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Abstract

Bone is one of the most common tissues to be transplanted, with over 2.2 million
grafting procedures performed worldwide every year (Van der Stok et al., 2011).
Autologous bone grafts, while considered the current gold standard, have
inherent risks including limited donor tissue availability, donor site morbidity,
surgical complications, and pain of procedure. Alternative approaches to treating
bone tissue defects are required based on clinically effective bone graft
substitutes that can be manufactured at a commercially relevant scale. Tissue
engineering is an alternative strategy that uses biocompatible scaffolds in
combination with cells as a bioactive implant to induce bone repair. In this thesis,
microspherical bioactive glasses have been studied as a platform for scalable
bone tissue engineering that has flexibility to address diverse geometric
requirements with the aim of becoming a commercially available tool. Specifically,
titanium-doped phosphate glass microspheres have been studied for their ability
to support bone progenitor cells. Here, the microspheres (5 and 7 mol% TiOz2)
were assessed in their ability to support proliferation of osteoblast-like cell
(MG63) and proliferation and osteogenic differentiation of human bone-marrow
derived mesenchymal stem cells (hnBM-MSCs) under static and dynamic agitation
culture. Scalability was assessed using scalable dimensionless Froude number
to scale microwell plate cultures to 125ml Erlenmeyer flask cultures using Froude
as a tool to map mixing systems at both scales. MG63 and hBM-MSC proliferation
was observed on the microspheres under all conditions studied as well as
extracellular matrix protein secretion, confirming the biocompatibility of the
materials tested. Similar growth kinetics was observed at both scales, where
moderate agitation stimulated cell proliferation, but higher agitation was
damaging to cells. Upregulation of key bone expression markers (COL1A1 and
SPP1) was observed also at moderate orbital agitations, while on at high agitation
rates this was largely absent, except for upregulation of SPP1 on the control
microsphere, Synthemax. Furthermore, biomaterial resorption was observed
upon differentiating mouse-derived monocytes into osteoclasts on the titanium-
phosphate glass discs. In conclusion, large-scale culture using titanium-doped
phosphate glass microspheres was achieved with hBM-MSCs, with the substrate
effectively supporting cell proliferation and osteogenic differentiation. This

research provides a stepping stone in understanding how biomaterials processed
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into microcarrier format can be utilised in a commercial environment to create

clinically relevant quantities of tissue engineering bone.
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in the extracellular matrix. Images taken at 10x magnification where scale
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Fig 5.9 Scanning electron microscopy images showing the surface
topography of Ti -PGMs incubated in H 3PO4. Samples were acid-treated
for 15 minutes (A, B), Synthemax microcarriers (C, D) and untreated titanium

phosphate microspheres (E). Images were taken at different magnifications.

Figure 6.1 Glucose consumption and lactate production of hBM -MSCs
cultured on Synthemax using a PBS 0.1MAG bioreactor. The
magnetically driven air wheel bioreactor was run at 0, 25 and 50 rpm with
samples of media taken on days 1, 4, 7, 10, 13 and 16. *=p<0.05. Error bars
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direction of wheel rotation.

Figure 6.3 Different perfusion devices used to study the effects of

fluidization of Ti -PGMs (A - doped with 5 mo 1% Co?* and B i Ti5). The
Faculty of Engineering and Design Group at the University of Bath tested the
Ti-PGMs in their in-house developed perfusion device (A), while an in-house
perfusion reactor (B) developed within the UCL Biochemical Engineering
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connected to a Watson Marlow 205U (Wolflabs, UK) peristaltic pump where
various flow rates were administered from 0 to 20 ml/min. Under maximum
flowrate conditions, the Ti-PGMs would momentarily fluidize however would

settle immediately.
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Figure A .1. Box-and-whisker plots representing the results of a CCK-8

assay to quantify hBM -MSC proliferation, cultured in different types of

conditioned media (Ti -conditioned media (2 mg/ml,10mg/ml and

20mg/ml), DMEM and osteogenic mediain Nuncl onE f | at bott c
tissue culture 96 -well microplates ondaysa) 1, b) 3 c¢) 5and 7. Note that

circles indicate outliers (values more than the interquartile range) while

asterisks indicate extreme outliers (values more than three times the

interquartile range). 237
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Chapter 1 . Introduction and review of the

literature

1.1 Introduction

There has been a surge in innovative ideas used to exploit the problem of
regenerating diseased and damaged tissues, resulting in the emergence of a new
healthcare sector. Described as an interdisciplinary field that applies principles
and methods of engineering, life sciences, material sciences, cellular and
molecular biology, and surgery towards the development of biological substitutes
that restore damaged tissue (Langer and Vacanti, 1993), tissue engineering has
travelled a long way from its early use in diabetic patients (Chick et al., 1975).
Currently, procedures involve a biopsy taken to attain an appropriate cell source,
which is then expanded until enough cells have been generated for the intended
purpose, and consequently transplanted back into the patient either using

materials of natural sources or synthetic materials for cellular delivery.

At present, tissue can be used in either an implantation or transplantation. The
latter involves harvesting cells from either the host or a donor, after which the
cultured tissue sample is transplanted to the host site using surgical procedures.
The former, is the development or modification of man-made materials to
combine with living host tissues. The significance of tissue-engineered implants
is that they provide benefits over transplantation, such as ease of availability,
reliability, and reproducibility. Furthermore, stringent guidelines have been set,
such as good manufacturing practise and international standards, which minimize
the failure rate of such techniques. Another advantage of using tissue engineered
constructs is that structures can be created to produce a product of a desired
shape and size, complimentary to the defect in a three dimensional format
(Lahann et al., 2003). There are concerns associated with the use of implants
such as interfacial stability with host tissue, biomechanical mismatch of elastic

moduli and maintaining a stable blood supply. Additionally, implants generally
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donodt have t h-eepam brimodify their tstauctuse anl réesponse to
environmental changes (Hench, 1998).

While progress exists in this area, no one solution has arrived to solve all issues
and henceforth large bone defects remain a continuing challenge for research.
The established field of tissue engineering provided the basis to develop
materials around the advancing regenerative medicine, with the roles of
biomaterials becoming paramount in developing bone tissue-engineered
constructs. These constructs consist of any combination of bone marrow tissue,

synthetic scaffolds, and various biological factors (Barrere et al., 2008).

To this date millions of individuals who have had their quality of life improved
substantially with the use of the man-made implants, however the efficacy of
these biomaterials has been poor due to the response illustrated not being
comparable to the qualities seen of natural tissue such as their bone loading
properties. Despite the conduction of many studies in tissue engineering, the field
is still considered to be in its infancy, with skin grafts and cartilage repair products
being the main contributors of its success. With many disciplines slowly merging
together including the likes of gene therapy, stem cell research and even the
nanotechnology industry, the potential for developing new effective therapies
keeps increasing (Moroni and van Blitterswijk, 2006).

Stem cells provide an ideal candidate to be used in forming bone tissue
engineered constructs, as they can be sourced in large amounts and
differentiated under the right conditions into bone progenitor cells. To ensure that
stem cell technologies are used in an efficient manner, large numbers of cells
with defined characteristics need to be produced, and hence a careful systematic
approach with controlled monitoring is required. Depending on the intended use
of the stem cells, a suitable culture system should be used which incorporates
methods to increase yields of viable cells and limit differentiation towards
unwanted lineages. Owing to bioprocess engineering, successful large-scale
cultures can be established and operated at the standards required for clinical

application.
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1.2 Research Motivation

Biomaterials have been widely studied since the development of the novel 45S5®
BioGlass, reported by Larry Hench in 1969. While various iterations of this
silicate-based glass have been developed and extensively studied, work with
phosphate glasses is limited (Hench, 1991, Hench, 1998). Studies of phosphate
glasses and their use in applications such as orthopaedic, dental and
maxillofacial implants, clearly suggest that this family of glasses illustrate a new
generation of biomaterials with a host of associated benefits such as their ability
to be tailored and physiochemical properties (Knowles, 2003). From the range of
studies focusing on the suitability and applicability of the various stoichiometric
variations of phosphate glasses, limited studies have looked at the effect of
scaling these exploratory studies to a clinically relevant scale. While it is important
to establish the biocompatibility of these materials, a better understanding is
needed of whether these novel compounds can elicit the same beneficial
responses both structurally and biologically, when used in large scale culture

systems.

This research focuses on understanding how commonly used bioprocessing
tools, such as microcarriers and shaken culture can be used at their fullest to
optimize cell yields and to gain an improved understanding of how to minimize
cell variability in terms of identity and maturity. The project aims to bring together
three distinct aspects of tissue engineering (cell culture, biomaterials,
bioprocessing). Substantial research has been carried out in all the respective
areas; however there remains a knowledge gap associated with the synergism
between each of these studied areas

Therefore, it is hypothesized that spheroidized phosphate glass microspheres
can support critical cell responses that enable scalable production of bone-like
tissue microunits. The aim of this research was to demonstrate the potential of
Titanium-doped phosphate glass to provide bone-like tissue in a manner that is
transferable to scalable bioreactor-based cell culture. To establish the efficacy,

the following aims were initially set out:
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1) Assess the biocompatibility of the material with the following differentiated
and primary cell types:
a) Osteosarcoma cell line (MG63)
b) Human bone marrow-derived mesenchymal stem cells (hBM-
MSCs)
2) Determine the effects of fluid flow forces induced by dynamic culture on
cell/engineered tissue quality.
3) Establish whether scale-up of cell culture can be achieved to create

increased quantities of engineered bone-like material.

1.3 Organisation of review

This chapter aims to provide an in-depth analysis of the principles the research
focuses on i.e. bone defects, the osteogenic potential of the biomaterials used in
the research, focusing on phosphate glasses containing TiO2 as a metallic oxide
doping agent, the role of bioprocess forces and their influences on bioreactor
development. This review aims to consolidate previously carried out studies
applying similar principles to the ones of this project highlighting their relevance

and main contributions to the research area.

1.4 Bone

1.4.1 Constituents of bone

Bone is responsible for protection, support and motion of the body and its vital
organs. Flexibility and elasticity are key characteristic of ribs which protect the
heart, lungs, and other organs whose function involves mobility. The stiffness
guality of bone also allows it to provide structural support to soft tissues, such as
muscle or even the lungs during expansion (Buckwalter et al., 1996a). At a
cellular level, it surrounds bone marrow storage having a protective aspect in its
nature. Additionally, it also plays a role in the endocrine system in regulating

calcium and phosphate levels via homeostasis (Barrere et al., 2008).
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The entity bone belongs to a family of tissues with varying structural motifs, each
consisting of the same basic unit of collagen fibril. This structural family comprises
of other materials such as dentin and cementum, the inner layer of teeth and the
substance that binds teeth to the gum respectively, along with mineralized
tendons (Weiner and Wagner, 1998). Collagen fibrils are composed of the protein
collagen in a structural manner that is present in a variety of soft tissues. The
collagen acts as the main component of a structural 3D matrix into which the
mineral forms, adding strength and hardness. The primary mineral formed is
known as carbonate apatite (Cas (PO4, CO3)s3( (Weiner and Wagner, 1998), one
of the few minerals in bone. The final constituent of this structure is water. There
is a need to distinguish that bone is a structure rather than a material, in that its
nature is not fixed, as each of the constituents can vary in quantity present and
be organized in various manners depending on the function of the bone (Weiner
and Wagner, 1998).

1.4.2 Bone remodelling

Bone remodelling involves the resorption of mineralized bone by osteoclasts,
followed by the formation of bone matrix through osteoblasts, and its subsequent
mineralization. Adult bones are fascinating in that they constantly remodel based
on the mechanical stresses exerted upon them, such as fluid flow from blood
supply, which subsequently maintains bone health and its regeneration as a
consequence of small injuries. Remodelling of bone occurs without any change
in properties such as density or shape (Buckwalter et al., 1996b). The overall
remodelling process is affected by age and can be illustrated by certain diseases
which impact bone mass, hence promoting fragility of the bone, and leaving it
prone to fracture. One of the key causes is the imbalance of resorption and
formation of bone due to oestrogen deprivation (Vaananen and Harkonen, 1996,
Marie, 2005). Further examples of altered bone formation can be seen in
astronauts, who experience zero-gravity on a regular a basis, which results in

their modified bone shape and density (Tavassoli, 1986).

