-SEM

Focused lon Beam Scanning Electron Microscopy (FIB-SEM) was employed to ablate away
a section of the microspheres surface from 50H microspheres to perform high resolution
observational analysis below the microsphere surface. As seen in Figure 6.8A, some 50H
microspheres did not possess the smooth topography that most of the microspheres exhibited.
Ablating away a section from one of these distinguishing microspheres revealed distinctive
regions present within the bulk of the microspheres (see Figure 6.8B). The different regions
were not homogenously organised and appeared randomly orientated through the bulk of the
microsphere. The same technique was performed on a microsphere that exhibited the
characteristic smooth morphology and revealed that there appeared to be an absence of
discernible features within the body of the microsphere (see Figure 6.8C and D). In the
absence of EDX analysis it was not possible to comment on the elemental composition of the

distinct regions.
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Figure 6.8 (A) An image acquired using FIB-SEM of 50H microspheres. (B) FIB-SEM image
showing the inner section of a 50H microspheres with topography 1 once the FIB had milled
through the surface. (C) FIB-SEM image showing 50H microsphere with smooth topography.
(D) FIB-SEM image at increased magnification showing the inner section of a smooth 50H
microsphere.
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6.2.5 XRD Analysis

The XRD profiles for P40, 30H and 50H solid microspheres are shown in Figure 6.9. A single
broad halo peak at 26 values of ~—30-32° was observed for the P40 microspheres and the
absence of any detectable crystalline peaks confirmed the amorphous nature of the solid glass
microspheres (see Figure 6.9). In the spectra for 30H microspheres, the presence of
crystalline peaks indicated that processing into solid holmium-containing microspheres via
flame spheroidisation resulted in the production of glass-ceramic microspheres. Sharp peaks
at ~ 29°, 34°, 49°, 58° and 61° 20 values were observed, which were matched to cubic Ho2O3
according to powder diffraction file 00-043-1018 (ICDD database) (see Figure 6.9). An
additional peak was also detected at ~32°, which was matched to hexagonal Ho,Os according
to powder diffraction file 01-076-7407 (ICDD database). Further peaks in the 30H spectra at
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~20°, 26°, 35° and 52° were also detected and corresponded to HOPO, (ICDD 01-076-1533).
In the 50H microspheres spectra, only peaks at ~ 29°, 34°, 49°, 58° and 61° 26 values which
corresponded to cubic Ho,Os were observed (00-043-1018 ICDD database) (see Figure 6.9).

10 20 30 40 5 60 70
2 Theta

Figure 6.9 XRD spectra of P40 SMS (black), 30H (purple) and 50H (cyan) solid microspheres.
The crystalline peaks matched for cubic Ho203 (*) (00-043-1018), hexagonal Ho2O3 (#) (01-
076-7407) and HoPO4 (") (01-076-1533).
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6.2.6 NMR

Quantitative 1D 3P MAS-NMR spectroscopy was attempted to ascertain the distribution of Q"
species of the holmium-containing microspheres. Unfortunately, attempts to analyse 30H and
50H microspheres resulted in MAS rotors shattering immediately on loading into the probe.

This meant that no further studies were performed and no results could be obtained.
6.2.7 Thermal analysis

The Differential scanning calorimetry (DSC) trace of the parent P40 glass showed the
presence of a solitary crystallisation temperature of 573 °C. The initial crystallisation
temperature increased for both the holmium-containing samples. In 30H microspheres, an
initial crystallisation temperature of 605 °C was recorded and was higher still for the 50H
sample at 686 °C. 30H microspheres exhibited additional crystallisation temperatures at 710
°C and 962 °C, whilst 50Y had additional crystallisation temperatures at 862 °C and 1005 °C.
These peaks were broader and less defined than those seen in P40 sample. P40 displayed
two melting temperatures at 645 °C and 765 °C. In the 30H microspheres the melting
temperatures were higher at 830 °C and 994 °C and were at 660 °C, 830 °C and 923 °C for
the 50H microspheres (see Figure 6.10).
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Figure 6.10 DSC thermal analysis profiles and corresponding Tg, Tm and Tc values for
P40, 30H and 50H solid microspheres.

6.2.8 Raman Spectroscopy

Raman spectroscopy was performed to ascertain structural information about the holmium-
containing microspheres and to try and identify which phosphate species were present in the
microspheres. Initially, Raman spectra for Ho.O3 was obtained and compared to the Raman
spectrum of Y,0s. At 660 nm excitation, the spectrum of Y,O3; was consistent with the Raman
spectrum of the cubic phase of Y,Oz; as reported previously using 633 nm excitation [310,
311]. The 660 nm spectrum of Ho,O3 was believed to be showing emission rather than Raman
scattering due to the difference between the Ho.O3 and the Y,O3s 660 nm Raman spectrum,
as these oxides should be structurally related to one another and therefore have similar

Raman spectra (see Figure 6.11A). At 532 nm excitation, Raman spectra of Y,Os; was
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consistent with previous studies at 413 nm excitation and is most likely related to emission,
rather than Raman scattering. The similarity of the 532 nm Raman spectra for H0203
compared to the Y,O3 suggested that this could also be related to emission rather than Raman

scattering.
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Figure 6.11(A) Raman spectra for Y,03 (orange) and Ho.Os3 (cyan) at 660 nm excitation. (B)
Raman spectra for Y,O3z (orange) and Ho,O3 (cyan) at 532 nm excitation.

Images were generated by plotting the intensity (as peak area) of the peak associated with
Ho203 (293 cm, 270-320 cm?, unassigned emission) and were scaled to the minimum and
maximum values and false coloured using the hot colour palette (see Figure 6.12). As only
the peaks associated with Ho.Os; emission were observed and no Raman peaks from the
phosphate species were seen, it was not possible to display the images using peak ratio as
was done for the yttrium-containing microspheres in section 5.2.9. Therefore, a high intensity
meant high Ho,O3; content, and a low intensity meant low Ho.Os; content, but further

information on possible Q speciation of the microspheres was not able to be obtained.
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Figure 6.12 Raman mapping experiment in which hot colour palette image created by using
peak associated with Ho,03 (293 cm™) scaled to the minimum and maximum values and the
corresponding spectra for a Ho,O3 —rich and Ho.Oz —poor region of a 50H microsphere.

The hot palette images and the mean spectrum extracted from each mapping experiment from
three different 30H microspheres, using a 660 nm laser, are shown in Figure 6.13. From the
images generated non-uniform coverage of Ho,O3 across the microspheres surface was
observed (see Figure 6.13A, B and C). The mean spectrum extracted from each mapping
experiment were near identical, indicating a high degree of composition uniformity and
dominated by emission from Ho,Os. There was no direct evidence for phosphate glass in any
of the maps, therefore it was not possible to comment on Q" speciation within the

microspheres.
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Figure 6.13 Raman mapping experiment using 660 nm laser in which hot colour palette
image created by using peak associated with H0,03 (293 cm™) scaled to the minimum and
maximum values for three separate 30H microspheres (A), (B) and (C). (D) The Raman
spectra for 30H microsphere (A) red, microsphere (B) green and microsphere (C) blue.

The same process was performed at 532 nm excitation and images were generated by plotting
the intensity (as peak area) of the peak associated with Ho.O3 (481 cm™, 355-580 cm?,
unassigned emission) and were scaled to the minimum and maximum values and false
coloured using the hot colour palette (see Figure 6.14). As was seen at 660 nm, the images
showed reasonable compositional uniformity. The mean spectrum for microsphere A
displayed weak evidence for Ho.Oz based on the match seen in the spectrum of the Ho,Osin
Figure 6.11B and for the other two microspheres that were mapped. There were a series of
high intensity emissions below 700 cm that do not correspond with the expected cubic phase

of Ho,O3 but may represent different phases and/or forms of Ho2Os.
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Figure 6.14 Raman mapping experiment using 532 nm laser in which hot colour palette image
created by using peak associated with Ho,03 (293 cm™) scaled to the minimum and maximum
values for three separate 30H microspheres (A), (B) and (C). (D) The Raman spectra for 50H
microsphere (A) red, microsphere (B) green and microsphere (C) blue.

The same experimental process at 660 nm excitation was performed for 50H microspheres.
As was seen in high yttrium content 50Y microspheres, it was observed that the 50H
microspheres displayed non-uniform Ho,Os; coverage (see Figure 6.15A, B and C). The
spectra from each of the three microspheres are very similar, indicating generally homogenous
composition between the microspheres and dominated by emission from Ho.Os; (Figure

6.15D). Again, there was no direct evidence for phosphate glass in any of the maps.
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Figure 6.15 Raman mapping experiment using 660 nm laser in which hot colour palette image
created by using peak associated with Ho,Oz (293 cm™) scaled to the minimum and
maximum values for three separate 50H microspheres (A), (B) and (C). (D) The Raman
spectra for 50H microsphere (A) blue, microsphere (B) red and microsphere (C) green.

