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Abstract

The bone marrow stem cell niche ascomplex microenvironmentvith osteogenic and
haematopoietic lineage cellsgenerated from differentiation ofhaematopoietic and
mesenchymastem cells (MSCsA niche is defined by itsells,microenvironment, physical
and chemicainteractions. The niche is nofully understoodwith respect tothe cellular

components]ocation,andinternal interactions.In this study, ® develop the understanding
of the biological structure and systems underpinning the niche, model® weveloped
focudng on the osteogenic lineagelhere is the potential for this work tanform the

development of therapeuticsupporting the development of therapeutics in the future.

A fully realised, novel model was developed at the macroscopic level, integlECs and
humanosteosarcomgHOSXells in ceculture, seeded ont@ scaffoldof decellularsed rat

bone with mechanical stimulation and cultured in osteogenic media. A model at the
microscopic level was then developedlising cellular control in a manner and extent not
previously developed. This was accompliskiitising micremanipulation techniques using
holographic optical tweezers(HOTs) based micromanipulation technige, bespoke
equipment that can manipulate cells and other objects in 3D space, allowing the precise

positioning of MSCs and HO®a fragment ofdecellularisedat bone.

In the macroscopic model, cells, extracellular matrix, and physical and chemical stimuli were
incorporated, and a highly significant increase in osteogenic content was detected in
comparison with controlsThis novel modektould be used tounderstand the complex
interactions within the nichéetter and canbe used in drug testing-or the microscopic
model, a dynamic patterningsystemto reproduce two cell types independently and
reproducibly in the same distwvas developedallowing MSC and HOS to Ipatterned
together. The use of HOTs in this model allows novel insights into the biological
microenvironment of theniche and has great potential to help determine cellular

microenvironment functionn a wide variety of tissue types.
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1. Introduction

Scientific modelling is the process of constructing and analysing a simplified representation
of a system. Models can be physical, mathematical, or computational in nature and can be
used to explore hypotheses, predict outcomes, test theories or understasystem better.
Biological models are used to explore a wide range of scientific questions, from molecular and
cellular mechanisms underlying biological processes, to the dynamics of biological niches in
the human body. They can be used to predict howldmical systems will behave under
different conditions and to test hypotheses that are difficult or impossible to stadyva

During &perimentation into the design and evaluation of a model of the bone marrow stem
cell niche, an appreciation and understanding of the field is important. This chapter covers
the biology of human bone and bone marrow, cellular scaffolds, and the historgceace

of the optical trap, precursor to thbolographic optical tweezer&iOT3.

1.1 Bone Function and Morphology

The adult human skeleton is made up of 206 bones, which provide structural support, protect
vital organs and enable movemef@owan et al., 2024Bones are connected to each other

at joints, which allow for varying degrees of movemespending on the joint type. Hinge
joints, for example, as seen in the elbow, allow for movement in a single direction, while ball
and-socket joints, such as the shoulder, allow a wider range of multidirectional motion. Bones
are connected to muscles byrtdons, tough bands of connective tissue primarily consisting
of collagen I fibres. When muscles contract, they pull on the tendons, which in turn move the
attached bone. Ligaments are another form of connective tissue, connecting bones to other

bones at tte joints, stabilising and supporting the skeleton.



1.1.1 Overall Function

The skeleton is divided into two main parts, the axial skeleton, which includes the skull, spine,
and rib cage, and the appendicular skeleton, which consists of the limbs and girdles (such as
the hip and shoulder bones) that attach them to the axial skel¢Clarke, 2008aBone is not

a uniform tissue but consists of both organic and mineral phases. It can be categorised as a
connective tissue and (rigid) organ whielong with cartilagemakes up the endoskeleton of
animals. Bones have a multitude of functions including structural support, enablibgityno
through muscle anchor points, organ protection such as the rib cage protecting the heart and
lungs, production of blood cells and mineral storage. Bones change over the human lifespan,
going through a process of remodiey which involves the resorption of old or damaged bone

and the deposition of new bon@Rowe et al., 2023)

1.1.2 Bone Structure

In order to understand the composition of bone, it is worth considering its structure from the
smallest elements and follow its structural formation as more complex architecture forms. An
understandng of the bone at all levels, from skeletal to microarchitecture is important for

understanding the system, and key for model development.

Collagen encompasses approximately 90% of protein found in bone with type | being the most
plentiful of said proteingdMohamed, 2008) At its most basic level, bone is made up of
collagen fibrils which have been mineralised. Type | collagen fibrils are made of three
polypeptide alpha chains formed into a triple helical struct(i@dler et al., 1996)These

fibrils are mineralised with a carbonated apatite called dahllite which is the only mineral type
found in mature bondWeiner & Wagner, 1998Yhe remaining major component of bone is
water. Found in the intra and extrafibrillar spagéatz & Li, 197 3water provides a source of
various ions for metabolism, as well as providing structural support, varying in quantity
between different bone typegTimmins & Wall, 1977)At the next hierarchical level, the

mineralized collagen fibrils align in different directions with different degrees of alignment



along their length(Reznikov et al., 2014)The structures vary, forming the optimal
configuration for functional needs such as withstanding tensional or compressive force. When
taking a parallel array formation, the fibrils form what is known as lamellar bone, which is

mechanically strong.

Unlike othermineralised collagens such as dentine, bone goes through a remodelling process
having two main stages of formation: primary and secondary osteogenesis. It is through this
two stage process that lamellar bone is formasd this bone type is not initially present during
fetal development. Formed primarily during embryonic development, woven bone has a
disorganised fibril arrangement which is replaced by lamellar bone during the first three to
four years of lifgFuchs et al., 2019).amellar bone has greater stiffness than woven, asd

such is the primary building block of human bone at the microscopic level.

When moving up to the macroscopic level, bone takes two foruodical bone (also called
compact bone) and cancellous bone (also called trabecular or spongy bone). The two bone
types are often formed next to each other, such as in long and flat bones (as described below).
Cortical bone is primarily made up of ostepalso known as Haversian systems, lamellar bone
having formed cylindrical vascular channels named sinusoids. Thousands of these stacked and
parallel osteons with interstitial lamellae filling the gaps form the cortical bon@ahl &
Thompson, 2011)The outer surface of cortical bone is covered in a layer of connective tissue,
the periosteum. This layer contains nerves, blood vessels and various bone cells which
facilitate the maintenance of the bone. Cancellous bone by contrast is porous, madea from
network of plates and rods of lamellae with the spaces between filled with red bone marrow
(as described below). Similar to the periosteum, a layer of connective tissue covers the surface
of cancellous bone but is comprised of only a thin cellular laydrone cells. The porosity
difference between bone at this level is so great that the bone types can be determined by
the naked eye, cortical bone having a porosity &8 and cancellous having a porosity of 70

85%(Burr & Akkus, 2013 ortical and cancellous bone are found next to each other in the



human skeleton This can be seen ifigurel.1l along with the aforementioned lamella

structural arrangement into osteons.

At the highest hierarchical level, bones of the human body can be sorted into five categories
generally differentiated by shape and composition: long bones, short bones, flat bones,
irregular bones and sesamoid bones. Of these five, the long and flat laoees particular

interest as they were the types used for the design of both the macroscopic and microscopic

models of the bone marrow stem cell nicimethis study

m Osteons

Circumferential
i lamellae

Cancellous .o~
bone .

Marrow % ;
Cortical bone

Interstitial -~

vt

lamellae —._vss;i-;:c?\

cavity o
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spongy bone

Lamellae  Endosteum Canaliculi opening
at surface

Figurel.1l: Humanbonemorphology

The internal structure of a human longbone showing the two types of bone; cortical and cancellou
structural subunits of osteons housing arteries and veins in the cortical bone and lamellae in the can

bone can also be seen. Adaptiedm Lacroix, (2019)

Long bones are longer than they are wide and include bones such as the femur and humerus.
They all have a hollow shaft called the diaphysis and a flared region at either end, the
metaphysis, which continues to the growth plate and the bone is rounded uff the
epiphysis(Clarke, 2008b)The diaphysis is primarily made from cortical bone while the

metaphysis and epiphysis contain mostly cancellous bone. Flat bones by comparison are as



the name suggest thin, relatively broad and ftd include bones such as the ribs and parts
of the skull. Flat bones have a section of cancellous bone sandwiched between two thin layers
of cortical bone. This broad variety and complexity needs to be considered in the

development of any scaffold fan vitro modelling relating to bone.

1.1.3 Bone Marrow
Found in the cavities of cancellous bone within flat bones and the diaphysis canals of long

bones in a region called the medullary cavity, marrow is a soft and fatty tissue.

Marrow can be found in two different forms, red and yellow. This colour difference is due to
the relative need and therefore prevalence of blood cells or fat cells changing the colour from
red to yellow respectively. Red bone marrow is the primary sitbag@matopoiesis and in
adults is found primarily in the sternum, pelvis, and epigsysf long bonegTravlos, 2006hb)

In these regions there are low levels of adipocytes and it is here that the body creates all new
blood cells (erythropoiesis), platelets (thrombopoiesis) and leukocytes (leukopoiesis). Yellow
bone marrow found in the diaphysis of long bones is not algtiresolved in the creation of

new blood cellsinstead acting in a supportive role as a storage of fat ¢Rtsnaniuk et al.,

2016)

Bone marrowcontainsnumerous cell types including stem cells. Stem cells are characterised
by their ability to selrenew and differentiate into multiple cell types. What makes bone
marrow truly unique among human tissue is the presence of two distinct and separate stem
cells coexisting and functioimg co-operatively (Bonnet, 2003)These two stem cell types are
haematopoietic stem cells (HSC) which differentiate into all types of blood cells, and
mesenchymal stem cells (M§Qvhich differentiate into both mesodermal and endodermal
lineages. There are numerous other cell types inhabiting bone marrow which make up the
haematopoietic components, those which are indirectly involved in haematopoiesis and

those connected with boneegulation(Travlos, 2008).



