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Abstract

The presence of bone metastasis significantly reduces survival in breast cancer patients,

largely due to the absence of targeted therapies, which is linked to a limited understanding
YnWaqsWWaWaet qc qRAWHE HeT WKkt WaYaUH: @ frotl & IIHGS ¢
inadequate models: traditional 2D in vitro tissue culture oversimplifies, and in vivo
mammalian studies face challenges in human application. Recent developments employ

3D cell culture systems in microfluidic devices to enhance physiological relevace,
incorporating mechanobiological cues, such as matrix stiffness, topography, chemistry,

and shear stress that shed light on breast cancer metastasis to bone.

Three organson-a-chip were developedto understand the role of mechanobiology and

delivery of mechanobiological cues within microfluidic devices

A boneon-a-chip model was designed using polymeric microparticles rhade from
poly(lactic acid), M M OP LW n LihPdigeler) to support mesenchymal stem cell (MSC)
culture and differentiation down an osteogenic lineage. Hydroxyapatite coating on these
microparticles, visualised with SEM and confirmed with Raman spectroscopy, further
promoted MSC differentiation, while 3D cellmicroparticle cultures maintained viability for

5 days in an optimised microfluidic device.

Breast cancer cell spheroids were generated, ranging from 1,000 to 100,000 cells per
spheroid, with growth assessed by brightfield imaging and viability assessed by fluorescent
imaging on dayfive in both well plates and custom microfluidic devices. The complexity of

optimising spheroid sizing for use within microfluidic devices was demonstrated.

An endothelial microfluidic device was also designed to support endothelial cell growth.
Human umbilical vein cell adhesion, viability, and stability were observed on poly(lactic
co-glycolic) microparticles and fibrin hydrogels. While network formation wasoted in

fibrin hydrogels overthree days in culture, it was not confirmed in the microfluidic device.

The work described herein demonstrates the use of biomaterials to deliver
mechanobiological cues and shows how microfluidic devices offer a potential solution for

modelling different tissue types.
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Chapter 1 An Introduction to the Mechanobiology of Breast Cancer
Metastasis to the Bone and Techniques and Models Employed

to Improve Current Understanding

A recent report published by the International Agency for Research on Cancer indicates that
breast cancer in females is the most common cancer of any origifil], and the leading
cause of death in patients with solid tumours is due to metastasi$2, 3]. Metastasis is the
spread of a primary cancer to a secondary location, as depicted irigurel.1. Breast cancer
usually metastasises to bone and/or the brain.Bone metastases result in bone pain,
pathological fractures, nerve compression, hypercalcaemia, and overall decreased quality

of life [4], as well as accounting for 70% of breast cancerelated deaths|[5, 6].

(1) Dissemination (6) Colonisation

'

_// -

(5) Extravasation

(3) Intravasation (4) Circulation

Figure 1.1. Schematic of the metastatic cascade utilising breast cancer metastasis to the bone
as the example metastatic cascade. Created with BioRender.

Cancer cells break away from the primary tumour through invasion of the surrounding
extracellular matrix (ECM), and intravasation into nearby vessels. From there, the cancer
cells travel through the circulation until they arrest and extravasate into the secondary
location. The metastatic cascade can utilise the lymphatic system and the vasculature. The
molecular mechanism determining whether cancer cells spread through blood vessels
versus the lymphatic system is not well defined; however, whilst breast cancer cellCCs)

may initially spread through the sentinel lymph node, they are likely to invade the blood
vessels to reach distant sites[7]. Once within the secondary location, the cancer cells

interact with cells of that tissue and form secondary tumours through colonisation. Breast
cancer tends to colonise the trabecular bone, which consists of bone marrow rich in
mesenchymal stem cells (MSG@) and hematopoietic stem cells[8]. Another interesting

factor in metastasis is the temporal kinetics of the disease, as while breast and lung
cancers colonise similar secondary organs, the timeline of the progression of the disease

can be different. BCCs can remain dormant at the metastat site, triggering relapse years



after the treatment of the primary tumour[9]. In contrast, lung cancers are more likely to
form distant macro-metastases within a few months[10], suggesting that the secondary

location can impart different behaviours to cancer cells of different primary sites.

Breast cancer has four main subgroups, including Oestrogen Receptor positive (ER+
Progesterone Receptor positive (R+), Human Epidermal growth factor Receptor 2 positive
(HER2+), and Triple Negative Breast Cancer (TNBANBC has the lowest breast cancer
patient survival rate due to the increased metastatic behaviour of this tumour type, as well
as the absence of the hormonal receptors (ER, PR, and HER2), which limits the use of
targeted therapeutics [11]. Breast cancer cells, particularly TNBC cells, can survive the
metastasis progress as they undergo epitheliato-mesenchymal transition (EMI'). EMT in
the early stages of metastasis allows the cells to transdifferentiate and become more
motile, thus promoting invasion into the surrounding tissue from the primary tumouf12,
13]. EMT can occur in any cell than originates from epithelial tissue and allows a non
mutational way for these cells to increase in mobility, cope with various stresses during the
metastatic cascade, and adapt to new environmentg14]. EMT of cancer cells is a response
to changes in the mechanobiology of the tissue surrounding the cancef15].
Mechanobiological cues include matrix stiffness, topography, shear stress, and chemistry,
which are all essential considerations in health and disease research. Traditionally,
biological research into the healthy and diseased states of cells utilisewo Dimensional
(2D) cultures on tissueculture (TC) treated plasticin vitroand animal models at later stages
of drug testing. Whilst useful, these techniques are proving to be reductive and ineffective,
since the majority of drugs fail during animal testing16]. Monolayer cell cultures cannot
replicate the cellskinteractions with their surrounding matrix, which results in an abnormal
morphology of the tissue being studied17]. While animal models allow celtcell and cell-
matrix interactions, they are limited in their application due to economic and ethical issues.
They are also intrinsically genetically and physiologically different from humarn&8]. This
lack of relevantin vitro models that recapitulate the crucial in vivomicroenvironment has
acted as a barrier in the generation and successful design of target therapies and is one of
the reasons why mortality is so high in patients with bone metastasefl9]. The drug
discovery pipeline needs these improved models for understanding cellular behaviour and
the efficacy of novel therapeutics in a physiologicallyrelevant environment. Onethird of
new anti-cancer drugs fail in clinical phases due to insufficientherapeutic index levels,

where the efficacious dose is near that of the toxic dose lev§RQ].

By usingin vitro 3D cell culture systems within microfluidic models, it is hoped that the

mechanobiological cues of the ECM can be mimicked, allowing for the formation of more



physiologically relevant research platforms for use in academic and industrial research into

breast cancer metastasis to the bone.

1.1 The Role of the Mechanobiology on Different Tissue Types

When considering thein vitromodelling of the metastatic cascade, it is vital to consider the
mechanobiology of the primary tumour, secondary location, and vasculature and how
these change within the metastatic cascade. This research project considered breast
cancer metastasis to bore, and therefore, the mechanobiology of these tissues had to be
understood. However, items discussed herein are not limited to these tissue types and

should be considered across all research utilising mammalian cell lines.

1.1.1 Mechanobiology of Breast Cancer

The mechanobiology of primary breast cancer tumours affects tumour growth. The
microenvironment in which cancer resides, known as the tumour microenvironment (TNJE
consists of a heterogeneous collection of resident host and infiltrating cells, secreted
factors, and the ECM[21] (Figure 1.2). The TME is a dynamic environment that promotes
cancer progression [22]. Within the TME, although there is variability across different
tumour types, there are immune cells, stromal cells, and blood vessels, which all support
cancer cell survival, immune evasion, and the first steps of metastasis, namely invasion of
the local microenvironment and dissemination [21]. The noncellular components of the
TME include ECM proteins such as collagen, fibronectin, elastin, and laminin as well as
secreted cytokines and small molecules. It provides a physical scaffold for the cells and
CRITt Wraec URDI WH I (20! PiotdihsRéctetddibiR thnceyasdoidied fibroblasts
include ECM structural components as well as matrix metalloproteinases (MMs), which
are known to have a role in degrading and remodelling the ECM, allowing for the invasion
and dissemination of cancer cells[23]. The TME is stiffer than that of the healthy mammary
matrix due to greater crosslinking within the collagen present24], and this stiffness plays

a crucial role in the behaviour of the BCCs.
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Figure 1.2. Tumour microenvironment of breast cancer. Mechanobiological cues, including
stiffness, topography, shear stress and chemistry, are inferred from the tumour microenvironment.
CAFs: Cancer associated fibroblasts, BCC: breast cancer cell. Adapted frorf25]. Created with
BioRender.

1.1.1.1 Stiffness of breast cancer

ECM stiffness denotes the resistance of the ECM to deformation when subjected to
mechanical stress and is quantitatively assessed through elastic modulus. The ECM
changes in its composition, directionality, topological structure, and mechanical
properties during cancer progression, which influences ECM stiffnesg§26, 27]. These
changes in the ECM stiffness drive changes in the cancer cells behaviour, resulting in a
more malignant phenotype[28]. Breast cancer patients with low ECM score (based on
expression levels by histopathology of the ECM fibre encoding genes fibronectin,
vitronectin, fibrinogen gamma chain, and elastin) exhibited better overall survival than
those with a high ECM score (asxiated with increased levels of the fibrous components
of the ECM)[29].

In vivomurine studies have shown that higher stiffness of the ECM within breast tissue
(1200 Pa) promotes a malignant phenotype of the epithelium compared to lower stiffness

ECMs (170 Pa) by affecting integrin expression and signallif@0]. Integrins mediate celt



ECM anchoragdq31] and present adhesion domains from the cells that bind specific amino

acid sequences in the proteins of the ECNB2].

Murine studies have further shown that increasing lysyl oxidase (LG)Xdependent collagen
cross-linking results in a stiffened ECM, which promotes focal adhesions, enhances
phosphoinositide 3-kinase (PI3K activity and stimulates breast cancer invasior{33]. Stiff
TMESs in mice breast cancer tumours also increased Transforming growth factor WbI-K)] [
activation of myofibroblasts [34], which enhances fibrosis and promotes cancer cell

invasion by promoting singlecell dissemination [35].

Inin vitrostudies it has been shown that the stiffness of the material on which tumour cells
are cultured affects programmed deathligand 1 (PDL1) signalling. An overexpression of
PD-L1 results in tumour cells being able to avoid the programmed cell death from-dells
[36]. Stiffness was inferred from increased ratios of elastomer to curing agent during the
formation of polydimethylsiloxane (PDM$ substrates, treated with 0.5 mg/mL type |
collagen to aid cell adhesion. TNBC cells (MDMB-231) grown on substrates with
increased stiffness displayed increased expression of PIL1[37]. Using the same model of
stiffness, collagen-coated PDMS at varying levels of elastomer to curing agent increased
MDA-MB-231 cells migration[38]. Furthermore, substrate stiffening affected the migratory
ability of cells and changed the intracellular stiffness of these cells[38]. The actin
cytoskeletal network determines cell stiffness, and changes in cellular stiffness correlate
to changes in the actin content and structurg39, 40]. These examples highlight how matrix
stiffness can lead to the evasion of tumour cells from the immune system and demonstrate
the importance of accurate modelling of primary cancer when assessing both the activated

pathways and the treatment response.

Overall, the stiffness of healthy breast tissue has been approximated to be ~0.2 kPa and

that of breast cancer tissue to be over 4 kPES0, 41].

1.1.1.2 Topography of breast cancer

The topography of the breast is defined by the organisation of the collagen ECM fibres and

is highly dynamic during progression of the metastatic cascad@42]. Healthy breast tissue

has a random isotropic arrangement of collagen fibres; however, as cancer develops, the

fibres arrange themselves into a parallel anisotropic orientatiorj43]. This arrangement of

the fibres facilitates the movement of breast cancer cells away from the primary tumour
[440Wx ¢ | NIJI Wt e G WWaqYGCYNI ¢GERACTUWNIIECaqel 1t Wbk LW

proliferation, suggesting that these features do not impact the cell$45].
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1.1.1.3 Shear stress in breast cancer

Fluid shear stress is the internal frictional force between moving layers in laminar flow, and
is defined as the product of fluid viscosity and shear rate. It is a crucial parameter in the

shear stress experienced by cell§46].

Breast cancer cells experience relatively low levels of fluid shear stress within the primary
tumour due to poor vascularisation and poorly functioning lymphatic vessels, which
increases interstitial fluid pressure and solid compressive stress but decreasg fluid shear
stress [47]. The tumour vasculature forms through angiogenesig!8] and is often triggered
by hypoxia[49]. The blood vessels formed within the primary cancer are typically immature
and lack proper endotheliatendothelial cell junctions [50]. They also have insufficient
pericyte coverage, rendering the vessels leaky and allowing the cancer cells to intravasate
with relative ease[51]. Shear stress affects cancer cell migration, endothelial sprouting,
and fibroblast activation [52]; however, the predominant research on shear stress within

cancer is conducted on circulating cancer cells rather than cells within primary tumours.

1.1.1.4 Chemistry and biomineralisation within breast cancer

The proteins within the ECM predominantly define the chemistry of breast tissue; however,
microcalcification has been observed within primary breast cancer patient§53] and have
arole in metastasis. Research has shown that breast cancer cells can express bone matrix
proteins involved in mineralisation [54, 55] and that epithelial cells undergoing EMT
transform into cells with an osteoblastlike phenotype and can produce breast
microcalcifications [56]. Osteopontin is a secreted soluble glycoprotein that enhances
mineralisation in breast cancer[54] and binds to the cell surface via CD44 receptors, which
is critical to EMT initiation and cellmatrix adhesion in different primary tumourg57-59]. By
silencing Osteopontin expression, there was a decrease in the formation of hydroxyapatite
(HAp) in the TNBC breast cancer cell line, MDMB-231, and a reduction in the ability of the
cells to migrate [60], demonstrating the importance of osteopontin in understanding the
behaviour of BCCs. Furthermore, BCCs that have undergone EMT have been shown to
further differentiate into osteoblast-like cells which release HAp to contribute to the

formation of microcalcifications in the breast[61].



1.1.2 Mechanobiology of the Bone

Bone is a highly complex and dynamic tissue comprising various cell types: mesenchymal
stem cells (MSCs), osteoblasts, osteoclasts, and osteocytes[62]. These cells work

together to regenerate bone tissue and maintain homeostasis of the bone. A failure in the
extracellular signalling between these cells can disrupt bone homeostasis, leading to a

variety of disease states[63].

MSCs have the trdlineage potential to differentiate into adipocytes, chondrocytes, and
osteoblasts. Differentiation of these cellsin vivois driven by the mechanobiological cues
from the microenvironment in which the cells reside.In vitro differentiation of these cells
can be driven by supplementation with exogenous factors, and whilst effective, it is not

physiologically accurate.

The bone is also complex in the biological materials making up the bone matrix. Bone matrix
consists of various organic and inorganic components, with collagen being the dominant
organic component, comprising ~5560% of bone volume, and HAp, the inorganic
component, accounting for ~4045% of bone volume[64]. The composition of the bone
matrix determines the stiffness and topography observed within the bone, which are key

driving factors in the differentiation of MSCsKigure1.3).

'
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MSCs OBs Osteocytes OCs HAp Collagen

Figure 1.3. The microenvironment of the bone tissue. The deposition of collagen and HAp by
osteoblasts and the reabsorption of bone by osteoclasts determine the mechanobiological cues of
the bone microenvironment. MSCs: Mesenchymal stem cells, OBs: Osteoblasts, OCs: Osteoclasts,
HAp: Hydroxyapatite. Created with BioRender.

The organisation of matrix and cells in the bone gives rise to two main bone types: compact
and spongy bone Figure 1.4). Compact bone is relatively dense and provides protection
and support to the skeletal structures: it comprises repeating structural units called
osteons [65]. Spongy bone, also called trabecular or cancellous bone, is an open network
of struts and plates surrounding the bone marrow cavity66]. Trabecular bone is arranged
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into parallel struts and branching plates called trabeculae, and their arrangement affects
the mechanical response of bone tissue Trabeculae have lamellar structures aligned with
q 6 W ql 2 q[d. Dhe Briudtlre aquitl dirbsition of the lamellae are the same as
those within compact bone, but they are arranged differently68]. Osteocytes are present
within the lacunae and connected through cytoplasmic extensions within canaliculi
(channels) [69]. This network is termed the lacunecanalicular network and is located

within compact and spongy bong[69].

A Spongy bone

Marrow cavity

B Trabeculae

Blood vessels

erve

f ;f‘___’_:_\Qeocyte
L ' \ Lamellae

Nutrient artery g tgﬁgﬁgﬁmr

) 7' networks
Trabeculae
Periosteum |
Compact bone -]

C

Figure 1.4. Organisation of the bone. Cross section showing a schematic diagram of (A) a long
bone with regions of (B) spongy and (C) compact bone expanded, adapted frg@d, 71]. Created
with BioRender.

1.1.2.1 Stiffness of the bone

The organic component of bone matrix is composed of collagens, fibronectin, elastin,
laminin, glycosaminoglycans, and glycoproteins and provides the threglimensional (3D)
stiffness and topography of the bone. Understanding the stiffness of the bone is essential,
as MSCs can change differentiation states by changing matrix stiffness alod@2, 73].
Furthermore, osteoblastic differentiation is improved on compact ECM, whereas
osteoclast differentiation is upregulated on looser ECM substrates[74], which suggests

that the density of the ECM is a crucial factor in bone remodelling.

Matrix stiffness modulates cellular stiffness during the differentiation process: the increase
ROWADGOa0c¢c!l WoYeaUNkt WaGVYT adet WIlel RUNWYH qUYNUUO
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matrix stiffness [75]. Bone matrix elasticity also plays a role in the regulation of immune
response by MSCs: soft extracellular matrices maximise the ability of MSCs to produce
paracrine factors that are implicated in monocyte activation and chemotaxis upon

inflammatory stimulation by tumour necrosis factorr, Wbl N[7€].,

1.1.2.2 Topography of the bone

The topography of bonaliffers between compact and spongy bone due to the difference in
the organisation of the grooves and ridges determined by the arrangement of the lamella.
Trabecular bone is the highly porous lattice network encompassing the bone marrow
(Figurel.4) [77], and is found at the epiphyses of long bones and in vertebral bodi¢g8].
The trabecular bone is the most common type of bone in breast cancer metastasis, as the
spine is the most common site of bone metastasi§79]. It is inherently difficult to accurately
define the topography of the bone and the surface roughness of the natural surfaces;
however, including microtopographical features inin vitro research allows for assessing

how changes in topography affect bone cells.