For the 50H microspheres at 532 nm excitation, similar results were seen compared to those
obtained at 660 nm in that the images generated and the spectrum from each mapping
experiment were very similar, indicating a high degree of compositional uniformity and no

direct evidence for phosphate glass (see Figure 6.16).
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Figure 6.16 Raman mapping experiment using 532 nm laser in which hot colour palette image
created by using peak associated with Ho,03 (293 cm™) scaled to the minimum and maximum
values for three separate 50H microspheres (A), (B) and (C). (D) The Raman spectra for 50H
microsphere (A) blue, microsphere (B) red and microsphere (C) green.

6.2.9 Theoretical O/P calculations

The O/P ratios were calculated for P40, 30H and 50H solid microspheres based on the EDX

values obtained. Equation 6.1 was used to calculate the ratio as follows:

Equation 6.1

[P,05]x5 + [CaO] + [MgO] + [NaO] + [Ho,05]x 3

o/ = [P,0s]x 2
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As seen in Table 5.6.1, as the holmium content in the microspheres increased there was a
corresponding increase in the O/P ratio.

Table 5.6.1 Theoretical O/P calculations for P40, 30H and 50H solid
microspheres.

Solid microsphere OI/P ratio
formulation
P40 3.33
30H 4.28
50H 5.26

6.2.10 XPS Analysis

High-resolution O 1s spectra were recorded for the P40 SMS, as well as the 30Y and 50Y
SMS samples. For the P40 SMS, the peaks were resolved into two components, with the
highest binding energy peak at 533.1 eV (23.6%) corresponding to bridging oxygen (BO)
within the glass structure, whilst the lowest binding energy peak at 531.4 eV (76.4%) was
associated with non-bridging oxygen (NBO) (see Figure 6.17A).

In the 30H microspheres there was an increase in the number of O peak components. A peak
at 531.4 eV (45.5%) was observed and attributed to NBO. It was postulated that no BO would
be present in 30H microspheres based on the characterisation of 30Y microspheres and the
theoretically calculated O/P ratio for 30H obtained in section 6.2.9. This meant the peak at
533.1 eV (29.8%) was assigned as Ho-O-P bonding. The peak with the highest binding energy
at 534.6 eV (24.7%) was ascribed to Ho-O-Ho bonding (see Figure 6.17 and Table 6.2).

In the 50H microspheres, the area for the peak at 531.2 eV (53.7%), which corresponded to
NBO increased. There was a slight decrease in the area for the peak at 532.4 eV (28.8%) for
Ho-O-P bonding and a decrease at 533.5 eV that corresponded to Ho-O-Ho (16.1%) was
seen. An additional component with a peak at 529.1 eV (1.5%) was present and was attributed
to Ho-O bonding within Ho,O3 (see Figure 6.17 and Table 6.2).
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Table 6.2 High-resolution O 1s spectra from XPS analysis of P40, 30H and 50H solid
microspheres

o Corresponding Area (%)
Sample Code Elements Binding Energy (eV)
Bonds
P40 O1s 531.4 NBO 76.4

533.1 BO 23.6
534.2 Na KLL Auger
30H O1s Ho-O in Ho203
531.4 NBO (P-O- 455
Mg/Ca/Na)
533.1 Ho-O-P 29.8
534.6 Ho-O-Ho in glass 24.7
535.9 Na KLL
50H O1s 529.2 Ho-O in Ho203 1.47
531.2 NBO (P-O- 53.6
Mag/Ca/Na)
532.4 Ho-O-P 28.8
533.5 Ho-O-Ho in glass 16.1
534.1 Na KLL

193



10000+

8000

6000

CPS

4000

2000+

— O1s
— NBO

— NaKLL

540

B 6000

4000

CPS

2000

T T T
535 530 525

Binding Energy (eV)

520

— O1s
— NBO

— Ho-O-P
— Ho-O-Ho glass
— NaKLL

540

C 8000
6000
g 4000
o

2000+

T T T
535 530 525

Binding Energy (eV)

520

— O1s
— NBO
— Ho-O-P
— Ho-O-Ho glass
— NaKLL
Ho-O in Ho,04

540

T T T
535 530 525

Binding Energy (eV)

520

Figure 6.17 High-resolution spectra of O 1s peaks with overlapping Na KLL Auger emission
for (A) P40, (B) 30H and (C) 50H solid microspheres.
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6.2.11 lon release studies

Figure 6.18 shows the cumulative ion release profiles for P40, 30H and 50H microspheres
calculated from measurements obtained via ICP analysis over 28 days immersion in milli-Q
water and the calculated ion release rates. The ions released from each microsphere
formulation exhibited a linear relationship with time and were released consistently (apart from
holmium which was not released from P40 microspheres).

P40 solid microspheres released all the glass forming ions at a statistically significant higher
rate in comparison to the holmium-containing microspheres (Na and P: p < 0.0001; Mg and
Ca: vs 30H p < 0.05, vs 50Y p < 0.01) (see Figure 6.18F). As the holmium content in the
microspheres increased, there was a decrease in the release rate of the glass forming ions.
P40 microspheres released Na* (3.5 ppm/day), Mg?* (2.0 ppm/day), and P (8.4 ppm/day) at a
rate around 3.5 times greater than that of the 30H microspheres and around 10 times the rate
compared to 50H microspheres. The holmium containing microspheres released a very small
amount of holmium ions in comparison to all the other elements. 30H microspheres releases
Ho®" ions at a rate of 0.4 ppm/day, which was twice the rate at which 50H microspheres

released Ho*" (0.2 ppm/day) despite the 30H microspheres having a lower holmium content.
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Figure 6.18 Cumulative ion release profile of (A) [Na], (B) [Mg], (C) [P], (D) [Ca] and (E) [HO]
measured via ICP-MS PMS of solid P40, 30H and 50H microspheres immersed in milli-Q
water over a 28-day period. (Error bars are also included in the data above).

Figure 6.19 shows the pH of the milli-Q water that the microspheres were degraded in over a
28-day period. For the solution containing P40 solid microspheres, there was a decrease in
pH from ~7.2 at day 3 to ~7.0 at day 7, where it remained constant over the duration of the
study. The 30H solution had a comparable value to the P40 solution at both day 3 and day 28
but was slightly higher in the period between at around 7.2 pH as opposed to ~7. A pH of ~
7.3 for 50H solution was observed at day 3 which then gradually decrease to ~ 6.9 by the end

of the 28-day period.
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Figure 6.19 pH of milli-Q water during 28 days of P40, 30H and 50H solid microspheres
immersion within the solution. (Error bars are also included in the data above).

SEM images of the P40 solid microspheres as well as both the 30H and 50H microspheres
following the period of immersion in milli-Q water are shown in Figure 6.20. At day 28, P40
microspheres displayed evidence of cracking on their surface with the outer most layer
appearing to flake and degrade from the core of the structure. These features did not occur
on the surface of either 30H or 50H microspheres. The lack of structural and morphological
changes to the holmium containing microspheres correlated with the reduced ion release
observed following 28 days immersion in milli-Q water. This was further evidence that holmium
incorporation into the microspheres had significantly increased their durability when in an

aqueous environment.

197



s X1000 10um 10 50 SEI 5KV X000 10ym 10 50 $EI s X1000 10pm 1050 SEI

Figure 6.20 SEM images of (A) P40 (B) 30H and (C) 50H solid microspheres after 28 days
immersion in milli-Q water. Yellow arrows indicate regions of degradation on the microspheres
surface.