The formation of bones is promoted by two specific processes, intramembranous

and endochondral ossification (Marolt et al., 2010). The former involves the
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differentiation of condensed mesenchymal tissue into osteoblasts and
subsequently form bone. On the other hand, endochondral ossification results in
the formation of cartilaginous anlage, which consequently becomes calcified
following the invasion of blood vessels, resulting in new bone formation
(Bhumiratana and Vunjak-Novakovic, 2012). During intramembranous
ossification, mesenchymal stem cells (MSCs) give rise to bone forming cells
osteoblasts and osteocytes in the process known as osteogenesis (Wei et al.,
2013). Spindle-shaped osteoblast precursors arise from MSCs and shift into large
cuboidal osteoblasts during the osteogenesis process in bone (Davies, 1996,
Clarke, 2008). During this process, osteoblasts secrete osteoid (Tenenbaum and
Heersche, 1982) which contains type-l collagen and non-collagenous proteins
such as osteopontin (Pinero et al., 1995) toward the bone formation surface
(Clarke, 2008). Osteoid acts as the basic matrix for mineralization and bone
formation. Alkaline phosphatase (ALP), also produced by osteoblasts, helps
extracellular matrix (ECM) calcification (Pinero et al., 1995, Takeyama et al.,
2001, Clarke, 2008). The precise function of osteoblasts in bone apatite formation
remains unknown, however a crystallization role has been proposed

(Boonrungsiman et al., 2012).

Osteoclasts, developed from mononucleated precursor cells both in bone marrow
and the circulatory system (Quinn et al., 1998), are stimulation responsible for
bone resorption during the bone remodelling process (Orriss and Arnett, 2012).
Their differentiation direction is comparable to macrophages and dendritic cells
(Alvarez et al., 1992) with coming from receptor activator of nuclear factor kappa-
B ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) (Shirai et
al., 1999, Vaananen et al., 2000, Heinemann et al., 2011). M-CSF and RANKL,
expressed by MSCs and osteoblastic cells, are presented to osteoclasts and its
progenitors by cell-cell contact (Heinemann et al., 2011). This has been proved
essential in inducing expression of enzymes specific to bone resorption, such as
tartrate-resistant acid phosphatase (TRAP) (Bune et al., 2001), cathepsin K (Xia
et al.,, 1999, Nakayama et al., 2011), matrix metalloproteinase (Visse and
Nagase, 2003) and vacuolar type H*-ATPase (V-ATPase) (Blair et al., 1989).
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1.4.3 Bone defects

Bone is unique in that, unlike a majority of other connective tissues, it does not
form scars upon reconstitution of an injury due to molecular and cellular
processes involved in the repair being sequential (Arvidson et al., 2011). This
repair process is carried out by a regulation mechanism controlled by specific
factors, although the full extent to the molecular and cellular processes that
contribute to these phases is still not fully understood. Large bone defect repairs
occur primarily via endochondral ossification and include a cascade of events
known to be haematoma, inflammation, angiogenesis, chondrogenesis,
osteogenesis, and finally bone remodelling (Figure 1.1) (Phillips, 2005). Each of
the phases mentioned involve various levels of cell migration and differentiation
coupled with processes linked with calcification (Arvidson et al., 2011). When
looking at the process in more detail a familiar pattern can be identified whereby
the inflammatory response that occurs coordinated with the haematoma
formation, contributes to the initiation of the bone healing cascade through the
action of specific cytokines, and promotes endochondral bone formation and
remodelling (Gerstenfeld et al., 2003a). Sequentially, osteogenic events such as
mesenchymal and osteoprogenitor cell proliferation and differentiation occur, via
the activity of biological factors including members of the transforming growth
factors (TGF) family such as bone morphogenetic protein (BMPs) and insulin-like
growth factors (IGF) (Tsiridis et al., 2007).

Hematoma f
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Figure 1.1 Stages involved in bone repair ¢ ascade. Copyrights of images owned by

Benjamin Cummings (2004) Pearson Education. Inc
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The cascade is concluded with the process of angiogenesis regulated by the
angiopoietin pathway (Gerstenfeld et al., 2003b) and vascular endothelial growth
factor (VEGF)-dependent pathway, where osteoblasts and osteoblast-like cells
induce VEGF expression in relation to endochondral bone formation (Deckers et
al., 2002). A full understanding of the cascade that takes place is not complete
and links are still being made between several molecules and processes in the

bone repair mechanism.

After fully healing, bone shape and mechanical properties are restored (Barrere
et al., 2008). The main physiological bottleneck rectifying such injuries is that
there is a size limit to which bone can self-repair. This limit is defined as the critical
size defect, and states that defects of this size and larger will not naturally heal
during the lifetime of an animal (Schmitz and Hollinger, 1986, Trounce et al.,
2000). This creates an opportunity for tissue engineering and it is currently wide
open. The full level to which the osteogenesis process can be optimized is still
not fully understood. There are many strategies widely being studied but one
major limitation of the tissue produced in these studies is that it does not exhibit

the same load bearing qualities especially when concerning large bone defects.

The most common methods of treatment for bone defects favoured by surgeons
are autografts, involving the transplantation of bone from another part of the
patient, originating usually from the pelvis, to the defective site (Kucera et al.,
2012). One of the setbacks is that its supply is limited and associated with
inherent pain from isolation for the grafts. Synthetic options are required to treat
the one million plus patients who require treatment for bone defects every year.
Interventions are used to satisfy this insufficient availability of bone, through the
mixing of bone graft extender material with the autograft, generally in the form of
calcium phosphate. These granules form a putty-like substance when mixed with
the hostdés bl ood, which is pressed i

blood improves the handling on the material, with the added advantage of
providing natural growth factors to aid bone repair (Jones, 2013). With
demographics showing that a majority of bone related injuries and diseases
associated with the elderly, and form of cell therapy replacement will need to aid
the healing process due to the reducing regeneration potential with age.
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1.5 Biomaterials and filling the gap

1.5.1 Biomaterial properties

The product profile of a potential implantable bone regeneration scaffold is that it
should be able to act as a three-dimensional (3D) structure to aid bone repair.
The structure should be temporary in nature while being able to enable natural
human regeneration, by bringing together bone marrow stem cells and blood
vessels to regenerate new bone and vascularise the newly formed tissue

respectively.

During the last few decades, attention has been put upon the use of bioactive
materials and their fixation to connective tissues, by bonds formed with strengths
up to six-fold of those seen commonly within a collagen structure. This quality
can be attributed to the in vivo growth of a dense layer of hydroxyl-carbonate
apatite layer which binds to the collagen fibrils (Hench, 1998). Metals and non-
degradable ceramics have been used predominantly for connective tissue
reparation, due to the qualities they possess such as high tensile strength
(Barrere et al., 2008).

One useful tool of certain biomaterials is their ability to induce an osteogenic
response. This osteoinductive characteristic has been studied in animal models
such as goats (Kruyt et al., 2004, Habibovic et al., 2006) and has shown that bone
production can occur in areas not akin to bone formation. This property can be
helpful in regenerating areas in which the bone defects tend to be large by nature.
Prior examples of osteoinductivity extend back to 1969, where poly-
hydroxyethylmetyl-methacrylate (poly-HEMA) sponges were reported to induce
bone formation in soft tissues (Winter and Simpson, 1969). Calcium phosphate
is a common example, where dissolution-precipitation processes incur surface
transformations, which promote bone bonding (Habibovic et al., 2006). It is the
calcium phosphate that promotes the ionic exchange that affects the surrounding
milieu and has been identified as a key promoter amongst others of
osteoinduction. The full nature of osteoinductive influence is not clearly
understood, however some factors thought to play a role in the process include

porosity of the biomaterial along with the surface physio-chemistry (Habibovic et
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al., 2006). These porous structures exist either when initially formed (Winter and
Simpson, 1969, Fujibayashi et al., 2004, Habibovic et al., 2006) or due to the
degradation of the structure (Gosain et al., 2002). This attribute of porosity was
illustrated in earlier studies with titanium implants inducing greater osseo-
integration where the implant had a rough nature (Wall et al., 2009). The surface
roughness exhibited by the titanium implant, while reducing cellular proliferation
increased the induction into an osteogenic phenotype, which was evident from
the early mineralization of the matrix. When considering titanium macroporous
structures, 3D structures show osteoconductive tendencies when compared to
regular fibrous meshes, which did not induce a bone formation response
(Fujibayashi et al., 2004) implying only specific pore geometries promote bone

formation (Magan and Ripamonti, 1996).

A variety of different bioactive materials undergo degradation by nature in that
they exhibit physical, chemical structure and appearance variations. The degree
of degradation is dependent on the nature of the biomaterials. There are a range
of factors which initiate material degradation and vary from material to material.
It is essential to understand how the fluid and cells used influence the rate of
biomaterial degradation. Controlling the rate of degradation and allowing it to
synchronize effectively with the rate of tissue growth to ensure full regeneration
of tissue is achieved, is a great challenge that is still faced in the biomaterial field.
Efforts are being focused on trying to improve degradation kinetics, with
techniques such as multiphase calcium phosphate mixing, using different ratios
of soluble and highly soluble materials to adjust the kinetics of the bioactive

material to that of the bone formation kinetics (Arinzeh et al., 2005).

1.5.2 Commercial bioactive glasses

The current biomaterial market is improving vastly, with a plethora of bioactive
substances being tested; however, discrepancies lie between what engineers
deem key factors for a commercially successful scaffold, and the qualities
surgeons require. Bioactive glasses are a class of biomaterial which have shown
to induce specific biological responses. Deciding which composition to use when

generating a bioactive glass can be a tedious task; however, there are essential
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qualities which all types must hold. Bio-functionality and biocompatibility cover
these properties, with the bio-functionality aspects including properties such as

tensile strength, mechanical propert.i

degradation to name a few (Barrere et al., 2008). Biocompatibility, on the other
hand, looks at the ability for the material to perform with an appropriate host
response (D.F.Williams, 1999). Historically, bioactive glasses have been defined
as a material which when implanted into a host, leads to the formation of an
apatite-like layer that is responsible for the materials bone with hard and soft
tissues. There are many commercially available glass-based products for bone
defect regeneration including BioGlass, Biogran® (BIOMET 3i, Palm Beach
Gardens, FL) and BonAlive® (S53P4) (BonAlive Biomaterials, Turku, Finland) all
derived from the same silicate structure. Since the development of BioGlass in
1969, it has been used to treat over a million patients with bone defects.
Considering the age of the product, it has gained limited commercial success. To
date, the most marketable iteration of it has come in the form of NovaMin®
(GlaxoSmithKline, UK), the active ingredient in Sensodyne®, responsible for the
mineralization of the tiny pores in dentine, reducing overall tooth sensitivity.
Further modified versions of BioGlass have also been used to treat deafness,
where a patient received treatment for the degradation of two bones within the
eardrum (Rust et al., 1996, Stanley et al., 1997). Another product BonAlive when
used with autologous bone allowed the integration of titanium roots into the
porous maxilla, with significantly improved bone repair and a thicker trabeculae
when compared to autograft alone (Turunen et al., 2004). Furthermore, trials with
S53P4, the key ingredient of BonAlive, showed improved bone quantity and
quality when compared to synthetic hydroxyapatite (HA) (Peltola et al., 2006).
While fusion rates are comparably higher from autografts than the commercially
available substitutes, the results from most studies and trials indicate promising
results. An associated issue with S53P4 is the lack of full resorption, which could
be related to the silicate content, with observed glass granules remaining even
after 11 years (Heikkila et al., 2011, Pernaa et al., 2011). More clinical data is
readily available for BonAlive than for BioGlass, with greater clinical results

associated with BonAlive, however illustrate less than ideal degradation rates.
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The first particulate based therapy to enter the market was PerioGlas®, now sold
by NovaBone (NovaBone Products LLC, Alachua, FL), used in periodontal
disease. With a particle size of 90-710 um, it is used to regenerate bone around
the damaged root of a tooth, and to provide support for damaged bones in the
jaw for anchoring titanium implants. Studies carried out in vivo and in clinical trials
indicated that PerioGlas generated significantly higher amounts of bone
compared to controls (Schepers and Ducheyne, 1997, Froum et al., 1998). The
successes of the periodontal treatments using these particulates lead to the
development of NovaBone, a treatment for orthopaedic bone grafting on non-
load-bearing sites. It showed great advantages over autografts in treating
adolescent idiopathic scoliosis, with fewer infections and mechanical failures, and

the added benefit that a donor site is not required (Jones, 2013).

1.5.3 Phosphate glasses and met allic oxides

The initial use of phosphate glasses were for their applications as achromatic
optical elements based on their low dispersion and relatively high refractive
indices (Kreidl and Weyl, 1941), however they have been conceptualized to a
range of purposes from securing nuclear waste to semiconductors (Marasinghe
et al., 1997, Brow, 2000).