~YTztecqRYUWYNWSWWaqYGYNI ¢G6! W Waqldl aRUNT WHA! Wa
GWARNqs JUWOWIEeREWYqd6 Il We UT WNW, aWwl WIGs, We UT wa RU

in height) drives the differentiation of MSCs by regulating intracellular tensioand cell
contractility [80]. Stiff, smooth surfaces resist the contractile forces applied by osteoblast

precursor cells, which results in the polymerisation of actin, which acts as binding points

[81]. Direct physical interferences by micret #¢ G D WaqYGY NI ¢ G6ERHAC O WGE qql.
YnWNMW, 6 W RCAGWqUl AW GeHWT W=EMW GWEGE! qb lIETTYS |

adhesions, allowing progression in the cell cyclg81]. Integrin signalling may control this

response as integrinstrigger many downstream signalling pathways that control cellular

processes such as differentiation[82JFOLIA 1Jt 3¢ | A6 WE ¢t Wt 2NNt qIT Wq

crucial integrins during the differentiation of MSCs in response to topographical cues

delivered with g YGY NI ¢ G6 RAcOG! WT Wt RNUOWJT WGYa! alJl RAWG |
TREGUQUI Ws Rag6WI RAGHIJH[BBY n WP IO Wa W=t0= W, & Wi R¢ @ 1Jq

Section 1.2.2 explores the incorporation and modelling techniques of these topographical
cues, which have allowed studies to understand the role of topography on cell morphology,

metabolism, proliferation, and differentiation in MSCs[83-86].



1.1.2.3 Shear stress on bone tissue

The interstitial fluid flow within the lacunarcanalicular network, caused by compressive

loading of the bone during physical activity, can lead to shear stresses of 0:5.0 Pa[87]

All cells that are involved in the modelling and remodelling of bone, can respond to shear
stress, with osteoblasts and osteocytes responding differently to unidirectional and
oscillatory fluid flow profiles [88]. Shear stress biases the differentiation of the MSC
population towards osteoblastogenesis[89], increases the expression of osteopontin and
bone sialoprotein [90], and increases osteocyte mMRNA expression of genes that promote
bone remodelling [91]. Shear stress increases the intracellular tension in human MSCs,
resulting in changes to the actomyosin filaments that activate the expression of osteogenic
differentiation-related genes and initiate osteogenesig[80]. Furthermore, shear stress
causes osteocytes to release nitric oxide and prostaglandin Zzwhich trigger osteocytes to
release receptor activator of nuclear factor kappaB ligand (RAXL) and osteoprotegerin,

which regulate bone resorption[92].

1.1.2.4 Biomineralisation of the bone

Hydroxyapatite (Cao(PO4)(OH),, HAp) makes up 4845% of the volume of the bone matrix
and is a crucial component for enhancing the mechanical properties of the bongs2]. HAp
formation in the collagen matrix occurs over two steps. Firstly, HAp crystals form within
matrix vesicles in osteoblasts, which are released as exosoméke vesicles. Secondly, HAp
is expelled from the vesicles into the ECM and deposited within theotlagen fibrils [93].
During the formation of HAp crystals, calcium ions and pyrophosphate are accumulated
inside the matrix vesicles through specific membrane transporters and converted to
inorganic phosphate by alkaline phosphatase (ALP[94]. Once the concentration of
calcium ions and phosphates exceeds their solubility point, HAp is formed within the
vesicles[95]. During the second phase, the collagen acts as a mineral deposition scaffold,

defining the size and distribution of the apatite crystal$96].

The state of bone quality can be inferred from the crystal structure of HAp by looking at
crystallite size, microhardness and microstain, and the ratio of calcium and phosphorus
[97]. With the exception of microstrain, these factors decreased in osteoporotic and
osteopenic bone, showing that if the crystalline structure of HAp changes, the bone will
have increased weaknesseg97]. In addition, HAp affects the stiffness of the bone tissue,
which, as discussed, can affect cellular differentiation[98, 99] as collagen fibres increase

in their mineralised state, the stress transfer increases, and the longitudinal, transverse,

10



and shear elastic modulus all increase too[100]. The formation of HAp is dynamic, and
other mechanobiological factors affect it; shear stress can induce the crystallisation of
amorphous materials, improve the mechanical properties of nanocrystals, and increase
the crystallinity of HAp[101-105]. More highly organised crystals form under low shear
stress (< 1 Pa) compared to those formed at higher shear stress (> 1 PH)03]. This

highlights the interconnected roles of each of these factors in the development of normal

bone tissue.

HAp can direct the differentiation of cells down an osteogenic lineaggL06] and affect the

proliferation and apoptosis of osteoblastlike cells [107].

1.1.3 Mechanobiology of the Vasculature

Endothelial cells (EG) line blood vessels and are subjected to a variety of
mechanobiological stresses, including matrix stiffness, topography, chemistry, and shear
stress, which all affect the contact stress of these cells[108]. Contact stresses, the
mechanical forces acting on the basal surfaces of ECs, are dynamic and the range of
contact stress experienced by endothelial cells is significantly affected by the vasculature

location of the specific cells[108].

1.1.3.1 Stiffness across the vasculature

ECs form the continuous endothelium in blood vessels and sit on the thin intimal basement
membrane. In veins and arteries of large diameter, these cells are surrounded by thick

medial and adventitial layers, providing strength and elasticity109] (Figurel.5).

Artery Capillary Vein
Lumen

Lumen

Basement membrane

Endothelial cells

Tunica media

Tunica externa <%

Erythrocyte

Arteriole

(0.015-2 mm) Capillary beds
(~0.003mm)  Venule
(0.01-2.5 mm)

Figure 1.5. Schematic anatomy of blood vessels. The vasculature walls of an artery, capillary, and
vein show the intima (endothelial cells and basement membrane) across all three vessel types, the
tunica media (smooth muscle cells and collagen fibres) in the artery and vein, and the tunica externa
(external elastic membrane, serosa, nerves and blood vesls within the arteries; serosa, nerves and
blood vessels within veins). Adapted fronj110]. Created with BioRender.
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Assessing the stiffness across the vasculature is therefore complicated by the inclusion or
exclusion of these varying structural components, and as a result, the reported range of
ECM stiffnesses relevant to ECs can vary greatjt09]. Theex vivostiffness of various
vessels has been assessed to understand this further. Using AFM indentation, the stiffness
of porcine carotid artery was found to be 5 8 kPa[111], murine femoral artery was reported
at 3.2 kPa, 4.3 kPa for the murine thoracic aortgl12], and ~2.5 kPa in bovine carotid
arteries after scraping for the subendothelial layef113]. Whilst these values are for those
of large vessels, they are important to consider as they are still notably lower than those of
TC plastic (~3 GPa) and glass (~50 GP&urrounding the basement membrane are the
GCcTYI WE9~WGI YqURUt AWRUHG 2T RUNWHY or 600 MRAGHMAe UT LI
100 T 600 kPa, respectively[114]. The stiffness of circulating blood, one of the softest
tissues, is ~0.1 kP4115].

Endothelial cells respond to the stiffness of the ECM through mechanotransduction
pathways [116]. Mechanical stimuli from the ECM modulate vascular differentiation,
morphogenesis and dysfunction[117]. Softer matrices, like those found in healthy tissues,
help maintain typical endothelial phenotypes, such as barrier function and fenestrations
[118]. In contrast, increased matrix stiffness, often associated with diseases like fibrosis,
can promote endothelial cell activation, inflammatory responses, and abnormal vessel

formation, disrupting vascular homeostasis[114, 119, 120].

1.1.3.2 Topography of the vasculature

Endothelial cells anchor to the basement membrane, which is ~100 nm thidd.21, 122] and
takes the form of intermingled fibres and pore4123, 124]. The topography on which the
endothelial cells reside has been shown to affect their behaviour and functionalityn vitro,

as will be discussed (Sectionl.2.2).

1.1.3.3 Biochemical composition of the vasculature

The biochemical composition of the ECM, including components like fibronectin, laminin,
and collagen, affects cell adhesion, proliferation, and differentiation [125]. Specific
chemical cues within the matrix promote angiogenic signalling pathways and nitric oxide
production, which play vital roles in vasodilation and vessel stability126]. Changes in the
chemical environment can alter endothelial barrier integrity and affect how cells interact

with immune cells and other components of the blood118].

12



1.1.3.4 Shear stress within the vasculature

Fluid shear stress affects ECs in various parts of the vasculature differentlyn vivo,the
time-averaged wall shear stress is ~1Pa in the aorta, ~5 Pa in small arterio[¢&7, 128], ~2
Pa in venules, and ~0.1 Pa in the vena cay&28-130] (Figure 1.5). In vivostudies have
shown that ECs in areas of undisturbed flow are elongated and aligned in the direction of
blood flow [131, 132], and ECs in disturbed flow are more cuboidal and randomly orientated
[133, 134].

In areas where shear rates are very low (below ~108)sthe non-Newtonian behaviour of
blood strongly affects the shear stress on the EC surfacdgd 35-137]. The presence of blood
cells can significantly alter the nearwall flow field, thereby impacting the shear stress on
the EC surface[138].

Blood flow exerts mechanical forces on endothelial cells, with laminar shear stress
promoting an antkinflammatory, quiescent state, while disturbed or oscillatory flow
induces pro-inflammatory and proliferative responses[139]. Shear stress also regulates
nitric oxide production, which is essential for vascular tone and blood pressure regulation
[140].

1.1.4 Role of Mechanobiology in Metastasis

Breast cancer cells must survive changes in stiffness, topography, chemistry and shear
stress to metastasise. As mentioned, BCCs undergo EMT to survive such changes. The
mechanotransduction derived from mechanobiological cues triggers EMT within these
cells and the release of growth factors from canceiassociated fibroblasts [141]. EMT
related transcription factors, including Snail1[142, 143], ZEB[144], and Twist[145, 146],
have been shown to downregulate Eadherins as well as inhibit angiogenesis and promote
intravasation [142]. These all affect the biological behaviour of tumour cells, consequently
affecting their migration and invasion[147]. The structural remodelling of metastasising
cancer cells is primarily evident in altered cytoskeleton fibre content and arrangement,
which affects the generation of traction forces, regulates celicell and cellfECM

interactions, and affects cell motility [148].

As cancer cells metastasise, they encounter ECs which secrete angiocrine factors,

including Angiopoietin 2, Insulinlike growth factors, Interleukins, Colony Stimulating
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Factor 1, and Stromal CellDerived Factor 1, which promote the progress of metastasis
[149, 150]. ECs are also affected by the mechanobiology of their environment. For example,
CCN1(also known ascysteine-rich 61, CYR@) expression in ECs was found to be higher
when cultured on stiffer substrates[151]. CCNL1 is of particular note as it is involved in a
range of tumorigenic processes, including cell adhesion, migration, apoptosis, and

angiogenesis[152].

During cancer cell dissemination in circulation, metastasising BCCs will experience greater
levels of shear stress compared to within the primary tumour or the secondary location,
with cells in circulation experiencing up to 3 Pg153]. Shear stress promotes tumour
invasion, metastasis, adhesion, and extravasation under some conditions (prostate cancer
cells cultured under flow at 47, L/min and 0.05dynes/cm?) [154]; however, high shear
stress can eliminate circulating tumour cells and promote cell cycle arrest of tumour cells
[155-157]. This observation explains why only ~0.02% of circulating tumour cells survive

migration and form metastasis[158].

The mechanobiology of the preferred metastatic location affects tumour cell proliferation.
The TNBC cell line MDMB-231 showed increased proliferation in matrixes with increased
stiffness (34.88 kPa), whereas the ovarian cancer cell line SKeB/showed inaeased
proliferation on softer substrates (2.83 kPa), which is more similar to the fat pad to which

they commonly metastasise[159)].

The topography of the secondary location affects cancer cell behavioun vitro, with bone
topographies inducing dormancy through depth sensing of cancer celld60]. MDA-MB-231

N 7owWHDGG Ws 131 3wt W7 JI7T we quwi Rnnl WOqWl IGq6t LWt
scaffold coated in collagen to mimic the bone as a secondary location for metastasised

cancer cells. The cells could sense their depth through actirenriched protrusions, which
transduced a mechanical cue to regulate the actomyosin organisation, thereby reducing
proliferation in these cells [16Q]. It is important to model all aspects of themetastatic

cascade, with as high a level of physiological relevance as possible.

The presence of HAp within metastatic sites in bone affects breast cancer cells. HAp
increases the expression of stromalderived factor 1, which promotes the migration of
breast cancer cells to the bone through the chemoattractant receptor CXCR4161].
However, the role of HAp content within the bone has a mixed effect on the colonising
breast cancer cells. While mineratmediated changes in the collagen network have been
shown to increase cell motility[162], this study also showed HAp directly inhibited breast

cancer cell migration.
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In addition, the interstitial fluid flow within bone affects bone remodelling, which affects
metastatic breast cancer cells. Increased bone remodelling can promote breast cancer
HUOOGGOGY W 21 2R2¢0Wadb !l Ye NEdUeIGeN1B8h2 RHRY 2t WH! HG JLWa6
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that bone resorption from osteoclasts released bonederived growth factors, such as transforming

growth factor-" UGN b AW7 YO WG Y1 G6 Y N B)Uaddyridimlike groveH Faeton 1 (167 ~

1), which in turn stimulate the metastatic cancer cells to release osteoclaststimulating factors

including parathyroid hormonerelated protein (PTHrP), which in turn upregulated RANKL expression

in MSCs and osteoblasts which promotes differentiation of RANKXxpressing osteoclast precursor

cells which mature into osteoclasts which resorb bone and cycle continue$5].

This demonstrates the importance of considering the contribution of mechanobiology in
understanding all steps of the metastatic cascade. Accurate model modelling is required
as without flow, bone remodelling would not be active, and this would misrepresenthe

bone as a secondary location for cancer metastasis with decreased levels of these crucial

signalling factors.

1.2 Incorporation of Mechanobiological Cues Within In Vitro
Research

As the microenvironment in which the cells reside has such a significant impact on cell
behaviour, it is essential to include these features as best as possible when considering
cellular research. For this reason, 3D cell culture systems have been develogdgo model
more accuratein vivotissue conditions in vitrothan traditional 2D cell culture systems. 3D
cell culture systems utilise various techniques, including nonadherent surfaces for

cultures in suspension, embedding cells and spheroids in and on B@ hydrogels, and
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culturing cells in tissue culture inserts for mechanical support and creating autiquid
interfaces [164]. How 3D cell culture systems can mimic crucial mechanobiological cues

is explored below.

1.2.1 Modelling Extracellular Matrix Stiffness

Hydrogels consist of a mixture of a porous, permeable solid and an interstitial fluid
composed entirely or mainly of water. They are used to grow cells in 3D, and allow cells to
anchor to synthetic materials [165]. Matrigel has been used for over 40 years in many cell
culture applications, including promoting endothelial cell tubulogenesis [166, 167].
Matrigel is composed of the four major basemenimembrane ECM proteins: laminin at
~60%, collagen IV at ~30%, entactin at ~8% and the heparin sulphate proteoglycan
perlecan at 2-3% [168]. Matrigel is extracted from a basemerimembrane-producing
tumour from mice [169-171]. Matrigel also contains tumourderived proteins, including
peptides from the transforming growth factor (TGFfamily, e.g.,, TGF” AWM RAI YHG ¢t q U
factors, and MMPs[171-174]. The use of Matrigel is therefore severely limited, and results
need to be interpreted with caution[172, 175, 176]. One of the main limitations of Matrigel
is the batch-to-batch variability and evidence for the lack of reproducibility of cell culture
results [172, 173, 177-180]. A further limitation of Matrigel is the potential for antigenicity

viathe introduction of xenogeneic factors[176].

Alternatives to Matrigel include natural hydrogel derived from precursors to ECM proteins,
such as fibrin and collagen[181]. Hydrogels are a 3D analogy to native ECM due to their
swelling characteristics, high water content (up to 99% due to the interconnected
microscopic pores [182]) and low elasticity [183-186]. Decellularised ECM hydrogels of
0.3% collagen (type 1) are ~1.4 kPa, and 0.5% collagen (type 1) hydrogel is 2.2 |d/34].
Hydrogels can contain growth factors and integrin binding sitefl83, 187] and are, in this

way, more similar to native ECM than synthetic polymerfl85] (Figurel.7).
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Figure 1.7 Network architecture of hydrogels formed from (A) natural and (B) synthetic
polymers. Fibrous hydrogels formed from polymers connected with crossinkers creating
microscopic pores to provide mechanical and biological cellular support. Natural polymers contain
integrin binding sites and growth factors, whereas synthetic polymers do not. Adapted frofii83].
Created with BioRender.

Fibrin-based hydrogels are the most utilised ECM material for forming microvasculature
networks in microfluidic devices[188]. They support endothelial cell cultures in biologically
relevant mechanical microenvironments and lead to tubulogenesis of these cell§189-
194]. Collagen hydrogels are also frequently used, andvhilst they can be easily tuned by
gelling at different temperatures or pH, they can detach from PDMS microfluidic devices
due to low extensibility and gel contraction by the cells over time, making it less favourable
for use inside microfluidic deviced195]. Synthetic hydrogels offer another alternative
hydrogel forin vitro cell cultures, and these hydrogels allow for the precise tuning and
control of storage moduli and subsequent viscoelastic properties of the gel, as well as

network architecture [196].

In breast cancer research, 3D cancer cell spheroids and tuneable hydrogels can be usid
vitro to assess the effect of the stiffness of the TME during breast cancer development and

progression.

Spheroids (also known as mammospheres) are cancer cell aggregates with a small, tightly
bound spherical shape grown in suspension or embedded in a 3D matfix97, 198]. These
3D cancer cell cultures aim to replicate the complexity and dynamic architecture of solid

tumours, allow for the observation of celtcell and cell-matrix interactions, and assess the
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role of these in tumour development[199]. Cancer spheroids also capture vital aspects
such as metabolic activity, hypoxic conditions, and changes to anaerobic glycolysig00]
and can be used to study interactions between cells and therapeutic drug§201]. 3D
spheroids can be formed using a multitude of techniques, including on low adherence
substrates, in bioreactors, using gelembedding systems, within hanging drops, droplet

reactors, and microfluidics, and by using 3D bioprinting202].

Tuneable hydrogels and breast cancer cell spheroids can be used in breast cancer research
to understand the role of the stiffness of the ECM on the migration and metastatic capability
of the breast cancer cells. Examples of tuneable hydrogels include hydgels that can be
cross-linked through chemical, mechanical, and photo stimuli to mimic different tissue
types [196, 203-205]. Furthermore, novel synthetic hydrogels mimic the TME and support
BCCs using open porous network$206].

Polymer scaffolds or microparticles can be used as an alternative to hydrogels to mimic
tissues with increased stiffness. In endothelial cell cultures, poly(lacticco-glycolic acid)
(PLGA microparticles have been used in drug delivery to aid neovascularisatiq207], and
as a controlled release system for angiogenesis enhancemelrj208]. PLGA microparticles
can create vascularised bone tissue by combining with fibrin hydrogels to create pre
vascularised scaffolds in bone repair[209]. PLGA has also been used as a solid growth
factor-loaded scaffold in vascular regeneration devices and wound healing produc{210]
and as a 3D bieink with cell-laden hydrogels in integrated patterns anchored on sacrificial
hydrogels[211].

As discussed, the bone's ECM stiffness is significantly greater than that of the breast or
endothelium and should, therefore, be modelled as such. Cell culture scaffolds are used
for bone research as they allow for the 3D culture of MSCs on substrates withore
physiologically relevant stiffnesses. Such bone scaffolds include HAp chitosaigelatin bio-
composites [212], collagen fibre scaffolds [105], and poly(lactic acid) (PLA matrixes

reinforced with carbohydrate particles[213].