1.1.4 Stem Cells

Stem cells are undifferentiated cells that possess the unique ability to bothresediv

through mitotic cell division and differentiate into specialized cell types. These cells are
SaaSyidAalrt FT2NJ GKS 02ReQa NXB3ISydadatainidgdiSueLINR OS
homeostasis and enabling repair after injdMyeissman, 2000)Stem cells are categorized

based on their potency, or their capacity to differentiate into various cell types. There are five

main categories of stem cells, distinguished by their differentiation potential: totipotent,

pluripotent, multipotent, oligopotat and unipotent stem cells

Totipotent stem cells have the greatest differentiation potential, capable of giving rise to all
cell types, including both embryonic and extraembryonic tissues. Totipotent stem cells are
only present during the early stages of embryonic development, Spaity in the first two
divisions of a fertilized zygot@ossant, 2008)As development progresses, these cells give
rise to pluripotent stem cells, which can differentiate into almost any cell type derived from
the three germ layers, the ectoderm, endoderm, and mesoderm (with the exception of
extraembryonic tissues). Embryionstem cells, used in various research contexts, are an

example of pluripotent stem cel({&vans & Kaufman, 1981)

More specialized than pluripotent cells are multipotent stem cells, which can only
differentiate into a limited range of cell types within specific lineages. The primary stem cells
used in this project, MSCs, are multipotent and can differentiate alongogshic,
adipogenic, and chondrogenic cell lin@®sttenger et al., 1999)This restricted differentiation

potential makes them invaluable in tissue engineering and regenerative medicine.

In addition to these categories, there are oligopotent stem cells, which have the ability to
differentiate into a few cell types, such as myeloid stem cells, which give rise to various blood
cell types. Finally, unipotent stem cells are the most restrictaghable of differentiating into

only one cell type, such as epidermal stem cells responsible for skin regendBlaopain &



Fuchs, 2006)Stem cell potency is crucial to understanding their role in regenerative biology

and their application in various therapeutic and research contexts.

1.1.5 Bone Cells

When discussing the hierarchical levels of bone, beyond the structural makeup of the tissue,
the various cells that inhabit said tissue need to be considered. As previously mentioned,
there are numerous different types of cells present in bone, howevey thd two stem cell
types and the cells involved in bone remodelling will be covered in this section as they are

most relevant to this research.

1.1.5.1 Haematopoietic Stem Cells

As the primary site of haematopoiesis, red bone marrow is heavily populated with HSCs. HSCs
are multipotent, able to maintain both their population and differentiate into all blood cell
lineages (Wilson & Trumpp, 2006)It is this capacity to maintain the haematopoietic
environment that defines them, originally studied in murine models where transplanted HSCs
could rebuild the haematopoietic system of lethally irradiated mice f{8yinovitch et al.,

1963) This ability is also seen in human transplamtishough their therapeutic use is
relatively new. HSC transplants are part of the standard care of thousands of patitmts
congenital or acquired disorders of the hematopoietic system or with chemosensitive,

radiosensitive, or immunosensitive malignandi€satwohl et al., 2010)

HSCs can differentiate into common lymphoid progenitor cells or common myeloid
progenitor cell{Gunsilius et al., 2001The common lymphoid progenitor cells differentiate
further into different lymphoblasts which will mature into different lymphocytes such as
natural killer cells, naive-&ells and prel-cells. On the common myeloid progenitor lineage

of HSC differentiation, myeloblasts can form cells which eventually become gcsited such

as neutrophils and basophils. They can also differentiate into megakaryocytes which rupture
releasing platelets, and erythroblasts which mature losing their nucleus becoming

erythrocytes otherwise known as red blood cells. Finally, the common myeloid progenitors



can differentiate into mast cell precursors and promonocyishop et al., 2002)t is the
monocyte branch of this lineage which is important in bone regulation as it gives rise to the
osteoclast, a tissue specific macrophage. Mononucleated osteoclasts fuse to become
multinucleated osteoclasts which reabsorb bone, a key role in bemadelling(J. M. Kim et

al., 2020) The differentiation pathways of HSCs can be seéiguarel.2.
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Figurel.2: Haematopoiesidifferentiation pathways

Representative diagram of the differentiation of Haematopoietic stem cells and their descendants inc

osteoclasts. Arrowmdicate direction of differentiation. Created by the author with BioRender.com

1.1.5.2 Mesenchymal Stem Cells

Also known as multipotential stromal cells, mesenchymal progenitor cells and mesenchymal
stromal cells, MSCs are multipotent cells which differentiate into the mesodermal lineage
including bone, cartilage, fat, tendon, muscle, and marrow strgRitdenger et al., 1999b)

Akin to HSCs, MSCs have a high capacity foresedfval being able to maintain their



population under the right conditions. Of the different mesodermal lineages that MSCs can

follow, the formation of bone cells, osteogenic differentiation, is of particular interest.

MSCs are able to differentiate into osteoblasts which later form into osteocytes, cells crucial
to bone formation and remodelling. Osteogenic differentiation of MSCs is regulated by a
number of extracellular signals, shown figure 1.3. Systemic hormones including
parathyroid hormone (PTH), glucocorticoids, oestrogens and local growth factors including
02yYS Y2NLIK23ASYySiA O-cadhi® tiafsfoyming grawth dadiqr 2 it KDE
fibroblast growth factor 2 (FGE), insulinlike growth factor (IGF), vascular endothelial growth
factors (VEGF) and cytokine modulators (prostaglandins) all regulate differentiation
(Carbonare et al., 2012Yhese all activate various signalling pathways controlling specific
transcription factors, the most important of which being the master gene -retdted
transcription factor 2RUNXR RUNXZ NX 3 dzf | (i S Ratenid pathwa§ indugésitire
commitment of MSCs to osteogenic differentiatifvialenti et al., 2016)Ultimately these
signalling molecules and transcription factors cause the commitment of MSCs to the

osteogenic precursor and its ultimate differentiation to a mature osteoblast.
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Figurel.3: Mesenchymadtem cell osteogenidifferentiation pathway

Representative diagram of the differentiation of mesenchymal stem cells down the osteogenic path
the production of osteoblasts and osteocytes. Black arrows indicate direction of differentiation, blue a

indicate stages in the process the linkedracellular signals. Created by the author with BioRender.com

1.1.5.3 Human Mesenchymal Stem CeéfisVitro

Human Mesenchymal Stem Cells (hMSCs) as previously mentioned, are multipotent
progenitor cells possessing remarkable regenerative capabilities. Due to their nature, they are
extensively studied for their therapeutic potential in tissue engineering andnegdive

medicine(Bara et al., 2014)

hMSCs typically exhibit a spinelbaped morphology when cultured vitro, presenting as
elongated, fibroblastike cells adhering to the culture substrai@ominici et al., 2006)This
characteristic morphology facilitates their migration, proliferation, and interaction with the

extracellular environment. hMSCs possess a high capacity for adhesion to tissue culture

10



surfaces, which is crucial for their maintenance and expanisiontro (Simmons & Torok
Storb, 1991) They adhere to the culture substrate through interactions with specific cell
adhesion molecules such as integrins, facilitating their proliferation and growth. Their growth
rate in vitro can vary depending on various factors such as culture conditions, passage
number, and donor variabilithut when optimal conditionsare met hMSCs exhibit robust
proliferation enabling their expansion to large numbers for research and therapeutic
applications(Colter et al., 2001)Like all cultured cells, hMSCs are susceptible to cellular
senescence and aging over tinmevitro. Passage number, culture conditions, and donor age
and health all influence the onset of senescence and can impact the proliferative capacity and

functional properties of h(MSGStolzing et al., 2008)

hMSCs express characteristic cell surface markers in their immunophenotypic profile along
with the absence of other maker€luster differentiation (CD) markers were first extracted as
adherent stromal cells, which were a heterogeneous population of unknown phenotypes.
Their adherent nature was the only means of sorting them from the other;adirerent,
cells.Later, these markers weraccepted as known indicators of the phenotype, although the
phenotype is still not fully understodXiao et al., 2022Commonly used markers to identify

hMSCs include CD73, CD90, and CD105, CD166 and CD44 while they generally lack expression
of hematopoietic markers CD14, CD19, CD34, CD45 anDR{D®minici et al., 2006; Ramos

et al., 2016) This immunophenotypic profile is often assessed using techniques such as flow

cytometry, a routine piece of equipment and protocol used in most clinical laboratories.

In vitro, hMSCs exhibit remarkable plasticity characterized by their ability to differentiate into
multiple cell lineages under appropriate culture conditions as they would naturally in the
human body (Pittenger et al., 1999a) These include osteogenic, adipogenic, and
chondrogenic lineages. The osteogenic differentiation potential of hMiS@iro refers to
their ability to undergo lineage commitment towards said lineage, resulting in the formation
of mature osteoblasts capable of producing mineralized extracellular matrix (EZMY et

al.,, 1997) This process is orchestrated by a cascade of molecular events involving the
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activation of specific transcription factors and signalling pathways, includiidXR Osterix
(SP7)and BMP signalling as shownFigurel.3, pagel0. This differentiation potential is a

key aspect of their therapeutic utility in regenerative medici@aplan, 2007)

Osteogenic stimulation of hMSCs in vitro typically involves the supplementation of culture
media with osteogenid Y RdzOAy 3 FI Ol 2 NA X AglyCetodnBsphatd, aRISE Il Y S
ascorbic acigJaiswal et al., 1997These factors act to promote osteogenic differentiation by
facilitating the expression of osteogenic genes, promoting ECM mineralization, and fostering

the maturation of osteoblasts.

Dexamethasone is a synthetic glucocorticoid and in the context of osteogenic differentiation,
it acts modulating gene expression and signalling pathways associated with osteogenesis
(Eerden et al., 2003Bpecifically, dexamethasone promotes the upregulation of osteogenic
transcription factors, includinglBN>2 which is considered the master regulator of osteoblast
differentiation (Komori, 201Q) Dexamethasone also enhances the expression of other
osteogenic markers such as alkaline phosphatase (AkBopontin (OPNand osteocalcin
(OCN), facilitating the progression of hMSCs towards the osteoblastic liGézige/al et al.,

1997)

i -Glycerophosphate is a source of inorganic phosphate, an essential component for
mineralization of the ECM during osteogene@ialaval et al., 1994) -Glycerophosphate
serves as a substrate for osteoblasts to produce inorganic phosphate ions, which are then
incorporated into hydroxyapatite crystals, the mineral component of bé@hung et al.,
1992) This process promotes the formation of mineralized nodules, a sign of osteogenic
RA T T S NB yiycerbphdsghatabmay also function as a signalling molecule, activating

downstream pathways involved in osteoblast differentiation and func{®olub, 2009)

Ascorbic acid, also known as vitamin C, plays a crucial role in collagen synthesis, which is
essential for the formation and maturation of the ECM during osteogenesis. Ascorbic acid

serves as a cofactor for the enzyme prolyl hydroxylase, which catalysdégydnoxylation of
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proline residues in procollagen, the precursor to collag@franceschi, 1992)The
hydroxylation reaction is necessary for the stability and ctmdsng of collagen fibres,
contributing to the structural integrity of bone tissEranceschi & lyer, 1992)scorbic acid

also exhibits antioxidant properties, which may protect osteoblasts from oxidative stress and
promote their survival and function during osteogenic differentiati@nDt 32 (0 S
Skrzydlewska, 2023)scorbic acid in its salt form was used as it is more stable compared to

pure ascorbic acid which degrades quickly.