The unique properties of a biomaterial candidate relevant to the purpose of tissue
engineering research are its ability to degrade and its chemical components. The
degradation of phosphate glasses can be controlled, and this becomes important
when used in different solubilising media types. These materials when
manufactured properly can remain stable in situ for periods ranging from as little
as a couple of hours to 1 year or longer. This is simply done by the modification
of the phosphate glasses ternary structure (P20s - Na2O i CaO), through the
addition of suitable metal oxides which form quaternary structures, therefore
reducing the solubility level of these glasses. These components of the ternary
structure have a vital role to play in the interactions between the phosphate glass
and the osteogenic environment in vitro and in vivo. The key elements within the
glass (e.g. P, Na, and Ca) are common inorganic minerals found within the bone

and therefore their interactions in a physiological similar bone based environment
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need to be understood (Anselme, 2000). The vast majority of glasses tend to
comprise of a high quantity of pure P20s by composition, however its hygroscopic
nature negates its potential use as a biomaterial (Hudgens et al., 1998). The initial
studies carried out on phosphate glasses looked at methods to stabilize the
structure, making them more suitable as candidates for biological applications.
This was done through the addition of stabilizing oxides such as Na20 and CaO
(Burnie et al., 1981), generating the aforementioned ternary structure which
allowed the first iteration of phosphate glasses flexibility in their degradation rates.
This is illustrated in the opposite effects noticed with the calcium and sodium ions,
with the former having a stabilizing effect on the phosphate glass dissolution rate,
while the sodium ions have a depolymerising effect, consequently increasing the
glass solubility in aqueous solutions (Pickup et al., 2007, Vitale-Brovarone et al.,
2011). While the first generation of these ternary glasses showed potential in their
flexibility and ability to be tailored, their rates of dissolution were relatively high
which caused abnormally high fluctuations in pH therefore reducing their
biocompatibility. More recent studies have looked to improve this issue of
degradation closely by the addition of metallic oxides relevant to the purpose of
eliciting an improved cellular response. The metal oxides studied to date include
Fe203, CuO, Al20s3, TiO2, MgO, ZnO, Ag20, Ga203 and SrO (Lakhkar et al.,
2015b). The metallic oxides not only serve a purpose in their stability role, but
also their ions released induce biological responses such as antimicrobial effects
and cell proliferation/differentiation qualities (Knowles, 2003, Abou Neel et al.,
2009b).

1.5.3.1 Titanium dioxide

Titanium dioxided #oxicity to human tissue can be potentially chronic and this is
dependent on factors such as concentration and the physical and chemical
properties of the compound. Systematic in vitro and in vivo methods are required
to validate the toxicity when the compound is used in biomaterials (Chellappa et
al., 2015). Studies such as those using Titanium dioxide in nanoparticle form,
have identified that Titanium dioxide is not cytotoxic at specific concentrations
(Jin et al., 2008). Phosphate glasses doped with titanium dioxide have been
studied thoroughly, in terms of their structural and mechanical properties (Brow

43



et al., 1997, Brow, 2000, Abou Neel et al., 2008). TiOz acts as a nucleating agent,
and while it is miscible at the high temperatures during glass formation, it induces
phase separation during the cooling period post melt (Monem et al., 2008). The
introduction of TiOz improves the stability of the phosphate glass due to the high
field strength observed with its oxide. This stability induces an overall reduction
in the dissolution and hence ion release is kept to a minimum. The subsequent
effect is that the biocompatibility of the phosphate glass is improved (Zhang and
Santos, 2001, Abou Neel et al., 2008, Monem et al., 2008). The rapid degradation
of an unstable structure could lead to extreme fluctuations in pH and ionic
concentrations. This stability becomes very important when culturing cells, as a
stable substrate is required for cell attachment and proliferation. Due to the nature
of the oxide being small in structure and having such high ionic charge, upon its
entry into the vitreous structure, a stabilizing effect is withessed because of the
cross linking between the phosphate chains and rings (Navarro et al., 2003). This
observation has been studied with various TiO2 concentrations, and results
indicate that increased TiO2 concentrations induce an observed reduction in
solubility. The way in which TiO2 improves this is through the formation of ionic
cross links with phosphate chains and the generation of Ti-O-P covalent bonds
that reinforce the phosphate glass, consequently minimizing the water diffusion
at the glass/solution interface and hence limiting the dissolution rate. The reduced
degradation associated by this, also limits the pH decrease observed caused by
acidic degradation products (Vitale-Brovarone et al., 2011). Results from X-ray
diffraction analysis of crystallized TiO2 doped phosphate glass indicated that the
main phases in a range of TiO2 glasses studied were TiP207and NaCa(PO3)s
(Abou Neel et al., 2008).

Some studies have accomplished to understand the limits to which TiO2 can be
incorporated into the phosphate glass. Abou Neel et al determined that the upper
limit to which the ternary phosphate glasses nature remains amorphous was at a
TiO2 content of 15%. This was validated by this upper limit value capable of
supporting cellular growth when used to grow an osteoblast-like cell line (MG63)
(Abou Neel et al., 2008). However, physical properties were altered such as

density and the temperature required to fabricate the material, factors which when
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generating clinically relevant quantities of tissue engineered bone are key
variables when trying to understand bioprocessing parameters.

Studies have been carried out to establish the effect of phosphate based glass
doped with titanium upon a range of various cell types including fibroblasts
(Guedes et al., 2012) and osteosarcoma cell lines (Abou Neel et al., 2007). The
use of titanium dioxide in phosphate glasses has been studied within both in vivo
and in vitro studies. TiO2 doped phosphate glasses showed that increased
biocompatibility was achieved by the addition of 5 mol% TiO:z in vitro, however
during early cell culture (D1-D3) lower levels of alkaline phosphatase (ALP), a by-
product of osteoblast activity, were witnessed. These patterns were not
concurrent with genetic expression on D14, where ALP and collagen type | alpha
subunit | (COL1A1) showed significant increases, when compared to the
commercially available control. There were also significant differences in
composition of TiOz used, with 5 mol% showing higher levels of osteogenic gene
expression than 3 mol% (Abou Neel et al., 2007).

Titanium dioxide has shown to enhance cell proliferation and gene expression of
MG63 with 3 and 5 mol% illustrating the greatest effects. It was suggested that
the improved cell properties were down to the reduced level of degradation of the
compositions, henceforth maintaining conditions favourable to osteoblast
formation due to the improved structural support. It was also put forward that the
ideal TiO2 content was 5 mol% in that it induced the higher cellular response. The
content of TiO2 also plays a significant role in the osseo-integration of these
particles upon implantation, indicated by 1 and 3 mol% showing limited hard
tissue formation in comparison to the 5 mol% (Abou Neel et al., 2007).

1.5.3.1.1 Material characterization

As previously mentioned, altering the glass composition and chemistry can
control the degradation rates over several magnitudes (Abou Neel et al., 2008).
A common trend observed with many of the glasses studied is the uniform
linearity between weight loss and ion release of phosphate glasses, as a function

of immersion time within a suitable solubilising agent (Ahmed et al., 2008, Khor
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et al., 2011). Different species of phosphate glass ions in different amounts, from
cyclic phosphates to orthophosphates (Ahmed et al., 2005a). This glass
degradation process occurs with solubilising media in three distinct stages. The
initial stage of slow degradation sees H20 molecules diffuse into the structure of
the glass covering the entire surface in the process. This occurs due to the
saturation of the surface by H" and OH" ions released through acid/base reactions
(Bunker et al., 1984, Gao et al.,, 2004) The second stage involves the uniform
degradation of the phosphate glass, by the hydrated layer separating from the
underlying partially hydrated section, causing dissolution, and leaching of ions
into the surrounding medium. The concluding stage is a hydrolysis reaction,
which causes the polymeric phosphate chains to disintegrate, rather than
individual P-O bonds, due to hydrolytic attack (Bunker et al., 1984). The key
factors responsible for the degradation include internal factors such as
composition of phosphate glass and thermal preparation, and external factors

such as pH, temperature of solution and surface area to volume ratio.

Establishing the effect that the release of phosphate ions, as well as the glasses
additional components, has upon contact with physiological fluid is paramount;
hence a considerable amount of work has been carried out in this area. The use
of ion exchange chromatography and high-performance liquid chromatography
(HPLC) are approaches used in identifying the distinct levels of varying
phosphate ions released. lon exchange chromatography is more common than
most due to the process simplicity for smaller molecular weight phosphates
(Baluyot and Hartford, 1996).

The addition of TiO2 reduces the overall phosphate ion release due to its metal
ion valency and atomic radius, hence creating a slower rate of degradation of
these doped phosphate glasses (Abou Neel et al., 2008, Gayathri Devi et al.,
2010). Raman spectrometry carried out by Navarro et al. on phosphate glasses
(44.5P205.44.5Ca0.11Na20 where Naz0 is replaced with TiO2) containing 0, 3
and 5 mol% of TiOz, showed that an increase in TiO2 content increased levels of
TiOs and TiOs units, where an increase in these units was witnessed in the higher
TiO2 composition glasses. Furthermore, increasing the TiOz content increased

the chemical durability and elastic modulus of the glasses (Navarro et al., 2003).

46



Thorough characterization studies have been previously carried out on the
phosphate glasses doped with TiOzat 3, 5 and 7 mol% by Lakhkar et al. Thermal
analysis validated initial density

showing as glass compositions increased in Ti content from 3 to 7 mol% an
increase in the glass transition temperature from 489°C to 529°C is witnessed.
The increased densification owes to the formation of TiOs and TiOs units formed
creating P-O-Ti bonds (Abou Neel et al., 2009a). Degradation studies followed a
similar trend, where Ti3 had a percentage cumulative weight loss per unit surface
area of 0.0092% pm-2 after 80 hours in comparison to Ti7, whose degradation
was approximately four times lower at 0.0024% pm=2. When looking at pH
measurements, all the different composition increased the levels of acidity when
immersed in deionized water over a 21-day period, with the greatest release of
phosphate ions observed between day O to day 1. The composition that
generated the highest acidic environment was Ti3 with Ti7 generating an overall
less acidic environment over the same period. The reason behind the reduction
in pH is attributed to the released phosphate ions forming phosphoric acid under
agueous conditions. This release of phosphate ions was concurrent with the
release of its cationic neighbours (Ca?* and Na*), again with the same trend
witnessed with the other characterization studies. X-ray diffraction (XRD), nuclear
magnetic resonance (NMR) and Ti K-edge X-ray near edge absorption data
suggested there were no structural differences between the three compositions
with coherent spectra across the three different concentrations (Lakhkar et al.,
2012b). Regarding the other ions present in the structure of ternary phosphate
glass (Ca?* and Na*) the release of these ions is at a rate inversely proportional
to the CaO content of the glass. This is witnessed in glasses containing 45 to 55
mol% P20s, where this activity occurs due to CaO serving to densify the glass
structure. This trend is also witnessed with phosphate glass when increasing
amounts of high covalent metallic dopants are added to the structure (Ahmed et
al., 2004b, Ahmed et al., 2004a, Ahmed et al., 2005b, Abou Neel et al., 2008).

1.5.3.1.2 Biocompatibility of TiO 2 doped phosphate glasses
Biocompatibility research of phosphate glass doped with Ti has been carried out

through approaches including in vitro analysis of the material after immersion into
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physiological similar solutions such as Tris-HCL, Tris buffer or simulated
biological fluid (SBF) (Kasuga et al., 1999). The latter is very common in
understanding how the material behaves when in direct interaction with
physiologically relevant solutions containing ions such as Na*, K*, Mg?*, Ca?* and
HCOs to name a few, at concentrations approximately equal to human plasma.
These studies provide an easy alternative to cellular based techniques to
evaluate bioactivity through apatite formation upon the material surface in contact
with the defined solution. Studies have revealed that phosphate glasses doped
with TiO2 formed apatite on the surface as opposed to phosphate glass doped
with MgO (Kasuga et al., 1999). Other studies have contradicted such findings
suggesting that no apatite formation was observed with TiO2-doped phosphate
glass when immersed in SBF for 14 days at 37°C (Abou Neel et al., 2007, ElBatal
et al., 2009, Gayathri Devi et al., 2010, Lucacel et al., 2010). Whi | e t
clear understanding of the effect that the immersion of TiO2-doped phosphate
glass in SBF has upon apatite formation, it should be made clear that apatite
formation on the surface of such materials is not a pre-requisite for the material
to be considered biocompatible (Kokubo and Takadama, 2006, Lee et al., 2006).
Hence, in vitro anal ysi s i n SBF i mmer si on al
understanding of the bioactivity of phosphate glass. Further studies in the form of
cell culture can provide better insight into the level to which TiO2 phosphate glass

can support the growth and maintenance of tissue.