6.2.12 Bioactivity studies via SBF: EDX Analysis

EDX analysis was performed on P40 solid microspheres and both 30H and 50H microspheres
prior to and after 28 days immersion in SBF. The Ca:P ratio (wt%) for each composition was
calculated from the EDX values acquired. Microspheres from each of the three formulations
had a slight but not significant increase in the Ca:P ratio following 28 days immersion (see
Figure 6.21). This was most pronounced for the P40 microspheres, with almost no discernible

increase in the ratio for both holmium-containing microspheres.
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Figure 6.21 Ca:P ratio, determined by EDX, for P40, 30H and 50H solid microspheres prior
to SBF immersion and after 28 days immersion.
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6.2.13 Bioactivity studies via SBF: XRD Analysis

XRD profiles of P40, 30H and 50H solid microspheres and silicate-based 45S5 Bioglass
(which was used as a positive control) following 28 days immersion in SBF are shown in Figure
6.22. The XRD profile for 45S5 were in good agreement with the results seen in other studies,
with sharp peaks at 20 values of 26° and 32° from day 7 onwards revealing HCA (ICSD 01-
084-1998) formation [136]. A single broad halo peak at 28 values of ~30-32° was observed
for the P40 solid microspheres at both day 0 and day 28. The absence of any detectable
crystalline peaks confirmed the amorphous nature of the microspheres prior to and following
SBF immersion. For the 30H microspheres, there were no additional peaks or change in the
XRD spectra from day O to day 28 after immersion in SBF. The 50H microspheres also
exhibited no additional detectable peaks at day 28 to those that were present prior to SBF
immersion. The lack of new crystalline phases suggested that no HA or alternative
orthophosphate precursors had formed on the surface of the microsphere during 28 days

immersion in SBF (see Figure 6.22).
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Figure 6.22 XRD patterns for P40 (black), 30H (purple) and 50H (cyan) solid microspheres
prior to and after 28 days immersion in SBF. Inset is the XRD trace for 45S5 after 7 days
immersion for SBF validation. * HCA (ICSD 01-084-1998).
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6.2.14 In vitro indirect cell culture studies

The same indirect culture method utilised to determine the cytocompatibility of the yttrium-
containing microspheres was also used to evaluate the biological response to the dissolution
products from the holmium-containing microspheres. Analysis of metabolic activity via the
Alamar Blue assay showed that after 2 days of culture, cells treated with P40 conditioned
media had significantly higher cell response when compared to cells treated with the other
media (vs 30H and 50H: p < 0.01; vs SM and SM + 5% DMSO: p < 0.0001) (see Figure 6.23A).
There was no significant difference in metabolic activity seen with cells treated with either 30H
or 50H conditioned media (p > 0.05) and the cellular response was significantly greater than
for cells treated with SM (p < 0.0001). Cell treated with SM + 5% DMSO (negative control) had
significantly lower metabolic activity at both day 2 and day 7 compared to cells treated with
microsphere-conditioned media or SM (p < 0.0001). At day 7, cells treated with P40, 30H, 50H
and SM all had significantly greater metabolic activity when compared to cells at day 2 (p <
0.0001). After 7 days of culture there was no significant difference detected in the metabolic
activity of the MG63s cells when cultured using SM or P40, 30H and 50H conditioned media
(p > 0.05) (see Figure 6.23A).

Brightfield images at day 2 of the MG63 cells confirmed the formation of homogenous cell
monolayers in the presence of conditioned media from P40, 30H and 50H microsphere
formulations. The confluency and morphology of the cells was analogous to that of the MG63s
grown in SM. Conversely, cells grown in SM +5% DMSO were small and circular in

morphology and sparsely distributed (see Figure 6.23B).
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Figure 6.23 (A) Evaluation of cell metabolic activity in indirect culture of P40, 30H and 50H
solid microspheres at day 2 and day 7. ***p < 0.0001, *** p < 0.001, ** p < 0.01. (B) Cell
appearance at day 2 of indirect culture; (A) P40, (B) 30H, (C) 50H, (D) SM and (E) SM + 5%

DMSO
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Alkaline phosphatase (ALP) activity was measured as an early marker of osteogenic
differentiation in MG63 cells after 7 days of indirect culture using P40, 30H and 50H
conditioned media. The ALP activity was normalised to the DNA content of the cells under
investigation. Cells grown in P40 conditioned media had significantly higher ALP activity
compared to cells grown in 30H and 50H conditioned media (vs 30H: p < 0.01; vs 50H: p <
0.001). There was no significant difference in the ALP activity of cells cultured using P40-
conditioned media and SM and between SM and both the 30H and 50H conditioned media (p
> 0.05) (see Figure 6.24).
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Figure 6.24 Evaluation of ALP activity in indirect culture of P40, 30H and 50H solid
microspheres at day 7. *** p < 0.001, ** p < 0.01.

6.2.15 Proteomic profiling using LC-MS/MS

Due to 30H microspheres releasing a greater amount of holmium ions and the comparable
cellular responses to both indirect and direct culture between 30H and 50H, the 30H
formulation was selected to investigate how the release products from microspheres impacted
protein expression within the cells. Protein expression from cells cultured in 30H, 30Y and P40
conditioned media were compared to one another. LC-MS/MS analysis detected a total of 992
proteins from the samples measured (from a minimum of two peptide sequences with a protein
threshold of 99.9% and a false positive discovery rate of 4.5%). 905 proteins were detected
from cells cultured in either P40, 30Y or 30H conditioned media. 30 proteins were present in

cells treated with P40 media and 30H media but not 30Y media and a further 30 were found
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to be present in cells from P40 and 30Y media that were not in the 30H treated cells. 7 proteins
were found to be unique to cells treated with P40 media, 8 to cells treated with 30Y and 6 with
30H-conditioned media (see Figure 6.25).

P40

30H

Figure 6.25 Venn diagram showing the number of proteins detected via LC-MS/MS and
whether there present in cells cultured in P40, 30H and 30Y conditioned media or were
exclusive to one condition.

Studying the normalised total spectrum counts (semi-quantitative indicator of protein
abundance generated within Scaffold software) of proteins unique to the 30H sample revealed
Tubulin alpha chain-like 3 (TUBAL3) (accession number AGNHL2) to be present in the greatest
amount (4 a.u.). Of the proteins unique to cells cultured using P40-conditioned media, all were
found to have a normalised total spectra value of 1.3, except for nuclear autoantigen Sp-100
(0.8) (see Table 6.3). Table 6.4 and Table 6.5 highlight the proteins that were exclusively

detected in cells cultured in 30H and 30Y-conditioned media.
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Table 6.3 LC-MS/MS analyses of MG63 protein expression which were only detected in
cells cultured in P40 conditioned-media.

Gene name

Identified proteins

Accession

number

Normalised total

spectra counts (a.u.)

13

MT1H

TFG

SMC2

DDR2

RPL35

SLC38A1

SP100

Metallothionein-1H
OS=Homo sapiens
PE=1 SvV=1

Protein TFG
(Fragment) OS=Homo
sapiens PE=1 SV=1

Structural maintenance
of chromosomes
protein 2 OS=Homo
sapiens PE=1 SV=2

Discoidin domain-
containing receptor 2
OS=Homo sapiens
PE=1 SV=2

60S ribosomal protein
L35 OS=Homo
sapiens PE=1 SV=1

Sodium-coupled
neutral amino acid
transporter 1
OS=Homo sapiens
PE=1 Sv=1

Nuclear autoantigen
Sp-100 OS=Homo
sapiens PE=1 SV=3

P80294

C9JJP5

095347

Q16832

F22388

F8VX04

P23497

13

13

13

13

13

0.8
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Table 6.4 LC-MS/MS analyses of MG63 protein expression which were only detected in
cells cultured in 30H conditioned-media.

Gene name

Identified proteins

Accession

number

Normalised total

spectra counts (a.u.)

TUBAL3

NEFM

MAP2K2

RAB5A

ALDH1A2

CDK5

Tubulin alpha chain-
like 3 OS=Homo
sapiens PE=1 SV=2

Neurofilament medium
polypeptide OS=Homo
sapiens PE=1 SV=1

Dual specificity
mitogen-activated
protein kinase kinase 2
OS=Homo sapiens
PE=1 Sv=1

Ras-related protein
Rab-5A OS=Homo
sapiens PE=1 SV=2

Retinal dehydrogenase
2 OS=Homo sapiens
PE=1 Sv=1

Cyclin-dependent-like
kinase 5 OS=Homo
sapiens PE=1 SV=3

AGNHL2

E7EMV2

P36507

P20339

HOYMG7

Q00535

15

15

15

15

0.8
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Table 6.5 LC-MS/MS analyses of MG63 protein expression which were only detected in
cells cultured in 30Y conditioned-media.

Gene

name

Identified proteins

Accession

number

Normalised total

spectra counts (a.u.)