Markers indicative of osteogenic differentiation in hMSCs encompass several critical
biomolecules and processes that are integral to the formation and maturation of bone. These
markers include ALP, OCN, OBbhe sialoprotein BSand mineral depositioriMalaval et

al., 1994)

ALP is an enzyme involved in the primary stages of osteogenic differentiation. The enzyme
facilitates the formation of hydroxyapatite (HA) crystals by providing the necessary phosphate
ions which combine with calcium to form the mineralized matrix incoagiog into the ECM
(Golub, 2009)ALP activity is often used as an early indicator of osteogenic differentiation,

reflecting the initiation of the mineral deposition process.

OCN, also known as bone gamuaboxyglutamic acidontaining protein (BGLAP), is a ron
collagenous protein synthesized by mature osteoblasts. It is highly specific to bone tissue and
is involved in the regulation of mineralization and calcium ion homesist®inding strongly

to hydroxyapatite crystals, stabilizing the bone magfxicy et al., 1997)t is also involved in
regulation of bone remodelling in its interaction with osteoclasts influencing their ac{Nity

K. Lee et al., 2007DCN serves as a late marker of osteogenic differentiation, indicative of

mature osteoblast function.

OPN is another vital neoollagenous protein involved in the bone remodelling and
mineralization process. It functions as a mediator ofgwllrix interactions and is involved in

the regulation of osteoclast activitfDenhardt & Guo, 1993J0PN binds to hydroxyapatite
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and influences the adhesion, migration, and survival of osteoblasts and osteoclasts
(Franceschi & lyer, 1992)t also plays a role in the inhibition of ectopic calcification
(pathological bone growth in soft tissue), ensuring that mineralization occurs only within the
bone matrix (Denhardt & Guo, 1993)OPN expression is upregulated during osteogenic
differentiation and serves as a marker of both early and late stages of osteoblast development
(FranzOdendaal et al., 2006aBoth OPN and OCN are highly specific to bone tissue with OCN
in particular being a definitive marker of mature osteoblasts exclusively synthesized by these
cells in the bone matrixZoch et al., 2016a)OPN is expressed early in the differentiation
process and continues to be involved in bone remodelling and mineralization through
maturation (FranzOdendaal et al., 2006ajJOCN, on the other hand, is a late marker of
osteoblast maturation, indicating advanced stages of bone matrix formgidmch et al.,
2016a) Using both markers together allows for the monitoring of the entire differentiation
timeline from early osteoblast activity to mature bone formation. Both are-sfetiracterized

and have robust commercially available antibodiesifiemunohistochemistryIHQ (Boskey

& Posner, 1984)

BSP is a glycoprotein that plays a critical role in the nucleation and growth of hydroxyapatite
crystals, regulating the mineralization proc€€ddberg et al., 1988BSP is highly expressed
during the early stages of osteoblast differentiation and contributes to the formation of the
mineralized bone matrix by promoting the deposition of calcium and phosphatg @esss

et al., 1999)

The definitive hallmark of osteogenic differentiation is the deposition of a mineralized matrix
which is primarily composed of hydroxyapatite crystals. The mineralized matrix provides the
structural framework for bone tissue, providing mechanical streragiti rigidity. The degree

of mineralization is often conducted using techniques such as Alizarin Red S staining, which
when added to a sample, binds to calcium deposits allowing detection of bone matrix

(Gregory et al., 2004)
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In summation, hMSCs represent a promising cell source for osteogenic tissue engineering and
regenerative medicine applications. This is due to their natural multipotency and ability to
undergo osteogenic differentiatioim vitro, regulatedvia specific markers and characterized

by the deposition of mineralized ECM. Understanding the intricate mechanisms underlying
hMSC osteogenesis vitroholds significant implications for the development of regenerative
therapies aimed at addressing skeletal disordeosyébdefects and fracture healing and is the

driving reasoning behind this project.

1.1.5.4 Osteoblasts, Osteocytes and Osteoclasts

Osteoblasts, having differentiated from MSCs, are immature bone cells which line the
periosteum of cortical bone in a monolayer. Osteoblasts synthesise and secrete bone matrix
and are involved in the mineralization of bone, regulating phosphate and calevets.
Osteoblasts also synthesise important proteins which incorporate into the bone matrix
including OCNKManolagas, 20000CN is among the most abundant proteins produced solely
by osteoblasts which acts to regulate bone matrix mineralization (as well as having a
hormonal role) and as such is routinely used as a marker of osteoblastic bone foriZataim

et al., 2016)

Once bone formation for a given osteoblast has concluded, it can apoptose, revert to a bone
lining phenotype or the bone matrix around it hardens and the osteoblast can become
trapped (FranzOdendaal et al., 2006)f entrapped in the bone matrix it produced, the
osteoblast is now termed an osteocyte (as the definition of an osteocyte is based on its
location) and will undergo morphogenic changd®rpos & Christoulas, 2015)erminally
differentiating, the osteocytes develop long neuron like processes called canaliculi allowing
communication between other osteocytes and surface osteobl@dtsGeelLawrence et al.,
2013) The regions where osteocytes are embedded are called the lacunae, located between

the lamellae.
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As previously mentioned, osteoclasts originate from the HSC lineage having differentiated
from monocytes and macrophages. They are multinucleated cells which reabsorb bone
through remodelling of bone matrix. Osteoclasts bind to the bone surface integanectin,
sealing off the area below the cell creating an environment for bone resorption by the
secretion of acids and proteas@seher, 2017)The components of bone which were broken

down are absorbed by the osteoclast for release into the body.

Along with OCN, another important protein marker produced by both osteoblasts and
osteoclasts is OPN. OPN is associated with osteoclasts as it is the protein which binds the cell
to the bone surface, holding a major role in the formation of the sealing zo therefore

motility of osteoclastfA. Singh et al., 201L8PPN is also produced by osteoblasts enabling
adherence to the mineralised matrix. It has also been shown to be expressed by pre
osteoblastic cells during early bone development as well as by mature osteoblasts at bone

remodelling sitegSodek et al., 1995)

1.1.6 HOS as an Osteoblast Analogue

Human osteosarcomalO3J cells are frequently utilized in research as a surrogate model for
studying osteoblast biology and bomelated processes. Derived from human osteosarcoma,

a type of bone cancer, HOS cells exhibit osteoblastic characteristics, making them a widely
acceptal model system(Tattersall et al., 2020)These cells synthesize extracellular matrix
proteins such a®©CNand OPNand can undergo mineralizatian vitro under osteogenic

conditions(lkeda et al., 1992)

A significant advantage of using HOS cells is their immortalized nature, allowing continuous
proliferation in culture without undergoing senescence. This property arises from genetic and
epigenetic alterations typical of cancer cells, including dysreguilagdl cycle control and
enhanced telomerase activifge Bardet et al., 2023WUnlike primary osteoblasts, which have
limited proliferation potential and are highly dondependent, HOS cells provide a

consistent, reproducible model systgiMohseny et al., 2011)his reproducibility is essential
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for experiments requiring large cell numbers or extended culture periods, such as studies on

osteogenesis, drug screening, and biomaterials testing.

It is, however, important to acknowledge the limitations of using HOS cells as an analogue for
osteoblasts. As cancelerived cells, HOS cells exhibit altered signalling pathways and
genomic instability, which may not reflect the behaviour of normal, -tramsformed
osteoblasts accurately For instance, their response to certain osteogenic stimuli or
mechanical forces may differ from that of primary osteoblasts, highlighting the need to

interpret findings within the context of their immortalized origitkeda et al., 1992)

Nevertheless, their osteobladike phenotype and ability to mineralize make them a suitable
and practical model for investigating fundamental aspects of osteoblast function and bone
formation. Using a cell line also enables the ability to produce large quantities of cells. This is
not a viable option when working with primary cells as gaining large numbers of cells is
difficult, expensive and the inherent variations between donor cells coald te a variety of
cellular responses. Using a cell line in pamson, enables large quantities of cells to be
produced and they are more likely to have uniform responges. proof of principle and
highly experimental optimization work, using a cell line like HOS is an ideal cost effective

option.

1.1.7 Bone Fracture Epidemiology

Bone fractures are a significant health care concern across the globe. Many noilmeaple
sustain one or more fracturesach yeamwith 178 million new fractures in 2019 and 455
million prevalent cases of acute/lorigrm fracture symptoms in the same ye@iu et al.,
2021) In the UK, hip fractures were the most common type of fracture requiring

hospitalisation followed by distal radius, ankle and hé&#ehnison & Brinsden, 2019)

Fractures are more prevalent in older adults, primarily due to decreased bone density and
increased fall risk. Women, particularly postmenopausal women, are at a higher risk for

osteoporotic fractures due to oestrogen deficien¢hosla & Monroe, 2018)n younger

17



populations, fractures are often a result of highergy trauma such as accidents and sports
injuries. Specifically in the England, over the ten year period from 2004 to 2014, there were
2,489,052 fracture admissioms hospitalmaking the risk of admission for fracture 47.84 per
10,000 populationJennison & Brinsden, 2019he direct cost burden on the NHS for hip
fractures alone reached £869 million in 2017/18 with that cost continually rising with a
growing and aging populatiofGlynn et al., 2020Current treatments for fractures primarily
involve surgical and nesurgical approaches such as immobilization and internal fixation

alongside pain management.