Early studies using titanium phosphate glasses used MC3T3-E1 murine pre-
osteoblast cells, identifying growth and differentiation characteristics at the cell-
material interface over a 37-day period. Protein and genetic analysis indicated
that normal proliferation and differentiation rates were supported (del Valle et al.,
2003). Further studies indicated that glasses containing higher quantities of TiO2
promoted better cell adhesion, growth, and proliferation (Dias et al., 2005, Brauer
et al., 2006). Brauer et al. also considered the effect of porosity on MC3T3-E1
cells proliferation and adhesion using an MTT assay. The investigation showed
that cell culture was initially inhibited by the porous surface, with proliferation
rates and extensive cellular growth towards latter periods of culture (Brauer et al.,
2006).
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There have been minimal studies carried out using in vivo techniques when
compared to the aforementioned in vitro studies. The existing studies focus on
using rat and rabbit models by filling in defective areas with glass particulates of
a specific size range and understanding how well the material can interact with
the hosts tissue via light and polarized microscopy. Monem et al. implanted
phosphate glass containing TiOz into rabbit femurs, where it was concluded that
glasses containing TiO2 concentrations above 0.5 mol% were associated with
reduced bioactivity, with the stated concentration promoting improved bone cell
growth (Monem et al., 2008). Other studies using different animal models showed
that the required concentration for an effective bioactive response were
magnitudes higher than those established by Monem et al. In calvarium defects
of male rats it was found that a TiO2 content of 5 mol% significantly increased the
amount of bone tissue formation (Abou Neel et al., 2007). The combination of
both in vitro and in vivo studies accentuates the link between the material
composition and its biocompatibility. These promising results have provided an
incentive for researchers to conduct research to gain a better understanding of

the opportunities available using TiOz containing phosphate glasses.

1.6 Microcarriers for bone tissue engineering

When growing cells on conventional tissue culture plastic, contact-inhibition
gradually decelerates the proliferation rate, hence requiring constant passaging
of the cells into new and bigger flasks. Dynamic culture avoids such issues by
allowing to culture large quantities of cells owing to the increased surface area to
volume ratios, consequently maintaining high cell densities (Majd et al., 2011).
When 3D scaffolds are used in static conditions, nutrient gradients are common,
leading to inconsistent cell growth and differentiation (Volkmer et al., 2008).
Recently, the tissue engineering approach to address bone defects has been
0 b o t-u ppéuhere focus has looked at the development of smaller entities
forming the building blocks of the required structures that mimic the morphology
and composition of natural tissues, consequently binding these structures to treat
macroscopic defects. Many methods have been tested including using cell

saturated microgels (Du et al., 2008), cell aggregates (Kelm et al., 2006) and cell
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based microsphere clusters (Martin et al., 2011), the latter being the method of

application in the present research.

Microcarriers are an ideal entity for stem cell therapies as they have very high
surface area to volume rations, and hence already show advantages over the
growth of stem cells in static T-flask culture. Furthermore, unlike scaffolds,
microcarriers possess the ability to be motile and can be adjusted if necessary
(Park et al., 2013). Studies have indicated that the optimization of cellular yield
revolves around parameters such as cell seeding density, microcarrier density
and microcarrier type (Fok and Zandstra, 2005, Abranches et al., 2007). Several
types of microcarriers exist, with varying affinity and suitability to cell type. This is
due to the ease at which cells can grow in/around the structure and is determined
by factors such as surface topography, porosity, chemical composition, and
diameter of carrier. Carriers can either come in porous or non-porous form, where
the latter enables a monolayer surface to be grown to ensure homogenous mass
transfer while the more common, porous, allows cell growth into the carrier, hence

increasing the surface for growth (Park et al., 2013).

In order to recover the cells from the structure, enzymes such as trypsin or
collagenase are used in a similar fashion to their use in T-Flask culture. Studies
carried out provide a good basis for further expansion on the use of microcarriers
as an adherent surface, with some studies producing positive results. Such
studies include one carried out by Eibes et al., who used microcarriers coated
with 2% fetal bovine serum (FBS) to increase the cell seeding efficiency
producing a strategy to maximize cell proliferation. The experiment generated a
maximum cell density of 4.2x10 > cell/ml, which was an 8-fold increase in the total
cell number. Furthermore, the potency of the cells was maintained after the
culture, allowing differentiation of the MSCs into adipogenic or osteogenic
lineages, while also maintaining their ability to clone further. This indicates that a
microcarrier based culture system can provide the correct arrangement and

condition to generate substantial amounts of cells (Eibes et al., 2010).

A diverse range of commercial microcarriers exist for bone tissue engineering.

The extensive list includes microcarriers based on collagen (Cellagen™ by MP
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Biomedicals) (Overstreet et al., 2003) ; polystyrene (HyQSphere™ by Solohill)
(Ontiveros and McCabe, 2003, Zayzafoon et al., 2004) and dextran (Cytodex™
1 (Howard et al., 1983, Sautier et al., 1992, Tang et al., 1994) and Cytodex™ 3
(Fok and Zandstra, 2005). Microcarriers have also been developed for specific
applications using materials such as ceramics (Qiu et al., 1999, Hong et al.,
2009), polycaprolactone (PCL) (Hong et al., 2009) and poly (lactic-co-glycolic
acid) (PLAGA) (Botchwey et al., 2001). Studies with microcarriers have not only
aided the development of culture systems but have also provided insight into the
in vitro behaviour of the cells used (Malda and Frondoza, 2006). The use of
microcarriers has helped to study the phenomena of bone loss within microgravity
conditions such as space-flight. A rotating wall bioreactor was used to culture
osteoblasts on gelatin-coated microcarriers (Solohill), allowing to generate a
model depicting how microgravity resulted in the reduced expression of key bone
formation regulators (Ontiveros and McCabe, 2003). Furthermore, evidence
shows that progenitor cells and blasts of the osteogenic lineage proliferate on
different types of microcarriers, having been used in both in vivo and in vitro
studies (Howard et al., 1983, Sautier et al., 1992, Barrias et al., 2005)

The use of glass microspheres in bone tissue engineering for in vitro cell
proliferation and bone tissue engineering provides unique benefits over
commercially available platforms including microcarriers. When compared to
tissue culture plastic, the magnitude of surface area for expansion in a given
volume increases considerably, nonetheless this is an advantage common to all
types of microcarriers. Many of the microcarriers available require cells to be
harvested before implantation with a suitable scaffold material, however the
biocompatible nature of phosphate glass eradicates these cell processing steps

creating a more streamlined and resource efficient process.

1.7 Scale-up of microcarrier cultures for bone tissue engineering

A key aspect of bone tissue engineering is the use of scaling up and bioreactors.
These vessels can be used to efficiently control oxygen and nutrient supply to
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cells and generate specific environments to provide a desired lineage of stem cell
differentiation (Chao et al., 2007). These controls can be used to manipulate the
development of the bone and the characteristics associated with cartilage and
bone regions, by stimulating and hence enhancing the load bearing aspect of the

bones through the use biophysical stimulation (Marolt et al., 2010).

Critical quality parameters need to be considered when determining the
bioreactor choice for cell culture. Uniform properties and high purity are essential
for therapeutic medicines, and hence the importance surrounding bioprocess
control is highly necessary if a full understanding is to be gained from stem cell
culturing. Developments in differentiation and expansion of adult stem cells have
gathered some pace, from the initial culturing of haematopoietic stem and
progenitor cells (HSPC) in bioreactors. While such cell types grow extensively in
stirred or suspended cultures, others such as mesenchymal stem cells thrive in
perfusion reactors with the aid of 3D scaffolds (King and Miller, 2007). Limited
work has been carried out on the scalability of biomaterials, and how well they
can be incorporated into industrially relevant platforms, therefore parallel efforts
need to be made to translate the plethora of biomaterials developed into

commercially viable applications.

The most common methods for the expansion of MSCs in laboratories are tissue
culture flasks which are easy to operate and provide good oxygen transfer with
the external environment, however, due to limitations in surface area, large
numbers of flasks are needed to generate cell yield at clinically relevant scales.
This increases the overall manual handling, flask to flask variability and the
chances of contamination. While current bioreactor culture techniques share
common advantages such as the promotion of homogenous environments and
controllability of crucial process parameters (e.g., temperature, dissolved oxygen,
pH) when compared to static cultures, many contrasts still exist between the
culture types (Table 1.1). The choice regarding culture system is complex as
many challenges currently exist, including compromises needed due to
hydrodynamic shear experienced at high mixing rates. Bioreactor properties are

specific to each type, and hence it is important to carefully analyse each potential
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candidate carefully, selecting the best one for the large-scale expansion and

differentiation of MSCs for bone tissue engineering.

Table 1.1 Bioreactor comparison

Bioreactor Advantages Disadvantages
type
Stirred  Homogenous conditions 9§ Prone to subject cells to
suspension and can be used with hydrodynamic  stress due to
microcarriers agitation
1 Easily monitored and 9 Cell agglomeration
controlled
Roller 1 Simple operation protocol  § Monitoring and control complex
bottles f Low cost f Technology suited for anchorage
cell cultures
f Tend to produce concentration
gradients
Wave 1 Disposable technology 1 Relative difficulty in monitoring and
hence minimized need for sampling
cleaning. More suitable for
GMP and easier validation.
Hollow -fibore  § Subject cells to low levels 9§ Monitoring and control not simple
of shear 9 Difficult to scale up technology
1 Concentration gradients formed,
heterogeneous environment
Rotating 1 Efficient gas transfer 1 Complex system which is not easily
Wall f  Subject cells to low levels scaled
of shear
Parallel 9 Continuous removal of 9§ Effectof removal of secreted factors
Plate toxic metabolites. not fully understood as well as
1 High productivities hydrodynamic effects of vessel
Fixed & 1 Compatible with 3D § Scaling-up difficulties
Fluidized scaffolding 1 Concentration gradients (Fixed bed)
Bed 71 Cellular interaction mimic 9§ Shear stress prone (Fluidized bed)

in vivo structure

Modified from RODRIGUES, C.A.V., FERNANDES, T.G., DIOGO, M.M., DA SILVA, C.L. and

CABRAL, J.M.S., 2011. Stem cell cultivation in bioreactors.

Biotechnology Advances

The most commonly used platforms are stired and shaken bioreactors.

Continuous stirred-tank reactors are commonly used in bioprocessing, with the

tissue engineering iteration developed from those used for fermentation of yeast

(Martin and Vermette, 2005). A considerable proportion of work focusing on the

use of MSCs in spinner flasks and stirred tank reactors utilises microcarriers with
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the Mobius® 3L Bioreactor one of the first bioreactors reported to succeed in the
expansion of hMSCs on microcarriers. A yield of 6x108 cells was obtained in a
2.4L working volume whilst retaining their basic cell characteristics and
differentiation potential (Jing et al., 2013). Phenotypic properties have also been
maintained in other studies carried out using the Biostat® B 1L and 5L after post-
harvest analysis from microcarriers (Goh et al., 2013, Rafiq et al., 2013). Bone
marrow derived MSCs (BM-MSCs) have also been successfully expanded in
other stirred vessels, including the 1.3L Bioflo® reactor generating cell yields of
approximately 1.4x10° cells/ml (Dos Santos et al., 2014). The added benefit of
operating these vessels with different feeding strategies (batch, fed-batch,
perfusion), adds flexibility in the supply of nutrients and reduces the level of

undesired waste products (Rodrigues et al., 2011).

Establishing the correct impeller/stirrer speeds is critical when optimizing
microcarrier based processes in stirred vessels, to determine the fluid dynamic
conditions. Furthermore, the correct conditions are also needed to help promote
efficient attachment of cells across the entire population of microcarriers. While
agitation will ensure homogeneity of cell growth, the sensitivity of cell growth to
hydrodynamic shear forces can result in cell lysis and altered cellular phenotypes
(Cherry and Papoutsakis, 1988, Chen et al., 2013). However, with careful control
and its associated benefits such as the affordable cost of equipment and the ease
of process translation to a larger scale, allows spinner flasks to carry significant

appeal in hMSC expansion.