ACTBL2

KRT7

KRT14

PRPF6

THBS1

FKBP1A

GSTM2

ALDH7A1

Beta-actin-like protein 2
OS=Homo sapiens PE=1
Sv=2

Keratin, type Il
cytoskeletal 7 OS=Homo
sapiens PE=1 SV=5

Keratin, type | cytoskeletal
14 OS=Homo sapiens
PE=1 SV=4

Pre-mRNA-processing
factor 6 OS=Homo
sapiens PE=1 SV=1

Thrombospondin-1
OS=Homo sapiens PE=1
Sv=2

Peptidyl-prolyl  cis-trans
isomerase FKBP1A
OS=Homo sapiens PE=1
Sv=2

Glutathione S-transferase
OS=Homo sapiens PE=1
Ssv=1

Alpha-aminoadipic
semialdehyde
dehydrogenase
(Fragment) OS=Homo
sapiens PE=1 SV=1

Q562R1

P08729

P02533

094906

P07996

P62942

E9PHNG

AOA1BOGVUO

125

15

15

15

15

15

0.8

0.8
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6.2.16 In vitro direct cell culture studies

Seeding of MG63 cells directly onto P40, 30H and 50H microspheres was also performed to
evaluate cellular response in direct contact with these microsphere formulations and assess
their ability to facilitate cell attachment and proliferation. Analysis of metabolic activity at day
2, revealed there was no statistically significant difference in metabolic activity between cells
grown on P40 microspheres and 30H and 50H solid microspheres (p > 0.05). Cells grown on
TCP (positive control) had significantly greater metabolic activity compared to cells grown on
the solid microspheres, regardless of their formulation (vs P40, 30H and 50H: p < 0.0001) at
day 2 and at day 7 (see Figure 6.26). Significantly higher metabolic activity was seen in cells
cultured on P40, 30H and 50H microsphere formulations and TCP at day 7 in comparison to
day 2 (p < 0.0001). After 7 days of direct culture, cells grown on P40 microspheres had
significantly greater metabolic activity in comparison to both 30H and 50H microspheres (p <
0.0001). There was no significant difference in the metabolic activity of the MG63s when
cultured on 30H and 50H microspheres (p > 0.05) (see Figure 6.26).
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Figure 6.26 Evaluation of cell metabolic activity in direct culture of P40, 30H and 50H solid
microspheres at day 2 and day 7. **** p < 0.0001.
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The ALP activity after 7 days of MG63s grown directly on the microspheres and TCP was
determined and normalised to the DNA concentration. Significantly higher ALP activity was
recorded in cells grown on P40, 30H and 50H microspheres in comparison to those grown on
the TCP control (p < 0.0001). No significant difference in ALP activity was detected between

cells grown on P40 and the two holmium-containing microspheres (p > 0.05) (see Figure 6.27).
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Figure 6.27 Evaluation of ALP activity in direct culture of P40, 30H and 50H solid
microspheres at day 7. **** p < 0.0001.

MG63 cells directly cultured on microspheres were visualised using ESEM at day 7. Cells
were shown to adhere onto P40, 30H and 50H microspheres and appeared to be displaying
lamellipodia and filopodia projections bridging adjacent neighbouring microspheres and

spreading over the microsphere surface (see Figure 6.28)
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Figure 6.28 ESEM images of (A) P40 (B) 30H and (C) 50H solid microspheres after 7 days
direct culture with MG63 cells. Yellow circles indicate regions of cells attachment and the
formation of colonies on the microspheres surface.

6.2.17 Porous holmium P40 microspheres

Attempts were also made to produce porous holmium-containing microspheres using the
flame spheroidisation process. The preceding studies involving the production of porous
yttrium-containing microspheres had demonstrated the need for alterations to the conventional
processing set-up and determine the methods employed when processing porous holmium-
containing microspheres. A two-stage process was employed in which solid 30H microspheres
were initially formed via flame spheroidisation. These microspheres (containing high Ho
content) were sieved to collect microspheres in the 45 — 125 um size range and subsequently
broken down into irregular shaped particles using a pestle and mortar, mixed with 5 um CaCO3
(1:1 Ratio) and fed into the flame using a pneumatic sand blasting gun for a second round of
flame spheroidisation. As seen in Figure 6.29A, a low yield of porous particles was produced
at the 30H composition, with most particles appearing to be solid microspheres. EDX analysis
microspheres revealed successful holmium incorporation within the porous microspheres,
although there was considerable deviation in the holmium content between the porous
microspheres (10.3 mol% £ 7.7) (see Figure 6.29B).
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Figure 6.29 (A) SEM image of the porous 30H microspheres produced using 1:1 microsphere
to CaCOs ratio and the regions analysed using EDX. (B) EDX values for the porous
microspheres produced.

The same processing procedure was performed using solid microspheres of the 50H
composition to investigate porous microsphere production at elevated holmium content. As
seen in Figure 6.30, following the second round of flame spheroidisation with porogen addition
the resulting microspheres had elevated Ho.O3 content (comparable to solid 50H produced
via single-stage flame spheroidisation) but lacked desired porosity. These results mirrored
those seen involving yttrium, where significantly increasing the holmium/yttrium resulted in the

inability to produce porous microspheres using this method.
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Figure 6.30 (A) SEM image of the attempted 50H porous microspheres produced using 1:1
microsphere to CaCOgratio and the regions analysed using EDX. (B) EDX values for the
microspheres analysed.

In an attempt to increase the yield of porous microspheres produced, Na.CO3; was used as an
alternative porogen to CaCOs. The same two-stage processing method was employed using
the 30H composition, at a 1:1 microsphere to porogen ratio and the use of the pneumatic sand
blasting gun. As seen in Figure 6.31, porous microspheres were successfully produced using
Na,COs3 but similar to when using CaCOs the yield remained low. EDX analysis revealed
holmium content within these microspheres to be 10.7 mol% = 3.5 (see Figure 6.31B). EDX
mapping of a porous 30H microsphere showed that holmium and all other elements were
homogenously distributed throughout the whole of the microsphere (Figure 6.31C). These

studies proved the feasibility of producing porous holmium-containing microspheres and the
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suitability of Na,COs as an appropriate porogen for porous microsphere production. As was
the case with porous yttrium-containing microspheres, the low amount of the final microsphere
product and the low yield of porous microspheres produced meant that further characterisation

was not possible.
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Figure 6.31 (A) SEM images of porous 30H microspheres produced using 1:1 microsphere
to Na,COs ratio and the regions analysed using EDX. (B) EDX values for the porous
microspheres produced. (C) EDX mapping of all elements within the microsphere. (i) SEM
image (ii) oxygen (iii) phosphorous (iv) calcium (v) magnesium (vi) sodium (vii) holmium and
(viii) yttrium.
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6.2.18 Holmium and yttrium containing microspheres

The combination of holmium and yttrium oxide mixed with particles of P40 glass prior to
spheroidisation was performed to incorporate both holmium and yttrium content into
microspheres. Microspheres were initially processed using a 15:15:70 ratio of
Ho,03:Y,03:glass to form microspheres with the 30HY formulation. SEM analysis confirmed
that following processing and sieving a high yield of spherical microspheres were produced
via the flame spheroidisation method (see Figure 6.32A). The microspheres produced
displayed a smooth surface topography. EDX analysis was performed to confirm the
composition of the microspheres produced. As seen in Figure 6.32B, both yttrium and holmium
were successfully incorporated within the microspheres produced and in comparative
amounts. The P,Os content of the microspheres produced was 30.2 £ 1.7 mol%, which was
comparable with the P»,Os content of the microspheres produced of the 30Y and 30H

formulation.

EDX mapping of resin embedded 30HY microspheres was performed to establish whether
any of the elements were concentrated at regions within the microspheres. The mapping
showed that all the elements were homogenously distributed throughout the whole of the

30HY microspheres and did not appear to be concentrated at the surface (see Figure 6.32C).
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Figure 6.32 (A) SEM images of solid 30HY microspheres produced via flame
spheroidisation and the regions analysed using EDX. (B) EDX values for the 30HY
microspheres. (C) EDX mapping of all elements within the microsphere. (i) SEM image (ii)
oxygen (iii) phosphorous (iv) calcium (v) magnesium (vi) sodium (vii) holmium and (viii)
yttrium.
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6.3 Discussion

In this chapter holmium was successfully incorporated at varying and increasing levels into
phosphate-based microspheres at levels that have never been previously achieved using a
novel flame spheroidisation process. As seen in Chapter 4 when using Y:Os3, this method
allowed the holmium content to be tailored, by varying the Ho.Os to glass ratio prior to
spheroidisation, and resulted in the formation of solid microspheres that had both equivalent
and superior holmium content in comparison to the yttrium content of Therasphere™ (which
was regarded as our benchmark). Regardless of the Ho.O3 to glass ratio used within this
study, a high vyield of solid microspheres with the desired morphology were able to be
reproducibly processed in the 45 — 125 um size range. When developing a material for
therapeutic applications, especially when implantation in vivo is required, it is vital that there
is consistency and reproducibility in the final product to reduce potential variability in the

therapeutic efficacy.