Scaffolds are often used in biomedical research to provide a stable framework for long
term cultures as they have relatively easy handling properties and are simpler to fabricate
into predefined shapes compared to microparticles[214]. Furthermore, scaffolds can be
fabricated from a plethora of different materials which can be mechanically tuneable to be
modified for specific tissue types[215]. Scaffolds can be designed to have a controlled
architecture with customisable pore size, shape, and distribution216, 217]. However, the
use of scaffolds in biomedical research does have some limitations including a limited
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diffusion area which can lead to poor nutrient and oxygen transport in thick scaffold218].
This is further emphasised by the static system that are scaffolds, there is limited capacity
to dynamically adapt to cellular changes and a lower overall surface area compared to cells
cultured on microparticles for cell interaction with the growth surfice [219]. In addition, the
fabrication of scaffolds requires advanced techniques for the finetuning of the mechanical

and biochemical properties[220].

Micropatrticles have been used as an alternative cell culture system to try and overcome
some of these limitations which maintaining the advantages of scaffolds. Microparticles
allow for the culture of cells over a higher surface area to volution ratio thataffolds which
enhances cell attachment and interaction [83]. Microparticles also allow the surface
functionalisation which allows for a customisable biochemistry if desired [221].
Furthermore, microparticles offer a more dynamic culture compared to that of scaffold
culture as the microparticles can be suspended and move within the mediunj222]. In
addition, microparticles allow for increased efficient diffusion due to their small size
facilitating nutrient and oxygen diffusion. Producing microparticles has great potential for
scalability as they are easy to produce and could be compatible witthigh-throughput
applications [223]. Due to the small size of the microparticles they are injectable both for
in situ tissue engineering but also for use within fabricated microfluidic devicef224]. The
use of microparticles in biomedical research does have some limitations including
aggregation issues with the microparticles clumping to each other which can affect
uniformity in cultures, as well as having limited structural support and therefore nbbe
suitable for large-scale constructions without integration into scaffolds or hydrogels.
Furthermore, microparticles require specialised techniques for culture setup and
maintenance, however this is also true for scaffolds. In this way microparticles provide an

attractive cell growth platform for the culture of cells in a 3D environment.

1.2.2 Techniques to study topography

Biomaterials with surface features such as pits, grooves, and columns affect cell adhesion,

mobility, and morphology[225, 226]. In addition, the dimensions and spatial distribution of

q6 1t JWnWlécaqgel Dt WennWUAqUWq8 JWRUqUIIl ¢AqRYUWY N Waéb
T RGN WERat Wel 1 ¢UNUT Ws Rgé W=MWwe UT WAMLW, G W Geé
[227]. Surface patterning is employed to understand the role of topography in the behaviour

of MSCs through the use of the TopoChif225]. Topographical features dramatically

changed cell morphology by shrinking the cytoplasm and nucleus by 15% after 24 hours,
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causing a decrease in the overall cellular metabolism and resulting in a lower proliferation
rate [85]. Furthermore, 3Dprinted scaffolds with micro-t a1 2 qt WY n WX Miudfacé We UT L
poresof 0.2Z HOMNW, G W06 ¢ URUIWS WYt qlYRAGIURHWI Rnn Il 13U

Polymeric microparticles offer a potential biomaterial for incorporating multiple
mechanobiological cues by delivering topographical and stiffness cues. The topography of
microparticles can be modified using fusidic acid as a sacrificial element in the seknt
evaporation oikin-water emulsion technique used to fabricate the microparticles[229].
Microparticles, ranging in size from 4N MMW, G AWY n WAY qdé WAx wWe U7 WAx ]
conventional smooth and dimpled topographies, and the PLA dimpled microparticles have

been shown to induce osteogenesis in MSCE83]. The dimples on the surface of these

ORHI YGel qRHAEDTIJE Ws 1J1 1JWP O W W= HO= UsubStibie idtbradtipd R LW q
controlled the stem cell fate and that the dimpled microparticles drove cells down an
osteogenic lineage[83]. Further work in this field showed the osteogenic differentiation of

murine mesenchymal cells resulted from Smootheneddependent Hedgehog signalling

pathway activation when cultured on these dimpled microparticleg230].

The topography of surfaces has also been shown to affect endothelial cellSurface
patterning has been used to improve cellular attachment ofhuman umbilical vein
endothelial cells (HUVECS within microfluidic devices [231], however this technique can
also be used to understand the role of topography on these cell$ilUVECsgrown on micro
grooved surfaces had bipolar and elongated morphology, whereas HUVECs cultured on
smooth surfaces showed nonpolar morphology and cobblestone shapef232]. This study
showed that the micro-grooved topographical surface regulated microRNA levels, which
affected EC function [232]. The in vivo environment of the endothelial cells can be
mimicked through membranes withinin vitrocultures, as these can provide physiologically
relevant substitutes for the basement membrane. The basement membrane is a thin (~100
nm[121,122b AWl YOt BAWJG ¢t qRAEWGC! 131 WYNWE9 ~ WGl YaqWRU|
of kPa [122] to single-digit MPa [121]. Biodegradable polymeric nanofilms can be
incorporated into endothelial cell models [233, 234]. Such membranes allow for the
vertical stacking of tissues to assess close and direct celto-cell communication without

cell extravasation[233].

Alternative techniques, such as topographical gratings and the inclusion of fibres, have
also been assessed to understand the role of topography within endothelial cell function.
HUVECs have enhanced cell junction integrity when cultured on topographicalrating

through inhibition of the Sremediated phosphorylation of Vascular endothelial (&)

20



cadherin[235]. Furthermore, when cultured on topographical grating perpendicular to flow,
a correlation was between the cells orientating themselves along the grating and their
survival rate, despite experiencing shear stresses above physiological valu¢236]. When
considering the growth of HUVECSs on fibres, cell migration was observed along the fibres
aligned in the direction of a vasculature endothelial growth factor (VBHS gradienf237] and

incorporating laminin enhanced cellcell attachment through integrin signalling[238].

In breast cancer research, topographical cues are most commonly incorporated through
surface-patterned planar growth surfaces to study the effect of topography on the
migratory process of breast cancer cells. Surface patterns can affect the migratory
direction of different breast cells, with TNBC BCCs moving up sawtooth nanoscale ridges
and non-cancerous MCF10A breast cells moving in the opposite direction[239].
Furthermore, surface patterns increase tumour characteristics within cytoskeletal
arrangements, but these changes do not always lead to increased cell contractilitj240].
Additional research using surface patterning to mimic topography has shown that MCF
cells, a ER+ BCCdine, decreased VEGF synthesis and proliferation when they encounter

topographical features desighed to mimic the breast implant tissud¢241].

This aspect has been further expanded by assessing the confinement of breast cancer cells

as they migrate. During the metastatic cascade,cells undergo deformation as they
compress through small pores of the TME, and nuclear and cytoplasmaeformation affect
mechanotransduction and alter cell phenotype[115, 242, 243]. Microfluidic devices can

assess the dynamics and mechanical properties of actively invading cells through

T RGOWULt RYUc¢cOO! WRYUnNRUT WG R2E4]. YnntiisewRy, Borfinermént U U 1J G
resulting from the TME affects essential characteristics of the BCCs, including elongated
morphologies, cell division asymmetry, and supemdiffusivity, which suggests that potential

mechanical elements during invasion can drive ancer metastasis and progression244].

1.2.3 The incorporation of biomineralisation

Theinclusion of HApin generatinga model of bone tissue is essential due to the role this
mineral has on the cellular components of bone. Toinclude a mineral element within bone
research, calcium phosphate (CaP) is often either included as purchased HAp
nanoparticles (Figurel.8Aand B)[245-247], HAp paste [248] or generatedin situ. Methods
for generatingHAprangefrom the enzymatic degradation of urea (by ureaseincreasingthe

pH of a solution containing calcium and inorganic phosphate ions, which precipitate into
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CaP) within a bone-on-a-chip system [249], using the polymer-induced liquid-precursor
(PILP) mineralisation process (Figure 1.8C) [250], self-biomineralisation of live viruses
(Figure 1.8D) [251], and bulk precipitations of CaP (Figure 1.8E and F) [252-254].
Poly(aspatrtic acid) (pAsp) is an effective mimic of the non-collagenous proteins, which
affects the formation of HAp on collagen fibres and has been shown to inhibit the
crystallisation of CaP in bulk solution. When used within confined experiments, pAsp
allowed amorphous calcium phosphate to transform to octacalcium phosphate and,
ultimately, HApovera 2 weekperiod [254]. Different techniques used to include HAp within

experimental procedures are shownin Figure1.8.
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Figure 1.8. Examples of HAp included in bone research or fabricated experimentally. SEM

images of HAp/fibrin composite with ) 0.0 and ) MIOME Wc GUWHRHYGGYUUUq WL ERE G IIW
arrows indicate agglomerated locations[246]. (B) Images of fibrin incorporated with 0.00%, 0.05%,
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cross-linked HSS3 hydrogel after 14 days in PILP solutif?b0]. (D) SEM images of Camineralised

virus; the inserted energy dispersive Xay spectroscopy shows the presence of Ca and P on the

vaccine surfaces. (Scale bar: 100 nm.J251]. (E) CryeEM micrographs of calcium phosphate
mineralisation in the presence of fulllength amelogenin rM179 120 minutes in the reaction. (C,

Inset) Isolated mineral prenucleation clusters. Arrowheads in H and | point to individual
prenucleation clusters [252]. (F) CryoTEM images of collagen after 72 hours of mineralisation in the
presence of 10 g/mL of pAsp. Scale bar: 1006m [253].

The inclusion of HAp within 3Din vitro models of the bone has allowed for further
exploration into how this mineral affects the development of bone tissug¢248, 249, 255

257] and the behaviour of metastasised breast cancer cells [258-263].
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Techniques used to characterise HAp deposited in these models include Raman
spectroscopy and X-ray diffraction (XRD, which can be used to characterise minerals and
determine the crystallinity of HAp[249, 255, 256].

Raman spectroscopy is a form of vibrational spectroscopy based on the excitation of
molecular vibration by electromagnetic waves[264]. Raman spectroscopy measuresthe
deformability of a bond in an electric field and can be used to create a unique fingerprint
from which samples can be identified [264]. In this way, Ramanspectroscopy can be used
to identify the mineral structure within CaPs containing the same PO, group (I 1) by
showing it at different places in the Ramanspectre: amorphous calcium phosphate (ACP
shows at 950-5 cm™, dicalcium phosphate (DCP) at 985 and 878 cm?,
octacalciumphosphate (OCP at 958 and 965cm™, and HApat 962 cm™ [265].

Despite positive steps in the use of HApto study breast cancer metastasis to bone in vitro,

further exploration is neededto understand how HAp affects the metastatic cascade.

1.2.4 Generating shear stress in cell culture systems

Bioreactors sustain the perfusion of 3D cell culture systems and are used to study the effect
of fluid flow on bone cells, and the generation of shear stress within these cultures has been
shown to increase matrix deposition266, 267]. Further studies have shown that fluid shear
stress from bioreactors can increase the differentiation of osteoblasts when cultured with
ECM proteins[268], rearrange the orientation of osteoblasts, promote the expression of
growth factors, and ultimately enhance the differentiation ability of bone[269]. Whilst
bioreactors offer the inclusion of shear stress these are often in bulk, and cell interactions

can be difficult to monitor.

Organon-a-chip (OOAC) platforms are used to mimic the normal function of different
tissues in microlitre volumes; hence, microfluidic devices are an alternative name for these

systems|[270Q].

OOAC platforms offer significant advantages compared to conventional macroscale

platforms, including:

1 A reduction in fluid usage and cost: OOAC platforms require #aL0® times fewer
reagents than macroscale platforms, which results in less waste, lower cost and more
efficient assays by increasing the relative concentration of bioactive componentf271,
272].
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1 Increased physiological relevance through microscale dimensions: e
microarchitecture of OOAC platforms better mimics thein vivo cellular environment
and closely replicates tissue-level structures [272, 273].

1 Laminar flow and media perfusion: nicrofluidic channels within OOAC devices can be
designed to establish laminar flow, reduce turbulence, and ensure uniform media
distribution across growing cells. This controlled environment supports precise
nutrient delivery and waste removal, improving ell viability and function. Additionally,
laminar flow makes introducing specific drugs or reagents easier, maintaining
reproducibility and accuracy during assayg4274, 275].

1 High-throughput parallelisation: OOAC systems are highly suited to parallelisation and
enable highthroughput screening in a cost and time-efficient manner. This capability
is particularly advantageous in drug discovery and toxicity testing, where many
compounds must be screened rapidly[276].

1 Chemical gradients for complex microenvironments: OOAC devices can create
dynamic chemical gradients that emulate physiological conditions, such as nutrient or
oxygen variations, critical in tissues such as tumours and the gut. These gradients
provide insight into how cells respond to localised stimuli, @abling more nuanced
studies of cancer progression, immune responses, and drug diffusion through tissues
[277].

1 Physiologically relevant shear stress: mny OOAC models replicate the mechanical
forces encountered in vivo, such as the shear stress, which significantly influences
cellular behaviour[278-280].

1 Multi-tissue interactions through barriers and channels OOAC platforms allow the
integration of multiple cell types, separated by membranes or barriers, to study tissue
tissue interactions. Such setups enable detailed investigations of orgatfievel functions
and inter-organ communication during disease progressin or drug metabolism[281,
282].

Despite these advantages, OOAC systems still have some limitations, especially when
considering the combination in a multi-tissue platform, often termed a bodyon-a-chip

(BOO), and in the commercialisation of such platforms, as summarised ifrigurel.9.
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Figure 1.9. A summary of the key elements and requirements needed for the successful
combination of microfluidic devices and commercialisation of body -on-a-chip (BOC)
platforms. Created with BioRender.

Difficulties include the use of ECM components applicable to multiple tissue types as well
as including and separating multiple hydrogels. While this has been established through
the use of micropillars, for example, in the separation of celladen hydrogds with perfusion
channels [189], further optimisation is needed for the development of tissudissue
interfaces [283].

Another area for improvement is considering the correct flow rate for these combined
cultures. The perfusion for these large platforms needs to be carefully adjusted and
planned to generate physiologically relevant shear stresses, allow for diffusion kinies
across membranes and within hydrogels, maintain nutrient supply and waste removal and
ideally generate suitable effluents for analytical samplind270]. These challenges can be
overcome using automated systems or design considerations. Increasing the cross
sectional dimensions of chambers within microfluidic devices decreases hydraulic
resistance, thus requiring reduced pressures to fill the chamber witHluid; this results in
decreased volumetric flow rate and decreased wall shear stresg284]. These calculations,
however, are Ilimited in their applications to rectangular channels where
length>>width>>height and should be applied with caution to systems with differing

dimensions.

Furthermore, the use of microfluidics to control flow has complications in the fabrication
process, as this can cause issues with device clogging. Whilst the ability to scale up for

high-throughput applications exists, there are still many associated cha#nges [285].
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Microfluidic devices offer precise control over small volumes offluids and the production
of these devices requires methods that provide high resolution, compatibility with different
materials, and cost-effectiveness. These manufacturing techniques include soft
lithography, photolithography, 3D printing, and laser machiningSoft lithography is a
standard technique in the production of microfluidic devices due to its simplicity,
affordability, and ability to create intricate microstructures [286]. The process of soft
lithography is that a master mould, typically created via photolithography, defines the
microfluidic device structure and an elastomer, often PDMS, is cast onto the master and
cured to replicate a negative of the mould. The PDMS layer then bonded to another
substrate, commonly glass, to complete the device[287]. Advantages of soft lithography
include high resolution for microscale features (down to ~30 nm in optimised conditions),
the ability to re-use the master mould which reduces cost for small production batches,
and a flexible fabrication for prototyping288]. Limitations of soft lithography include that it
is limited to planar geometries and PDMS requires surface treatment for agueous
applications due toits hydrophobic nature[288]. Photolithography can be used as atand-
alone technique for the fabrication of microfluidic devices with a photo mask used to
generate a pattern on a photosensitive polymerand either remove the exposed areas
(positive resist) or retainthese areas (negative resist) to form the microstructures and
devices[289]. The fabrication of microfluidic devices through photolithography allows for
exceptionally high resolution (down to around ~10 nm) with high reproducibility and
precision however the devices are generated in this way are costly due to cleanroom
requirements and specialised equipment{290] and their single use nature3D printing is an
alternative technique used for prototyping microfluidic devices and offers flexibility in
design and the ability to create complex geometrieby layer by layer deposition of material
[291]. The use of 3D printing in prototyping of microfluidic devices allows for the creation
and integration of complex 3D structureswithout bonding steps and with the potential for
a wide range of materials including biocompatible resins to be usef292]. However, the
resolution of 3D printing compared to soft lithography isi Y5 IJ1 Allgq! GRHEc@d ! We |l Y
can require the smoothing of surfaces post production[292]. Laser micromachining
enables the direct fabrication of microfluidic channels through precise ablation or
polymerisation [293]. Thisallows for the fabrication of highly precise microfluidic devices
into hard materials however, relies on costly equipment and has a limited scalability for
high-throughput production [294]. Therefore, te choice of technology for fabricating
microfluidic devices depends on specific requirementsof the research in question and a
combination of these approaches may allow for the leveraging of their respective

advantages[295].
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The scaling of BOC and metastasi®n-a-chip platforms can result in issues with translating
the results generated on such platforms. The ratio of organ size to each other has been
shown to impact cellular behaviour[296-298], as has the ratio of liquid to cell volume. BOC
platforms more closely mimic in vivo ratios than traditional multi-well plates, but still

produce ratios greater than those seenn vivo[299].

Another challenge in combining multiple different tissue types into a BOC or metastasis
on-a-chip platform is maintaining multiple cell types over prolonged periods. The inclusion
of multiple cell types and conditions is needed to study natural interactios between

populations and understand synthetic interactions between populations; however, these

interactions need to be controlled[300].

In this way, OOAC systems present 3D cell culture systems that incorporate different
mechanobiological cues to create more predictive models that are superior to traditional

cell cultures and animal models in relevance, efficiency, and coseffectiveness[270].

1.3 Current In Vitro Microfluidic Models for Metastasis

While tissue-specific organon-a-chip platforms will be discussed in their relevant
chapters, understanding current metastasison-a-chip platforms is critical for
understanding the recent development of 3Din vitro cell culture systems within

microfluidic settings to model breast cancer metastasis to the bone.

Current research on metastasis is performed on a wide range of microfluidic platforms and
often includes a vasculature compartment to study the metastatic cascade. Metastasis
on-a-chip platforms have been divided intocompartmentalised chips, accounting for
around 39% of platforms assessed, micrewell arrays (18%), 2D chips (16%), membrane
chips (11%), and lumen chips (8%), and a further 8% not fitting into these categor{@91].

These types of chips are schematised and summarised iRigurel1.10.
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Figure 1.10. Examples of metastasis -on-a-chip platforms. Examples of (A) micrewell array chip
[302], (B) 2D chip [303], (C) membrane chip [304], (D) lumen chip [305], (E) vertical

compartmentalised chip [306],

(F) planar

compartmentalised chip [307], (G)

interconnected chip [308], and (H) a directly connected interconnected chig309].
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Micro-well arrays allow for the assessment of multiple and replicated conditions within a
single experiment and include multilayered microfluidic devices, such as thel-
TumourChip system developed by Wanet al. in 2014 [310]. TheL-TumorChip is a three
layered PDMS microfluidic array with vertically stacked microvessels and tumour
compartments supported by controllable continuous perfusion of media Figure 1.10A).
This micro-well array mimics the endothelial barrier, stained with CD31, also known as
Platelet Endothelial Cell Adhesion Moleculel (PECAML), and the TME, using MDMB-231
TNBC cells, stromal cells and Matrigel, andvas used to observephysiologically relevant

cancer cell behaviours, andmonitor dynamic drug response[302].