The alternatives to spinner flasks are culture vessels agitated by an orbital
motion. An estimated 90% of all mammalian cell culture experiments in
biotechnology are carried out via this platform, with current trends looking at
disposable versions of these shaken vessels for animal cell culture (Bichs,
2001). Studies have validated the efficacy of these systems up to scales of
1000L, showing efficient mixing and oxygen transfer (Zhang et al., 2009, Tissot
et al., 2010). An additional advantage with shaken flasks when compared to other
stirred bioreactor systems is the reduced formation of damaging bubble bursts
due to air sparging (Olmos et al., 2015). The operating parameters that impact
the bioprocessing factors (such as oxygen transfer, cell growth and cell viability)
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include the flaskd shape and size, the orbital agitation speed and diameter, and
properties of liquid and particles within the flask (Bluchs, 2001, Weheliye et al.,
2013). The phenomenon of particle suspension is due to a combination of
turbulent eddies, forces acting upon the particles (drag, buoyancy, gravity) along
with particle interaction with the vessel and other particles. While stirred
bioreactors have been studied thoroughly to understand the required agitation to
suspend microcarriers, work is still being carried out on understanding the fluid
dynamics within a shaken flask required to suspend patrticles. Studies have
shown that the critical conditions that impact the suspension of microcarriers in a
shaken vessel are the particle to liquid density rations, geometrical ratios, the
flask filling ratio and, to lesser extent, the particle to flask diameter ratio (Olmos
et al., 2015).

Limited work has been carried out on understanding the expansion efficiency of
microcarriers in an orbitally shaken system, and hence there is a great need to
establish whether the simplest of vessel forms, could potentially provide the

answer to culturing large quantities of shear sensitive mammalian cells.

1.7.1 Scaling orbitally shaken platforms

Immense importance has been placed on understanding the operating ranges
required for effective cell culture using microcarriers, hence aiding translation to
larger scales. Currently less than 2% of relevant publications having focused on
the use of shaken bioreactors (flasks or microwells) limitations exist when trying
to scale up shaken platforms to larger volumes and even to alternative reactor
types such as stirred vessels (Buichs, 2001). Recently, progress has been made
in understanding how fluid dynamics in orbitally shaken vessels are responsible
for the suspension of microparticles, allowing the development of models
establishing the minimal shaken speeds required to provide microcarrier
suspension. The emergence of large shaken bioreactors at pilot and industrial
scale has prompted greater clarification of mixing patterns and the awareness of
spatial gradients. Previous work looked at using dimensionless analysis to
establish macro-parameters such power consumption and the volumetric mass

transfer coefficient k.a, which provide an overall assessment of the bioreactor
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rather than looking at flow dynamics at varying operating conditions (Zhang et al.,
2005, Zhang et al., 2008).

The relationship between flow velocity in a cylindrical vessel, the orbital diameter
of the shaker and the inner diameter of the well, allows for scaling between the
various reactor sizes using a dimensionless scalable parameter, Froude number
(Eq.1.1). The Froude number is the ratio between the characteristic flow velocity
and the wave propagation velocity, where g is the gravitational acceleration, and
V and | are the flow characteristic velocity and length scale respectively (Buchs
et al., 2000).

In more recent studies, a further derivation of the fundamental equation has been
developed which focuses on the ratios between inertial and gravitational forces
to which Eq.1.2 is suggested. This equation is widely used in work carried out by
Weheliye et al. and Ducci and Weheliye and for consistency will provide the basis

of the work carried out in the project

Ol — (1.1)

o — (1.2)

The Froude component provides a scaling parameter which provides better
control over the process by determining an optimum window of operation.
Ensuring effective mixing is essential, as the presence of spatial gradients in
culture parameters produces heterogeneous cultures. To achieve such
conditions, it was important to understand what types of mixing systems emerge
within a well. According to Weheliye et al, during agitation, counter rotating
toroidal vortices form (Figure 1.2). These vortices are present only in the upper
part of the fluid in the well, which can be stated as Zone A. In the area below
these vortices, Zone B, there is a relatively stagnant region of mixing due to lack
of exposure to these vortices. Upon an increase in agitation speed, the vortices

begin to extend to the bottom of the vessel with their intensity increasing in
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magnitude, hence incorporating both zones within the mixing system. This
distribution of different zones within the vessel were validated from previous
experiments carried out at low shaker frequencies, producing what was stated as

a convection zone (Zone A) and a diffusion zone (Zone B) (Tissot et al., 2010).

At higher agitation rates, a shift is seen towards a phenomenon known as out-of-
phase flow, where the movement of the fluid is not in sync with that of the shaking
platform. Such conditions are witnessed for vessels demonstrating Fr>0.4,
indicating most of the fluid is spread across the vessel wall (Weheliye et al.,
2013).
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Agitation A v
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Figure 1.2 Mixing zones in a cylindrical vessel.  The image highlights the change in

Zone A $

height of mixing zone (Zone A) when fluid in a cylindrical vessel is subjected to increased

agitation

Using the Froude number, studies then focused on the mixing and fluid dynamic
in shaken bioreactors providing a detailed understanding of the single-phase flow
created at different operating conditions including a range of orbital shaking
speeds, internal diameters, orbital diameters, and filling volumes. A scaling law
was derived to estimate the agitation rate at which this flow transition occurs,
which is dependent upon the Froude number (Fr), the non-dimensional fluid
height (h/di) and the non-dimensional orbital diameter (do/di). From these ratios
two associated regimes are created whereby if h/di OV do/di the Froude number

can be obtained from Eq. 1.3, indicating that the active toroidal vortices reach the

base of the cylindrical vessel before phase transition occurs, while if h/di OWdo/di,
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transition occurs without the toroidal vortex extending to the reactor base, hence
Eq. 1.5 can be applied where h is the fluid height within the vessel, & €is the
constant of proportionality (0 €=1.4 for fluid with water like characteristics) which
is directly related to the fluid type and takes into consideration extra inertial forces,
and di and do are the vessel inner diameter and the orbital diameter of the shaker,
respectively. If Eq. 1.3 is satisfied, the transitional speed can be derived by using

the critical wave amplitude from Eq. 1.4 (Weheliye et al., 2013).

‘ 8

o1 — — (1.3)
8 y

— — (1.4)

"Ol — (1.5)

The flow transition is dependent on the increase in size of the toroidal vortex with
increasing agitation, N (i.e. Fr) and occurs when this vortex extends across the
length of the cylindrical bioreactor. It was concluded that this phase transition is
associated with more complete mixing of the fluid within the cylindrical vessel and
is signalled upon reach Froude critical (Frc), corresponding to a critical agitation
speed. Having established what Froude number is required to achieve complete
mixing of the well, it can be assumed that particles of a specific size and density
would be mixed in a similar manner within the cylindrical vessel, hence it is logical
to assume that a homogenous suspension of microcarriers can be developed,

controlled by specific orbital speeds.
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1.7.2 Bioprocess forces

Static culture is a mode of material transport with many limitations due to the
heterogeneous environment generated therefore supporting lower cell densities
and cell numbers. To overcome mass transport issues associated with static

culture, dynamic culture conditions are used (Panoskaltsis et al., 2005).

Hydrodynamic forces are ever present in bioprocesses, and influence cells
particularly in stirred bioreactors. The diameter of a cell becomes an important
factor when understanding these forces, because if the cell size is of similar
magnitude to that of the turbulent Kolmogorov eddy size, damage will be induced,
and this can be attributed to microcarriers as well as cell aggregates
(Papoutsakis, 1991). When comparing either single cells, aggregates or cell
supports, these known eddy sizes decrease with increased agitation, and hence
at these agitation levels affect the large structures more. Furthermore, shear
stress is also caused by the geometry, position and speed of the impeller used
and further instruments such as probes, spargers and baffles also disturb the flow
patterns exhibited (Gilbertson et al., 2006).

While this shear force can be monitored and controlled, there is a high possibility
that exposure varies between different regions of a 3D structure (Yeatts et al.,
2012). This effect is also true for nutrient and oxygen transport; however, unlike
shear stress whose effects are known to effect osteoblastic differentiation, the
role of oxygen is still not fully understood. Whilst commonly known that declining
nutrient and oxygen level promote cell death some studies have shown that
oxygen levels of 2% promoted cell proliferation and differentiation when
compared to the exact same cell type in 20% oxygen (Grayson et al., 2007).

Enhancing biophysical signals in a developmental manner can improve the
overall osteogenic process. Using perfusion systems (Sikavitsas et al., 2003,
Grayson et al., 2008, Frohlich et al., 2010), and cyclic loading (Sittichockechaiwut
et al., 2009) has been shown to improve osteogenesis by increasing mass
transport and fluid shear to generate a homogenous bone construct. Mechanical
stimulation has also shown to be influential on bone differentiation and the

mineralization of the cells, due to fluid shear stresses (Bilodeau and Mantovani,
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2006). It is stated that in vivo mechanical stresses instigate the remodelling of the
bone, and hence this can be the basis for the hypothesis of fluid shear being
responsible (Sikavitsas et al., 2001). It is the communication between terminally
differentiated osteoblasts, known as osteocytes, and their link to osteo-progenitor
cells that allow them to respond to shear stress. They tend to respond to shear
stresses in the range of 8 to 30 dyn/cm? (Rubin et al., 2006). Just as the stated
cells respond to shear in vivo, we can extrapolate that in vitro shear conditions
should also affect bone cells. This can be seen from multiple studies which
examined cells such as osteoblasts and MSCs alike and showed direct response
to shear stresses (Grellier et al., 2009).

Studies have been carried out to indicate whether agitation can have an
advantageous effect on proliferation and differentiation upon cells seeded on a
3D construct. This was done by the comparison of two methods for culture,
spinner flask and static culture, whereby a stir bar and stir plate are used while
scaffolds are suspended in culture. Spinner flasks are often used for culture of
bone tissue as they promote the expression of alkaline phosphate and
osteocalcin, osteoblastic markers which are present in lower values when in static
culture and rotating-wall bioreactor. With static cultures, a gradient is established
whereby nutrients are not sufficiently introduced into the centre of the scaffold.
This is also evident in spinner flasks as studies have shown that osteoblastic
lineage induced cells predominantly exist on the surface of the scaffolds
(Sikavitsas et al., 2002). This is evidence that osteogenic differentiation occurs
when exposed to shear, as the surface of the scaffold construct is exposed to a
considerable amount of hydrodynamic stress (Wang et al., 2009). Results from
such experiments also suggested that increasing agitation had an effect on
osteoblastic differentiation due to higher expression of ALP (Yeatts and Fisher,
2011).

It is difficult to understand what parameters regarding shear stress have a direct
effect on the proliferation of MSCs as shear frequency and magnitude are found
to vary in many studies. Where some shear rates of high magnitude induce cell

proliferation, the danger of cell death is possible, however limiting the levels could
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potentially reduce levels of cell growth (Brindley et al., 2011). With all the efforts
regarding the identification of the role of shear stress on the whole process of
differentiation and proliferation of stem cells down a specific lineage, efforts were
made to identify which stages of development showed the greatest response to
shear forces. Hydrodynamic shear has also shown to be selective in proliferation,
with MSCs showing decline in numbers where osteoblast proliferation flourished
at a specific shear stress. This notion is known as osteogenic selection. This
evidence shows that specific magnitudes of shear can be used to selectively
promote the required lineage. Shear stress has a major effect on the transition
through the osteogenic lineage effecting cellular/gene expression which can
regulate the differentiation away from matrix production, to calcification and
mineralization (Grellier et al., 2009). A study carried out by Kreke et al., aimed to
identify which stages of osteoblastic differentiation are affected by the level and
duration of shear stress. The first stages of differentiation are identified by
proliferative effects (Lian and Stein, 1992), however surprisingly unlike prior
studies carried out with rat bone mesenchymal stem cells (Nauman et al., 2001,
Kreke and Goldstein, 2004) and neonatal calvarial osteoblasts (Klein-Nulend et
al., 1996, Hillsley and Frangos, 1997) which showed the expected result, this
study did not show proliferative signs (Kreke et al., 2005). Further studies show
increase in proliferative levels such as the study carried out by Li et al., where
bMSCs increased in cell number when stimulated by oscillatory flow (Li et al.,
2004). From the contrast in results, shear-induced cell proliferation is dependent
on multiple factors such as type of species used, mode of shear stress,

magnitude of shear applied, as well as the stage of development of the cell.