EDX analysis revealed that progressive Ho.O addition prior to spheroidisation resulted in the
formation of microspheres with increasing holmium content and a reduction in the content of
all glass forming elements after processing. Increasing the holmium content within the
microspheres was highly desirable for internal radiotherapy applications as this could result in
a higher specific activity per microsphere. This could also facilitate the delivery of fewer
microspheres to achieve the required therapeutic response and may provide more
personalised treatments adjusted in activity through the number of microspheres administered
[230]. Arranja et al. produced holmium acetylacetonate microspheres (HoAcAc-MS) via an
emulsification and solvent evaporation method with substantially higher holmium content
(46 wt%) in comparison to the commercially available formulation of **Ho loaded
microspheres (QuiremSpheres®) (19 wt%). An activity of 47 GBq was produced following 6
hours of neutron bombardment (thermal flux 4.97 x 101 n m™ s™*) of 600 mg of HOACAc-MS,
which was significantly greater than the 19 GBq achieved using equivalent QuiremSpheres
[312]. The increased holmium content of the HoAcAc-MS resulted in a 2.5-fold higher
radioactivity per mg of microspheres in comparison to QuiremSpheres, demonstrating the
clinical benefits of increasing holmium content within microspheres. A labour intensive and
time-consuming multi-step method, lasting over 7 days, was required to produce the HoAcAc-
MS, whereas glass melt-quenching and holmium-microsphere production via flame

spheroidisation can be performed in a single day.

The higher specific activity per microsphere can not only maximise the dose delivered to a

tumour but due to holmium’s inherent properties could also promote higher visibility in imaging
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modalities such as SPECT, MRI and CT [313]. Bult et al. homogeneously dispersed high
holmium content HoAcAc microspheres (45% w/w) within an agarose gel matrix and
investigated the multimodality imaging characteristics in comparison to HoOPLLA microspheres
with a holmium content of 17% (w/w) [314]. MRI studies revealed the r2* relaxivity of the
HoAcAc microspheres to be 264 + 5.7 s™* mg™ ml, which was substantially higher than the r2*
value for the HOPLLA microspheres of 92 + 3.2 s™ mg™ ml [315]. The increased holmium
content per sphere enhanced the sensitivity to MRI and allowed for the detection of 1 ug of
HoAcAc microspheres in the gel. Similar results were seen with quantitative CT analysis of
the microspheres within the agarose gel, with the HoAcAc microspheres having increased CT
sensitivity. The increased holmium content of the HOACAc microspheres meant that only 50
Mg of microspheres was required for detection using CT. Holmium microspheres that can be
visualised directly could also enable live tracking of the microspheres following the decay of
radioactive **Ho. Non-invasive techniques, such as MRI and CT, can therefore be used to
establish the in vivo fate of the microspheres injected. High holmium content that allows for
the detection of microgram amounts could enable MRI guided administration of microspheres,
allowing for accurate administration to tumour sites, whilst minimising radiation damage to

neighbouring healthy tissues.

As was observed with the yttrium-containing microspheres, heterogeneity within holmium-
containing microspheres was seen with respect to their topography. At the reduced holmium
content of ~17.2% £5.8 in the 30H microspheres, most of the microspheres were completely
spherical and appeared to have a smooth topography under SEM analysis. A small proportion
of the microspheres displayed a rough topography. The different topographies were very
similar in appearance to those seen in the yttrium-containing 30Y microspheres in chapter 4.
EDX analysis revealed that there was no significant difference in the elemental composition
of the two topographically discrete 30H microspheres despite the altered appearance (see
Figure 6.3).

More prominent surface features were evident on a greater proportion of the 50H
microspheres. The highly ordered topographical features were almost identical to those
observed on some of the 50Y microspheres. The features were not completely uniform and
varied in appearance and size on the surface of individual microspheres and between
microspheres (see Figure 6.5). EDX analysis revealed that microspheres with the unique
topographical features (see Figure 6.5; topography 1) had a significantly increased holmium
content compared to microspheres that appeared to have a smooth morphology. Analogous
to the 50Y microspheres, the surface features on 50H microspheres were shown to be both

indicative of holmium content within the microspheres and were shown to be localised regions
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of holmium content. The central region of the highly ordered structures was found to contain
the greatest amount of holmium. The grain-like surface structures, observed via SEM, which
extended radially away from the central point had a slightly lower holmium content, which was
still greater than the glass-rich regions between each feature (Figure 6.6). Both the
appearance and composition of these features emulated those seen in the 50Y microspheres
and demonstrated that both the holmium content and topography of the microspheres could
be altered with progressive holmium addition. Akin to the 50Y microspheres, it appeared that
holmium rich nuclei had formed followed by crystal growth, resulting in unique topographically
orientated glass-ceramic microstructures. In a similar manner to the 50Y microspheres, most
of the 50H microspheres appeared to display a smooth topography but at an increased

magnification using SEM, submicron features became apparent (Figure 6.5).

Conventional production of glass-ceramics usually involves a two-stage heat treatment
process to devitrify a glass. The first stage is a lower temperature treatment that induces a
high nucleation rate (Tw), resulting in the formation of a high density of nuclei throughout the
glass. This is followed by a second heat treatment at a higher temperature to promote growth
of the crystals (Tg) (see Figure 6.33A) [316]. It is possible that extensive overlap of the
nucleation and growth rate curves exist, and nucleation and growth could occur
simultaneously during a rapid (milli-second) single-stage heat treatment/processing stage
(Tne) (see Figure 6.33B). These processes are sensitive to the glass composition and are
temperature and time dependent [317]. The flame spheroidisation process used in this study
subjected the patrticles to high temperatures but only for a very short period. The coalescence
and subsequent chemical and physical alterations that occurred between the glass particles
and the holmium oxide (or yttrium oxide) transpired over the millisecond or even nanosecond
range. The point of entry and subsequent residence time of the particles was not entirely
uniform resulting in heterogeneity in the final microsphere product. It may be that some
particles are only exposed to temperatures that facilitate the formation of nuclei within them.
The necessary temperature or time for abundant crystal growth is not achieved during the
particle’s trajectory and residence within the flame. This may explain why some microspheres
only had small, submicron particles visible on their surface whereas large, orientated glass-
ceramic microstructure were evident on a proportion of both the high content holmium and

yttrium-containing microspheres.
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Figure 6.33 Crystallisation of a glass to form a glass-ceramic by (A) two-stage heat
treatment. Negligible overlap of nucleation and growth rates. (B) A single-stage heat
treatment. Temperature dependence of the nucleation and growth rates with significant
overlap.

FIB-SEM analysis of 50H microspheres suggested further evidence of crystallisation with
holmium addition. Distinct regions within the body of the microsphere were visible when a
microsphere displaying the unique topographical features had a section of its surface ablated
away using a gallium ion beam (Figure 6.8B). These regions were randomly orientated, as
was seen with some of the 50Y microspheres, but no compositional information was obtained
for these discrete regions. Ablation of a section of a 50H microsphere with a smooth
topography revealed no distinguishable features present within the body of that specific
microsphere (Figure 6.8D). Further analysis is required to establish whether there is any
compositional difference between submicron features visible within the holmium-containing
microspheres and how this differs at varying holmium content and between topographically

distinct microspheres.

Although only a select few 50H microspheres underwent FIB-SEM analysis, there was still

evidence that phase separation may be occurring within the microspheres. As seen in Figure
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6.8B, physically distinct regions within a 50H microsphere were present and were similar in
appearance to regions seen within certain 50Y microspheres. No elemental data was obtained
from FIB-SEM analysis of the 50H microspheres, but it is hypothesised that these are likely to
be holmium-rich regions embedded within the glassy matrix, like the yttrium-rich regions seen
in the 50Y microspheres. The holmium-rich phase appears not to be vitrifiable and as a result

crystallises following flame spheroidisation.

P40 solid microspheres were shown via XRD to retain the amorphous structure of the P40
glass particles following flame spheroidisation. The 30H composition resulted in the formation
of glass-ceramic microspheres with crystalline phases detected using XRD. Crystalline
phases that corresponded to both cubic Ho,Os; and hexagonal Ho,Os; were detected, as well
as for HoPO, in the 30H microspheres. In the 50H microspheres, only cubic Ho.O3; was
detected, and this mirrored the results seen in the yttrium-containing microspheres, where
only cubic Y,0O3;was detected in the 50Y microspheres. Similar crystalline structures formed
at the comparable yttrium and holmium content within the solid microspheres were likely due
to the fact that both Ho.Osand Y.Os;are rare earth sesquioxides [318]. Both Ho®** and Y3* have
identical effective ionic radius in six coordination of 0.90 A and it is therefore unsurprising that
similar crystalline structures formed upon microsphere formation [319]. A study by Wang et al.
found that doping of yttria ceramics with Ho.Oz and the introduction of Ho*" ions did not cause
much deterioration of the thermal conductivity due to little disturbance of the lattice periodicity
of Y03 due to similarity of the ions [318].