There are numerous complications and challenges associated with healing from a fracture.
These can include delayed healing where the bone takes longer than expected to achieve
union, generally considered to be four montfiGémezBarrena et al., 2015)This delay in
healing can be due to numerous factors including patient health and comorbidities, poor
blood supply, mechanical instability or even infection. When the delay in healing progresses
beyond a six month time frame, the injury is consideredam-nnion and is associated
primarily with the severity of the injury and surgical treatment technique ug&da et al.,

2016) The approximate average rate of occurrence for delayed healing andimion is in

the range of & 10% for all bone fractures but with varying rates depending on fracture type
and its managemeniGomezBarrena et al., 2015Nonunions are managed generally with
surgical interventions including revised surgery and bone grafts. Bone grafting is the surgical
process of transplanting bone tissue to the amomion site to stimulate bone healing and
restore structural integrity. fie types of bone graft available include autografts, allografts and
synthetic grafts, all of which are detailed furthesiection1.2.3 page32. The surgery involves
exposing the fracture site and cleaning all fibrous and any infected tissue, the shaped graft
placed into the norunion site in contact with the bone and the site stabilised into proper
alignment. The perfect bone graft is osteocowtlue, osteoinductive and osteogenetic,
without risking transferral of pathogenic microbes readily available, manageable,

biocompatible, and bioresorbablgalori et al., 2011)Jnfortunately, no one graft available
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today can meet all these parameters, especially when cost effectiveness is also considered,

hence the need for medical science to focus research on enhancing bone healing.

In such cases as namion fracture, were for whatever the reason normal osteogenic capacity

is reduced or impaired a consideration of the underlying mechanisms underlying bone repair
and function are the lynch pin of future regenerative procedures. Irctimécal context, stem

cell therapies aim to replace or repair damaged tissues. For example, Hematopoietic stem cell
transplantation (HSCT) is a wetitablished treatment for certain blood disorders and cancers
such as lymphoma, leukaemia and immedediciency illnesse@Hatzimichael & Tuthill, 2010)
Mesenchymal stem cellas detailed in sectiofh.1.5.8B, have the ability to differentiate into
osteogenic, chondrogenic, and adipogenic cells. If encouraged to differentiate down the
osteogenic pathway they coulcbntribute directly to new bone formation. If applied in a
suitable fashion, MSCs could aid in the healing process of fractures and as such are of great
interest to the medical research community. This research started in the 1990s using MSCs
with site-specific deliery vehicles to repair tissues such as cartilage, bone, tendon and other
connective tissues and has advanced to the seeding of MSCs in tissue engineered bone graft
scaffolds(Caplan, 2005X. Wang et al., 20135tem cell therapies are one example of
research being conducted with an aim of correcting the insufficient osteogenesis. An
important consideration, however, is that to date the development of safe and effective stem
cell therapies require a significaamount of research and clinical trials before becoming a

possibility for mainstream healttare (Aly, 2020; Malige et al., 2024)

1.1.8 MSCs used in Therapy

MSCs have become a key element in regenerative medicine due to their ability to differentiate
into multiple lineages, modulate the immune response, and secrete bioactive factors and
their application spans diverse therapeutic ar¢@ara et al., 2014)n musculoskeletal repair,

MSCs have been utilized in cartilage regeneration for osteoarthritis and other degenerative

conditions, enhancing extracellular matrix production and promoting chondrocyte
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differentiation (Barry & Murphy, 2013)Similarly, in bone healing, M®ased therapies
support osteogenesis, with promising outcomes in critgiabd bone defects and fracture
non-union (Gao et al, 2016) Beyond skeletal applications, MSCs exhibit potent
immunomodulatory effects, making them a viable treatment for conditions such as- graft
versushost disease by dampeningcéll proliferation and cytokine releagée Blanc et al.,
2004) Cardiovascular applications have also shown potential, with  MSCs improving
myocardial function and stimulating angiogenesis in ischemic heart disease via paracrine
signalling(Hare et al., 2009)in neurology, MS@erived factors are being explored for their
neuroprotective and regenerative properties, offering therapeutic potential in conditions
such as spinal cord injury and strok@oyce et al., 2010)This breadth of applicability
underscores the promise of MSCs in advancing regenerative medicine and restoring tissue

function across multiple domains.

MSCs have demonstrated remarkable versatility across a range of therapeutic applications,
from musculoskeletal repair to immune modulation and neuroprotection. Their unique
combination of differentiation potential, immunomodulatory capacity, and paraceifiects
positions them as a potential future cornerstone of regenerative medicine, with ongoing

research poised to reveal even broader clinical applications in the future.

1.1.9 Bone Remodelling

Bone is a dynamic tissue which undergoes constant remodelling, the removal or resorption
of old bone being replaced by new tissue. While the job of osteoblasts and osteoclasts to
create and reabsorb bone respectively has been discussed in isolationfféverdi cell types

are highly interconnected and reliant on each other for proper function. The bone
remodelling process has five phases: activation, resorption, reversal, formation and

termination.
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1.1.9.1 Activation

The activation of bone remodelling is initiateda different potential signals, either
mechanical or hormonal. The cluster of cells (osteoclasts, osteoblasts and osteocytes) which
O2tftF062NXGS Ay (GKS LINRPOS&da 2F 062yS NBY2RSt A
BMU organisation in cortical drcancellous bone differ morphologically, but not biologically
(Hadjidakis & Androulakis, 2008)steocytes are believed to have an important role in the
translation of mechanical strain into signals to start active bone remodelling, directing
osteoclast and osteoblast activiBonewald, 2007)Osteocytes release TGF dzy RS NJ y 2 NJY' |
conditions which inhibits osteoclast genegligeino et al., 2002)With osteocyte apoptosis

due to, for example, damage to the bone matrix, osteoclast formation increases. In
conjunction with TGF = 'y AYLENIIFYy(d K2N¥Y2yS Ayg@d2t gSR A
remodelling is PTH. PTH binds to receptors on osteoblastsintaa cascade of molecular

signalling that ultimately recrwstosteoclast precursors and induce their differentiation and

activation, establishing bone resorptigRaggatt & Partridge, 2010)

1.1.9.2 Resorption

Having recruited osteocyte precursors to the site of bone remodelling, they form into
multinucleated osteoclasts. In response to suitable mechanical and hormonal signals,
osteoblasts release matrix metalloproteinases which initiate the resorption phase by
degrading the unmineralized outer layer of osteoid, exposing the mineralised bone surface
beneath (BirkedalHansen et al., 1993)rhis allows the binding of osteoclasts to the bone
surface and the release of hydrogen ions, dissolving the mineralised matrix into calcium and
phosphate ions for release into the blood stream. This cavity region of bone carved out by the
osteoclasts i©F £ f SR ( KS | (Radjiilakia & Xddroultakis R62@YS the activation

of osteoclasts slows and they complete their resorptitrey apoptose.
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1.1.9.3 Reversal

The reversal phase involves the preparation of the bone surface for osteoblastic bone
formation. Bone lining cells from the osteoblastic lineage phagocytose remaining
RSYAYSNYt AT SR O2ftt1 38y Ay G(KS I 26aKALIQa f I Oo

(Everts et al., 2002)

1.1.9.4 Formation

As discussed in sectidnl.5.2 page8, there are numerous signals which are involved in the
differentiation process of MSCs into osteoblasts with TGFo SAy 3 | {(S& air3dy
recruitment to the site of bone remodellinfRaggatt & Partridge, 2010The osteoblasts
synthesise the new bone matrix made from collage type | and alkaline phosphatase which
forms hydroxyapatite. As the osteoblasts synthesise the new bone, they can become trapped

as previously mentioned, becoming osteocytes.

1.1.9.5 Termination
The remodelling process is complete when the resorbed bone volume has been filled with
new bone matrix. The exact signalling pathways which terminate the formation stage are not

fully understoodwith its exact mechanisms still debaté@olamperti et al., 2022)

11102 2f FFQa [ 6 YR aSOKIYy2iNlyaRdzOGA2Y

As previously mentioned, bone is a mechasmsitive tissue that responds to external

stimuli. First described by Julius Wolff in the laté" X®ntury, it was observed that bone

adapts to the mechanical forces it is subjected to, changing in shape and structure. If bone is
subjected to increased mechanical stress, it remodels and becomes stronger by increasing
bone mass and altering its structurConversely, in the absence of mechanical stress, bone
density decrease¢Papachroni et al., 2000) ¢ KA & LIKSy2YSy2y A& (SNY
explains why, for example, athletes develop stronger bones due to increased mechanical
loading, while individuals suffering from conditions like anorexia or prolonged immobilization

may develop osteoporosis due treduced mechanical stimulation. These processes are
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primarily governed by mechanotransduction, the biological mechanism by which cells sense

and respond to mechanical stimuli, converting these physical forces into biochemical signals.

1.1.10.1Mechanotransduction

Mechanotransduction is the process by which cells sense and respond to mechanical
stimulation from their environment, converting the physical signals into biochemical
responsegPaluch et al., 2015 he process involves multiple components including the ECM,

cell membrane receptors, the cytoskeleton, and various signalling pathways. This process is
particularly important in bone as a dynamic tissue that constantly remodels in response to
mechanicaloads. In bone, osteocytes, which are the most abundant cells embedded within

GKS YAYSNItATSR YIFIGNREZ &SNS &4 GKS LINA Y NJ
interconnected through a network of canaliculi, which allows them to communicate with

other bone cells, such as osteoblasts and osteoclasts which is essential for the regulation of

bone formation and resorption in response to mechanical st(8ssitos et al., 2009)

The multistep process of mechanotransduction begins with the transduction of mechanical
forces such as fluid shear stress, compressive forces or tensile strain, acting upon bone which
are detected by sensor cellfRamaswamy et al., 2015fluid shear stress refers to the
tangential force exerted by fluid flow over a surface. In biological systems, it occurs when cells
are exposed to moving fluids, such as blood flow within vessels or interstitial fluid in tissues
(Chistiakov et al., 2017Compressive forces refer to mechanical loads that act to compact a
structure, reducing its volume or thickness. These forces are prevalent in biological tissues
subjected to weighbearing or external pressur@Mow et al., 1984)Tensile strain occurs

when a force stretches or elongates a material, leading to an increase in its length relative to
its original size and is experienced by tissues such as tendons, ligaments, and bones during

movement and mechanical loadigd H. C. Wang, 2006)

The mechanical stimulus is typically detected by mechanoreceptors on the surface of

osteocytes (the most abundant cells in bone), which are embedded in the bone mineralised
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matrix and interconnected through networks of canalicBonewald, 2011) The
mechanoreceptors include integrins, stretabtivated ion channels, and primary cilia
(Bonewald, 2011; Papachroni et al., 2Qd8jegrins are transmembrane receptors that form
LIK@aAOlf O2yySOlGAz2ya o0SiG¢SSy (Dafes 20a3)\ehen y R {0 K
external forces deform the ECM, integrins transmit these forces across the cell membrane,
initiating the mechanotransduction procegslumphrey et al., 2014)Additionally, primary

cilia, which are sensory organelles, play a role in detecting fluid shear stress and stretch, while

ion channels allow for the influx of calcium ions in response to mechanical deformation