After the early proliferative effects cease to exist, the latter stages of osteoblastic
differentiation involve the expression of non-collagenous matrix proteins
osteopontin, osteocalcin and bone sialoprotein (OPN, OCN, and BSP) (Lian and
Stein, 1992). Expression of these late osteoblastic differentiation markers
increased with prolonged exposure to shear stress, OPN and BSP in particular.
Durations of 5, 30 and 120 minutes were used as periods of shear administration.
While 30 and 120 minutes showed increased level of gene expression for the
stated genes, 5 minutes did not seem a long enough period to enhance the levels

of gene expression. The study carried out by Li et al., concurred with this data in
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longer durations used generated higher levels of OPN and OCN genes when
oscillatory flow was used (Li et al., 2004).

Shear stress can aid and control the osteogenic events that occur with MSCs by
the activation of sever al regul ating
and their respective inhibitors, tissue inhibitors of metalloproteases (TIMP). Main
activity that occurs is associated with MMP2, MMP9, MMP13 and TIMP2, which
all showed increased levels after mechanical stimulation in MSCs
(Charoonpatrapong-Panyayong et al., 2007). The MMP13 is known to be highly
involved in osteogenic differentiation of MSCs (Kasper et al., 2007). The exact
extent of the effect MMPs have on osteogenesis is not fully understood, however
hypothesis exist to suggest that mechanisms such as cryptic binding domains by
cleavage of ECM components, release of matrix-bound bioactive molecules and
alterations in matrix architecture and assembly aid cytoskeleton modifications
(Mott and Werb, 2004).

Studies carried out in vitro suggest that the most sensitive cells to mechanical
forces, such as shear stress, are the mature osteocytes which have a higher
expression of prostaglandin E2 when mechanically stimulated, hence it was
hypothesized that in vivo, a similar outcome is possible (Klein-Nulend et al.,
1995). This could allow strategic shear manipulation to aid differentiation and
proliferation when the more differentiated state is reached. However, other
studies show that osteoblasts are affected by interstitial fluid flow as it promotes
the release of nitric oxide (NO), an osteoblast mitogen. These studies used rat
calvarial cells to identify whether fluid flow was the cause of this NO expression.
Stationary culture produced negligible levels of NO; hence generating evidence
to show fluid flow had an effect on proliferation and differentiation (Johnson et al.,
1996). Although the level to which shear is needed was not identified, the
magnitude was like other studies carried out using osteoblasts, with the varying
results being down to the different organisms used. Further analysis indicates
that there are two mechanisms related to mechano-sensation, based on nitric
oxide levels. The first involves a response mechanism to steady shear, while the

other involves calcium signalling and G-protein activation, which are sensitive to
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transients in mechanical stress (Kreke et al., 2005). This potentially explains why
certain cell types respond differently to different flow types (Jiang et al., 2002).

The correlation between the forces subjected upon stem cells and their resultant
differentiation patterns, provides backing to the hypothesis that under controlled
dynamic conditions and stimulation periods, cells can be proliferated and
differentiated within one closed system.
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Chapter 2 . Preliminary studies using human
osteosarcoma cell line MG63 to determine
efficacy of Ti -PGMs as a culture platform under

static and dynamic conditions

2.1. Introduction

Human osteoblasts can be cultured on biomaterial substrates such as 45S5
BioGlass® and sol-gel derived 58S, produce collagenous ECM and ultimately
bone nodules without the use of supplements or growth factors (Effah Kaufmann
et al., 2000, Gough et al., 2004). When cultured on silicate-based glass materials,
they can also upregulate the production of insulin growth factor Il (IGF-II),
resulting in a >3-fold increase in osteoblast proliferation (Xynos et al., 2001).
Previous work has also demonstrated that human MG63 osteoblast-like cells can
be cultured on phosphate glass discs (Abou Neel et al., 2008, Abou Neel and
Knowles, 2008). The phosphate glass composition (50P20s5.30Ca0.20Na20)
makes it possible to dope ions into the glass by replacing Na20 with, for example,
TiO2. Upon testing several concentrations of TiO2 (0, 1, 3 and 5 mol%), 3 and 5
mol% were found to optimally support cell functions such as adhesion and
proliferation, due to increased stability and reduced degradation. When
compared to the control glass, the compositions containing TiO2 at a
concentration higher than 3 mol%, induced greater biological activity. However,
concentrations beyond 5 mol% have not been studied in detail and so the full
extent to which TiO2 concentration exerts a dose-dependent response has not
been determined. In addition to adhesion and proliferation, phosphate glasses
containing 3 and 5 mol% quantities of TiO2 upregulated the genes COL1A1, ALP,
SPARC and CBFA1 (RUNX2), which are all associated with osteoblastic function
(Abou Neel et al., 2007).
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The efficacy of titanium phosphate glass microspheres (Ti-PGMs) to provide a
platform for growth of MG63 cells is understood at a static level (Guedes et al.,
2012). However, as suggested before, the application of this material should not
be limited to static cell culture if it is to be used in tissue engineering at a

commercially and clinically relevant scale.

The aim of this chapter was to undertake a preliminary study of whether Ti-PGMs
can be used as a substrate for cell culture under dynamic culture conditions. The
experiments were carried out using an MG63 cell line because these cells are a
well-established tool for biocompatibility studies and their robustness enables
bioprocess boundaries to be established (Abou Neel et al., 2009b, Guedes et al.,
2012, Kiani et al., 2012, Lakhkar et al., 2012b). This inherent robustness and
ability to rapidly proliferate on a majority of cell culture surfaces prevents a
complete understanding from being established of the biomaterials ability to
support clinically relevant cell types. Despite these limitations, human
osteosarcoma cell lines allow to better understand osteoblast function because
they initially represent clonal populations derived from the osteoblast lineage.
However, in order that these cell lines produce data of physiological relevance, it
is important that relevant cell lines are chosen for further investigation (Clover
and Gowen, 1994)

Based on previous observations of the positive effect of fluid flow shear stress
under laminar flow conditions (Kapur et al., 2003), it was hypothesized that
dynamic agitation conditions would stimulate MG63 cell proliferation due to the
associated fluid flow shear stress. As these cells are osteoblastic, it was expected
that their tolerance to shear stress would be greater than that of immature
mesenchymal stem cells, and the dynamic conditions induced further
osteoblastic maturation. Furthermore, this chapter sought to examine whether the
dose-dependent improvement in cell responses to TiO2 would continue beyond 5
mol% and so an additional concentration of 7 mol% was tested. No higher
concentrations were assessed due to significant increases in both density and
stability reported with glasses containing TiO2 above 10 mol%, limiting further
their ability to be suspended (Abou Neel et al., 2008).
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2.2 Materials & Methods

2.2.1 Formulation of glass

The phosphate glass compositions were manufactured according to techniques
described in Abou Neel et al. (Abou Neel and Knowles, 2008), where
stoichiometric quantities of the following precursor were mixed in a Seward
Stomacher®400 Circulator (Wolf Laboratories, York, UK) at 200 rpm for 1 minute
(unmodified purities of >99%, obtained from VWR-BDH, Poole, UK): phosphorus
pentoxide, (P20s), calcium carbonate (CaCQOs), sodium dihydrogen
orthophosphate (NaH2PO4) and titanium dioxide (TiO2). The precursor mix was
consequently poured into a Pt/10% Rh type 71040 crucible (Johnson Matthey,
Royston, UK). The process initiates with the removal of CO2 and H20 by
preheating the composition at 700°C and then melting the resulting mixture at a
composition specific temperature listed below (Table 2.1). After melting at the
conditions indicated, the glass is left to quench by pouring onto a steel plate at

room temperature and allowing to cool overnight.

Table 2.1 Glass Compositions

Glass Composition Breakdown (mol.%) Processing
Composition Temperature
Calcium  Sodium  Phosphorous  Titanium Melting
oxide oxide Pentoxide Dioxide Temperature
(°C)/Time(h)
P50Ca30Na20 30 20 50 0 1100/1

TiO (0 mol%)

P50Ca30Nal5 30 15 50 5 1300/3
Ti5 (5 mol%)

P50Ca30Nal3 30 13 50 7 1350/5.5
Ti7 (7 mol%)

Modified from ABOU NEEL, E. A., CHRZANOWSKI, W. & KNOWLES, J. C. 2008. Effect of
increasin g titanium dioxide content on bulk and surface properties of phosphate -based

glass es.

The quantities used in each of these compositions were calculated as follows

with Ti5 as the basis of the example.
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1) Sodium dihydrogen orthophosphate (NaH2PQOua)

2NaH2PO4 Y Na0 + P20s + 2H20
Mol. wt. (g/mol) 240 62 142 36
Relative mol. wt. 1 0.26 0.59 0.15
(g/mol)

Amount of NaH2POa required to produce 15 mol% Na20

= [(Mol. fraction of Na=0) x (Mol. wt. of Na20)]
(Relative mol. wt. of Naz0)

(0.15 x 62)
0.26

35.779

2) Phosphorus pentoxide (P2Os)

Amount of P20s produced in the reaction above

= (amount of NaH2POa4 required) x (relative mol. wt. of P20s)

=35.77 x0.59 = 21.10¢g

Amount of P20s required to produce 50 mol% P20s

=0.50x142=71.00¢g

Additional amount of P20s

=71.007 21.10
=499¢g
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3) Calcium carbonate (CaCO3)

CaCOs3 \ CaO + CO2
Mol. wt. (g/mol) 100 56 44
Relative mol. wt. (g/mol) 1 0.56 0.44

Amount of CaCOsneeded in order to obtain 30 mol% CaO

= (0.3 x 56)/0.56
=30.00 g

4) Titanium (1V) dioxide (TiO>)

Mol. wt. of TiO2= 47.90 + (2 x 16)

=79.9

Amount of TiO2to be added in order to obtain 5 mol% TiO:

=0.05 x 79.9
=3.995 g

2.2.2 Preparation of Ti-PGMs

After a solid structure is formed, the quenched glass is then fragmented into
microparticles with the use of manual methods using a mortar and pestle, and
ball milling using a Retsch MM301 milling machine (Haan, Germany) operating
at a frequency between 10-15 Hz. To separate the required fraction of
microspheres for use during tissue culture, the particles were sieved (Endecotts
Ltd, UK) down to 63um-106um using a sieve shaker (Fritsch GmbH, Germany).
Studies have indicated that this range of microsphere as the optimal particle size
for preparation due to fractions smaller than this range indicating ineffective

particle spheroidization after fragmentation, while larger fractions having a
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shorter residence time during the spheroidization step, generating irregular
structure unsuitable for cell attachment and culture (Lakhkar et al., 2012b).

The glass microspheres generated after the sieving stage do not automatically
possess a spherical structure required for ideal tissue adherence, therefore
simplistic spheroidization apparatus were used to generate the required three-
dimensional spherical structure. The spheroidization set up used was obtained
from Lakhkar et al. and includes the following components: (1) blow torch, (2)
feed and (3) collectors. The blow torch assembly is comprised of a Rothenberger
Superfire 2 gas torch (Rothenberger Werkzeuge GmbH, Kelkheim, Germany),
fitted to a 453g MAP-PLUS gas canister (Todays Tools, UK), a substitute for the
standard MAPP gas (methylacetylene-propadiene propane) which generates a
high flame temperature of 2925°C in the presence of oxygen. The feed consists
of an aluminium trough (200 x 20 x 30 mm) with the outlet edge located ~10mm
above the torch at an angle to the horizontal. A DC motor (15800 rpm, 4.5-15V,
35.8 mm diameter; RS Components, Corby, UK) is attached to the other end of
the trough and is connected to a programmable power supply (RS Components,
Corby, UK). A metal screw attached to the axle of the motor provides an offset,
generating the vibrations required to propagate the microspheres through the
trough, before entering the flame. The process occurs at its optimum when a
programmable power supply of 4-6W is applied in a constant manner. The
collecting section is comprised of 4 glass trays (275 x 150 x 60 mm) in an
arrangement which sees the longer edges of each tray in contact with each other.
The first tray is placed directly under the flame as to collect the particles that do
not fall into the flame. Each consequent tray is placed in the axis of the flame as
to collect any beads that enter its path. As the microparticles pass through the
flame they undergo a spheroidization due to the surface tension forces and fall in
to the 4 trays placed below (Lakhkar et al., 2012b).

After spheroidization, the microparticles in each tray are analysed using light

microscopy to establish the proportion of spherical microparticles. Particles
deposited in the first tray were discarded due to the mixture of non-spherical and
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spherical particles exhibited. In the remaining trays, the proportion of non-
spherical glass was minimal and therefore collected and stored for use in studies.