The use of monolayers within metastasion-a-H6 RGLW qUHSUY T YNRIJY WRY Wal
[301]. These 2D models do not display mani vivomechanobiological features; however,

their primary purpose is to focus on technological advances, such as automatiof311],

control of oxygen[312], or control of shear stress figure1.10B)[303]. Whilst these chips

allow for studying the effect of various factors on cell migration, they are limited in their

applicability to the metastatic cascade due to the flat nature of the cell culture.

Membrane metastasison-a-chip platforms are composed of multiple microchannels
separated by a porous membrane and, whilst often cultured in 2D, are separate from the
2D chips as the cells can communicate or even migrate through the membrane. Membrane
chips were initially developed to recreate the anliquid interface of the lungs Figure1.10C)
[304] and have expanded into combination withtranswell culture systems. Chenet al.
(2024) showed the development of a transwelintegrated organoidson-a-chip platform to
mimic melanoma metastasis [313]. This research showed that through integrating the
transwell culture system, they could assess the horizontal migration of cancer cells from
tumour organoids into surrounding regions, thus allowing for the assessment of the initial

dissemination of cancercells.

Lumen chips consist of tumouron-a-chip platforms primarily focused on forming a lumen
within hydrogels. These designs allow for the modelling of blood vessels; for example,
Pauty et al. showed the development of a microvessel that presented an effective barrier
function [314], and Nguyenet al. showed the formation of a biomimetic blood vessel next
to a pancreatic cancer duct andobservedthe pancreatic tumour cells invading the blood

vessel Figurel.10D)[305].

The majority of metastasison-a-chip models are compartmentalised chips that comprise
and allow for the culture of multiple cell types within distinct areas, employing numerous
techniques to recapitulate different tissue types[315]. Compartmentalised chips consist
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of vertical multi-channel devices, planar multrchannel devices, and interconnected

multiple chambers, with or without direct contact.

Vertical multi-channel devices are beneficial for studying cancer invasion across tissue
barriers such as epithelium and endothelium as they allow for stacking multiple
microfluidic device compartments on top of one another and offer separation through
semi-permeable membranes [315]. The membranes used within vertical
compartmentalised chips mimic the basement membrane and generally have pores of-3
NMW GdWqYWEadyYs W6 WWiYaqRGRg! WYnWg6éWWiERNI ¢qRUN
attachment area for the cells to grow on and form a tissue barri¢B16]. Such vertical chips
have been used to study the intravasation of colorectal cancer cells into an endothelium
across a PDMS membrane to assess the early stages of metastasidure1.10E)[306]. In
contrast, other vertical chips have been used to study the formation of a premetastatic
niche in the liver and breast cancer cell extravasation into the liver parenchymig17].
These vertical devices offer a versatile means for compartmentalising microfluidic devices
and studying cancer cell movement across a barrier. However, they do not allow for
assessing the circulation of these metastasising cells, and the increased heightof the

overall device can impede the use of confocal microscopy in detailed image analysis.

Planar multi-channel devices employ microfluidic devices arranged spatially next to one
another and are divided by patterned micropillars to allow the distribution of different cell
types within or outside hydrogel matrices[315]. Planar metastasison-a-chip platforms
facilitate ease of use with imaging setups compared to the vertical compartmentalised
chips as there is reduced optical density. Planar multchannel devices have varying levels
of complexity; in the most basic form,these devices have two channels, one containing
cells and one containing ECM proteins or a hydrogel, such as that used to monitor MDA
MB-231 BCCs undergoing intravasation into Matrigel used to mimic the stronj818]. These
planar compartmentalised chips can consist of three compartments, which allows for
modelling across multiple tissue types. PDMS planar chips have been implemented in
assessing the lymphatic dissemination of ER+ BCCs (MEB, TNBC cells (MDAVB-231),
and the HER2+ BCCs (SBR-3) Figure1.10F)[307]. In that study, three parallel channels
were used: an open lymphatic vasculature channel, a central Matrigdilled tissue channel,
and an open microvasculature channel. This allowed for the monitoring of infused
circulating tumour cells as they migratedinto the lymphatic vessel through the central
tissue channel [307]. These planar devices allow for the assessment of invasion and
provide a more accurate representation of the complex interactions between different cell

types in the metastatic process.
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Interconnected compartmentalised metastases-on-a-chip platforms allow for the creation
of microfluidic devices based on varyingsized wells and chambers to introduce diverse
morphological and mechanical features. The interconnected chambers can either be

indirectly or directly connected.

Using indirectly interconnected chambers allows for conducting parallel experiments
under varying conditions or with different samples in multiple chambers, and diffusion
between the chambers allows multidirectional cell communication. For example, a three-
chamber PDMS system allows the bidirectional communication between MDMB-231
spheroids formed from 10,000 cells and mature osteoclasts cultured on bovine bone slices
mediated through neurons Figure 1.10G) [308]; however, this does not allow for studying

all the steps of the metastatic cascade.

The use of directly interconnected chambers allows for the movement of cell types within
the metastasis-on-a-chip platform, and through the use of micropillars, cells can be
embedded in different ECM protein hydrogels to mimic different tissues. For examgl
interconnected PDMS wells have allowed colon organoids to be cultured in a metastasis
on-a-H6 RGUWs Ra6 We WHRI HadcqVY!l ! WGl net RYUWH '+ qlda W
liver organoid [319]. Furthermore, directly connected multiorgan platforms allow for
assessing the dissemination of colorectal cancer cells to the liver, lungs and endothelial
compartments (Figure 1.10H) [309]. In this way, directly connected compartmentalised
metastasis-on-a-chip platforms can assess metastasis from a primary tumour to a
secondary tumour site, even if the approach is somewhat reductionistjt can provide
insight into the understanding and prediction of cancer progressiorj320]. Despite the
developments in boneon-a-chip platforms to assess breast cancer cell colonisation with
endothelial cells [258], a directly connected primary breast cancer metastasis to bonen-
a-chip platform that considers the role of mechanobiology appears to be missing in the

literature.

1.4 Research aims

This research project aims to generate 3D cell culture systems within microfluidic devices
that can be combined into a metastasis-on-a-chip platform for the study of breast cancer

cell metastasis to the bone.

The first objective within thisthesis is to explore the development of abone model using
polymeric microparticles and HAp. The ability of these microparticles tosupport the

culture and differentiation of MSCs will be assessed as well abe effect of includingin situ
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HAp on the surface of these microparticles on the cell cultures. Furthermore, microfluidic
devices will be designed and optimised to supporphysiologically relevant shear stresses
of the bone and be compatible with the optimised 3D cell culture of MSCs on

microparticles.

Thenext objectiveis to explore the development and optimisation of triple negative breast
cancer cell spheroidsand assess the feasibility of loading these into microfluidic devices
Within this objective work will be undertaken to understand the role of traps within

microfluidic devices in the loading of larger 3D cell culture systems.

The final objective otthe thesis willto be explore the endothelial cell response to culture on
polymeric microparticles and hydrogels. These different biomaterials will be testeébr their
ability to support endothelial cell viability and arrangement, and these optimised cultures
will be assessedfor use within microfluidic devices to provide a model for the vasculature

system.

In this way, this thesis will provide the initial steps towards optimising three microfluidic
devices that allow for more physiologically relevant culture systems for studying bone,
breast cancer, and vasculature. With further work, these systems can be eobined into a

metastasis-on-a-chip platform for use in cancer research.
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Chapter 2 Human Mesenchymal Stromal Cell-Derived Osteoblasts
and Hydroxyapatite -Coated Dimpled Microparticles Produce a

Bone-Like Micro-Tissue For Use in a Microfluidic Device

2.1 Introduction

Bone tissue-like models are essential for researching healthy bone behaviours, disease
states and complications such as cancer metastasis. As described in Chapter 1, bone is a
highly complex and dynamic tissue comprising bone cells and bone matrix consisting of
protein and mineral. Mechanobiological cues, including topography, stiffness, chemistry
and fluid flow, significantly affect the suruval and differentiation of these cells.Manytools
havebeendevelopedto aid the construction of in vitro bone models, including scaffolds for
bone tissue repair, bone substitute implants, bone biomimetic materials and bone-on-a-
chip platforms. Bone-on-a-chip platforms often utilise microfluidics to mimic the
mechanobiology and biomechanics of bone [321]. In this way, models can be exposedto
perfusion and the associated physical and chemical gradients, such as oxygen and
nutrients, to mimic the in vivosystem[322]. Due to the complexity of bone, arange of bone-
on-a-chip models are available that can be sub-divided into six categories: 1) bone marrow
chips, 2) vascularised bone-on-a-chip models, 3) bone regeneration and remodelling
platforms, 4) osteochondral chips, 5) bone-on-a-chip models for cancer and bone
metastasis, 6) bone-on-a-chip models for non-cancerous bone diseases (inflammation,

osteoporosis, and osteonecrosis).

1) Bonemarrow chips aim to further the understanding of the role of the bone marrow
within the whole bone system andto explorethe endosteal and perivascular niches.
The endosteal niche mainly consists of osteoblasts and osteoclasts, and the
perivascular niche mainly consists of endothelial cells, stromal cells, and MSCs
[323]. Somechips do not differentiate betweenthese niches [324]; some study their
interactions [77, 325, 326].

2) Vascularised bone-on-a-chip models can be used to study the interaction of
angiogenesis and osteogenesis. These chips are designed to improve
understandingof how the vasculature affects bone development, regeneration,and
remodelling [245, 327-331]. However, most of these utilise vascular channels

alongside bone-on-a-chip models, and they are only occasionally successful332].
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3) Bone regeneration and remodelling platforms can be developed to study the
dynamic regulation of bone formation and resorption. Thesechips allow cell-cell
interactions to be studied within bone remodelling but are highly complex [249,
333].

4) Osteochondral chips mimic the osteochondral tissue, which connects the cartilage
with the subchondral bone. These chips are essential for studying the normal
function of joints [334-336].

5) Bone-on-a-chip models for cancer and bone metastases are used to study the
process of metastasis and how this can lead to resistance to anti-cancer drugs.
Theseinclude developing a bone platform and directly inserting cancer cells and
assessingtheir colonisation of the tissue [258, 262, 263, 337, 338].

6) Other bone-on-a-chip platforms for developing disease models exist and can be
designedto study inflammatory bone diseases, such as rheumatoid arthritis and
osteoarthritis [339-342], osteoporosis [247, 343, 344], and osteonecrosis [331,
345-347].

Thework presented within this chapter focuses on creating a more physiologically relevant
bone-on-a-chip model to study bone metastasis. Bone is the third most frequent site for
metastasis after the lungs and liver [348], and metastatic cancer cells can produce bone
lesions by affecting bone remodelling as conducted by osteoblasts [349]. Previous
research has developed bone-on-a-chip platforms that allow for the co-culture of
metastatic breast cancer cells and osteoblastic tissue, for example, Hao et al.k 2018
model [258]; however,there were few mechanobiological considerations within this model;
the cells were grown on a glass slide as a co-culture in a growth-and-dialysis bone-on-a-
chip platform. Other scaffold-free bone-on-a-chip models for bone metastasis have used
hydrogels; for example, a hydrogel mixture of collagen and Matrigel was used to study the
effect of osteoblasts on breast cancer cells [350]. Thissystem, however, did not consider
the stiffness of the bone or the mineral element of the bone matrix. In addition, direct co-
cultures within bone-on-a-chip models for bone metastasis do not allow for the
assessment of cancer cell migration. Bone-on-a-chip models for bone metastasis that
study the migration of cancer cells require including endothelial cells. Bersini et al. (2014)
created a microfluidic device to study the migration and extravasation of breast cancer
cells towards an osteo-differentiated bone marrow from an endothelial cell chamber [337].
This study highlighted the role of the bone microenvironment in breast cancer cell

extravasation;however,this study only assessedthe role of the proteins of the extracellular

35



matrix deposited by human bone marrow-derived MSCstreated with osteogenic medium
and did not consider the stiffness or chemistry of the bone microenvironment. Thisis also
true of other bone-on-a-chip models for bone metastasis, that if they consider one
mechanobiological factor of the bone, they often do not consider other vital factors [193,
338].

The design for the microfluidic device within this chapter is based on the adaption from
work conducted within multi-well plates or 3D culture systems of a similar size and using
these cultures in microfluidic devices. A 96well plate frequently used within in vitro
research has a cell growth surface area of 32mfand transwell assays have a cell culture
surface of 33mn?, which informs the desired dimensions for the boneon-a-chip platform.
Previous work on creating bone models for studying breast canceretastasis has followed
such principles with 3D culture systems using transwell culturd313] and growth surfaces
of similar areas, e.g., cell culture chambers with a surface area of 50mra[258] and gel
inserts of 19.6mn7¥[351].

2.1.1 Aims

The study presented in this chapter aims to develop a boren-a-chip platform to study
healthy bone and the metastatic process. This model uses microparticles to provide
topographical, stiffness, and chemical cues to the cells in culture and utilises micréiuidic

devices to provide physiologically relevant fluid flow.

For this, the following tasks were performed:

9 The biocompatibility of microparticles with mesenchymal stem cells (MSG) was
assessed by quantifying viability by fluorescent microscopy using a live/dead assay,
proliferation via fluorescence detection through a plate reader, and attachment via SEM
imaging.

1 MSC cell differentiation as triggered by the topographically designed micropatrticles.
This was assessedvia evaluating calcium deposits and protein and mRNA levels of
osteogenic markers.

T c!TI1Y$! ¢cGeqRaqUWs et WnY!I GUT WYUWq6 WG RAI YGE I ¢
mechanobiological cues and the biocompatibility and ostecinductive nature of such

coated microparticles was assessed with the MSCs.

36



1 Design, testing, and fabrication of a microfluidic device for MSC growth under
physiologically relevant fluidic {.e., shear stress) and mechanical cues i(e.,
microparticles). This work included running and optimising COMSOL simulations,
simulating microparticle loading, using soft lithography to fabricate microfluidic
devices, and characterising the devices.

1 Culture of MSCs on micropatrticles in a microfluidic environment, including loading the
microfluidic devices with microparticles and assessing the viability of cells within the

microfluidic devices.
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2.2 Methods

2.2.1 Scanning electron microscopy

Scanning electron microscopy (SE) was used to visualise and image microparticles. A FEI
Nova 450NanoSEM was used with an Hbens secondary electron detector or a circular
backscatter detector. Double-sided copper tape (Agar Scientific, UK) was placed on an
aluminium stub (Agar Scientific, UK), and samples were dispersed using water onto the
tape. Sanples were sputter-coated with a 4 nm iridium coating (Cressington sputter coater
208HR). SEM images were taken using a field emission SEM FEI Nova 450. The typical

voltage used was 35 kV.

2.2.2 Microparticle fabrication, characterisation and use

Two different polymers were used to prepare microparticles, the structures and chemical

information of which are summarised inFigure2.1.

CHy, O -

OH—T—O——CH C—OR

- -n
PDLLA (EXPANSORB® DL 100-7A)
End group: COOH
|.V. range 0.60-0.80 dL/g

Molecular weight: 70-120 kDa

CH; 0
/ 0L LH

OH 0O

PLGA (Expansorb® DLG 75-9E)
Ratio 75:25L/G
End group: ESTER
|.V. range 0.75-1.00 dL/g
Molecular weight: 100-160 kDa

Figure 2.1. Chemical structure and information of Poly(lactic acid) (PDLLA, PLA ) and Poly(lactic-
co-glycolic acid) (PLGA) used in microparticle fabrication. Polymers were purchased from
MerckMillipore.
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2.2.2.1 Smooth microparticle fabrication

Smooth microparticles were prepared using a solvent evaporation cih-water emulsion

technique (Figure 2.2). The organic phase, containing 1 g of polymer in 5 mL of
dichloromethane (DCM6 L ¥ ®POY AW [ Rt 6 101 W ERRIWDUgqRNRHAAW Oub §
Homogenizer L5M) at 2,300 rotations per minute (rpjnfor 5 minutes in 100 mL of the

aqueous continuous phase, 1% weight/volume (w/wWf poly(vinyl acetate-co-alcohol) (PVA

MW 13r23 kDa, 98% hydrolysed; Sigm&ldrich, Sweden). The resulting emulsion was

stirred continuously at 480 rpm at room temperature for 3.5 hours to allow for solvent
evaporation. To remove residual PVA, microparticles were centrifuged at 3,400gxXor 5

minutes and subsequently washed with deionised (Dlwater three times. Cell strainers with

Gt 6W RAD WY nWNMW, §We9Y!I URUNAWOE b We Ul WTMLW, G
and collect the microparticles within the range of 46T ML, G W¢t Waqd Rt Wnl ¢ Hq
previously shown to direct MSCs down anosteogenic lineage [83]. The collected
microparticles were freeze-dried (LyoPro 6000, Heto, UK) for 48 hours and then stored-at

20°C.

2.2.2.2 Dimpled microparticle fabrication

Fusidic acid (FA98%, Acros Organics, Belgium) was incorporated in the organic phase with
30% weight/weight (w/w)in polymer for fabrication of dimpled microparticles Figure2.2).
The organic phase was homogenised at 2,300 rpm for 5 minutes in 100 mL of the aqueous
continuous phase. After solvent evaporation (continual stirring at 480 rpm at room
temperature for 3.5 hours), microparticles were washed in DI water, filtered, and dlected.
Dimpled microparticles were obtained after FA release; FA was released through dynamic
agitation of the micropatrticles suspended in fresh phosphate buffered saline (PB$ibco,
UK). PBS was changed every 24 hours by centrifuging the mixture at 3,4@dot 5 minutes,

removing the supernatant and resuspending the pellet in fresh PBS over 7 days.

.
| ®e
Homogenise . .
Polymer +
DCM Solvent Smooth
\ - evaporation
Va »)
’ || b |Ys
Polymer + /l\ < _\\ : €3
FA + DCM L A €
PVA °
FA release °
Dimpled

Figure 2.2. Schematic representation of the fabrication of smooth and dimpled microparticles
by a modified oil -in-water solvent evaporation emulsion method. DCM, dichloromethane; FA,
Fusidic acid, PVA, Poly(vinyl acetateo-alcohol). Image adapted from[84].
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2.2.2.3 Patrticle sizing

Initially, microparticles were sized using Fiji (ImageJ352]) by measuring the diameter of
250 microparticles over five images collected via SEM (Sectio.2.1). Microparticle
diameter was measured using the line tool on ImageJ, and the mean and standard deviation

were calculated as perEquation 1 and Equation 2, respectively.

O0QI QQBAG QO YO @ "0 dXd a1 Qe 0 i Equation 1
" “' G WO G0 BB Qe o |

Equation 2
P wa
U

Where,, = standard deviation, N = the number of all data points, = mean.