(Thompson et al., 2012)

One of the primary mechanotransduction pathways activated by mechanical loading
(compressive forcesh & (i K Scaténiyf ignalling pathwayBaron & Kneissel, 2013)
aSOKIFIYyAOIt A0GNIAYy 2y 2aidsS zdedid kich fraSsfeR&théd 2 (1 K S
nucleus and promotes the expression of genes that are essential for osteoblast differentiation

and bone formatior(Robinson et al., 2006)n addition, mechanical forces have been shown

to activate signalling cascades such as the mitesygtivated protein kinase (MAPK) pathway,

which plays a role in cell proliferation, and the production of signalling molecules such as
prostaglandins and tric oxide, both of which are involved in bone remodelling and refair

Lee et al., 2018; Santos et al., 2009)

1.1.10.2Mechanical Stimulation in Research

Given the natural and fundamental importance of mechanical stimulation in the human body,
in vitro models for the study of bone should ideally incorporate mechanical stimuli to
accurately replicate thén vivoenvironment as static models fail to account for the critical
role of mechanotransduction in bone homeostasis and remodellifige introduction of
mechanical stimulation into such models through compression, tensile forces, or fluid shear
stress can significantly enhance the differentiation of MS@s asteoblasts, promoting

osteogenesis and the production of mineralized bone tissle O/ 28 3 h Q. NASY I H.
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Bioreactors are commonly utilized to deliver mechanical stimulaitowitro by providing a

controlled system with a desired environment, maintaining specific conditions. These devices

can apply dynamic compressive or tensile forces to-ssdded scaffolds, mimicking the
physiological stresses experienced by bonea O/ 28 3 h Q. NASY > HamnaT bl ;
Another method, fluid flow systems which apply controlled fluid movement over or through
biological tissues or scaffolds, generates fluid shear stress, which has been shown to
upregulate the expression of osteogenic markers such as AL®RBNdfurther promoting

matrix mineralizationRiehl et al., 2017; Steward & Kelly, 2015)

One innovative approach to mechanical stimulation is the application of-fégfuency
mechanical vibrations, such as those used in the Nanokick technology. The Nanokick platform,
developed by Professor Matthew Dalby and his team, utilizes nanosicaigoidalibrations
producing a compressive fort¢e stimulate hMSCs to differentiate into bone celBalby et

al., 2007) The device employs precise sinusoidal vibrations, typically around 1 kHz frequency
and 22 nm amplitude, to mimic mechanical cues found in the natural bone environment
(Childs et al., 2016; Kennedy et al., 2021; Robertson et al., 20IBa¥e higHrequency
vibrations are capable of promoting osteogenic differentiation in MSCs by stimulating
mechanotransductive pathways without the need for traditional chemical inducers of
osteogenesigNikukar et al., 2013)rhis method enables the creation of clinically relevant 3D
bone tissues with the potential for bone grafting and repdineNF y2 1 A 01 Q&4 FoAf A
mechanical stimulation in a controlled manner makes it a valuable tool for developing more

physiologically relevanh vitro bone models.

1.1.11 Bone Marrow Stem Cell Niche

A
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only concerning the location where stem cells are found but also considering their function.
Having discussed the individual elements of bone, it is clear thaintewt is a highly complex

interconnected systemAs previously statedhe stem cells of the bone marrow niche include
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both HSCs and MSCs making this niche unique possessing two stem cell types. Beyond the
presence of both stem cells, the two are intertwined in their processes having a close
relationship for osteogenesis and haematopoiesis. It is also understood thatstkegenic
descendant of MSCs, the osteoblasas a role in the formation and function of the bone
marrow stem cell niche, demonstrated by mice lackiRgNX, the most important
transcription factor for the formation of osteoblasts, having defective borarow (Wilson

& Trumpp, 2006)Converselyincreasing the osteoblast population in the trabecular region

has been shown to cause a parallel increase in the population of (€as et al., 2003; J.
Zhang et al., 2003While these three cells may be the primary cells of the niche, they are by
no means the only cellular constituents. This is one of the many challéacmdin defining

any niche, particularly the bone marrow stem cell niche, as determining which cells neighbour
and regulate both HSCs and MSC:s is difficult. Achieving an accurate look into a healthy niche
is difficult when the primary method of investigatinget niche is through bone sections.
Retaining the histological integrity within a bone when seawmlong with the complexity

of immunostaining leaves determining the cellular constituents diffiddtirrison & Scadden,

2014) Not only are sections of bone variable, the bone sections available for study are often

in a diseased state and not necessarily indicative of a healthy functional niche environment.

The bone marrow niche is defined not just by its stem cell population, but also by its structural
and biochemical intricacies. HSCs and MSCs are at the core of this niche, but recent advances
have illuminated a much broader spectrum of cellular and mo#cphrticipants. MSCs
themselves exhibit remarkable heterogeneity, giving rise to osteoblasts, adipocytes, and
OK2YyRNROeGuSaszx SIOK AyTt dzSy OXRtangei é& &l., 39908 K S Q &
Osteoblasts, particularly those derived from CXCGaldihdant reticular (CAR) cells, secrete
essential factors like stem cell factor (SCF) and CXCL12, which maintain HSC quiescence and
retention (Frobel et al., 2021)Adipocytes, on the other hand, can exhibit opposing mles
supporting or inhibiting haematopoiesis depending on their spatial and functional state

within the marrow(Zhou et al., 2017)
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The morphological features of the bone marrow niche contribute significantly to its function.
The niche is broadly divided into the endosteal and perivascular regions, each with distinct
roles. The endosteal region, localized near trabecular bone, is dieairzed by lower oxygen
tension and supports HSC quiescence., conversely, the perivascular region, situated closer to
the vasculature, facilitates active haematopoiesis and stem cell mobilizétioRing et al.,

2012) Both regions are interconnected by arterioles and sinusoids, which regulate oxygen

gradients and mechanical signals essential for cellular fun¢Bereira et al., 2024)

Recent work on regulatory pathways has further underscored the complexity of this
ecosystem. Notch signalling, mediated by Jaggedl exprégstte JAG Igeng is pivotal in

HSC selfenewal and lymphoid lineage commitme(®alvi et al., 2003)Additionally, TGF
signalling is emerging as a critical regulator, promoting HSC quiescence through direct and
indirect mechanisms(Blank & Karlsson, 2015)CXCLIZXCR4 interactions remain
foundational, ensuring HSC retention and niche anchorage, while factors such as
angiopoietinl and SCF modulate vascular integrity and cellular differentigioamo et al.,

2022)

Structurally, the bone marrow niche is supported by an ECM composed of collagen, laminin,
and fibronectin, which not only provide mechanical support but also serve as reservoirs for
growth factors(X. D. Chen et al., 2007ECM stiffness and composition are increasingly
recognized as modulators of lineage differentiation, with stiffer environments promoting
osteogenic pathways while softer matrices favour adipogen@siZhang et al., 2018%uch
biophysical properties underscore the niche's adaptability to both physiological and

pathological states, including aging and malignangtegbel et al., 2021)

Methodologically, challenges in studying the niche stem from its dynamic nature and spatial
heterogeneity. Emerging technologies like sirggd RNA sequencing and higgsolution 3D
imaging are now providing unprecedented insights into cellular hierascand interactions

(Baccin et al., 2019; SancHeanzas et al., 2022Yhese techniques have revealed many
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distinct subpopulations within the marrow, including NG2+ pericytes, LepR+ cells, and
Schwann cells, each contributing uniquely to HSC regulé@aryawno et al., 2019; Omatsu,

2023)

While most models of the nicheare centred on its primary cellular constituents,
contemporary studies highlight the niche's complexity as an integrated and migratory
ecosystem which dynamically responds to extrinsic signals adapting to a changing
physiological environmerKwon et al., 2024)Jnderstanding this intricate network of cells,
signals, and structures is critical not only for elucidating hematopoietic and osteogenic
mechanisms, but also for developing therapeutic interventions aimed at restoring or
modifying niche function in disea contexts.Up until recently, thereK I & y Qiithe 6 SSy
technology available to control microenvironmental factoryitroat a level of precision that

would enable these cellular structures to be reproduced. The HOTs system has the potential

to enable thidevel of control, and this project is part of the early stages of that process.

A common representation of the niche has yet to be fully developed and as such there are
variations in how the niche is depicted as showkigurel.4. While there are common core
components, HSCs, MSCs and osteoblasts, the exact location and constituents of this niche
are yetto be fully determined with more interconnections being discovered. An example of

this can be seen in the figure below in the location of the MSC.
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Figurel.4: Comparison ofepresentations of theonemarrow stem cell niche

A comparison of the bone marrow stem cell niche as represented in two different publicai@#nrdorrison &
Scadden, 201& (B) - Ehninger & Trumpp, 2011n A, the MS€are show inhabiting the wall of sinusoids, wh

in B, they are also found in the endosteal bone wall.

1.1.12 Bone Disease in the UK

Musculoskeletal conditions, including bone diseases, affect a significant portion of the UK
population and impose substantial costs on the NHS. Below is an overviewpktraence

of a few of these conditions and their associated healthcare expenditures.

Osteoarthritis: Approximately 10 million people in the UK are affected by osteoarthritis, with
an estimated 5.4 million cases of knee osteoarthritis and 3.2 million cases of hip osteoarthritis

(NICE, 2023)

OsteoporosisAmong individuals aged 50 and above, 21.9% of women and 6.7% of men are

estimated to have osteoporos{8Villers et al., 2022)

Total Musculoskeletal Conditior®ver 20 million people in the UK live with a musculoskeletal

condition, accounting for approximately one third of the populat{d™@rsus Arthritis, 2024)
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While specific annual costs for bone diseases are not always readily available, musculoskeletal
conditions are a leading cause of disability and contribute significantly to healthcare
expenditures. In 2016, musculoskeletal conditions reported annual spgndof
approximately £5 billion, accounting for the third largest area of spending within the NHS

(Leal et al., 2016)

It is evident that bone diseases and musculoskeletal conditions affect a significant portion of
the UK population, leading to considerable healthcare expenditures. While exact current
annual costs specific to bone diseases are not readily available, ¢éhallimpact on the NHS

is substantialDespitethe high costs associated with drug development, the importance of
continued research, effective prevention and management strategies for these conditions is
essential By conducting research such as ourg tltimate goal would be the generation of
therapies which aid in bone healing as a result of a greater understanding of the bone marrow
stem cell niche. There may also be the potential for the creation of therapies using the HOTs

systemto pattern individual cells and structural elements in &@Dan implantable scaffold.