2.2.3 Preparation of MG63 cells

An MGG63 cell line was used to assess the biological response to titanium doped
biomaterials. These cells were obtained from in-house stocks (P3-P9) from the
Biochemical Engineering Department, University College London which were
stored in cryovials in liquid nitrogen. These cells were resuscitated by rapid
thawing in a water bath at 37°C. Cells were first cultured in a 75cm? T-Flask at a
seeding density of 1x10% cellslcm®usi ng Dul beccods Mo
(DMEM) (1g/l glucose), supplemented with Fetal Bovine Serum (FBS) (10%) and
antibiotic-antimycotic solution (1%) (all reagents acquired from Gibco®, Life
Technologies Ltd., Paisley, UK unless specified otherwise) at 37°C and 5% COs-.
Cell passages were carried out when ~90% confluency was reached, established
by visual observation through phase contrast microscopy. At this point, all existing
media was removed, and the surface of the cells was washed with Phosphate
Buffer Saline (PBS) (Sigma-Aldrich, UK) to remove any residual media; the cells
were then incubated with 4ml 0.25% trypsin-ethylenediaminetetraacetic acid
(Trypsin-EDTA) solution for 5 minutes at 37°C. Upon the conclusion of this step,
the trypsin was inhibited by adding 8ml of fresh DMEM media; the resultant cell
suspension was then transferred to an appropriate falcon tube and centrifuged at
300g for 3 minutes. The supernatant was carefully removed and discarded
ensuring that the cell pellet formed wasnodt di sturbed.
flasks harvested, an appropriate volume of fresh media was used to re-suspend
the cell pellet prior to cell counting. Cell number quantification was carried out
using a Neubauer haemocytometer and viability determined using Trypan blue

dye exclusion method (Strober, 2001).

2.2.4 Cell culture on Ti-PGMs under static conditions in ultr a-low
attachment 96 -well micro plates
The static culture of MG63 cells was carried out in ultra-low attachment 96-well

microplates (Corning® Costar®, Sigma-Aldrich, UK) to ensure that undesired cell
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attachment didn 0 t 0 ¢ c ucalculatel quantity of microspheres for each
titanium concentration was inserted into wells of a 96-well microplate. The
amount calculated was enough to cover the surface area of the well (5mg/well
(x0.1mg)) in a monolayer. The calculation took into consideration the average
cross-sectional area of the Ti-PGMs and the density of each material studied (O,
5 and 7 mol%). The beads were then UV sterilized for 1 hr and 40 minutes using
a high intensity Blak-Ray B-100SP lamp (UVP, Cambridge, UK). The beads were
then removed and equilibrated with 135uL of pre-warmed media to avoid direct
contact of the cells with the dry surface of the microspheres. MG63 cells were
trypsinized from the flasks to be used and cells were counted to ensure a
sufficient amount was present for studies and controls. A cell density of 1x10°8
cellsiml was generated by either diluting or concentrating the cell solution
accordingly, after which the MG63 cells were seeded on the microspheres
(1.5x10% cells in 150uL of medium per well), upon which the plates were then
incubated at 37°C in an atmosphere of 5% CO.. A fed-batch system was applied,
with spent medium replaced every 48 hours. Positive controls of 2D monolayer
cultures of MG63s in NunclonE flat bottomed tissue culture 96-well microplates
(Thermo Fisher Scientific, UK) were used to establish the relative cell attachment
and growth on the microspheres. Static cultures were run with slow agitation
(50rpm) for 5 minutes, prior to incubation, to ensure that there was even
distribution of beads and cells in each well. Cells were cultured for 13 days with
readings taken on days 1, 3, 5, 7, 9 and 13. with spent medium fully replaced
every 48 hours. Media was extracted by tilting the microwell plate at an angle and

aspirating media from the empty region of the well.

2.2.5 Cell culture on Ti-PGMs under dynamic conditions in ultra -low
attachment 96 -well micro plates

Dynamic studies were carried out using ultra-low attachment plates placed on a
KS260 control orbital shaker (IKA, Germany) with an orbital diameter of 210mm.
Each well contained 5mg (+0.1mg) of beads and were seeded with 1.5x10* MG63
cells, comparable to the setup in the static studies. Plates were incubated at 37°C
and 5% CO: for 24 hours overnight, to allow cells to adhere to the microspheres
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before agitation. After 24 hours, the plates were transferred and secured to the
orbital shaker. The plates were agitated for up to 13 days with readings taken on

day 1, 3, 5, 7, 9 and 13 with spent medium fully replaced every 48 hours.

The agitation speeds used were selected based on relevant dimensionless
numbers such as the Froude number (Fr). For this study, the Frcrange calculated
was 0.66 and 0.70, which took into consideration any changes in volume of media
due to evaporation. These calculations were based on the directly and inversely
proportional relationships between the non-dimensional fluid height h min or max)

and the non-dimensional wave amplitude (Eq.1.3).

"Oi (2.1)

L<<|

Using the constant of proportionality U, a Froude number was generated (Eq.
2.1.) which was then used to calculate N, agitation speed from Equation 1.2
(Weheliye et al., 2013). A critical agitation rate was calculated to be 340-350rpm
(Appendix A.1), with the range accommodating any evaporation affecting fluid
height. Agitation speeds higher than the critical values would correspond to the
single processing vortex flow pattern, explained in Chapter 1, and would
correspond to higher turbulence levels. It can be therefore postulated that this
flow pattern would correspond to a better microsphere suspension, albeit with
more damage caused to the growing cells. Whilst a multitude of commercially
available microcarriers are available with densities like water (1030kg/m?3
(Cytodex-1) i 1242 kg/m? (Sephadex G10)) (Olmos et al., 2015), the Ti-PGMs
are characterised by density of 2.6-2.7 times the density of water. This property
could potentially cause attached cells to be subjected to extremely high levels of
shear at speeds of 340rpm, at which point the toroidal vortices would reach a
relatively stagnant layer of microspheres, due to their densities limiting their ability
to be suspended. To understand whether the benefits of agitated conditions could
be exploited when used with this material, two different speeds were studied, 150

and 300 rpm, based upon the hypothesis that at a lower agitation speed than that
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calculated at Nc, partial vessel mixing could result in increased vessel

homogeneity, improved metabolism, and overall increased proliferation.

Upon cell seeding, agitation was administered for 5 minutes to ensure a
homogenous distribution of cells and microspheres were present in each well. To
allow for cells to adhere effectively the plates were left in static conditions for 24
hours, after which each agitation speed to be studied was applied. Limitations
arose when carrying out the dynamic studies due to only one orbital shaker
available with the same orbital diameter. This required carrying out each speed
with different batches of MG63 cells, therefore calibration curves were required
for each individual run carried. Furthermore, for each run a static control was
always present to further increase the reliability of the study. By including a static
control when carrying out the 150rpm and 300rpm study, three static runs were
available to illustrate the comparability of each run and to also provide the basis

to carry out statistics analysis on the three conditions; static, 150rpm and 300rpm.

2.2.6 Cell proliferation a ssay

The cell proliferation on each type of the microspheres in both static and dynamic
conditions was measured using the Cell Counting Kit-8 (CCK-8) cell proliferation
assay (Dojindo EU, Germany). Each CCK-8 test required 10uL of CCK assay for
100pL of media (10% v.v') which would contain the Ti-PGMs and MG63 cells.
After incubation with the assay, the resulting solution was aspirated into
NunclonE flat bottomed tissue culture 96-well microplates leaving behind the
microspheres and cells due to their interference with the spectrophotometer
laser. All time points were assayed in triplicate with a mean and standard
deviation calculated. At different points up to day 13, optical densities were
measured at a wavelength of 450-490nm in a Safire2 plate reader (Tecan, UK).
Cells cultured in the tissue culture grade plates were used as a positive control
due to their ability to enhance cell proliferation. The absorbance reading provided
would correlate to the number of cells; therefore, a calibration curve would be
plotted prior to any cell viability calculations to establish the correlation of
absorbance to cell number. The standard calibration curve allowed correlation
between cell population in multiples of 1 x10° (1 x103, 5 x103, 1 x104, 1.5 x104,
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2x104, 3 x10%, 4 x10% 5 x10* and 6 x10%) and absorbance. To produce an
accurate calibration curve, cells would be seeded in a tissue culture grade 96-
well microplate in the aforementioned quantities, allowing them to fully attach
(approx. 3 hours), before carrying out the CCK-8 protocol. The period used was
to ensure that cell proliferation was kept to a minimum and the seeding densities
were accurate representations of the absorbance provided. The attachment of

cells was qualitatively estimated using a phase contrast microscope.

2.2.7 Metabolite a nalysis

Offline glucose and lactate analysis was carried out using a YSI bioanalyser (YSI
Life Sciences, Yellow Springs, Ohio, USA) at days 1, 3, 5, 7, 9, and 13. Samples
of various volumes depending on the overall volume of media present were taken
and kept in 1ml Eppendorf tubes. This was to ensure that 100uL of media was
available for the cell proliferation assay procedure (mentioned above), and to
compensate for any evaporation of media that occurred during incubation. Each
aliquot was kept in ice to ensure that the media did not reach a temperature below
4°C, preventing further metabolic activity or degradation. All samples were
assayed in triplicate for consistency with a mean and standard deviation

calculated.

2.2.8 Phase contrast microscopy imaging

Imaging of the wellwas carri ed out wusing an EVOSE
with images taken on the same days as the cell proliferation assay and metabolite
readings. The samples were imaged prior to the addition of the assay, due to the
colorimetric nature of the CCK-8 reducing agent. The lid of each of the plates to
be imaged would be changed to a sterile version to reduce interference of any
condensation present on the lid. Images were taken at 2x and 20x magnification
to aid understanding of the complete well distribution and microsphere-cell cluster
structure respectively. Properties of the image such as the level of lighting and
focus were maintained at the same level for ease of comparison. Effort was made
to ensure that the images used would represent the wells clearly and that no bias

existed in selecting wells.

74

XL

Cell



2.2.9 Confocal laser scanning microscopy imaging

Cell staining procedures were carried out to label the actin filaments of the
cytoskeleton and the cell nucleus. Cells were first washed in situ in PBS, fixed
with 4% paraformaldehyde (PFA) for 10 minutes at room temperature, once again
washed twice with PBS, and consequently permeabilized with 0.5% Triton X-100
in PBS for 5 min at room temperature. The resulting cultures having had the Triton
X removed, were then stained with Acti-Staintm 488 phalloidin (2.5 vol%
phalloidin methanolic stock solution in PBS) (Invitrogen, UK) for 20 minutes at
room temperature in a dark chamber to reduce photobleaching and evaporation.
Counter-staining with propidium iodide (PI) was carried out by staining the cells
with a 1ug/ml Pl solution for 10 minutes also in dark conditions. Phalloidin and PI
labelling were visualized under a Radiance 2100 confocal microscope (BioRad,
Loughborough, UK).

2.2.10 Statistical a nalysis

All statistical analysis was carried out using IBM SPSS Statistics version 22. First

and foremost, the data sets were analysed using a normality test (Shapiro-Wilks

test) revealing that specific data sets did not have a normal distribution. The

normally distributed data would then be examined for equal variance using the
Leveneds Statistics TwasANOVAavbuldWecarded oup oi n't
if the assumption of equal variance had not been violated. If the assumption of

equal variance had been rejected, a Robust Tests of Equality of Means would be

carried out using the powerful Brown-Forsythe test. Dependi ng on t he Le\y
test and Brown-Forsythe test, a suitable post-hoc analysis was carried out to

establish the significance; tests used were the Tukey Honest Significant
Difference (HSD) and Games-Howell test depending on whether the data showed

equal variance or unequal variance respectively. If the Shapiro-Wilks test
indicated that the data wasné{parametacrtesta | | y
were used, specifically the Kruskal-Wallis H test and Mann-Whitney U test
depending on the number of variables. Consequently, multiple pairwise
comparisons were made with corrections using the Bonferroni correction method.

The level of significance assumed for statistical tests was 0.05, with the

Bonferroni correction implemented by multiplying the calculated p-value
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significance by the number of pairwise comparisons. The relevant statistical
significance is illustrated on the graphical representations of the data which was
produced in bar chart form. The repeats indicated with each figure identify the
number of technical repeats rather than biological repeats, unless otherwise
stated.

2.3 Results
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2.3.1 Cell proliferation of MG63 cells cultured on Ti  -PGMs under static and
dynamic conditions

In the first experiment, cell proliferation was assessed on two different Ti-PGMs
compositions (5 and 7 mol %) and compared to control tissue culture plastic
(TCP) 96-well microplates. Prior to calculating the viable cell number an
appropriate standard calibration curve was produced as shown in Figure 2.1 for

each experiment run to account for batch variation.