A Camsizer XT (Retsch, Germany) was used as an optical grain sizing system, with the X

Flow module being used as a proxy for measuring the size of the microparticles. This
allowed for the generation of a larger sample size (N=2,500 minimum per batch). Sahlap

were dispersed in DI water, and laser diffraction was used to detect microparticle size for 5
minutes. For each batch of microparticles, the mean diameter was calculated with

Equation 3, standard deviation with Equation 4, and polydispersity with Equation 5.

AYO!T Rt GUI t+ Rq! WRet UWRGnGYIJ Ll R | LIDYLERYLEhGLILERS, (iR EingeRH 2 q R Y
sizes within a batch, where 0.0 is a perfectly uniform sample, and 1.0 is a highly variable,
polydisperse sample[353]. Graphs were generated using Microsoft Excel 2016 (Microsoft,

USA).

vo Ov:

AL
kv m a0 - T ¢

—og>M gg < < l:-. a0 g Lo Equation 3

_” <+ < V()EI>. AO -v%%ﬁﬁo-»:i:l | ]
«c l:-. AO " Jllf p Equation 4
Equation 5

where,, is the standard deviation and d is the average diameter.
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2.2.2.4 Microparticle use

Microparticles were added to a sterile CELLSTAR® esdpellent surface 96 well cell culture

microplate (655970, Greiner BieOne, UK) and sterilised in a UV light box at 254 nm for 30
minutes at 4x1@ millijoules. The mass of microparticles added is determined by the size of

well plate and purpose of the experiment. This is summarised ifiable 2.1 along with the

cell number seeded per well on day O of an experiment based on differing cell seeding
densities for different experiments. Following this, the microparticles were conditioned

5 R6 WNMMLW, x WHPJGGWHRa2Ggqel JWa U Ré idtaYed HhO belst R U 2 q

plated. The number of smooth microparticles was calculated usindgequation 6.

Table 2.1. Example of calculating the number of microparticles and desired cell density per
well when using different masses of microparticles ina 96 -wp.

TC-treated Weight N of smooth SA of MPs Cell seeding Cell number

cell culture of MPs MPs (cm?) density (cells/cm 2)  per well

area (cm?) (mg)
0.32 1 17,870 1.09 7,500 8,175
0.32 1 17,870 1.09 15,000 16,431
0.32 2 35,740 2.18 15,000 32,700
0.32 0 0 0 15,000 4,800

Where MPsT Microparticles; N T number of microparticles; wp T well plate; where microparticles have a
GUe0W REAGU@UI WY NWNNIONT LW, &0
dl ¢ R A

0 r B ng™H Th Equation 6.

Where N- number of & RH | Y G¢ | q RH i HensityGIRLEN(DEB0Y g/ERf)] and d- mean diameter
bl, Ub

2.2.3 Cell culture

All cells were cultured in a cell culture incubator maintained at 5% C®in air at 37°C.
hTER¥immortalized adipose tissue-derived human mesenchymal stem cells (MS€) were
obtained from ATCC (ASC52telo) and cultured in Dulbecco's Modified Eagle Medium
(DMEM; Gibce, Thermo Fisher, UK) supplemented with 10% (volume/volume (v/v)) foetal
bovine serum (FBS; Thermo Fisher, UK), 1% (v/wylutamine (Thermo Fisher, UK) and 1%
(v/v) penicillin-streptomycin (PenStrep; Gibcat, Thermo Fisher, UK).

Adherent cells were passaged and collected using 2 mL of trypsin/EDTA solution (GibcoTM,
Thermo Fisher, UK) per Nunc EasYFlask Cell Culture Flasks (T75; Thermo Fisher, UK). After
a 5 minute incubation in the cell culture incubator, 3 mL culture media wasdded, and the

cells and media were centrifuged for 5 minutes at 180 g Cells were then resuspended in
culture media and plated in 96well plates at the appropriate density based on the

experiment (15,000 cells/cn? unless otherwise specified). A BLAUBRAND Neubauer
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improved haemocytometer (Merck, Germany) was used to count the number of cells

present in solution to determine the cell density.

2.2.4 Morphological analysis using SEM

Microparticles and cells were plated according to Sectior2.2.2.4 at a seeding density of

15,000 cells/cm?. On the day of imaging, 72 hours after seeding, media was removed. Cells

were washed twice with PBS and fixed with 2.5% (v/v) glutaraldehyde (Sigma, USA) in an
externally-2 JUq T Wna dW6YYT WnY!l WNMWE RU2 qldt OW9 GGt Ws |
before HURUNDW t Dhue JUqR¢cOG! WT WE!' T1 ¢qll WsRq6é6WIIabec
dehydration with 20%, 40%, 60%, 80%, and 100% (v/v) ethanol in water used, each

concentration was incubated for 5 minutes before SEM imaging (as detailed 212.1).

2.2.5 Viability

A LIVE/DEAB Viability/Cytotoxicity Kit for mammalian cells (Invitrogen, UK) was used
CHAYI T RUNDWqYWqsWWaecUenceHge!l Wl Kkt WGI YaqYHRYOWqY
Microparticles were prepared according to Sectior2.2.2.4 and cells were plated at 15,000
cells/cm?on the microparticles or on a tissueculture (TC) treated well in a 96well plate for

the adherent control (Table2.1b FOWN W, ~ WHERBCIEHIARUW, ~ W q 6 RT RIFG W6 Y G
s JWet VT WRUWA7EAWE UT WINMMW, x WYnuwt q¢ RURUND W Y
with the staining solution for 30 minutes. Cells were imaged with EVOS FL Auto 2
fluorescence microscope (ThermoFisher, UK) with calcetAM being imaged with the geen
fluorescent protein (GFB filter (Excitation (Ex470 + 22 nm, Emission (Ej610 + 42 nm) and

ethidium homodimer imaged with the Red fluorescent protein (RPFfilter (Ex531 = 40 nm,

Em593 £ 40 nm) at 10x magnification unless overwise specified.

2.2.5.1 Viability quantification

Viability was quantified with ImageJ (Image J, F[852]) to measure and compare the

intensity of fluorescence within the green and red channels to assess the intensity of

staining from live cells (calcein, green) and dead cells (EthiDI, red) using an adapted

method from those of Burgesset al., McCloyet al., and Collinset al. [354-356]. The original

greyscale images for the green and red channels were opened in ImageJ, and the
mAWARqeUNIWwWaqYYaWset Wet W7 WaqYWt JaWEqWRUL RT JW
ROqUI 3t qloWf G¢Ns Ws ¢t Waqdd0Wet T LWa ¥ lddlasdlé & R s
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used as fluorescence intensity. The proportional intensity of the calcein staining was

compared to that of the total staining as peEquation?7.

Equation 7

Proportionali 0 @ Q¢ Qe—Q

Unless otherwise stated, fluorescence intensity was averaged across 3 different wells

(technical repeats within experiments) for N = 3.

2.2.6 Proliferation

Microparticles were prepared according to Sectior?.2.2.4, and cells were plated at 15,000

cells/cm? (Table 2.1). A serial dilution of cells was prepared to prepare a standard curve,

and these were seeded in duplicates in a 96vell TGtreated plate (Corning, USA).
PrestoBluet Cell Viability Reagent (Invitrogen, Thermo Fisher, UK) was used according to
qé6lWacUencHagel Ul Kkt WGl YqVYHY O Hay Yiddet copesé. WheG | Y O Rt
measuring proliferation, media was removed, cells were washed with PBS, and Prestoblue
wasaddd AWG6 ¢ 2 RUNWAHWWUWs ¢ AT WgYW YYOGWqUGGUI ¢cqel
culture media per well and incubated for 2 hours at 37°C protected from direct light.

22 GCGURHCqUWaqUHESURACGWI WGWEqt WYNWNMMW, x WY nwWaJ
black 96-well plate (Costar, UK), and fluorescence was measured at an excitation
wavelength of 560 nm and emission wavelength of 590 nm on a HIDEX Sense plate reader
(HIDEX, Finland). Prestoblue was used on day 1 to ascertain the cell number from the
standard curve. The known cell number plated was plotted against the fluorescence
detected to generate an experimertdependent equation that could be used to calculate

the cell number using fluorescence over specified time points over 14 days.

2.2.7 Tri-lineage differentiation of MSCs

~E9t Ws I DWGGecqUlT WeHAYI T RUNDWqYWaqsWWaecUencHael
Differentiation Kit, StemPro® Chondrogenesis Differentiation Kit, and StemPro®
Osteogenesis Differentiation Kit to differentiate the cells into adipocytes, chondrocytes,

and osteoblasts respectively. Cells were stained with Oil O red (01391, Sigma Aldrich) to

show adipocytes, Alcian blue (A3157, Sigma Aldrich) for chondrocytes, and Von Kossa
staining for osteoblasts (as detailed ir2.2.8.1) and imaged using the bright field imaging on

the EVOS Auto2 microscope.
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2.2.8 Osteoblastic response

Three different techniques were employed to assess levels of osteoblastic differentiation,
as detailed below. Cells were seeded at 7,500 cells/crnfor these experiments to ensure

sufficient growth surface over the extended culture periods.

2.2.8.1 Von Kossa stain

Von Kossa staining was conducted on day 21 posteeding to visualise calcium deposits
formed by differentiated MSCs[357]. Cells were fixed with 3.7% paraformaldehyde and
stained with 2.5% silver nitrate solution for 60 minutes under UV light (254 nm). The cells
were washed and stained with 5% (v/v) sodium thiosulfate in water for 5 minutes. The cells
were imaged using the KOS microscope bright field channel. In this way, the calcium is
reduced by the strong light and replaced with silver deposits, which present as

black/brown-black deposits.

Mineralisation was quantified from the raw images using Fiji, as previously describ¢&858].
The original image was converted into greyscale prior to use, regions of interest were
determined to encompass the celkmicroparticle aggregate, and the mean grey value was
guantified. Grey values range from 0 (black) to 255 (white), so the final numbers shown in

the results are obtained by subtracting the measured value from 255.

2.2.8.2 Xylenol orange staining

Xylenol orange XO) was used as an alternative method to assess mineral deposition by
MSCs in 2D and 3D cultures over an extended cell culture period. XO can chelate calcium
and stain the mineral red. Unlike Von Kossa, XO staining can be done on live cells and
allows for the continuous monitoring of mineralisation over extended periods ofme in the

same culture system.

AiglWsct W 3t et GUUT VT WRUW? ~E~W¢qW=MW, ~AWwe UI W= MM
overnight. The next day, the X@ontaining media was removed and replaced with fresh
growth media to avoid background staining, and the XO was imaged via fluorescence

microscopy on the EVOS microscope.

2.2.8.3 Osteocalcin immunofluorescence

Immunofluorescence of osteocalcin (OCN) was also used to assess osteoblastic
differentiation of MSCs. OCN is the most abundant noitollagenous protein in bone and is
produced by osteoblasts. It is, therefore, used as a marker for the osteoblastic

differentiation of MSCs[359].
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On the day of staining, cells were fixed witie M M [BL7% (v/v) paraformaldehyde (Sigma,
USA) in PBS for 15 minutes for 2D cell cultures and 30 minutes for 3D cell cultures. The
fixing solution was removed, and cells were then permeabilised witix MM L0, 1% v)
Triton %100 (SigmaAldrich, USA) in PBS, again for 15 minutes for 2D cell cultures and 30
minutes for 3D cell cultures. The increased incubation time for the 3D cell cultures allowed
the permeation of the regents into the celimicroparticle aggregates. Following permeation,

the Triton-X-100 solution was removed, and the cells were washed three times with PBS.
Cells were then blocked in= MM WP6 k) bovine serum albumin (BSA, Sigma, USA) and
10% (w/v) goat serum (Sigma, USA) for 1 hour. Cells were then incubated with the primary
antibody, Human/Rat Osteocalcin Antibody (MAB1419)in= MM Kt 1:50Qlin 1% (w/v) BSA

in PBS overnight at 4°C. Cells were then washed thrice with PBS and incubated vatM M LU, x LU
of the secondary antibody,IgG (H+L) CrossAdsorbed Goat antiMouse, Alexa Fluor® 647
(A21235, Ivitrogen)at 1:1,000 in 1% (w/v) BSA in FBfor 2 hours, 30 minutes prior to the
end of this incubation, 300 nM DAPI (Sigma, USA) was added. Cells were then washed
thrice with PBS prior to imaging. Immunofluorescent imaging of osteocalcin was conducted
on the EVOS FL Auto 2 fluorescence microscop@hermoFisher, UK), using the Cy5 filter
(Ex 635 £ 18 nm, Em 629 £ 40 nm) for the detection of osteocalcin and the DAPI filter (Ex 357
+ 44 nm, Em 447 £ 6m) to detect DAPI with phase contrast to image the sane in
brightfield.

2.2.8.4 RT-gPCR

Quantitative reverse transcription polymerase chain reaction (R§PCR) was used on day 7
and day 14 in differentiation experiments. MSCs were seeded at 15,000 cells/éran 96-
well TGtreated well plates as an adherent control and on 1 mg of smooth, dimpled, HAp

coated smooth, and HApcoated dimpled microparticles in a 96well cell repellent plate.

The extraction and purification of RNA from cultured cells were performed using the
A D¢t ! W~RURWURqWuITANMOAWAS 1 E 4AwW] Wl acU0! b ¢ HE

All steps were performed at room temperature.

QUGG Ws Wl ¥wWa! + Wl Ws Rqé W O P Miercaptbéttzaimnin) PAS And N LW s R ¢
detached using a pipette tip acting as a cell scraper. Lysates were homogenised by

2Y1 quFRUNWNY! WNWERU2 qUWARMNY!I JWeT T RUNWORML X L
RNeasy spin column within a 2 mL collection tube and centrifuged for 15 seconds at 8000

x g. Following centrifugation, the RNeasy spircolumn was carefully removed from the

collection tube, and the flow-qy 6 | Y2 N6 Ws ¢+ WI Rt He | T IJwakaddee® ol LI x LY

the spin column and centrifuged for 15 seconds at 8000 g, and the flow-through was
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TR HECI T UT IOWNMW, x WY NnW? ¢t UWf W qVHE W YiaeqRYUWs
gently inverting the tube. This was then added directly onto the RNeasy spin column
GUGAI ¢0We UT WRUH2 AcqUT WnY!l WUNPWaGRU2 qI3t tOW 1J* q
RNeasy spin column and centrifuged for 15 minutes at 8000 g Flowthrough was
TRtHeCI T U AWe 0T WqéWWHYGeGUWs ¢t Ws ¢t 607 Ws Rad WP
seconds at 8000>g. Flow-q6 | Ye N6 Ws ¢t W Rt H#¢ I T W1 awe 07T WP MML, x
this time the column was centrifuged for 2 minutes at 8000 g to ensure no ethanol
carryover in subsequent steps. Finally, RNA was eluted by placing the RNeasy spin column
RULWe WU s WN P WG x WHY G 0 1JH dreeYvatéd oyas Bdded dicedily odtOthel, x WY
membrane of the spin column. This was then centrifugedor 1 minute at 8000 xg. The
concentration and quality of RNA extracted from the cells were then quantified using a
¢cUY?21 YCGWSUWWEGUHq!I YG6YqYalWqWl WeaN6WI 6§ YWERRIU
Nanodrop spectrophotometer, and the concentration ofthe RNA was detected at 260 nm.
RNA samples were then used to synthesise of complementary DNA or stored-&0°C for

future use.

Complementary DNA (cDNA from the extracted RNA was synthesised using the iScript
Select cDNA Synthesis Kit (1708896, BB ¢ 1T AW OE bW ¢ HHAYI T RUNW q VYL
instructions. Random primers were used as the firsstrand priming strategy, and an RNA

HYURUDUq! ¢ qRY U LHY(TebleeR), NWs ¢t WaYeT

Table 2.2. Reagents used for the synthesis of cDNA from MSC RNA for qPCR.

Component eYlued WGl W=N
5x iScript Select Reaction Mix 4

iScript Reverse Transcriptase 1

Random primer mix 2

A Wa G Gid ¢ qllWe  Variable

Nuclease-free water Variable

The cDNA synthesis occured in a Thermal Cycler (Model T1000, #ad, USA) using the
settings detailed inTable2.3 below. The synthesised cDNA was then used directly for gPCR

amplification or stored at-20°C for later use.

Table 2.3. Cycling conditions used for the synthesis of cDNA from MSC RNA.

Cycling Step Temperature (°C) Time (minutes)
Priming ‘ 25 5

Reverse Transcription‘ 42 30

Heat Inactivation ‘ 85 5

Infinite Hold 4 Infinite
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The qPCR was performed using QuantStudio 5 (Thermofisher, USA). All reactions were
prepared on a 384well gPCR plate. SsoFast EvaGreen Supermix (#15201, BioRad, USA)

was used as the dye for all gPCR reactions.
All components were thawed and added in the following quantitiesTiable2.4):

Table 2.4. Reagents used per well of each gPCR reaction with the BioRad SsoFast EvaGreen
supermix.

Reagent éYle QWG WNML,
BioRad SsoFast EvaGreen Supermi 2

Forward Primer (500 nM final conc.) 0.5

Reverse Primer (500 nM final conc.) 0.5

RNasefree water Variable

DNA template (1/3 cDNA dilution) Variable

Thefollowing primer sequences were used Table2.5):

Table 2.5. Optimised qPCR primer sequences.

Name Species Direction Elhe JU K bl P K
GAPDH* Human Forward CACCCACTCCACCTTT
Reverse TACTCCTTGGAGGCCATGTG
ALPL Human Forward CTCCGCGCCCGCTATC
Reverse GTTAACTGATGTTCCAATCCTGC(
BGLAP2 Human Forward CTCACACTCCTCGCCCTATTG
Reverse GCTTGGACACAAAGGCTGCAC

* GAPDH was used as the housekeeping gene as expression levels should not change across cell growth
surfaces and can be used to normalise againsBGLAP2encodes OCN.

The optimised cycling conditions for the gPCR were as followJ éble2.6):

Table 2.6. Optimised cycling conditions for gPCR protocol.

Cycling Step Temperature (°C) Time (seconds) Cycles
Enzyme Activation 95 30 1
Denaturation 95 5
i 40
Anneallng and 60 5
Extension
Melting Curve 65-95 (0.5°C 5 1
increments)

The initial raw data from gPCR were analysed using the Design and Analysis 2 Software
(Thermofisher, USA). For the relative quantification of gPCR data, th&/Ct method was
used (Equation 8) [360].

YO ¢ 7 Y Equation 8
Y6 1 QE®FOO 06 Y 00 Equation 9
Y8 A € & 0516 &%°00 "'® Y00 Equation 10

Where RQ = Relative Quantification, REF refers to the reference gene, in this case, GAPDH.i&Me Gene of
Interest. RGOl is the reference gene of interest. Cq refers to the cycle quantification number.
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2.2.9 Mineralisation of microparticles

A range of published protocols for the fabrication of hydroxyapatite were assessed to
optimise the deposition of developed crystals on the surface of the polymer microparticles.
These techniques rely on the combination of calcium ions provided from a calein source
with phosphate from a phosphate source and incubation with the microparticles in

different conditions; these techniques are summarised inTable2.7.
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Table 2.7. A summary of techniques used to fabricate hydroxyapatite.