1.2 Cellular Scaffolds

There are multiple different types of scaffolds for biological reseairtiuding natural,
synthetic, and composite materials, each offering unique properties for tissue engineering
applicationg(B. S. Kim et al., 2000)hese scaffolds can be bioactive, antimicrobial and even
have specific nano topographies to illicit a given cellular resp@ieane & Badylak, 2014;
Place et al., 2009®me of he most commoly usedscaffoldsin researchare hydrogels,
decellularised tissues, microfabricated scaffolds, and electrospun nanofiber scéffahdset

al., 2014; K. Y. Lee & Mooney, 2001; Zhao et al., 20dfortant considerations when
selecting a scaffold are biocompatibility, especially if the scaffold is intended for therapeutic
use, and capturing the complexity of biological structures, particularly at the microscopic

level.
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Biomaterials, which form the basis of these scaffolds, are materials engineered to interact
with biological systems, often for therapeutic or diagnostic applications. They are essential in
tissue engineering, where they help form the scaffolding on whedls grow, differentiate,

and ultimately regenerate tissue. Biomaterials can be categorized into three main types:
natural, synthetic, and composite materials, each with its own characteristics, advantages,

and limitations.

1.2.1 Types of Biomaterials

Natural biomaterials are derived from biological sources, such as collagen, gelatin, and
chitosan and are inherently biocompatible and promote cell attachment. These materials,
such as collagen and gelatin used in hydrogels, are particularly useful in celluielidscddie

to their ability to closely mimic the natural extracellular matich Q. NA Sy S HAMMO

Synthetic Biomaterials like poly(lactic acid) (PLA), poly(ethylene glycol) (PEG), and
poly(glycolic acid) (PGA) offer more controlled mechanical properties, tuneable degradation

rates, and higher reproducibility compared to natural mater{dsddleton & Tipton, 2000)

PEG, for example, is a synthetic material used to create hydrogels with good biocompatibility,
and has been experimented with for the tethering of ECM derived bioactive mole@lias

2010)

Composite Biomaterials combine the benefits of both natural and synthetic materials. An
example is the incorporation of hydroxyapatite into synthetic scaffolds for bone regeneration,

which improves mechanical strength and bioactiyRezwan et al., 2006)

1.2.2 Hydrogels as Cellular Scaffolds

Hydrogels are a 3D network of polymer chains that can be formed into-l&kgedtructure.
These materials, made from either natural or synthetic polymers, are water absorbent and
highly customizable, making them ideal as scaffolds in tissue engineeyidgpdels can be

categorized into two groups: conventional hydrogels and stimadponsive hydrogels.
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Conventional hydrogels are lightly crosslinked, hydrophilic polymers that can swell
significantly in water, while stimutesponsive hydrogels react to environmental factors such

as pH or temperaturéRosiak & Yoshii, 1999)

Hydrogels can incorporate and suspend cells, growth factors, and other bioactive agents
uniformly throughout their structure, facilitating the efficient diffusion of nutrients and
metabolites(M. R. Singh et al., 2016)he customizability of hydrogels allows for the tailoring

of mechanical properties, making them applicable across a wide range of tissue engineering
applications. Collagen, for instance, is the primary structural component of the extracellular
matrix, m&ing it an attractive hydrogel choice. It has been shown that 3D culture in a collagen
hydrogel can aid the differentiation of MSCs into osteoblasts, presenting similar phenotypes

to in vivo cellfNaito et al., 2013)

Gelatin scaffolds, though similar to collagen, offer greater tunability in terms of porosity and
mechanical strength. Biocompatible and highly porous, gelatin hydrogels facilitate the
exchange of nutrients, oxygen, and waste products, providing an enveonhoonducive to
tissue growth(Kang et al., 1999)Similarly, Matriget, a commercially available matrix,
consists of collagen 1V, laminin, and enactin, aiding the attachment and differentiation of cells

(Hughes et al., 2010)

1.2.3 Decellularized Scaffolds

Decellularised scaffolds are derived from natural tissues such as bone, cartilage, or heart
muscle, where cellular components are removed, leaving behind the extracellular matrix. This
matrix acts as a biomimetic scaffold with structural and functionalgins that support tissue
growth (Rana et al., 2017)The decellularization process is crucial as it removes potential
antigens, reducing the likelihood of immune rejection. The process, however, can affect the

mechanical and biochemical properties of the scaff@dbert et al., 2006)

Decellularised bone matrix, for example, is often used in bone grafting. While autografts and

allografts are standard treatments for bone defects, decellularized bone offers a more
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scalable and less immunogenic alternat{¥o-ShutLing et al., 2018)Xenografts, sourced
from animal tissues, show promise due to their greater availability, though research is

ongoing regarding their lontgrm viability and immunological safefiprosos et al., 2007)

Decellularized bone scaffolds retain the native ECM components, including collagen,
hydroxyapatite, and other bioactive molecules which are critical for promoting osteogenesis
and cell attachment while minimizing immunogenic respon&awkins et al., 2013 his
process removes cellular content while preserving the intricate architecture and mechanical
strength of the bone, making these scaffolds ideal for bone repair and reconstruction in
criticalsized defects. Additionally, decellularized bone ECM cositgiowth factors such as
bone morphogenetic proteins (BMPs) that enhance osteoinductive properties, further
supporting their use in orthopaedics and tissue engineef@@gpo et al., 2011 Advances in
decellularization protocols, such as perfusizessed and enzymatic approaches, have
improved the efficacy of cell removal and the preservation of ECM integrity, offering scalable
solutions for clinical applicationfAmirazad et al., 2022)These scaffolds represent a
promising biomaterial for bone regeneration, combining the benefits of natural bioactivity

with reduced risk of immune rejection.

1.2.4 Microfabricated and Electrospun Nanofiber Scaffolds

Microfabricated scaffolds are produced using techniques like photolithography or
microcontact printing. They are typically made from polymers, ceramics, or metals and have
precise features at the microscale, allowing for control over-sedffold interadbns.
Microfabricated scaffolds can be designed to mimic the native tissue microarchitecture and
provide a microenvironment that supports cell growth and tissue regeneration. As an
example, a homogeneous scaffold can be created with a specific pore saegra viable

3D microenvironment characteristic of native islets of the panc(Ba®ud et al., 20115uch

YSGK2R& SylroftS LINBOAAS O2yiNRft 20SNJ GKS aol

a microenvironment tailored to the tissue being regenerated.
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Similarly, electrospun nanofiber scaffolds offer a high surfreato-volume ratio,
mimicking the architecture of the ECM, created through the process of electrospinning, which
forms fibres from a polymer solution by the application of an electric fiElese scaffolds,
produced through electrospinning, provide a highly porous network that supports cell
adhesion and growtliKumbar et al., 2008Electrospun nanofiber scaffolds can be designed
to mimic the native tissue microarchitecture and provide a microenvironment that supports

cell growth and tissue regeneration.

1.2.5 Summary

Biomaterials play an essential role in the development of scaffolds for tissue engineering,
offering a range of mechanical and biological properties that can be tuned to support various
cell types and tissue structures. Scaffolds, whether derived from raktsynthetic, or
composite biomaterials, provide the necessary support for tissue regeneration and have
applications across medicine and biomedical research. The choice of scaffold material and
manufacturing technique remains a critical factor in ensgirsuccessful cell/tissue growth

and integration. Hydrogels and decellularized scaffolds remain central to tissue engineering
research due to their versatile properties. Hydrogels, with their ability to mimic the soft tissue
environment, are particularly @ful in encapsulating cells and facilitating tissue regeneration.
Decellularized materials, on the other hand, can provide a more direct approach by mimicking
the complex architecture of native ECM, making them highly effective for organ regeneration

and tissue repaifRana et al., 2017)

1.2.6 Coculture on 3D Models

The use of 3D coulture models can offer a more physiologically relevant systestudy
cellcell and celimatrix interactions compareavith standard 2D culture methods. In a 2D
monolayer culture, cells are forced into an unnatural environment and position, where they

adhere to flat, rigid surfaces, often leading to altered morphology, signalling, and function. In
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contrast, 3D models allow cells to grow within an environment that mimicsrivévotissue

architecturemore closelyEdmondson et al., 2014)

One of the advantages of a 3D -colture system, is the ability to replicate cellular
microenvironments better, providing more accurate data on cellular behaviour and
interactions. In a 3D model, cells are surrounded by an ECM or scaffold that resembles native
tissue architecturemore closely This results in more realistic cell polarization, gene
expression, and differentiation patterns to name a féAnton et al., 2015)The spatial
arrangement of cells in 3D models also enables enhanceetalelsignalling, crucial for
understanding complex biological processes such as tissue development and regeneration

(Baker & Chen, 2012)

Additionally, 3D cacultures improve the mechanotransduction of cells, where cells sense and
respond to mechanical stimuli. This is particularly relevant in tissues like bone and cartilage,
where mechanical forces play a pivotal role in cellular functiod differentiation. The
dynamic nature of 3D systems makes them ideal for the study of stem cell differentiation,
offering insight into how physical and biochemical cues regulate cellular functions in a more

realistic mannefFang & Eglen, 2017)

In the context of bone cells, 3D -<colture models provide a more relevant platform for
studying osteogenesis and bone remodelling. Bone is a mechanically active tissue, and bone
cells such as osteoblasts, osteoclasts, and osteocytes rely heavily onréleediimensional
arrangement of the ECM and cekll interactions for proper function. Traditional 2D models

fail to provide the complexity of these relationships, whereas 3D systems allow for the study
of bone cells in an environment that closely resenshilleeir native structurg¢Barabaschi et

al., 2015)

One of the key advantages of 3D-@adture models in bone research is their ability to study
the coupling of osteogenesis and angiogenesisc@wiring osteoblasts with endothelial cells

in 3D scaffolds mimics the interaction between bepeming cells ad blood vessels in vivo,
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providing insights into how vascularization influences bone regenerdfedorovich et al.,
2011) Such models have been used to study bone regeneration procesed®, offering a

powerful tool for designing and testing new materials for bone tissue engineering.