1D 3P MAS-NMR spectra was unable to be obtained for the holmium-containing microspheres
and provide structural information of the potential phosphate Q species present. Raman
spectroscopy was performed on Ho,Os; and 30H and 50H microspheres to gain further
structural information and to try and ascertain which phosphate species were present in the
microspheres. At both 660 and 532 nm excitation the spectra were deemed to be dominated
by emission rather than Raman scattering from Ho.0s. Since no Raman peaks from the
holmium microspheres were detected, it was not possible to comment on the Q" speciation
within the microspheres, nor the specific phase of Ho.03. H0,O3 coverage was shown to be
variable within and between microspheres at both the 30H and 50H composition. This trend
was also seen for Y,Os; coverage within and between 30Y and 50Y microspheres.
Interestingly, at both 660 and 532 nm excitation, the intensity of emissions was greater on
average in 30H microspheres than in the higher holmium-containing 50H microspheres. As
the feature at ~293 cm™ was associated with emission rather than Raman scattering, it did not
necessarily suggest that more of this unknown phase was present in the 30H microspheres,

rather that the emission was quenched to a lesser extent.

220



In the absence of quantitative data regarding phosphate Q species present within the
holmium-microspheres, it was postulated that progressive holmium addition resulted in
increased depolymerisation of the glass network. The addition of modifying oxides are known
to result in depolymerisation of the glass network due to the charge imbalance introduced by
the additional cations and subsequent increase in NBOs [141]. Progressive Ho,O3 addition
resulted in an increase in the theoretically calculated O/P ratio for the 30H (4.28) and 50H
(5.26) compositions compared to a P40 solid microspheres (3.33). In a similar manner to the
yttrium microspheres, the calculated O/P ratio suggests that each P atom within the holmium-
containing microspheres would be bound to 4 O atoms, meaning that no BO shared between
adjacent phosphate tetrahedra would exist. The structural similarities of Y3* and Ho*" ions in
addition to the comparable surface features and XRD data obtained for the holmium and
yttrium-containing microspheres, coupled with the low phosphate content (less than 30 mol%),
resulted in the hypothesis that orthophosphate species would most likely dominate in both

30H and 50H microspheres.

Based on the assumption that orthophosphate species were likely to be exclusively present
within the 30H and 50H microspheres, XPS analysis was performed to provide information on
the binding energy of the constituent elements. Due to a lack of studies in the literature
involving XPS and holmium, the binding energies from the high-resolution O 1s spectra from
the yttrium studies in section 5.2.11 were used to help ascribe the likely bonding responsible.
There was a significant decrease in the area for the peak assigned to NBO for 30H and 50H
in comparison to P40 solid microspheres. Interestingly, as the holmium content increased from
30H to 50H an increase in area from 45.5% to 53.6% for NBO was observed, which was the
opposite to what occurred in the 30Y to 50Y microspheres. The area associated with Ho-O-P
bonding remained similar between the two holmium microsphere formulations but a decrease
in the area for Ho-O-Ho bonding from 24.7% to 16.1% was observed between 30H and 50H,
respectively. A possible explanation may be that preferential corner-sharing connectivity was
occurring between Ho®** ions and O? of [PO4]* tetrahedra. Reduced edge-sharing between
Ho*" ions and O? of [PO4]* could account for the decrease in peak areas associated with Ho-
O-Ho bonding, since this was responsible for the formation of these bonds. In corner-sharing
only one oxygen is occupied per bond with a holmium ion leaving an increased quantity of
oxygen’s available to participate in bonding with other elements i.e. NBO (see Figure 6.34). A
study by Zhang et al. demonstrated that bismuth (Bi®*) ions within Bi.Os—NaPO; glasses were
involved in edge-sharing structures, whereas gallium (Ga®*") ions within Ga,0s—NaPOs glasses
participated in corner-sharing despite them both being trivalent ions. It may be that holmium
and yttrium have preferential bonding connectivity’s despite their physiochemical similarities.

The additional peak at 529.2 eV for 50H microspheres was attributed to Ho-O bonding within
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Ho203, due to similarity to Y03, and was consistent with other studies in the literature [320].
The detected Ho,O3 within the 50H microspheres correlated with the XRD results where an
increased intensity in the detection of cubic- Ho.Os was observed.
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Figure 6.34 Structure depictions of holmium ions bonding to a [PO4]*" tetrahedron via (A)
edge-sharing and (B) corner sharing connectivities. Adapted from [245].

Analogous to Y203 Ho®*" within crystallised cubic-Ho.O3 bonds with six equivalent O? atoms
forming a mixture of distorted edge and corner-sharing HoOs octahedra [321]. In HOPOy it is
bonded in an 8-coordinate geometry to eight equivalent O* atoms in the same manner to
which Y3* are in YPO, [322]. Progressive Ho,Os; within the microspheres in this study
drastically altered the O/P ratio and increased O atoms alters the proportion and potential
binding connectivity’s and atomic structures that formed. Here additional studies would be
required to ascertain structural information on the atomic scale and to determine the affect
progressive holmium addition within the phosphate-based microspheres is having on the

binding structures formed.

The ion release studies showed that P40 microspheres released all the glass forming ions at
a statistically significant higher rate in comparison to holmium-containing microspheres. As
was the case with yttrium content, the higher the holmium content within the microspheres the
lower the release rate of all ions. It therefore may be possible to not only tailor the holmium-
content for radiotherapy applications but its addition to the microspheres could be used to alter

and determine the release rate of specific ions from the microspheres. This could be used to
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influence cellular targets or stimulate cells to differentiate down a desired lineage [157]. 30H
microspheres were shown to release holmium ions from the microspheres at a rate of 0.4
ppm/day, which was reduced to 0.2 ppm/day at the increased holmium content within 50H
microspheres. The half-life of ®*Ho is 26.8 hours, meaning that over 90% of the radiation
would be deposited within 4 days [291]. Although holmium was released at a very low rate for
both microsphere compositions phosphorous ions can also be neutron activated into the -
emitter 2P, which has a half-life 14.3 days [217]. Whilst *2P could provide longer lasting
localised radiotherapy after ®Ho decay, it also increases the likelihood of irradiating non-
target tissue due to increased release from the microspheres. It may be that the higher
holmium containing 50H microspheres are more suitable for internal radiotherapy applications
as not only do they contain more holmium, but they were also more durable and released
fewer ions than the 30H microspheres. They could therefore increase the dose of radiotherapy
received whilst minimising leaching of radionuclides that could irradiate non-target tissues and

sites.

Bioactivity studies using SBF suggested that P40, 30H and 50H solid microspheres appeared
to lack intrinsic bioactivity like that seen for 45S5 Bioglass during the period of immersion
investigated. The lack of additional crystalline phases and the marginal increase in Ca:P (wt%)
ratio, detected via XRD and EDX respectively, confirmed that that no apatite or alternative
calcium phosphate phases had formed on the microspheres surface. Bioactivity occurs due to
a specific set of surface reactions and it appears that the microspheres in this study did not
release the specific ions at the required rates and provide the conditions necessary for the
materials to be bioactive [323]. As seen in Figure 6.18F, holmium incorporation within the
microspheres resulted in significantly reduced release rate of all the ions. A study by Delpino
et al. investigating sol—-gel-derived holmium-doped 58S bioactive glasses, with compositions
58Si0,-33Ca0-9 P,0s—x H0203 (x=1.25, 2.5, and 5 wt.%), found that holmium addition
significantly affected dissolution behaviour. The formation of Si-O-Ho covalent bonds reduced
the dissolution rate but was found not to impede the bioactive behaviour of the glasses [324].
The encouraging bioactivity results from Delpino et al. and confirmation of cytocompatibility of
the glasses via in vitro cell studies demonstrated the promising potential of holmium-containing
glasses for brachytherapy applications. Although the 58S-holmium containing glasses in
Delpino et al. study appeared promising, they were not processed into a practical geometry
suitable for brachytherapy applications. The holmium content within the phosphate-based
microspheres in this study was significantly greater than those achieved in the 58S glass
composition, although they were formed from a parent glass that showed diminished

bioactivity.
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The indirect cell culture method confirmed the cytocompatibility of the release products from
both the holmium-containing microsphere formulations. At day 2, cells treated with P40
conditioned media had a significantly greater metabolic activity compared to those treated with
30H and 50H media, whereas cells treated with SM had significantly lower metabolic activity
than either of the three microsphere conditioned media. The MGG63 cells treated with SM, P40,
30H and 50H conditioned media demonstrated a significant increase in metabolic activity from
day 2 to day 7, which demonstrated the cytocompatibility of the conditioned media (see Figure
6.23). At day 7, apart from those cultured in SM + 5% DMSO, there was no statistically
significant difference in the metabolic activity of cells cultured in the different media
compositions (p > 0.05). Similar results were seen with the indirect studies involving 30Y and
50Y microspheres, where the dissolution products from the yttrium-containing microspheres
did not have a negative effect on cell metabolic activity. The higher holmium or yttrium content
within the microspheres did not reveal a statistically significant effect on the metabolic activity
of the cells compared to the lower yttrium/holmium-containing microspheres after 7 days of
culture. Positive cellular responses to holmium-doped bioactive glasses was also seen in a
study by Zambanini et al. [325]. Indirect cell studies revealed that MC3T3-E1 cells exposed to
conditioned media from glasses based on the 58S bioactive formulation containing 1.25 to 5
wt% Ho.03 had enhanced proliferation compared to standard culture medium alone.