Name Calcium Phosphate source Buffer Experimental Incubation Schematic
Source details details
Technique 9 mM 4.2 mM KHPO, TBS at pH Combine 1 mg of Incubate for 7 or Solution 1 Solution 2
1717 daysin CaCl,:2H,0 and 7.4 (at 3PC) microparticles in 100 28 days at 37C
TBS. PMW _ Nod . L H,O with 400, L . \/
Adapted (2-7 kDa) H.8 AW=ZP ML, x
from: 1 (CaClsource), and 37°C
[250] SPMW . x W EY
(K.HPO, source). e
7 days 28 days
Technique 3.7 mM - DMEM 9YUGHRUWUW O  24hours at 37°C. DMEM
21 DMEM CaCl,-2H,0 100 mM CaC} with 1
as mL DMEM  per l- 3.7uM CaCl,
phosphate milligram of \/
source. microparticles.
Adapted
from: N
[251] : —
l 37°C
24 hours &
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Technique 1.67 mM 1 mM KHPO, at H-O Combine 1 mg of Incubate for 2 Solution 1 Solution 2
3712 hours CaChk-2H,O at pH 8 microparticles in 100 hours at 37C
at pH 8. pH 8 . X U8dls Rq 6 L . \/
Adapted H8 ALW=P ML x
from: 1 (CaClksource), and
[252] SPMW . x W EY o
(K:HPO, source). L
2 hours l &370(:
Technique 5.4 mM 2.7 mM KHPO, 10 mM Combine 1 mg of Incubate for 3 Solution 1 Solution 2
4T3 days in CaCl,-2H,0 HEPES at pH microparticles in 100 days at 37C
HEPES. sRq6LW =M 7.4 (at 37C) . X Ugdls Ra 6 W . \/
Adapted pAsp (211 H8 AWL=ZPM, x L
from: kDa) 1 (CaCl source), and
[253] SPMW , x W EY Dl |
(K.HPO, source). T
3 days l &3700
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These techniques were used as starting conditions for fabricating HAp on the surface of the

microparticles and were adapted as required.

2.2.10 Mineral characterisation

Samples were washed in DI water and dried into clean silicon waferdefore
characterisation. The mineral formed was characterised using multiple techniques to
confirm its composition, including SEM imaging (Sectio.2.1), Raman spectroscopy, and
powder-X-ray diffraction (p-XRD. Raman spectra were collected using a Horiba LabRAM
HR Evolution microscope using a 50 W 750 nm (red) laser passing through an Ultra Low
Frequency (ULF filter at 50x magnification. An aperture of 50 um and laser power of 100%
was used, and the grating was 600 grooves/mm and 30 seconds per scan, and the data
were averaged over 2 passes using LabSpec 6 softwafeor p-XRD, data werecollected
using a D2Phaser (Bruker, USA) and DIFFRAC.SUITE (Bruker, USA) software.

Diffraction standards were obtained from the American Mineralogist Crystal Structure
Database (AMCSD:# 0001257 Hydroxylapatite and compared to Raman shifts for
octacalcium phosphate, dicalcium phosphate dihydrate and dicalcium phosphate

anhydrous[361].

2.2.11 Generation of microfluidic devices

The microfluidic devices used in this work were generated by soft lithography in
polydimethylsiloxane (PDMS Dow Corning, USA). The following sections report details for
each photolithographic step: .2.11.1) Mask design and fabrication, 2.2.11.4) Mould
fabrication, and (2.2.11.5) PDMS layer fabrication.

2.2.11.1 Mask design and fabrication.

Masks were designed using computerided design (CAD software (Fusion 360, AutoCAD)
and exported as .dwyg files for use in COMSOL (COMSOL Multiphysics® v.6.1a). All devices
were designed according to acceptable aspect ratios, above 1:10 and below 4:1, to avoid

channel collapse post-fabrication [362].

Each device design consists of a cell culture chamber, 1.5 mrdiameter inlet and outlet
ports, and two 5 mm long microchannels which link the cell culture chamber with the ports.
Various geometries were designed and tested to ensure the devices met specifi

requirements.

51



2.2.11.2 Flow simulation and prediction of the wall shear stress

Normal-mesh 3D COMSOL simulations were performed to obtain velocity and shear rate
profiles. Using the laminar flow model, fluid characteristics were chosen to be the same as
water (density, p = 1000 kg/rhand viscosity,* = 1x10° Pas). The assumptions used in the
model were: i) incompressible fluid, ii) neslip condition at the wall, iii) zero pressure at the
outlet. Shear rate was calculated based on the vertical velocity gradient (dU/dz) within
COMSOL and was multiplied by the dynaR H L2 Rt H YobtRmdhddmsiresslivajués
(Equation11):

Qry Equation 11
t =
Qa

2.2.11.3 Particle Tracing for Fluid Flow

The Particle Tracing for Fluid Flow module within COMSOL was used to simulate the loading

of microparticles into the microfluidic devices. The simulation was assessed using the
Bidirectionally Coupled Particle Tracing study, and 11,916 particles were relsad, with the

Geqll RedaWwl WnRUPJT Wet WAx wWeUT We W REGWqUI WY n WP N
sct WAeH DT WYUWqé W RGetceqll W2WaYHR! WnRIWJGT Ws R

manual loading of 1 mg of microparticles.

22114 Mould fabrication

Moulds were fabricated in the Rapid Prototyping Laboratory (Sir William Henry Bragg
Building, University of Leeds) with S8 2075 negative photoresist (Kayaku Advanced
Materials, USA) on 3" silicon wafers (S¥at, Germany). Wafers were cleaned with acetone
and then with isopropanol using a spin coater: A vacuum was used to hold the wafer in
place and the wafer was coated in acetone and then spun at high speed (2,000 rpm) and
dried with blow air, then this was repeated with isopropanol. Following cleaning, thin layer

of a viscous solution of SU8 was dispensed onto the wafer on the spin coater. Spin coating
parameters (speed rate and time) were determined based on the viscosity of S8J2075 to

obtain a final SUY WI W& RN WG IRNG qTaMeRIB= P ML, & AWt 6 Y5 UWRU LW
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Table 2.8. Spinning parameters used to coat the wafer in SU -8.

Time at speed Spin Speed (rpm)
(seconds)
10 200
10 400
10 600
40 900

After coating with SU8, the wafers were heated at 55°C for 60 minutes and allowed to cool.
Once the device design was optimised, the designs were exported as a Drawing Exchange
Format (DX¥) fileand imported to CleWin and generated into digital masks as a pattern for
exposure with MicroWriter ML directwrite laser photography machine (Durham Magneto
Optics Ltd, UK). The exposure of the SB to the laser enables the activation of the
photoactive component in the SU8, and an incident energy of 250 mJ/cfrwas used to

ensure the full thickness of the SU8 film was cured.

Post-exposure baking was then performed at 55°C for 1 hour and allowed to cool to halt the
reactions that had initiated after exposure but not run to completion. The unexposed resist
was then developed using StB developer solution (Microposi# EC Solvent, Dupont,
Switzerland). The exposed wafer was placed in a beaker, covered with the developer
solution, and gently shaken for 30 minutes; the spent developer solution was replaced with
fresh developer solvent and gently shaken for another 30 mites. The waér was then
rinsed with isopropanol and dried with compressed air. The development left on the wafer

contains the negative relief of the final PDMS microfluidic chambelF{gure2.3).
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The thickness of the StB mould was measured at the end of the soft lithography process
using a surface profiler (DektaxtXT, Bruker, USA) and analysed with the software extension
Vision64 (Bruker, USA) to confirm the spin coater settings were generatindager of SU8
qécqlls ¢t Wy=PMLW, G WaqdéRHAL IO

2.2.11.5 PDMS layer fabrication and device assembly

The PDMS layer fabrication process was carried out in the Rapid Prototyping Laboratory
(School of Electronic and Electrical Engineering, University of Leeds) and is schematised in
Figure2.4.
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Fabrication of PDMS

PDMS
SU-8

PDMS

PDMS
Punching the ports

PDMS
Binding to glass slide

PDMS

Glass slide

Figure 2.4 A schematic of PDMS layer fabrication and device assembly. The PDMS and curing agent
are mixed, poured onto the master St8 (orange) on the silicon (Si) wafer (grey), degassed and cured. After this,
the PDMS layer is removed from the master, and inlet and outlet ports are added prior to a glass slide. Adapted
from [363].

In detail, PDMS prepolymer was mixed with a curing agent at a weight ratio of 10:1
(prepolymer: curing agent), 10 g was poured onto the S8 master on the first time of use
and 1.5 g on subsequent uses and placed in a vacuum chamber to remove trapped difter
degassing, samples were cured at 70°C for 4 hours. The PDMS layer was peeled off from
the SU-8 master, and ports to access the microfluidic chamber were opened by punching
1.5 mm holes with a stainless steel round punch (Integra Myltex, USA). Devicegre
bonded to glass slides through oxygeiplasma treatment. Both the glass slides and
microfluidic devices were placed in the oxygemlasma system at 600 mTorr, 100W and
exposed for 45 seconds prior to placing the base of the PDMS on the top of the glatide

to bond these layers together. As oxygeplasma treatment renders the exposed surfaces

hydrophilic [364AWY U WEt + WG AGUT A6 IWT 32 REWIE Ws 11 1JLWE
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water with a pipette and stored at 4°C until use to maintain PDMS hydrophilicity. For
experiments within microfluidic devices with flow generated from gravity and osmotic

Gl Ut t el DAWPMMUW, x WA! | D+ WHGYURUNWH! 6§ ROT M$ t Wwi[ F
above the inlet and outlet ports of each channel to form small reservoirs for cell media
(Figure2.5).

Reservoirs

PDMS layer
Glass slide

Figure 2.. Exemplar fully assembled microfluidic device.

Before use, devices were sterilized by UV light (wavelength 254 nm) for 30 minutes and then

filled with cell culture media.

2.2.12 Statistical Analysis

Data are presented as meant standard deviation of three independent experiments
performed in triplicate unless otherwise specified. Statistical analysis was conducted
using GraphPad Prism 9 software (GraphPad, California), and statistical significance was

determined with p<0.05.
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2.3 Results

In this chapter, the formation of a bonelike tissue within a microfluidic device will be
discussed to enhance the physiological relevance of thén vitro work being conducted on
this tissue. After optimisation of the HApcoating of microparticles, the effect of this
mechanobiological cue was investigated in both well plate and microfluidic device

conditions.

2.3.1 Generation and characterisation of topographically designed
microparticles

Microparticles of both PLGA and PLA were synthesised and characterised for the 3D culture

of bone cells (Figure2.6).
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Figure 2.6. Generation of topographically designed microparticles. Representative SEM images from
single batches of PLA (A) smooth and (B) dimpled microparticles and PLGA (C) smooth and (D) dimpled
microparticles with the associated bar charts below demonstrating the percentage of microparticles within 10

GW ReGUqUl WRUqUI 2¢dt WOWERECTWWHE! alWPMW, ¢ 1O
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Microparticles were controllably produced with either a smooth or a dimpled topography

using both PLGA and PLA polymeFigure2.6). For microparticles produced with PLA, the

average diameter of the microparticless ¢ + WP MIOT WA WNZ T W, G Wn Yl Waqd JL
OWn Yl Waé W RGO GEFiGureIGARMRIBY The filterd® Fhigrapharticles spanned

¢t RAWWI ¢0nWWwn! YOWNMWaYWY2 Wl WTMW, dWROWI Ré¢aUql

P RAVDWY nwnMWe OT WTMW, GHOWNSWWG! YGYI qRYUWY n WAx |

less than 2.5% of measure microparticles. This suggests that filtering to remove large

microparticles was quite efficient, although not perfect. The removal of microparticles less

géclUWNMW, GWsct WIKt Y WInnWUHqR2UIWEHI Y+ WHYq6 WqY

cell strainer used by the microparticles during production or some clumping together of

smaller microparticles leading to their retention despite sifting with a 4Qum cutoff cell

strainer. The average diameter of the smooth microparticles was larger than that ofeh

dimpled microparticles produced. This was due to the large proportion of the smaller

(<40um) microparticles within the dimpled sample despite attempting to remove these

with the filtering steps. The standard deviation around the mean diameter of the

micropatrticles produced was similar to that of previously produced microparticles despite

an overall reduction in the average diameter, demonstrating the success of producing the

microparticles within the desired size rangg83].

For the microparticles produced from PLGA, the successful fabrication of the two
microparticle surface types (smooth and dimpled) was achievedRigure2.6C and D). The
average diameter of the microparticldt s ¢ + WMN=ZONLWA WNZ T W, & WnY!l Wab
¢ U1 WP @ 10T Withémpkidihictopntidds. ~ RH1 YGé¢ | qRHET IIt WAKG Ys WM
in the batches of smooth and dimpled microparticles However, the largest proportion of
g6 IWNEIOR ¢qWT WERHAI YGE!| qREGIIL Ws 131 WWARgs W30 WM
of the dimpled microparticles formed from PLGA shows the presence of microparticles
Gel Nl Waée Wy MW, O WReEMAS mtpiesdat MdrokLbtRes Ritraparticle N 1J LWt |
types. These large sizes may be microparticles that collapsed or were not fully formed so
that they could pass through the 7Qum cutoff filter due to their increased flexibility despite

their larger size.

These data presented are representative single batches of the microparticles produced; in

total, 8 batches of smooth microparticles and 4 batches of dimpled microparticles were

produced with PLA, and 21 and 13 batches of smooth and dimpled microparticles exe

produced with PLGA, respectively. The PLA smooth microparticles had, over all of the
batches, an average diameter of 45.26.5, G W¢ U1 Wq6 Wl R GG T WAx W4 Rt
average diameter of 40.5: 5.0, 0 Alls 6 RGt qWaqd6 JWAXx ] W O Hv¥ragé LG R A |
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diameter of 430P LW WoOY W, & We U7 Waé BWl RAGGH WT WAx] WaRHI
T HO® W G Howuéd GhRttovdt the pooled microparticle batches, there are no significant
differences in the diameter of the particles when made with either polymer or between the
smooth and the dimpled microparticles. In this way, the production of both microparticle

types and from both polymers was deemed reproducible and so could be used in the 3D

cell culture experiments.

2.3.2 Biocompatibility of MSCs on microparticles

Once the manufacturing and reproducibility of the microparticles were confirmed, the
biocompatibility of MSCs with these microparticles was investigated. Biocompatibility was

studied using three techniques:

1) The attachment of the cells to the micropatrticles after 3 days in culture
2) The viability of the cells after 5 days in culture

3) The proliferation of the cells over 14 days

This allows the study of how the cells survive and grow on the microparticles and how they

interact with them to form cell-microparticle aggregates.

To understand if the MSCs adhered to the microparticles and formed cethicroparticle
aggregates, the cells were cultured on microparticles for 3 days (Sectidh2.2.4) and then

fixed to assess their morphologywia SEM imaging (Sectio2.2.4) (Figure2.7).
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Figure 2.7. Assessing the biocompatibility of MSCs on PLA microparticles: cell attachment.
Scanning electron microscopy images of MSCs on (A) smooth and (B) dimpled microparticles at (i) 100x and (ii)
ZAMMMF WA ¢ NDURNRAC qRYUIOWEHE G WWAE | WRa WUNMMLW, & AWRRa W= MW, & O

MSCs form large celimicroparticle aggregates on the smooth and dimpled microparticles
(Figure 2.7A-i and Bi). The cells grew on the surface of the microparticles as well as
between them, holding them together to form these aggregated-jgure 2.7A-ii and Bii).
Inter-microparticle connections in the form of MSC cell bridges formed within aggregates
of both smooth microparticles and dimpled microparticles. These cell bridges were at both
HOYt DWW ¢ UNWt WeZOMT W WMIO= N LE OB W¢ Ad W13 d 5016 100 Wb 1R
smooth micropatrticles (Figure2.7A-ii, orange arrows). Furthermore, cells formed a sparse
layer on the surface of the smooth microparticles, with cell tendrils spreading across the
microparticle. The MSCs, when cultured on the dimpled micropatrticles, also show the
formation of cell bridges between microparticles Figure2.7B-ii, orange arrows). In this way,
cells adhered to both the smooth and dimpled microparticles and grew across multiple

microparticles, forming cell-microparticle aggregates.

Once the cells had been shown to attach to the microparticles and form celinicroparticle
aggregates, their viability was assessed. This was conducted to see if the cells within the
cell-microparticle aggregates were viable and if there were any differensebetween the

viability of the MSCs on the smooth and dimpled microparticles (SectioB.2.5) (Figure2.8).
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Figure 2.8. Assessing biocompatibility of MSCs on PLA microparticles (MPs) by measuring cell
viability. Representative fluorescent images of MSC viability on (A) tissue culture plastic (Adherent), (B)
smooth and (C) dimpled microparticles with live cells stained with calceirAM (green) and dead cells stained
with EthD-ll (red) 5 days posseeding. Scale bar: 100um. D) Bar chart representing the proportional intensity
of calcein staining compared to Et-Ill staining across the well plate. N=3, where each repeat has 1 region
imaged across 3 wells.
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MSCs attached to the TGreated plastic and formed a monolayer of cellsigure2.8A). The
calcein staining shows that nearly all of the cells stained positive and, therefore, were
viable. The EthDIIl staining is much less prevalent, showing that the number of dead cells
is minimal. This is confirmed as the intensity of the calcein isignificantly higher than that
of the EthDHII staining Figure2.8D).

The MSCs grown on the smooth microparticles showed high levels of calcein staining,
demonstrating many viable cells within the aggregate, and low levels of EthIl staining,
showing a low number of dead cells within the aggregatd-igure 2.8B). The proportional
level of calcein staining was shown to be higher than that of EthDI staining, confirming
the high viability of this 3D cell culture systemKigure2.8D). When cultured on the dimpled
microparticles, the MSCs were able to form and maintain celmicroparticle aggregates
with a high level of viable cells Kigure 2.8C). The EthDBIll staining somewhat increased
within these aggregates; however, there was proportionally more calcein staining than
EthD-Il staining, showing high viability despite this increaseRigure 2.8D). Overall, these
data show that the cells are viable on both the smooth and dimpled microparticles over 5
days in culture, with no major differences between cultures on the smooth and dimpled

microparticles.

To study the growth of the cells within these cultures, thewumber of proliferating cells

within these cultures was assessed over 14 days (Sectidh2.6) (Figure2.9).
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Figure 2.9. Assessing biocompatibility of MSCs on PLA microparticles by measuring
proliferation. Line chart showing the trend in proliferative cell number over 14 days on T@ated plastic
(adherent, orange), smooth (blue) and dimpled (pink) microparticles. (HBar chart showing the proliferation of
MSC on microparticles assessed with PrestoBlue looking at the effect of the growth surface on cell number at
each time point. Tweway ANOVA used to study both growth surface and time on cell numberp=0.0196, **
p= 0.0087%0.0032, *** p= 0.0020.003, **** p<0.0001

The overall trend in proliferative cell number over 14 days on the Tit@ated plastic
(adherent), smooth and dimpled microparticles shows an increase in cell number across
all growth surfaces from day 1 to day 3Higure2.9A). The MSCs cultured on the T@eated

plastic maintained a similar proliferative cell number from day 3 to day 5 (70,776 + 1,132 on
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day 3 to 71,627 + 1,975 on day 5) but increased to day 10, where they again maintained a
similar number to day 14 (95,033 + 1,109 to 96,442 + 5,891). The MSCs on the smooth
microparticles increased in proliferative cell number from day 3 to day 5 (26,243%343 on
day 3 to 74,294 £ 2,251 on day 5); however, there was then a 20.655% decrease in the
proliferative cell number to day 10 and a 57.649% decrease to day 14. The number of
proliferative cells on the dimpled microparticles increased to day 3 before ecreasing after

5 days in culture but increased to day 10 and day 14. These data can be further explored by
assessing the differences between the different growth surfaces at each time poinEigure
2.9B).