3D models also enable the study of mechanical forces on bone cells. By applying mechanical
stimuli, such as compression or shear stress, researchers can simulate the mechanical
environment experienced by bone celism viva This is particularly important for
understanding how bone cells respond to mechanotransduction and how mechanical forces
contribute to bone formation and remodellingyourek et al., 20100ver the course of this
project, we subjected our 3D models to mechanical stimuli using the Nanokick platform as

described irSection2.2.1.8 page60.

While 3D ceculture models provide a more relevant platform for studying bone cells, they
also face challenges. One of the main limitations is the difficulty in maintaining osteogenic
differentiation over time. Although 3D scaffolds promote @dll interactions and matrix
deposition, it can be challenging to ensure that cells within the scaffold maintain their
osteogenic potential, especially in lotgrm cultures(Dutta & Dutta, 2009)Given the stage

of optimisation reached during this project, this was not a consideration, however, it would
be taken into consideration for future work with this research. Another limitation is the lack
of vascularisation in many 3D bone models. Whiferes have been made to eculture bone

cells with endothelial cells, achieving a fully functional vascular network within 3D constructs
remains a significant challenge. The addition of vascularisationgsideblood cells to a
model while desirable, wdd be too time consuming and introduce further variables which
are not desirable at this stage of model optimisation. This is why our models were limited to

bone cellsalongsidechemical and physical variables.

The application of 3D eculture models in bone tissue engineering is vast. These models are
used to design scaffolds for bone regeneration, with the goal of restoring bone tissue in cases

of trauma, defects, or disease. <€uolturing osteoblasts and MSCs gcaffolds enhances
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osteogenic differentiation and matrix mineralization, making these systems ideal for testing
new biomaterials and osteogenic suppleme(itare et al., 2008)Additionally, 3D models are
used in drug testing, where they provide a platform for evaluating the efficacy of-bone
targeting drugs in menvironmentcloser to their biological counterpart when compared to

2D (Pirosa et al., 2018)

1.3 Optical Manipulation

The 2018 Nobel Prize in Physics in part went to Arthur Ashkin for his application of laser
LIKeaAoaszs aF2N) G4KS 2LIGAOFE G6SSTSNBR yR GKSAN
initially conducted in the 1970s where he developed an optical lewitatiap, using optical

forces to displace and levitate dielectric particlgsshkin & Dziedzic, 1975Jhe optical

tweezers were refined and developed over many decades to their current state, the HOTs

which were utilised during this project.

1.3.1 Optical Traps

The fundamental principle in the creation of an optical trap is that light has momentum and

Oy GKSNBT2NB AYLI NI | F2NOS AF GKSNB Aa | O
third law of motion, the law of action and reaction, where bodies interact and apply forces to

each other, they are equal and opposite in magnitude and direction respectively. Since light

is an electromagnetic oscillationpmprisingan electric field and a magnetic field oscillating
perpendicularly to each other, thers ia resulting electromagnetic force which acts in the

RANBOUAZ2Y 2F (KS fA3IKIQa LINRLI I GA2y®

Despite its lack of mass, light can impart momentum because it has energy which is seen in
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Where E is relativistic energy, m is mass, c is the speed of light and p is momentum. The full
equation shows that the energy of an objectdispendenton its mass and momentum. As
photons have zero mass, the equation simplifies showing its energy is proportional to its

momentum. Since light has energy, it therefore must also have momentum.

Momentum is a vector and as such, the direction of movement is an important consideration.
When the direction of light changes, it is imparting momentum to the object it is interacting
with and exerting a force. Although unnoticeable, when light refleétglass, because the

path of light changes direction, a force is applied to the glass as momentum must be
conserved. This instead can be applied to a lens, through which light bends when interacting
with it. If light is shone through just the left side thie lens as shown iRigurel.5 (A), the

light bends to the right. To conserve momentum, the lens itself must therefore be pushed to
the left. In the same figure (B), it is shown that by illuminating the lens equally on either side

uniformly, the net force on the lens is zero.

Instead of a standard light source, a laser with the highest intensity at the centre of the beam
which gets weaker towards the edges can be usadGaussian laser. If a microscopic glass
sphere is placed in the path of this laser, it will be held in pl#cihe sphere is displaced
upwards, the laser is refracted in such a way that the most intense region of the laser is bent
upwards, and the weaker region downwards as seeRigurel.6 (A). There is a net laser
momentum movement upwards so to conserve momentum, the sphere must attain a

momentum downwards. This pushes the sphere back towards the centre of the laser
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Figurel.5: Lightimpartingforcethough alens

Simplified diagram displaying the forces acting on a lens as a result of light being shined through the |
(A) and equally distanced on either side of the lens centre (B). Yellow arrows indicate the direc

momentum of light and black arrowsditate the direction of force acting on the lens.

T -

Figurel.6: Laserefractionthrough aglasssphere

Simplified diagram of a gaussian laser refracted through a glass sphere off centre (A) and through the

(B). Red arrows indicate the direction of force of the laser and black arrows the direction of force aci

the sphere.
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With the sphere in the centre of the laser, the forces are balanced, and it is kept in place as

seen in (B). If the sphere were to move downwards, the opposite would occur and again the
sphere would be returned upwards to the centre of the beam. This mdaelever, does not

I 002YY2RIFGS GKS alLldzaké 2F GKS f1raSN®» !'a az2y
transfer of momentum would push the sphere along the direction of the laser. The model also

does not account for the effects of gravity, howeydne earliest experiments created a

levitation trap by rotating the model such that gravity is acting against the push of the laser
(Ashkin & Dziedzic, 197) ¢ KA 4 Y2RSt X K246SOSNE 4l ayQid @SN
Figure 1.7 describes this model through two rays a and b of a converging beam where

movement in any direction returns the sphere to the focal point f.

By shining the laser through a lens with a high numerical aperture, such as a microscope
objective, the laser reaches the sphere as a highly convergent beam. The laser is still refracted
through the sphere and arbitrary displacement of the sphere away ftoenfocus point
provides a restorative force directed back to said fo¢shkin, 1992)The term‘dptical
tweezer<ls used in the application of an optical trap. By directing the laser focal point, the
sphere can be moved assuming limited external forces such as drag. Not only can this system
be used to hold something very delicately, but it can be used to detedbaog acting on the

held object. An example of this is the testing of DNA elasticity by attaching the DNA to the
end of a bead and using optical tweezers to detect the mover(featkins et al., 1994; Smith

et al., 1996)
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Figurel.7: Opticaltrap stability

Simplified diagram of the workings of the optical trap. Each diagram shows how the resultant force F
on the sphere always moves it in the direction of the focal point f as a result of geometric &sttsrrows
indicate the direction of force of the laser and black arrows the direction of force acting on the sy
Displacement axially (A & B) or transversely (C & D) result in a net force returning the sphere to tr

point.

1.3.2 Holographic Optical Tweezers

HOTs are the further implementation of optical tweezers, using holographic techniques to
manipulate and control multiple traps in 3Dsed for both force sensing and force application

on live cells over a range of force, from 0.1pN to 200pN and potentially up to 609pN
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hologram in this case is a computer generated pattern of light intensity created by the
combination of laser beams with specific phase difference and intensity. This computational
control comes from the use of a spatial light modulator (SLM), a deviceall@ats the
dynamic control of diffractive optical elements to manipulate multiple tré@gson et al.,
2012)The system can render a hologram to produce the correct intensity pattern producing
multiple fully controllable traps in all dimensiofBowman et al., 2014)This technology
offers unparalleled spatial resolution and control, allowing the manipulation of not only cells
with high precision, but other objects such as small bone fragments. Unlike other methods,
HOTs do not require any form of labelling, redugagential alterations to cell function and

can trap and move cells without physical contact, minimizing mechanical stress and damage.
This ability to adjust the traps in retine adds to their versatility andotential effectiveness

in complex biologicastudies such as the bone morrow stem cell nicl@f note, for this
projects HOTs system, the device had been designed into a compact form compared to
standard HOTs systems. This allowed the device to be placed inside an incubator for

prolonged cell culture experiments (Kirkham et al., 2015).

1.3.3 Cell Manipulation

Optical trapping and manipulation techniques have been found to exhibit remarkable
versatility across a diverse spectrum of particle types. These techniques have been
successfully applied tparticles tens of nanometres to hundreds of micrometres in,size
ranging from atoms and molecules to submicron particles and macroscopic dielectric particles
(Grier, 2003) Notably, the scope of laser trapping and manipulation extends even to living

biological cells.

Earlywork with optical tweezes wasconducted with cells used an argon laser light which
would cause smaller cells such as red blood cells to explbig however, was not an issue
when using an infrared las€Ashkin et al., 1987)Current optical trapping advancements

allow the manipulation and confinement of single living cells, intracellular organelles, and
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individual biological molecules as well as the assessment of the mechanical forces and elastic

characteristics of both cells and molecu(@shkin, 2000)

The HOTsystem can sort and separate cells by using different holographic patterns. HOTs
can trap and move individual cells or groups of cells, enabling sorting and separation of
different types of cells basewoh their size, shape, or other characteristigshok & Dholakia,
2012) HOTSs can also be used to manipulate multiple cells in a controlled manner, creating 3D
structures withthe temporal control of chemical factovghich can be used for modelling and

the study ofin vitro microenvironmentgKirkham et al., 2015)

1.3.4 Alternative Cell Trapping and Handling Technologies

While the HOTs were a fundamental constituent of this project and already optimised within
the lab group, it is important to consider other available cell trapping and handling
technologies. The pros and cons of each technology are summariSedliel, page45s for

ease of reference and comparison.