Analogous to the indirect yttrium studies, the ion release products from P40 solid microspheres
resulted in cells with significantly increased ALP activity in comparison to both holmium-
microsphere conditioned media compaositions (see Figure 6.24). As seen in Figure 6.19, P40
microspheres released all ions at a significantly greater rate compared to 30H and 50H.
Phosphate, calcium and magnesium ions are known to promote ALP activity in osteoblast
cells and increased exposure as a result of decreased microsphere durability is likely
responsible for the increased ALP response [326, 327]. The similarity between the indirect
studies for the holmium and yttrium-containing microspheres is unsurprising given the
comparable release rates of the ions from the microspheres with near equivalent yttrium and

holmium content (see Table 6.6).
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Table 6.6 Comparison of the ion release rates in milli-Q water from P40, 30Y, 50Y, 30H and
50H solid microspheres.

P40 30H
(ppmiday) pm/day) (ppmiday)
[Na] 347 : 1.02
2.00 0.57
[Mg]
8.35 2.31
[P]
2.41 - 0.99
[Ca]
Y] 0.00 : 0.00
[Ho] 0.00 0.38

The indirect culture method revealed that cells grown in P40-conitioned media had a slightly
greater (but not statistically significant) metabolic response after 7 days of culture and
significantly greater ALP activity compared to cells grown in 30H or 50H-conditioned media.
LC-MS/MS analyses was performed to attempt to elucidate whether changes in protein
expression within the MG63 cells accounted for the detected phenotypes from the different
culture conditions. For cells grown in P40-conditioned media, 60S ribosomal protein L35
(RPL35) was detected which was not expressed in cells grown in 30H or 30Y-conditioned
media. RPL35 protein is a component of the large ribosomal subunit that forms the
ribonucleoprotein complex responsible for the synthesis of proteins in the cell [328]. Increase
in the production of proteins associated with growth and proliferation will increase metabolic
activity. Conversely, dysregulation in the function or expression of proteins involved in protein
synthesis is common in cancer [329]. Osteoblastic cells that can produce more proteins, such
as ALP, that are associated with osteogenic differentiation and maturation could facilitate

accelerated bone repair and regeneration [330].

During differentiation, osteoblasts increase their capacity for protein synthesis and secretion.
Sodium-coupled neutral amino acid transporter 1 (SLC38A1) was exclusively detected in cells
grown in P40-conditioned media and has a known role in the cotransport of glutamine and
sodium ions [331]. A recent study found that a similar Neutral amino acid transporter B (0)
(SLC1A5) was required for proficient protein synthesis in osteoblasts. SLC1A5 provided
glutamine and asparagine for amino acid and protein synthesis, whilst also transporting
glutamine to activate the mechanistic target of rapamycin complex 1 (mMTORC1), an important

regulator of both osteoblast proliferation and differentiation [332]. Additionally, multiple
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myeloma cells responsible for osteolytic lesions have been found to metabolise very high
amounts of glutamine and subsequent glutamine depletion has been shown to impair the
differentiation of osteoprogenitor cells that form new bone tissue [333]. Increased expression
of proteins, such as SLC1A5 and SLC38A1, which allow accumulation of glutamine into cells
may stimulate increased osteogenic differentiation.

Another protein unique to cells cultured in P40-conditioned media was Discoidin domain-
containing receptor 2 (DDR2). Studies have shown that DDR2 has an essential role in
osteoblast differentiation by regulating the activity of Runx2, a master transcription factor
involved in skeletal development [334]. The favourable culture conditions created by the ion
release products from P40 solid microspheres appeared to increase the expression of proteins
associated with osteogenic pathways in comparison to cells cultured in either 30H or 30Y-

conditioned media.

Cyclin-dependent kinase 5 (CDK5) was detected exclusively in cells cultured in 30H-
conditioned media. CDK5 has been identified as a suppressor of osteoblast differentiation in
both murine and human osteoprogenitor cells. Conversely, downregulation of CDK5
expression has been shown to result in enhanced osteoblast-specific gene expression [335].
Holmium may have resulted in increased CDK5 expression and could be responsible for the
diminished ALP activity of cells cultured in 30H and 50H conditioned media.

Future studies involving osteoprogenitor cells (i.e. mesenchymal stem cells), primary
osteoblasts and osteoclasts are necessary to establish how the culture conditions induced by
the microspheres affect cell phenotype since all are involved in bone remodelling and repair.
The ion release products from the microspheres could stimulate the various cell types in
different ways leading to up or down regulation of specific proteins. Proteomic profiling is a
powerful tool to identify and quantify the altered levels of proteins within cells and can reveal
detailed information about cells in healthy and diseased states. Identifying differentially
expressed proteins, and their functions, interactions, and structural changes can provide
detailed information on disease progression as well as treatment effects [336]. Identification
of specific proteins that are indicated in certain disease states could also serve as therapeutic

and diagnostic markers for bone cancers [337].

Direct cell culture studies demonstrated that 30H and 50H microspheres were able to facilitate
cell attachment and proliferation over the period of study. A statistically significant increase in
metabolic activity from day 2 to 7 was seen for cells cultured on P40, 30H and 50H
microspheres. As was the case with the indirect studies, no significant difference was detected

in metabolic activity levels at both days regardless of which holmium-microsphere formulation

226



the cells were exposed to. The highly durable nature of the holmium microspheres when in an
aqueous environment meant that there were minimal changes to the integrity of the
microspheres surface and a stable pH of the local microenvironment (see Figure 6.19 and
Figure 6.20). This facilitated cell adhesion and subsequent proliferation during culture. ESEM
images at day 7 (see Figure 6.28) confirmed that the MG63 cells had attached to the surface
of P40, 30H and 50H microspheres and displayed cellular projections that bridged between
adjacent microspheres. Although holmium-containing microspheres of various materials have
been formulated for internal radiotherapy applications, based on literature searches the
current study appears to be the first to demonstrate microspheres containing high levels of
holmium content that can also facilitate direct cell growth and proliferation of human
osteoblast-like cells. The microspheres are therefore promising biomaterials for both internal
radiotherapy applications and for promoting bone repair and regeneration at damaged

0Sseous tissue.

This work demonstrated the successful production of porous holmium-containing
microspheres. This was achieved using a two-stage processing method with porosity induced
using both CaCOs; and Na,COs3 as a porogen. Further optimisation of the process is needed
to increase the yield of porous microspheres produced to allow for further characterisation. It
is hypothesised that a high holmium content may not be conducive for porous microsphere
formation due to increased viscosity of the particles within the flame, thereby preventing gas
entrapment and release. Porosity can enable the loading of the microspheres with therapeutic
cargo to facilitate their use for orthobiological applications. Biological compounds released
from the microspheres in a site specific manner could promote new and more rapid tissue
growth at injured or diseased sites [338]. Additionally, pores present cells with a high surface
area and a niche environment for growth and proliferation. Porous materials also more closely
resemble the native 3D conformation of bone tissue which can increase osteogenic
differentiation and influence cell fate [339]. Furthermore, a porous environment may favour
the capture and utilisation of cell secreted factors which could further influence cell phenotype
[340].

Currently, research has predominantly focused on biomaterials that contain only a single
radioactive element that can be used to deliver in situ radiation to cancerous tissue. In this
work, preliminary studies showed that the flame spheroidisation process can produce solid
microspheres that contain multiple elements that can become radionuclides, following neutron
activation, which would be capable of delivering therapeutic ionising radiation (see Figure

6.32). The various radionuclides could simultaneously irradiate the target tissue and the
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differences in half-lives and emission energies could be utilised to optimise the radiation

delivered to the tumour, dependent on it its size and location [207].
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7 Conclusions and future work

7.1 Conclusions

The purpose of these studies was to develop and characterise phosphate-based glass
microspheres tailored to form part of a treatment strategy for bone repair and regeneration to
damaged tissue following devastation due to bone cancer and it's associated treatments.
Initially, solid (SMS) and porous microspheres (PMS) were produced from four quaternary
phosphate-based glasses (PBGSs), in the series xP,0s-(56-x)Ca0-24MgO-20Na,O (mol%),
where x is 40, 35, 32.5 or 30, via a flame spheroidisation process. PBGs were chosen for this
study as they can be formulated to be compaositionally similar to the inorganic component of
bone and can be tailored to alter their degradation and release of therapeutic ions.