On day 1, there were significantly fewer proliferative cells on the smooth microparticles
when compared to the number of proliferative cells on the T@reated plastic (adherent
control) (Figure2.9B). This suggests that the attachment level of the MSCs to the smooth
microparticles may be slightly reduced when compared to the T@reated plastic well plate.
However, there was no significant difference in the proliferative cell number between the
MSCs cultured on the adherent control or the smooth microparticles and the dimpled
microparticles (Figure 2.9B). This suggests that the level of attachment is greater to the
dimpled microparticles than to the smooth microparticles. However, this would require
further experimental testing to verify, and the number of proliferative cells on the smooth
microparticle s was deemed acceptable at this point due to the nossignificant change to

the number of proliferative cells on the dimpled microparticles Figure2.9B).

By day 3 in culture, while the number of the proliferative cells across all topographies had
increased when compared to day 1, there were significantly more proliferative cells on the
adherent control than on either micropatrticle type Figure2.9B). There was no difference
between the number of proliferative cells on the smooth or dimpled microparticles at day
3. After 5 days in culture on thedimpled microparticles, there was a decrease in
proliferative cell number; however, the number of proliferative cells on the smooth
microparticles had increased to more than those cultured on the adherent control. By day
10 in culture, there was a signifiant decrease in the number of proliferating cells on both
the smooth and dimpled microparticles when compared to the adherent control Eigure
2.9B). However, there was no significant difference between the number of proliferating
cells on the smooth and dimpled micropatrticles. This trend is similar to that seen on day
14; however, the number of proliferating cells on the dimpled microparticles hathcreased

significantly more than those on the smooth microparticles Figure2.9B).

65



The cells may establish a monolayer in the adherent control over the first 3 days, which
persists to day 5. However, the cells may start to grow on top of one another by day 10,
which would cause this observed increase in cell proliferation on the adherersurface. The
difference in the number of proliferating cells within the 3D cell culture systems may be due
to the cells forming aggregates on the available surface area by day 3 on the dimpled
microparticles and day 5 on the smooth microparticles. This wold reduce their
proliferative activity, as seen in 3D cell cultures, with the cells reaching quiescence in a
w32 11 H-ERY RN IU§3G5R Alterdstivaly, i ddwidlbe due to initial changes in
the differentiative state of the cells, with the MSCs starting to differentiate, as will be
explored in this chapter.Alternative studies could also beconsidered to quantify the total
number of cells present within each condition at each time point to further explore the
biocompatibility of the microparticles with the cells to ensure the total number of cells did

not decrease the course of the experimental set up.

Overall, these data show that the MSCs were biocompatible with the microparticles and
that these customisable biomaterials offer a potential growth surface for developing a bone

3D cell culture system.

2.3.3 Differentiation of MSCs on microparticles

Before assessing the effect of topography on the differentiation of the MSCs, the-timeage
differentiation capability of the MSCs was first assessed. This work is hecessary when using
any stem cell to ensure all lineages can be expressed as expected, dnsing differentiation
kits this behaviour was confirmed in this immortalised MSC cell line (Sectio®.2.7) (Figure
2.10).

B -Chondrogenesis C - Osteogenesis
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Figure 2.10. MSC differentiation into (A) adipocytes, (B) chondrocytes, and (C) osteoblasts.
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Brightfield imaging at 20x magnification was used to visualise chondrogenesis and osteogenesis. Scale bar: 200
L ato
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The StemPro® Adipogenesis Differentiation Kit was successfully used to differentiate the
MSCs into adipocytes, as shown by the presence of fat droplets and positive Oil O red
staining of the droplets after 14 days in culture Kigure 2.10A). The StemPro®
Chondrogenesis Differentiation Kit was successfully used to confirm the differentiation
potential of the MSCs into chondrocytes, as confirmed by Alcian blue, which showed the
proteoglycans in the culture Figure2.10B). The StemPro® Osteogenesis Differentiation Kit
was successfully used to differentiate MSCs into osteoblasts, as confirmed by Von Kossa
staining to show the presence of calcium deposits 14 days posseeding Figure 2.10C).

These data confirm that the MSCs used within this research project are multipotent.

The next step was to assess the differentiation of the MSCs on the smooth and dimpled
microparticles. As discussed, the dimpled topography has been previously shown to direct
the MSCs down the osteogenic lineagf83]. The MSCs were cultured on the microparticles
for 28 days before treatment with Von Kossa staining (Sectidh2.8.1) (Figure2.11). With
this staining, calcium ions from extracellular calcium deposits were replaced with silver,
which was then reduced to black metallic silver. This allows for the visualisation of calcium

deposits, which are a marker of osteogenic differentiation357].
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Figure 2.11. Assessing differentiation of MSCs on PLA microparticles (MPs) using Von Kossa
staining. MSCs grown on T@reated plastic grown in A. DMEM and B. osteoinductive media. Scale bar: 200
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The MSC cultured on T@reated plastic grown in DMEM had no calcium depositions,
confirming that the TGtreated plastic does not induce osteogenesis within this cell line
alone (Figure2.11A). When these cells were treated with th@steoinductive media, they
underwent differentiation, as confirmed by the presence of calcium deposits visualised
with Von Kossa staining Figure2.11B). MSCs were cultured on the smooth and dimpled
microparticles, and whilst some calcium deposits were present, with regions of increased
darkness suggesting the presence of silver, these are difficult to distinguish using
brightfield imaging within the dense cell-microparticle aggregates Figure 2.11C and D).
Due to the poor visualisation of the calcium deposits within the 3D cell culture systems and
subsequent poor quantification of the mineralisation intensity (Section2.2.8.1), the
differential levels of differentiation could not be observed using this experimental

procedure (Figure2.11E).

Due to these experimental limitations, alternative techniques for studying differentiation
were employed, such as xylenol orange staining. Xylenol orange is a calciuchelating
fluorochrome. This allows calcium to be labelled, and fluorescence can be deteed and
used to assess the presence of mineralised nodules botlin vivo and in vitro (Section
2.2.8.2). Xylenol orange has also been shown to be netoxic to cells, so it allows for
continuous monitoring of calcium deposition, and therefore mineral deposition, over
prolonged periods[366]. As such, xylenol orange was employed to assess osteogenesis

within 3D cultures after 28 daysfigure2.12).
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Figure 2.12. Assessing differentiation of MSCs on PLA microparticles using xylenol orange (XO)

staining. Representative fluorescent images of MSC cultured on F@eated plastic grown in (A) DMEM and (B)
osteoinductive media and on (C) smooth and (D) dimpled microparticles with XO staining shown in red and
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according to XO staining. ***p = 0.00020.0003, **** p<0. 0001.

The MSCs cultured on the T@reated plastic for 28 days in DMEM culture media did not
differentiate into osteoblasts under these conditions Figure 2.12A), consistent with
previously described experiments. When treated with osteogenic media, MSCs cultured on
the TGtreated plastic for 28 days differentiated into osteoblasts, as indicated by the
calcium ions in mineral deposits being fluorescently labelledwith the xylenol orange
(Figure2.12B). MSCs cultured on the smooth microparticles for 28 days in DMEM did not
deposit high levels of calcium and, therefore, suggested to havaot differentiated into
osteoblasts (Figure 2.12C). The MSCs cultured on the dimpled microparticles showed
positive xylenol orange staining. This suggests that these cells have differentiated into

osteoblasts (Figure 2.12D). This is supported by the mineralisation intensity
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measurements, as the MSCs cultured with osteoinductive media and dimpled
microparticles have a significant increase in the intensity of xylenol orange staining

compared to those cultured on TGCtreated plastic in DMEM FEigure2.12E).

There is also a small but significant increase in the fluorescence intensity between the
MSCs cultured in DMEM and those cultured on the smooth microparticles. This may be due
to some non-specific binding of the xylenol orange dye staining from the microptcles or
autofluorescence from the PLGA microparticles. This autofluorescence has been
previously reported with the use of a Cy5 (Ex 628 + 40 nm, Em 692 + 40 nm) fjBéi7], as
used within these experimental conditions This background was significantly lower than
the fluorescent response observed from the positive osteoinductive media control,

indicating that this background is unlikely to be due to the differentiation of the cells.

These data show that the dimpled microparticles induced osteogenesis within the MSCs,
but the xylenol orange assay has limitations. One is that, as discussed, the microparticles
had some autofluorescence that was not due to osteogenic cell differentiationOf greater
concern is that this assay will not be compatible when using HApoated microparticles as
a substrate, as the xylenol orange will stain the HAp coating on the microparticles as well
as any mineral deposited due to osteogenic differentiation. Oa of the aims of this chapter
is to use HApcoated microparticles and assess their applicability in promoting the
differentiation of MSCs to osteogenic cells. As the calcium in HAp will stain positively with
xylenol orange, alternative methods for assessig the differentiation of these cultures were

explored.

Osteogenic differentiation was next confirmed using immunocytochemistry staining of

osteocalcin (OCN) (Section2.2.8.3) (Figure2.13).
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Figure 2.13. Assessing differentiation of MSCs on PLA microparticles (MPs) through OCN
staining. Fluorescent images of MSC differentiation with OCN staining (red) and all cells stained with DAPI
(blue) 7 days post seeding grown as (A) a 2D adherent control, (B) a 2D osteoinductive (Ol) control, and on (C)
smooth microparticles and (D) dimpled microparticles. Scale bar: 100um. (E) Bar Chart showing the
mineralisation intensity according to OCN staining. *p = 0.0029, **** p<0.0001.

As with previous experiments to study differentiation, the MSCs grown on Tigated
plastic in DMEM for 7 days did not express OCIRigure2.13A). The positive control of MSCs
grown on TGCtreated plastic with osteoinductive media expressed a high level of

osteocalcin (Figure 2.13B). This was further supported by the quantification of the

72



mineralisation intensity: The MSCs cultured in osteoinductive media displayed significantly
greater fluorescence intensity of OCN than the MSCs grown in DMEMdure2.13E). The
MSCs cultured in DMEM on the smooth microparticles over 7 days persisted within the cell
microparticle aggregate, as confirmed by DAPI staining; however, there was little
expression of OCN Figure 2.13C). The MSCs cultured on the dimpled microparticles
showed increased levels of OCN when compared to the cells grown on the smooth
microparticles and those grown on TGreated plastic with DMEM Figure 2.13D). This
demonstrated that it was not the effect of culturing the cells in 3D alone that caused their
differentiation but that the dimpled topography was necessary to induce the differentiation

of MSCs to osteogenic cellskigure2.13D).

To further explore the effect of topography on the differentiation of the MSCs, gPCR was
employed to assess the mRNA levels of two genes of interest within the osteogenic
differentiation lineage (Figure 2.14). ALPL mRNA levels were measured as this gene
encodes the tissue-nonspecific alkaline phosphatase enzyme (ALR ALPLis upregulated
early in the development of bone, and as bone matures, levels 8i_PLdecrease[368, 369].
Furthermore, increased ALPLexpression and activity have been directly shown to be a
strong indicator of MSCs differentiating into osteoblast4370]. BGLAPZmRNA levels were
also measured. This gene encodes OCN, the most abundant nerpllagenous protein
specific to bone formation [371], and BGLAPZs a late-stage marker of osteogenesis from
MSCs as the cells differentiate into osteoblast§372]. BothALPLand BGLAP2MmRNA levels

have been shown to be upregulated after 7 days in osteogenic cultur¢248].
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Figure 2.14. mRNA levels of ALPLand BGLAP2within MSCs cultured over 14 days in a 3D cell
culture system. Bar chart showing the fold change in mRNA expression of ALPL and BGLAP2 both at 7 days
post-seeding on TCtreated plastic (2D, blue), smooth microparticles (SMP, pink), and dimpled microparticles
(DMP, light green), and 14 days post seeding on -Ti@ated plastic (2D, dark blue), smooth microparticles
(purple), and dimpled microparticles (dak green). Tweway ANOVA used to assess the effect of topography on
mRNA levels. * p = 0.00.001, ** p = 0.0010.0001, *** p = 0.0001, **** p<0.0001. N=1biological repeat in
triplicate.

The mRNA levels did not change significantly in the adherent controls grown on the-TC
treated plastic from day 7 to day 14 showing this negative control did not induce
osteogenesis Figure2.14). After 7 days in culture, the expression of both genes of interest
increased from MSCs cultured on the smooth microparticles when compared to the
adherent control; however, this was only significant in levels oALPL(Figure 2.14). The
levels of ALPLand BGLAP2were significantly increased from the cells cultured on the
dimpled microparticles when compared to the negative adherent T@reated control
(Figure2.14). mRNA levels oBGLAPZsignificantly increased with a 1.834fold increase in
the cells cultured on the dimpled microparticles compared to the levels from the cells on
the smooth microparticles on day 7(Figure2.14). The changes in expression of the mRNA
at day 7 suggest that the MSCs cultured on the dimpled microparticles were being driven
down the osteogenic lineage to a much greater extent when compared to those grown on

the smooth micropatrticles.

On day 14, the cells cultured on the smooth microparticles had lower mRNA levels of the
genes of interest than those from the adherent control. Although not significant, this
suggests that any early osteogenesis within the cells on the smooth micropartickehad
ceased. In contrast, the mRNA levels of the cells grown on the dimpled microparticles were
similar to those recorded on day 7. Further, these were also significantly higher than those
from cells cultured on the TGtreated plastic control and the smoah microparticles. This

suggests that the increase in expression of the osteogenic markers persisted over the
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differentiation of the MSCs into osteoblasts.This admittedly small data set supports the
hypothesis that dimpled microparticles induce osteogenic differentiation of MSCs without

using exogenous stimulants.

Once the differentiation of MSCs on dimpled microparticles was confirmed, work
progressed to assessing how best to incorporate a mineral component on the surface of

the microparticles without masking the topography.

2.3.4 Optimisation of Mineralisation

Hydroxyapatite (HAp) is a crucial part of the bone matrix and has been shown to affect bone
cell behaviour and cell differentiation. Including different biomechanical cues is, therefore,
important when generating a bonelike tissue, and for this reason, tle inclusion of HAp was

explored in this project.
The desired requirements for the HAp were:

1. Insituformation of HAp crystals confirmed on the surface of microparticles
2. HAp present without masking the topography of the microparticles

3. Atleast 80% coverage of the microparticles by the mineral

These requirements were generated to ensure that the expected chemistry was being
delivered to the cells whilst not preventing the delivery of other mechanobiological cues
(topography). Sufficient coverage of the microparticle surface was determined to b&0%.
This value was chosen as the cells were not expected to entirely coat the microparticles on
which they are growing, so if the mineral coats 80% of the surface, the cells were likely to

be in contact with some mineral.

The formation of HAp was optimised on polymeric microparticles by testing and optimising
four techniques. The first was Technique 1, which used a polyménduced liquid-like
precursor (PILP). Here, CaC)-H,O was used as the calcium source, and PO, was used
as the PQ* source for forming HAp. Polyaspartic acid (pASP) is a negatively charged
polymer used as a processdirecting agent. The polymer complexes with the calcium and
phosphate ions in solution in a liquidlike way. This slows nucleation, encouraging the
mineral to deposit on the surface of the microparticles rather than from the solution. The
microparticles were incubated with the calcium and phosphate sources in trisbuffered
saline (TBSpH 7.4) at 37°C for 7 days. This technique had previously been used to form
HAp in hydrogels[250]. Technique 1 was implemented on both smooth and dimpled

75



microparticles under static (unstirred) conditions, and the mineral formed was observed
using SEM imaging and characterised with Raman spectroscopyFigure 2.15).

Microparticles were of different sizes in this initial screening work, as microparticles
outside the desired range for cell culture were utilised rather than throwing them away to

screen mineralisation conditions.
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Figure 2.15. Assessing Technique 1 for HAp production on PLGA microparticles. Representative
EE~WRGcNIJN WYNWGERUWI ¢dWGI YT e#HqRYUWYUWb bW GYYaRB0MbI T ML,
ii- 2,000x, and iit 20,000x magnification. (C) Representative Raman spectra of HAp reference (black), smooth
microparticle (SMP) control (blue) dinpled microparticle (DMP) control (green), mineralised smooth
microparticles (purple), and mineralised dimpled microparticles (yelloworange), with insert of graph at 900

1,000 cn1t. Technique 1 used with mineralisation according to L8t al. (2015)[250].
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Microparticles mineralised according to Technique 1 demonstrated a high level of coverage
of mineral on both the smooth and dimpled microparticles Figure2.15A-i and B-i). There
was a high level of coverage across the smooth microparticled={gure2.15A-ii); however,
the mineral tended to form on the smooth surface of the dimpled microparticles between
the dimples rather than within them Figure2.15B-ii). The crystals formed demonstrated a
platy structure on the smooth and dimpled microparticles, although somewhat less
defined on the dimpled microparticles Figure2.15A-iii and B-iii). Peaks can be observed
within the Raman spectra at 520 crmt due to the silicon wafer on which the sample is
placed. There were multiple other peaks, including a large peak at 878 cmwhich can be
seen from both the unmineralised and mineralised particles and was assigned to the
autofluorescence of the PLGA microparticles[367]. The interference of background
fluorescence is understood to be an issue within Raman spectroscopy, and whilst the laser
used was changed from the green laser to the red laser, the issue persisted at a lower level
[373).

The mineral formed on the surface of the smooth microparticles demonstrated a peak at
962 cm?, which algins with thel ; PO peak for HAp Figure2.15C) [265]. This peak was
studied as there were no overlapping peaks from the PLGA. There was no signal for this peak

on the surface of the dimpled microparticles.

This highlights another issue with Raman spectroscopy: it is a very localised technique, and
the spatial resolution is limited by the focal spot size used374]. For this reason, HAp may

have been present on the surface of these DMPs but not detected.