Using the standard curve equations produced in Figure 2.1, allowed the data
obtained from the CCK-8 proliferation assay over the 13-day period to be
converted to a viable cell count from their respective absorbance values. Figure
2.2 shows the results of the CCK-8 cell proliferation assay carried out over the 13
days on the three different materials (Ti5, Ti7 and TCP) under the three different
conditions; 0, 150 and 300rpm. Phosphate glass with 0 mol% TiO2 doping has
not been included due to the excessive degradation of the material within 24
hours of in vitro studies. The remaining compositions of phosphate glass
promoted significant cellular growth from day 1 onwards. Glasses containing 5
mol% of TiO2 cultured with MG63 cells showed increases in viable cell numbers
between day 1 and day 9 under static and 150 rpm conditions while with 300rpm
these increases were delayed until day 13. Viable cell number declined under
static conditions on Ti5 after day 9 with a 25% decrease in cell number on day
13, whereas dynamic conditions resulted in significantly higher cell numbers
when compared to static conditions (*p<0.05). Viable cell number under 300rpm
agitation was significantly less on day 9 when compared to 150rpm (*p<0.05).
Cell proliferation on Ti7 was similar to Ti5 over the course of the experiment.
Significant differences were not documented between the different conditions
when cells were cultured on Ti7. In comparison, cells cultured on TCP showed
that under all agitation conditions, cells thrive early on with significant increases
in cell numbers after only one day, however cell cultured in 300rpm conditions

showed lower increases in cell numbers within the first 72 hours (*p<0.05).
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Figure 2.1 Standard curve of MG63 cell growth on tissue culture grade 96 -well microplate s.

Line graph plotted as Absorbance (nm) versus Number of viable cells after using a CCK-8
proliferation assay upon complete attachment of the cells for the experiments involving the
following conditions: (A) Static (B) 150rpm and (C) 300rpm. Absorbance based on a wavelength

of 450nm. Values represent mean + SD (n=6)
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Figure 2.2 MG63 proliferation on (A) Ti5 (B) Ti7 microspheres in ultra -low attachment
culture plates and (C) TCP (control) . Bar charts comparing CCK-8 assay readings were at days
0, 1, 3,5, 7,9 and 13 under static and dynamic conditions. Values represent mean + SD (n=3).

* indicates p<0.05.
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The overall best condition for supporting and proliferating MG63 cells on
phosphate glass microspheres and on TCP is at 150rpm agitation (Table 2.2).
The cell yields achieved under this speed are at least 5% higher than the other
respective conditions for each material. While the two different phosphate glass
materials produced similar values of fold increase in cell number, the cell yields
achieved by TCP are significantly higher with a 42% difference to the next highest
candidate within the agitation speed (*p<0.05).

Table 2.2 Fold increase values indicating the maximum cells yield ac hieved
over the course of the experiment under the different conditions and
materials used. Values within brackets indicate the time point maximum

yield was achieved .

Material Condition (Day)

Orpm 150rpm 300rpm
Ti5 2.64 (9) 2.92 (9) 2.77 (13)
Ti7 2.65 (9) 3.10 (7) 2.63 (9)
TCP 4.59 (13) 4.80 (9) 4.29 (13)

When assessing the same data based on material composition, there were
limited differences between Ti5 and Ti7 with no significant differences at all three
speeds studied (Figure 2.3). When compared to the TCP surface, there is a stark
difference with cell proliferation on Ti-PGM. The cell numbers cultured on TCP
were significantly higher across each day assessed when compared to the
phosphate glass compositions on both static and 150rpm (*p<0.05) with 300rpm
showing the same trend (*p<0.05) except on day 5 where there were no

significant differences between Ti7 and TCP.

The maximum cell yield achieved under static conditions was expectedly highest
with TCP across all the materials studied where 150rpm provided the highest
overall cell yield at a 4.79-fold increase in cell numbers at day 9. When analysing
the maximum vyields produced by the two different phosphate glasses Ti7
produced its highest cell yield on day 7 with a 3.10-fold increase in cell number
while Ti5 achieved a 2.9-fold increase on day 9 both occurring under 150rpm

conditions.
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Figure 2.3 MG63 proliferation under (A) Orpm (B) 150rpm and (C) 300rpm conditions at days
0,1, 3,5, 7,9 and 13 cultured on the two TiO ,compositions and TCP represented via a bar
chart . Error bars represents + SD (n=3). For represenation purposes the significance between

TCP and the phosphate glasses have not been indicated on the graph, however have been
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As these experiments were undertaken in batches, the consistency across
experiments was determined (Figure 2.4). Static cultures using Ti-PGMs were
used as controls during each of the separately run 150rpm and 300rpm studies,
therefore by showing that there are no significant differences amongst the three
static cell proliferation profiles, it is possible to make comparisons across the

different experiments.
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Figure 2.4 Comparison of different MGG63 proliferation profiles under static conditions over

13 days on Ti5. Bar charts Exp 1, 2 and 3 denote three different static runs which were used as
controls carried out in parallel with the dynamic studies (150rpm, 300rpm). Exp 1- Static only Exp
2- Static control for 150rpm study and Exp-3 Static control for 300rpm study. Values represent

mean = SD (n=3).

2.3.2 Impact of agitation rates on MG63 cell metabolism

Next, the metabolic activity of cells in culture was profiled (Figure 2.5). The
profiles show the different level of glucose consumption and consequent lactate
production under each condition investigated. The glucose profile for MG63 cells
grown on Ti5 shows that more glucose was consumed by the cells in 96-well
plates agitated under 150rpm conditions compared to static conditions at day 7
(*p<0.05). This trend continued through day 9 (*p<0.05) and by day 13 both
dynamic conditions led to significantly higher levels of glucose consumption
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compared to static conditions (**p<0.05). The profiles for lactate production
followed a similar trend in that cells cultured at 150rpm produced significantly
higher amounts of lactate through the course of 13 days compared to static
conditions (*p<0.05). By day 13 the MG63 cells agitated at 150rpm produced
more lactate than both static (***p<0.001) and 300rpm (*p<0.05), with both
dynamic conditions producing higher amounts of lactate than the MG63 cells in
static culture. Surprisingly, cells cultured on phosphate glass doped with 7 mol%
of TiO2 showed different trends in glucose consumption. The differences seen
between conditions for cells cultured on Ti7 occurred earlier than with Ti5, where
static and 150rpm conditions led to greater glucose consumption compared to
the 300rpm condition up to day 5 (*p<0.05). By day 13 cells cultured under static
conditions did not have as high glucose consumption compared to the dynamic
conditions (*p<0.05). There were no significant differences in metabolite
concentration between the different agitation speeds when cells were cultured on
the TCP control. The lactate profile of cells cultured on TCP also showed minimal
differences during the first nine days of culture. However, on day 5 the level of
lactate production began to decrease and at day 13 an extremely significant
difference could be seen between 300rpm and the other two conditions (*p<0.05).

When comparing this data across materials at a given agitation rate, Ti5 resulted
in significantly lower levels of glucose consumption when compared to Ti7 and
TCP surfaces between days 3 to 5 (**p<0.01), in both static and 150rpm
conditions. Under static conditions TCP reached minimal glucose levels towards
day 13 of culture, whereas Ti7 showed reduced consumption of glucose when
compared to day 9 with glucose concentration changing from 0.052 g/l to 0.13
g/l. Overall glucose consumption was higher under 150rpm agitation when
compared to the other conditions across all the different culture surfaces. The
change in level of glucose consumptions across 0 and 150 rpm, were mimicked
by the opposing change in lactate concentrations. This trend however was not
visible at 300rpm for TCP and Ti7, as lactate levels decreased at a point where

glucose levels reached their limit.

Glucose Lactate
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Figure 2.5 MG63 metabolic profiles for glucose consumption and lactate production based
on agitation rate. Line graph represent glucose consumption (A, C, E) and lactate production (B,
D, E) when cultured on Ti5 (A & B), Ti7 (C&D), and TCP (E & F) atdays 0, 1, 3,5, 7, 9 and 13
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Figure 2.6 MG63 metabolic profiles for glucose consumption and lactate production based

on culture material. Line graph represents glucose consumption (A, C, E) and lactate production
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2.3.3 Macroscopic evaluation of MG63 cell -Ti-PGMs clustering

Cells were imaged over the course of the experiment. Figure 2.7 shows cell
distribution throughout the well, including presence of spaces between adjacent
microspheres in the monolayer. As the ultra-low attachment plates were
maintained in static conditions for the first 24 hours to allow settling of cells, there
is no distinguishable difference between the day 1 images for any of the
conditions, with the images showing cells scattered evenly amongst the
microspheres on both Ti5 and Ti7 materials. By day 13, cells have formed
networks bridging between microspheres, consequently bringing them together
and forming densely packed clusters. The darker areas seen in each of the
images show densely populated clusters of microspheres and cellular material.
The opaque nature of the images indicates a multi-layered structure consisting of
at least two layers of microspheres. There is no system or regularity in which
these structures are formed, and their formations in even static conditions
indicate that fluid flow created by

cells to bridge and form networks between the materials.

Macroscopic images were taken to show the extent of clustering of cell-
microcarrier material across the whole well (Figure 2.8). As stated above there
were no differences at day 1, but at day 3 it can be observed there are clear
differences in the impact orbital agitation has upon the formation of microsphere
clusters. The darker areas visible inside each of the wells corresponds to the
denser structures that were noted in Figure 2.7. Under static conditions there are
a large amount of small microunits already formed. When you compare these
structures to the clusters formed under 150rpm and 300rpm, the sizes of these
units are on average smaller in size and larger in quantity. When comparing the
two orbitally agitated plates, whil e
size between the two speeds, the numbers of clusters formed seem to be higher
in 150rpm, based upon the visible empty areas within the well. As can be seen
from Figure 2.8, by day 9 the clusters formed in static and 150rpm have
developed into macrostructures and incorporate a vast quantity of microcarriers
initially seeded in the well. The structure in the static plate is less uniform than
that visible in 150rpm with large parts of the structure seeming to be in the initial

stages of integration into the main structure.
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The microunits formed in 300rpm are comparably smaller than those produced
under static and 150rpm conditions. Furthermore, the quantity of clusters formed
and number of microcarriers remaining suggests that increasing the rate of
agitation is limiting the ability of the clusters incorporating the microspheres
adjacent, illustrated by a large proportion of microspheres remaining unused by
day 13.

However, the image in Figure 2.8 for day 13 under 300rpm conditions shows a
large quantity of microspheres remaining, while the cell proliferation assay
(Figure2.2 (A)) indicates that 300rpm has the highest viable cell count. There are
two potential reasons for this lack of agreement between the cell proliferation
assay on Figure 2.2 (A) and the phase contrast images of Figure 2.8: firstly, the
aggregates may contain an apoptotic core, where only cells that form the
periphery of the clusters represent the cell numbers in Figure 2.2 (A), or that the
CCK-8 assay was unable to effectively penetrate through the thick collagenous
matrix produced by the MG63 cells evident from Figure 2.7. It is important that
multiple analytical techniques are used to generate a conclusive picture of what

occurs within each of the wells.
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Figure 2.7 Formation of networks between MG63 cells and Ti -PGMs under different

agitation rates. Phase contrast images illustrating MG63 cultured on Ti-PGMs over a 13-day
period. Images of phosphate glasses doped with 5 mol% (a-d) and 7 mol% (e-h) were taken on
day 1 (a, c, e, and g) and day 13 (b, d, f, and h) cultured under static (a, b, e, and f) and 150rpm
(c, d, g, and h) conditions. Images were taken under 20x magnifications where scale bars

represent 200pum
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Figure 2.8 Formation of Ti -PGM-cell clusters u nder different agitation rates . Phase contrast
microscopy images of individual wells illustrating MG63 cells cultured on Ti5 over a 13-day period
using the same well from day 3 onwards. Red markings highlight areas of clustering. Images were

taken under 2x magnification.

2.3.4 Matrix deposition by MG63 cellson Ti  -PGMs

To further characterise the nature of MGG63 cell interactions with TiO2
microspheres, imaging was undertaken using confocal laser scanning
microscopy. Representative images in Figure 2.9 show cells attached to Ti5
microspheres at day 13 post culture. The cells actin filaments are clearly stained
with phalloidin, illustrating good alignment along the curved surface evenly
covering the entire microsphere (Figure 2.9b). Processes developed from the
edges of the cells, aided the bridging between multiple microspheres forming
clusters of cell-microsphere aggregates. The spaces between microspheres are
densely populated with MG63 cells (Figure 2.9a).
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