Microsphere porosity was desirable as it increased surface area which allowed for greater cell
attachment, increased degradation, and release of therapeutic ions as well encapsulation of
bioactive compounds. The facile production of high yields of highly porous microspheres with
interconnected internal and superficial porosity was successfully achieved for each
formulation. The use of CaCOs; for PMS manufacture altered the chemical composition of the
microspheres compared to the starting glass and increased network depolymerisation.
Alterations to the microsphere formulations and geometry enabled the ability to tailor the ortho

and pyrophosphate species content in the final product.

Tailoring the PMS formulation through increases in ortho and pyrophosphate species was
shown to significantly reduce the ion release rates from the PMS. The P32.5 and P30 PMS
containing a high proportion of ortho and pyrophosphate species demonstrated favourable
bioactivity responses despite the reduced ion release rates. The localised release of cations
and anionic ortho and pyrophosphate species from the PMS represent a promising resource
and strategy for bone repair and regeneration. The in vitro cell culture studies confirmed the
cytocompatibility of all four PMS formulations investigated and showed that they provided
favourable surfaces to facilitate cell adhesion and proliferation. The P30 PMS containing ~65%
pyro and ~35% ortho phosphate content is suggested to be highly suited for musculoskeletal

repair, especially for orthobiologic applications owing to its highly porous morphology.

A frontline chemotherapeutic drug, Doxorubicin (DOX), was successfully loaded and released
from P40 and P30 microspheres. The localised delivery of chemotherapeutics could improve
their efficacy and reduce adverse effects associated with their systemic administration when

used in bone cancer treatment. P40 PMS had a greater encapsulation efficiency than P30
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which was attributed to increased porosity and improved electrostatic interactions with the
positively charged amino group of DOX at physiological pH. P40 PMS also released a
significantly greater amount of DOX over a 48-hour period. Both PMS formulations release
more DOX at pH 5, which was representative of the tumour microenvironment, than at
physiological pH of 7.4. A pH-responsive DOX release within tumour tissue could selectively
kill cancer cells, whilst reducing DOX delivery to healthy cells within normal physiological pH

environments.

Uniform, solid yttrium-containing phosphate-based microspheres were also produced to
potentially deliver internal radiotherapy for the treatment of bone cancers. A novel processing
method was established that allowed the yttrium content to be tailored, by varying the Y03 to
glass ratio, which resulted in the formation of microspheres that had both equivalent and
superior yttrium content in comparison to clinically available aluminosilicate glass
microspheres (Therasphere™) used for internal radiotherapy applications. The glass-ceramic
microspheres produced had unique topographical features that were indicative of yttrium-
content and using elemental analysis were shown to be localised yttrium-rich regions.
Structural analysis revealed that the progressive addition of yttrium within the microspheres
caused depolymerisation of the glass network and the formation of orthophosphate species.

Indirect in vitro cell studies using osteoblast-like MG63 cells demonstrated that the release
products from the 30Y (15 mol% Y03 content) and 50Y (39 mol% YOz content) microsphere
formulations were cytocompatible. No statistically significant difference was detected in the
metabolic and ALP activity of the cells when cultured in the 30Y and 50Y-conditioned media
after 7 days. Similar results were seen when the MG63 cells were seeded directly onto the
30Y and 50Y microspheres, with no statistically significant difference in metabolic and ALP
activity detected between formulations. Cells cultured on the yttrium-containing microspheres
had significantly increased ALP response compared to cells cultured on tissue culture plastic
suggesting they were a more favourable surface for influencing osteoblast cell differentiation.
ESEM images after 7 days of direct culture revealed that cellular projections were bridging

adjacent neighbouring microspheres and spread over the microsphere surfaces.

Holmium was successfully incorporated at varying and increasing levels into phosphate-based
microspheres at levels that have never previously been achieved using a novel flame
spheroidisation process. The radionuclide holmium-166 (***Ho) is comparable to the
radionuclide yttrium-90 (*°Y) as it emits B-radiation and can be used to deliver tumoricidal
doses of radiation over a similar tissue penetration range. However, a key benefit of 1%Ho is
its inherent properties and ability to concurrently emit y-radiation which could lead to

visualisation using clinical imaging techniques (such as SPECT and MRI). The incorporation
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of holmium within the microspheres could facilitate a theranostic approach by
providing diagnostic information whilst simultaneously delivering a therapeutic dose of
radiation. Increased holmium could also result in higher specific activity per microsphere that
could maximise the dose delivered to a tumour whilst also promoting higher visibility in imaging
modalities.

The glass-ceramic solid holmium-containing microspheres produced had comparable and
elevated levels of holmium in comparison the yttrium content of Therasphere™. Holmium
incorporation resulted in increased durability of the microspheres when in an aqueous
environment and significantly reduced the release of all ions. The process employed to
produce the holmium microspheres therefore allows the holmium content and the release rate

of specific ions from the microspheres to be tailored to optimise their therapeutic potential.

In vitro cell culture studies revealed the microspheres to be cytocompatible with no significant
difference in cell metabolic and ALP activity between formulations in both indirect and direct
studies after 7 days. The current study appears to be the first to demonstrate microspheres
containing high levels of holmium content that can also facilitate direct cell growth and
proliferation of human osteoblast-like cells. The microspheres are therefore promising
biomaterials for both internal radiotherapy applications and for promoting bone repair and
regeneration at damaged sites.

7.2 Future work

Proposals for future work to build on the knowledge gained within this study and to address

the various challenges encountered and are discussed below.

Increasing the holmium and yttrium content incorporated within the phosphate-based
microspheres warrants further investigation. In the current studies, a 50:50 ratio of P40 glass
particles to Y.Os/Ho,Hos; was used to produce microspheres with the greatest levels of
yttrium/holmium. This was so the final microspheres contained a P>Os content of ~30 mol%,
which had been shown to have beneficial bioactivity and cellular responses when using
phosphate glass microspheres, and that the microspheres may retain some of the beneficial
features from their parent P40 glass, such as release of therapeutic ions. Varying
yttrium/holmium content resulted in the formation of topographically distinct microspheres and
the detection of different crystalline phases via XRD. Further increases may alter the
proportion of certain microspheres produced and lead to the formation of new topographical
features that would require further observational and elemental analysis (ideally utilising HE-

XRD and Neutron Diffraction at ISIS or Diamond). Alterations to the topography of the
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microspheres may also result in changes to measurable cellular responses, such as adhesion

and differentiation, which could be detected in future cell studies.

Alternative glass formulations could be utilised to deliver specific ions and used to adjust the
amount and rate of ions delivered from the microspheres following their degradation in vivo.
When investigating for radiotherapy applications careful consideration to formulation
development is necessary to produce microspheres with nuclear properties that deliver

radiotherapy over a suitable timeframe.

Studies investigating mesenchymal stem cells that can undergo osteogenic differentiation are
needed to determine whether the PBG and yttrium/holmium-doped microspheres are
osteoinductive in addition to being osteoconductive. Microspheres that have osteoinductive
properties could recruit and stimulate immature cells down the osteogenic lineage and improve
the bone healing process at damage tissue. In vitro studies involving other cells involved in

the remodelling process, such as osteoclasts, may also be of interest.

Future work may also look at incorporating different and multiple elements that can either be
activated into radionuclides capable of delivering tumorical radiation or as a contrast agent to
improve visualisation in clinical imaging. Elements, such as samarium and rhenium, which
have radionuclides that are currently used in internal radiotherapy are encouraging candidates
for further study. Elemental, structural and cell studies will be required to ascertain their
suitable for the intended application.

Neutron activation analysis is required to empirically determine the amount of radiation the
specific microsphere formulations could deliver. This information is vital to establish the dose
able to be delivered from a known quantity of microspheres. In the case of holmium, studies
involving imaging modalities, such as SPECT, MRI and CT, are needed to establish the
visibility of the microsphere and how this may affect the administration and monitoring of the

microspheres in vivo.

Further optimisation is required to develop an efficient, inexpensive and scalable process to
produce yttrium and holmium-containing porous phosphate-based microspheres. The current
study demonstrated the potential of both CaCOz and Na.COs3 as porogen’s to induce porosity
and alternative porogen compounds could be investigated further. An appropriate
methodology would be needed to load the microspheres with therapeutic cargo for

orthobiological applications or for improving bone cancer treatment.
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