Next, mineralisation technique 2 was assessed. Technique 2 was based on the self
biomineralisation of live viruses and used 3.7 mM Cagchdded to DMEM at 37°(251]. After
3 days, incubated smooth and dimpled microparticles were imaged using SEM imaging,

and the mineral formed probed using Raman spectroscopygure2.16).
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Figure 2.16. Assessing Technique 2 for HAp production on PLGA microparticles. Representative
EE~WRGcNIJN WYNWAERUWI ¢GWGI YT e#HqRYUWYUWb b W GYYaRB0MbI T ML,
ii- 2,000x, and iit 20,000x magnification. (C) Representative Raman spectra of HAp reference (black), smooth
microparticle (SMP) control (blue) dinpled microparticle (DMP) control (green), mineralised smooth
microparticles (purple), and mineralised dimpled microparticles (yelloworange), with insert of graph at 900

1,000 cn1t. Technique 2 used with mineralisation according to Wanet al. (2013)[251].
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Both the smooth and dimpled microparticles mineralised according to Technique 2
demonstrated a patchy coating of mineral on the surface of the microparticlesHigure
2.16A-i and Bi). The mineral can be seen clumping in areas on the surface of the smooth
microparticles and leaving some regions uncoated Kigure 2.16A-ii). This mineral coating
can be seen to coat more of the surface of the dimpled microparticles than the smooth
microparticles; however, greater levels of deposition are seen on the smooth surface
between the dimples than in the dimples Figure2.16B-ii). This is similar to what was seen
on the dimpled microparticles with Technique 1, suggesting that the increased roughness
expected in the dimples (as measured ifi83]) may prevent the nucleation of the mineral on
this surface. The crystals formed on the surface of the microparticles demonstrate no
evidence of the platy structures seen with Technique 1 but rather the formation of a cubic
mineral (Figure 2.16A-iii and B-iii)). The Raman spectroscopy shows a peak at 962 chm

indicating this is crystalline HAp [ 1 PO, is present); however, the crystals may be small

and poorly crystalline as the peak is somewhat reduced in intensityF{gure2.16C).

Next, mineralisation Technique 3 was tested for its ability to form HAp on the surface of the
smooth and dimpled micropatrticles. Like Technique 1, Technique 3 uses Ca£2H;0 as the
calcium source and KHPQO, as the PQ* source [252]. It is incubated for 2 hours at 37°C
and at a pH of 8. The mineral formed onto the microparticles by this technique was again

assessed via SEM imaging and Raman spectroscopyigure2.17).
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Figure 2.17. Assessing Technique 3 for HAp production on PLGA microparticles. SEM images of

GRUVI caWGI YT e"#HqRYUWYUWb bW GYYq6 WeikT ML 25Dx% ilR;000, l4nd7 b WT R G
iii- 20,000x magnification. (C) Raman spectra of HAp reference (black), smooth microparticle (SMP) control

(blue) dimpled microparticle (DMP) contol (green), mineralised smooth microparticles (purple), and

mineralised dimpled microparticles (yellow-orange), with insert of graph at 904,000 cn®. Technique 3 used
with mineralisation according to Fang et al.[252].
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The smooth and dimpled microparticles demonstrate a patchy coating of mineral across
their surfaces (Figure 2.17A-i and Bi). While some of the smooth microparticles
demonstrated a high level of mineral deposition on the surfaceF{gure2.17A-ii), some had
poor coverage Figure2.17A-i). The same was true across the dimpled microparticles with
varying levels of mineral depositionKigure2.17B-ii). The mineral did not appear to localise
on the surface of the dimpled microparticles between or within the dimples. The minerals
formed had a platy morphology more similar to that of Technique 1; however, again the
coating thin and patchy Figure2.17A-iii and B-ii). The Raman spectroscopy shows a peak
at 962 cm' in the 2D control, where the mineralisation solution was left without
microparticles, allowing for nucleation from the solution, indicates this is crystalline HAp;
however, there was no signal from thel ; PO within HAp within the mineralised
microparticle samples (Figure2.17C). This suggests that the mineral formed could be very

thin or that it does not attach well to the surface of the microparticles.

Finally, mineralisation Technique 4 was tested. This used Ca£2H,O as the calcium

source and kHPQ, as the PQ* source like Technique 1 and 3; however, the system is

buffered in 4(2-hydroxyethyl}1-piperazineethanesulfonic acid (HEPES) at pH 7.4,
RUAzHc qUT WnY! WOWT ¢!t WeqWOT” 9AWe UT We qRORY 13t L«
Technique 1. This technique wa employed to see if HAp could be formed on the

microparticles viaSEM imaging and Raman analysigigure2.18).
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Figure 2.18. Assessing Technique 4 for HAp production on PLGA microparticles. SEM images of

GRUNI caWGl YT eAqRYUWYUWb b W GYYaqd Weik T ML 250D% add P[00k 7 b WT R
(C) Raman spectra of HAp reference (black), smooth microparticle (SMP) control (blue) dimpled microparticle

(DMP) control (green), and mineralisedlimpled microparticles (yellow-orange), with insert of graph at 900

1,000 cmt. Technique 4 used with mineralisation according to Nudelmast al. [253].

Technique 4 was unsuccessful in generating a layer of mineral on the surface of either the
smooth or dimpled microparticles (Figure 2.18A-i and Bi). There were some regions of
potential interest on the smooth microparticles; however, these were small and sparse
(Figure2.18A-ii) and absent from the surface of the dimpled microparticlesEigure2.18B-

if). Due to the lack of mineral and the unstable nature of the PLGA microparticles under high
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magnification, images at 20,000x magnification were unable to be successfully taken due
to the high charging of the polymer and burning by the beam. The Raman spectra of the
experimental sample showed good alignment with the microparticle PLGA control ango

signal at 962 cmt for thel ; PO;* peak of HAp Figure2.18C).

Due to the lack of HAp observed after the initial experiments using Techniques 3 and 4,
there was no further experimentation using these mineralisation techniques. However, due
to the promising results with Techniques 1 and 2, these were varied to optimisa the
surface mineralisation as described by the objectives in Section2.3.4. These two
techniqgues were optimised in parallel, and the optimisation of Technique 1 will be

discussed first.

2.3.4.1 Optimisation of Technique 1

Technique 1 was optimised to try and improve the deposition of the mineral formed on the
surface of initial PLGA microparticles and later PLA microparticles. The steps taken to

optimise this technique are summarised below Figure2.19). The microparticles for these

B+ GUI RGWUqQt Ws 3 WWageéet 30WN! YOWq6IWAMWaVY WT ML,

affected by their size.
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Technique 1

74 28day
[pAsp] = 50 pg/mL incubation

7 day
incubation

[pAsp] = 50 pg/ij

[pAsp] =
100 pg/mL

Figure 2.19. Overview of the optimisation of Technique 1 for the formation of HAp on the surface

of polymeric microparticles.  Changes in the protocol included assessing different time frames in
mineralisation solution (7 and 28 days), stirring the incubation at 200 rpm, changing from PLGA to PLA

GRAEI YGel qRHGIE AWRE¢ UNRUNWaS DWGe Wi THOTWE UT WTHOY b AWe UT Waq 6 |

The incubation time for Technique 1 was initially increased from 7 days to 28 days to see if
maintaining the microparticles in the mineralisation solution would alter the morphology or

extent of mineral coating on the surface of the microparticlesKigure2.20).
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Figure 2.20. PLGA microparticles mineralised according to Technique 1 for 28 days . SEM images
of (A) smooth and (B) dimpled microparticles mineralised for 28 dayst 2,000x, iiT 20,000x. (C)Raman spectra

of mineral on the surface of PLGA microparticles mineralisation according tdechnique 1 for 7 and 28 days with
a zoomed in view from 906€1,000 cn?.

Increasing the incubation time in the mineralisation solution led to a more consistent
coating of the microparticle surface, as there were no uncoated patches on the surfaces
(Figure2.20A-i and Bi). In some regions, there was a denser looking mineral coating that
added topographical roughness to the smooth microparticles Figure 2.20A-i). This was
also true on the dimpled microparticles, where the mineral deposited across the entire
surface of the microparticles and masked the dimples presentKigure2.20B-i). The crystals

formed had a platy morphology as seen after 7 days of incubatiofigure2.20A-ii and B-ii).
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Raman spectroscopy showed a peak for the control samples mineralised for 7 days at 962
cm, consistent with thel , phosphate stretch of HAp, however after 28 days of incubation,
the mineral on the surface of the dimpled microparticles showed a peak at 935 cfrwhich

does not align with a CaRH375] (Figure2.20C).

Due to the unsuccessful formation of HAp from prolonged incubations in mineralisation
solution, the effect of stirring during mineralisation was tested using a shaker mixing at

200 rpm over 7 days Figure2.21).
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Figure 2.21. PLGA micropatrticles mineralised according to Technique 1 for 7 days in static and
stirred conditions. SEM images of (A) smooth and (B) dimpled microparticles mineralised for 7 days in static
conditions, and on (C) smooth and (Dylimpled microparticles mineralised for 7 days in a stirred condition at
200 rpm. i T 2,000x%, ii T 20,000x (E) Raman spectra of mineral on the surface of PLGA microparticles

mineralisation according to Technique 1 for 7 days with and without stirring with a zoomed in view from 900
1,000 cntt.
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The coverage of the smooth microparticles in the static condition was patchyr{gure2.21A-

i) but comprehensive on the dimpled microparticles (Figure 2.21B-i). Within static
conditions, the mineral had a platy morphology Kigure 2.21A-ii and Bii). By continually
stirring the microparticles and mineralisation solution, mineral deposition increased on the
surface of the smooth Eigure 2.21C-i) and dimpled microparticles Figure 2.21D-i). The
deposition of the mineral was increased in the stirred samples with the excessive mineral
on the surface, forming plates and masking the both the smooth and dimpled topography.
The crystals formed within the stirred condition were platyRigure 2.21C-ii and D-ii) with

some signs of cubic mineral on the dimpled microparticles Eigure2.21D-ii).

The Raman spectroscopy showed strong peaks at 962 chior the | ; PO> in HAp on the
smooth microparticles in static and dimpled microparticles within the stirred condition
(Figure 2.21E). The Raman spectroscopy also showed small peaks at 962 cnfor the
crystals formed on the dimpled microparticles in static and smooth microparticles in the

stirred conditions (Figure2.21E).

This shows that the formation of HAp on the surface of the PLGA microparticles using this
technigue is quite complicated and challenging to carry out reproducibly. To see if the
polymer that the particles were made from made a difference to the ease or fifulty of
mineral coating, PLA particles were also tested. PLA offers a more physiologically relevant
OYaUNRkt WaGYT 2tet WaqYV lUapddr Bnd 1.3BH0opE GPd fhirdssmdoth Hhsl

dimpled microparticles, respectively [83)]).

Furthermore, due to its increased hydrophobicity, PLA degrades in cell culture systems at
a slower rate than PLGA and offers the potential for loagrm 3D cell culture systems of
bone cells[83].

Due to the differences in the chemistry between PLGA (which has a methyl side group in
every other monomer) and PLA (which as a methyl side group in every monomer), which
increases its hydrophobicity figure 2.1), differences in the mineral formation on the

surfaces of the microparticles were expected.

Mineral formation on the surfaces of PLA microparticles was first carried out using
Technique 1 on the dimpled microparticles only and compared to mineralisation on the

PLGA dimpled microparticles Figure2.22).
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Figure 2.22. Comparison of PLGA and PLA microparticles mineralised according to Technique

1, stirred at 200 rpm continually and incubated for 7 days. SEM images of (A) PLGA and (B) PLA
microparticles mineralised for 7 days at 37°C stirred at 200rpm, imaged at7i 2,000x and iiT 20,000x
magnification. (C) Raman spectra comparing HAp reference (black), 2D control (red), dimpled microparticle
control (green), mineralised dimpled PLGA (orage-yellow) and mineralised dimpled PLA (brown)
microparticles with a zoomed in view from 9001,000 cnt?. (D) XRD spectra of HAp control (black), PLGA control
(green), mineralised PLGA (oranggellow), and mineralised dinpled PLA (brown) microparticles. Pink arrows
denote HAp peaks.

The mineral deposited on the surface of the PLGA microparticles was reduced in coverage
compared to the previous optimisation of this mineralisation technique Figure 2.21D);
however, formed clumps from the surface of themicroparticles (Figure 2.22A-i) and

localised between the dimples Eigure2.22A-ii). The deposition on the surface of the PLA
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dimpled microparticles was very poor Figure 2.22B-i); however, where the mineral was

present, it had a platy morphology Kigure2.22B-ii). The Raman spectroscopy showed the

962 cm*for | 1 PO in HAp across the mineral formed on the surface of both the PLGA and

PLA dimpled microparticles, suggesting that whilst patchy, the mineral formed was HAp
(Figure2.22C). These samples were also assessedia XRD and showed peaks at 25° and

ON" W=AWYUWAYq6WqéWWAx] wWeUOT WAx wWaROWI ¢aRt BT L
reference sample (RRUFF ID: R050512[B76]) (Figure 2.22D). Thesepeaks have poor
signal-to-noise ratios, and this is due to the difficulty of generating enough signals from

such small crystals in thin layers.

The next step in optimising Technique 1 was to vary the concentration of pAsp content to

assess this effect on HAp deposition on the microparticle surfaces. pAsp is used within

PILP mineralisation to increase the time needed for nucleation. Therefore, it as

hypothesised that increasing the pAsp concentration may improve the localisation of

mineral nucleation onto the microparticles. The pAsp concentration was increased from 50
NolGx WaqYWNMMIW, NoGx Ale UT Waé6 IWGe WY n WasskdbHeHf2 n'n 1J|

this encouraged the formation of HAp on the surface of the microparticled~{gure2.23).
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Figure 2.23. PLA microparticles mineralised according to Technique 1, studying the effect of

changing the pH and concentration of pAsp, stirred at 200 rpm continually and incubated for 7

days. bWt GYYq6We UT W76 W REGUNUT WERHAI YGEI qRAGIE WARUDI ¢ R
TRGGUIWT WAGRAI YGel qRHEGIY WaRUWI ¢t R UT Ws Rqé WPMW, NolGx WG t G
GRUWVI ¢ Rt UT Ws Ra 6 WNMMILA MM N & LIGH ¢ (GRSt MUE SO} FOSRIIR RIAIC | a W= L
spectra of mineralised PLA microparitles at varying pH levels and [pAsp]. Insert graph from 960000 cn1? to

showl 1 PO peak of HAp.

The smooth microparticles mineralised according to Technique 1 at a pH of 7.7 and [pAsp]

YnWPMW, NRolGx AWt qRI I BT WeqWOT” 9A9Wt 6Ys T woOYWaR

microparticles (Figure2.23A), and this was supported by no signal from this sample at 962

cm™ when assessed with Raman spectroscopy Rigure 2.23G). When considering the

dimpled microparticles mineralised in the same conditions (pH of 7.7 and [pAsp] of 50
NDolGxbAWGqGEIII WWs ¢t W YGWWIROWI ¢aWwWnyY!l Gl wyOwgé1d

was very patchy Figure2.23B-i). Despite the mineral displaying a platy morphologyHgure

2.23B-ii), there was no signal at 962 crmfor the | ; PO;* in HAp. By marginally increasing

q6 JWGc WaqYWTOYWe UT Wi ¢ RUqe RURUNWEIWa G t+ Ge WYn L

the surface of the smooth microparticles EFigure 2.23C-i) but not on the dimpled

microparticles (Figure 2.23D-i). The crystals formed presented cubic morphology on the

smooth microparticles (Figure2.23C-ii) and were too spare to characterise on the dimpled
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microparticles (Figure 2.23D-ii). Despite this, Raman spectroscopy did confirm the
presence of thel ; PO in HAp across both samples, suggesting that the mineral that did

form was indeed HAp Figure2.23] b IOl q ¢ WGc WY N WTOY We U7 Wa G t Gé
mineral deposition increased on both the smooth and dimpled microparticles Figure

2.23E-i and Fi). The surfaces of the smooth microparticles were entirely coated, and the

mineral layer showed signs of cracking, which could provide topographical cues.
Nevertheless, the dimples remained present across the dimpled microparticles. The

crystals formed on these samples were cubic Figure2.23E-ii and Fii) but were confirmed

to be HAp with peaks at 962 cm (Figure2.23G).

These data show that the smooth and dimpled microparticles could be coated with HAp
without masking the topography using Technique 1 with a TBS buffer of pH 7.8 and with 100
. 9/mL pAsp over 7 days with continual stirring, this was termed Technique 1.2 for ease of

use.

2.3.4.2 Optimisation of Technique 2

As Technique 2 had also shown promising results from the initial screening, so it was
optimised in parallel with the optimisation of Technique 1. The steps taken in optimisation

are summarised below Figure2.24).
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Technique 2

3.7mM CaC|2
3 days
37°C
‘F\‘
10mM CaCl, 3.7mM CaCl,
3 hours 24 hours
RT 37°C
Stirred 200 rpm Stirred 600 rpm
10mM CaCl,
3 days
RT
Stirred 200 rpm

10mM CaCl,
5 days
37°C
200 rpm

1

10mM CacCl,

Figure 2.24. Overview of steps taken to optimise the formation of HAp via Technique 2 on the
surface of PLGA and PLA micropatrticles.

Initial screening had showed promising results with Technique 2; however, the mineral was

patchy in places, so the effect of stirring on the mineral depositiomia Technique 2 was also

tested (Figure2.25).
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Figure 2.25. SEM images of PLGA microparticles mineralised with Technique 2 stirred at 600
rom. DMEM was incubated with 3.7 mMCaClz-:2H:O for 24 hours at 37°C on A) smooth and B) dimpled
microparticles in a stirred condition of 600 rpm. i 2,000x, i 20,000x magnifications.

Mineral formed on the surface of the microparticles; however, this was very patchy on both
the smooth and dimpled microparticles (Figure2.25A-i and B-i). The mineral on the smooth
microparticles was anhedral in morphology Figure 2.25A-ii), whereas that formed on the
dimpled microparticles was euhedral Figure2.25B-ii). Despite the reduction in time in the
mineralisation solution, this adaptation of stirring at 600 rpm ceased due to the mineral's

poor attachment of the micropatrticles.

To try to increase the extent of the mineral coating on the microparticles, the concentration
of calcium in the mineralising DMEM solution of Technique 2 was increased to 10 mM. At
this concentration of C&*, HAp formation was observed after just 3 hours in previous work
at room temperature[377], so mineral formation was assessed after Bours of incubation

in the 10mM C&* DMEM mineralisation solution at room temperature Figure2.26).
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Figure 2.26. SEM images of PLGA microparticles mineralised with Technique 2 at 10mM
CacCl;-2H,0 at room temperature stirred at 200 rpm. DMEM was incubated with 10 mMaClz-2HO on
A) smooth and B) dimpled microparticles for 3 hours while stirred at 200 rpm at room temperaturer 2,000,
ii- 20,000x magnifications

With these adaptations to Technique 2 a good coating of mineral was present across the
surface of the smooth microparticles Figure2.26A-i). The mineral coating was uneven on
the smooth micropatrticles, with some regions of stacking of the mineral and some regions
entirely uncoated. The mineral that formed on the surface of the smooth microparticles
was platy in morphology Figure2.26A-ii), unlike previous results using this technique. The
mineral formed on the surface of the dimpled microparticles was more patchy and
appeared to demonstrate a preference for nucleation within the dimplesKigure 2.26B-i).
The mineral formed on the surface of the dimpled microparticles was anhedralF{gure
2.26B-ii). Increasing the time inincubation was assessed prior to any crystallographic
measurements to see if improved coverage of the dimpled microparticles could be

observed Figure2.27).
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Figure 2.27. Microparticles mineralised according to Technique 2 for 3 days at room
temperature at 10mM CacCl ,-2H,0. SEM images of (A) smooth and (B) dimpled microparticles gt i
2,000x and i) 20,000x magnification. Raman spectra of (C) smooth and (D) dimpled micropatrticles

with a zoomed in view from 90€1,000 cm™.
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