Magnetic tweezers utilise magnetic fields to manipulate cells or particles which have been
labelled with magnetic materials. This technology offers a high degree of precision through
the manipulation of paramagnetic beads using a gradient of magnetic ighd excellent
spatial resolution(Sarkar & Rybenkov, 2016} is a noAnvasive process, causing minimal
thermal and photodamage to cells. Magnetic tweezers are versatile, suitable for studies in
mechanotransduction, cellular biomechanics and even DNA topdl@ggn et al., 2018)A
significant limitation, however, is the requirement for magnetic labelling, which can
potentially alter cell function. Furthermore, only cells or particles that can be magnetically
labelled can be manipulated, and achieving precise 3D control is rhatieieging compared

with optical tweezers. This technology is also limited to the manipulation of single molecules

(De Vlaminck & Dekker, 2012)

Acoustic tweezers utilise ultrasonic waves to trap and manipulate cells, bacterial and other

particles via acoustic radiation forcegMeng et al., 2019) A major advantage of this
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technology is the ability to manipulate objects without the need to label, avoiding the need
to tag cells for example with beads or other markers like with magnetic tweezers. This method
causes minimal physical stress on cells, considered safe and biotblagx. Ding et al.,
2013) Acoustic tweezers are capable of hegtlthroughput, manipulating multiple cells
simultaneously. The technology, however, offers relatively low spatial resolution compared
with optical tweezers and requires precise control and calibration of acoustic fields. The range
of forces it can generate is also typically lower than those produced by optical or magnetic

tweezers(Drinkwater, 202Q)

Dielectrophoresis manipulates cells using aomnform electric fields, utilising the differences

in dielectric properties between cells and their suspending medium without the need for
biochemical or bioengineered labels because manipulation is basedhenemt dielectric
properties and enables selective trapping of different cell ty@&sthig, 201Q)This method

is generally integrated into small scale microfluidic devices, facilitating-thigighput
applications but limiting its broader applicability. The high electric field strengths required for
operation, however, can cause cellular damage andareful control of the medium's

conductivity and permittivity is require@/oldman, 2006)

Optoelectronic tweezers use liginduced dielectrophoresis to manipulate cells. Microscopic
objects such as cells can be manipulatikctly by inducing a change of electric fields on
demand by leveraging the photoconductive effect of semiconductor matéBalghang et al.,
2022) Light patterns generate localized electric fields that can trap and move cells.
Optoelectronic tweezers allow dynamic control, with light patterns that can be reconfigured
to manipulate multiple cells simultaneously. It operates at lower optical powenspared

with traditional optical tweezers and is scalable for laggale parallel manipulatio(Chiou

et al., 2005) The resolution, however, is limited by the projected light patterns, and
integrating optical and electronic systems intovitro experiments can be complex in part

due to optical and electrical properties of cell culture media.
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Technology

Pros

Cons

Magnetic Tweezers

- High precision (pico to nano
newton forces)

- Minimal thermal and
photodamage

- Versatile for
mechanotransduction studies

- Requires magnetic labelling,
which can alter cell function

- Limited to magnetic materials

- Challenging 3D control

Acoustic Tweezers

- Labelfree manipulation
- Non-contact and gentle on cells
- High throughput

- Lower spatial resolution
compared to optical tweezers
- Complex setup requiring
precise control and calibration
- Limited force range

Dielectrophoresis

- Labelfree manipulation

- Selective trapping of different
cell types

- Easily integrated with
microfluidics for high
throughput

- High electric field strengths cal
damage cells

- Requires careful control of
medium's conductivity and
permittivity

- Effective mainly for smadicale,
low-viscosity fluids

Optoelectronic Tweezers

- Dynamic control with
reconfigurable light patterns

- Lower optical power
requirement compared to
traditional optical tweezers

- Suitable for largescale parallel
manipulation

- Resolution limited by projected
light patterns

- Complex integration of optical
and electronic systems

- Performance affected by
changes in optical and electric
properties of the medium

Holographic Optical
Tweezers

- Unparalleled spatial resolution
and control

- Labelfree manipulation

- Nonrcontact, minimizing
mechanical stress on cells

- Dynamic adjustment of traps in

reaktime

- Complex setup and operation
- High maintenance
requirements

While each cell trapping and manipulation technology has its own strengths and weaknesses,
HOTs stand oufThe advantages of HOTs are critical in this research due to their precision,

label free method and versatility in manipulating individual cells within a 3D environment
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ensuring cell health and function is retainethis capability is essential for recreating the
intricate cellular arrangements and spatial dynamics of the bone marrow niche model,
especially as it increases in complexity. HOTs enable precise positioning and patterning of
multiple cell types, such akISCsand osteoblasts, while maintaining their viability and
functionality. This degree of contrbbs the potentiahnd the noveltyto allowresearchers to

study specific celtell interactions and microenvironemtal influences in unprecedented

detail (Kirkham et al., 2015)

The use of HOTs will enable the creation of highly customizable niche models, facilitating a
deeper understanding of the molecular and mechanical cues governing stem cell behaviour.
Future impacts include the development of optimized scaffolds for sterh tberapy,
advanced drug screening platforms that mimic native tissue conditions, and tailored
therapeutic strategies for haematological disorders. On a broader scale, these innovations
have the potential to revolutionize tissue engineering and regenegatinedicine, reducing

reliance on donor tissues and improving patient outcomes worldwide.

1.4 Aims

While the HSC side of thHeone marrow stem celhiche has been well researched, the
importance of MSCs is a relatively new discovery and not yet fully unders@adent
investigations on the role and function of the niche have been limited to the analysis of tissue
and cell samples, which makes it challenging to understand the dynamic changes in the
structure and function of the niche in response to specific slinBy developing models of

the nichein vitrothe interactions and processes can be elucidated furthkse of nodelsis
particularly important given the difficultieswith replicating the complexity of the natural
niche environment and even the positions of cells within said environnteotth of these

have roles in the mechanisms regulating the niche and should be considered when creating a

model.
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The aims of this project were twiold. Firstly, to develop a basic model of tMSCniche

which could be used to understand its workings better. This model would be considered

GYF ONRP&AO2LIAOCE Ay (GKFG fFNBS ydzYoSNA 2F OSff
scaffold. Considerations of the models would be particularly centred artmdells, ECM,

the chemical and the physical environmefhe macroscopic model enables the analysis of
dynamic interactions among different cell types and organizatiefexthents and offers the

potential for developing true tissue analogues in the futuBecondly, experimentation with
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manipulation of a small number of individual cells and their patterning. This would focus on

the ability to pattern different cells in specifiogitions to understand cedf cell interaction

better. The microscopic model enables the study of fundamental interactions among
individual cells and cell types, reveainow individual cellular organization regulate the niche

and wound healing. This unique technique enables interrogation at both tissue and cellular

levels.

In summary, the aims of this project were the following:

f 5850St2L) I &Yl O incorp@arg f scaffdld aindkn®SCs

91 Further develop the model with the addition of other bone cells

1 Further develop the model with chemical adjustments to the media

1 Further develop the model with the addition of mechanical stimulation

T 5859St2LJ I aYAONRE¢ Y2RStf SylotAay3a GKS | RR

types using the HOTs system to a central position
1 The above requires the testing of different objects as anchor points
1 The design, creation and optimisation of a vessel capable of allowing the above model

9 Validation of said model by adding two cell types and bringing one of each type to a
central point repeatably
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1.5 Potential Impact of Research

At the macro level, the data generated by our research has the potential to help improve the
understand of the nicheln particular, we hope to learn about the effects of mechanical
stimulation and its effect on osteogenesis. Beyond this resedhsh, models have great
potential for expansion, building upon the work done with added complexity following
avenues of interest. This could include, for example, the addition of other cell types such as
HSCs and the introduction gérious growth factors. The primafocus of the micro model
work is in creating and optimising a method to introduce different cell types to the same dish.
Once developed, this method could be used in gnefiling of cellular microenvironments,
being able to provide information about the chemical signals of individual cells correlated

with their relative three dimensional locations.

The potential future clinical implications of designing and modelling the bone marrow stem
cell niche are vast, offering new pathways for advancing regenerative medicine and targeted
therapies alongside furthering the understanding of the niche itself.r&@yeating the
complex interactions within this niche, researchers could develop systems that enable precise
control of stem cell fate, enhancing their therapeutic potential in conditions such as bone
marrow failure, haematological conditions, bone fraguand autoimmune disorders.
Understanding the microenvironmental cues that govern stem cell behaviour within their
niche can provides crucial insights into disease mechanisms, facilitating the creation of more
effective drug screening platforms and persbped treatments. This knowledge could lead

to breakthroughs in stem cell transplantation protocols and the development of

bioengineered niches tailored to patiespecific needs.

An example of gotential impact of this research with regardsrteedical practicesyould be
the generation ofbespoke patterned replications of the niche, created udimg HOTsBY

precisely positioning various cells and other relevpatticles onto a scaffold, thisiodel
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could be implanted into patients withritical fractures at the defect site. The micro model

would then output all the necessary cells and signalmgiidh the bone healing process.

The societal impact of these advances includes improved outcomes for patients with
otherwise incurable conditions, reduced healthcare costs through more efficient therapies,

and the potential to alleviate the global burden of donor dependency in stentheztpies.
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2. Materials and Methods

2.1 Materials Used in the Investigation

2.1.1 Reagents and Kits

Reagent

Catalogue Number

Company

0.25% TrypsHEDTA 25200072 ThermoFisher
2-Mercaptoethanol 31350010 ThermoFisher
3D printer resin (grey), UV sensitive | - ANYCUBIC
Alizarin Red S A553325 Merck
Ammonium hydroxide solution 09859250 Merck
Aquaguardl PKCC01867-1B Promocell
Biocleanse concentrate TK200 Teknon

Bovine serum albumin BP9702 Fisher Scientific
CellTracket Blue CMAC Dye C2110 ThermoFisher
CellTracket Green CMFDA Dye C2075 ThermoFisher
Collagen I, Rat Tail A1048301 ThermoFisher
Dexamethasone D490225 Merck

Dimethyl sulfoxide D4540100 Merck

Donkey serum D966310 Merck

5dz2 6 SO02Qa a2 RATA| 11966044 ThermoFisher
(DMEM)

Ecoflex Near Clear trial kit 0045 Bentley Advanced Materials
ESGRO Leukemia Inhibitory factor ESG1107 Merck

Ethanol BP8202 Fisher Scientific
Fetal Bovine Serum, heat inactivated | 35-089-CV Corning

Gelatin Solution 9000-70-8 Merck
Gentamicin solution G139710 Merck

Goat serum G902310 Merck
hMSQOsteogenic Differentiation Basa| PT3924 Lonza

Medium

hMSC Osteogenic Differentiation PTF4120 Lonza
SingleQuot8” Supplements Kit

Hoechst 33258 solution 94403 Merk
Immersion oll Olympus
L-ascorbic acid A89605 Merck
L-Glutamine (200mM) 25030081 ThermoFisher
MSCBMM Basal Media PT3238 Lonza
MSCGNM SingleQuot8 Growth PT4105 Lonza
Supplement Kit

Paraformaldehyde P/0840/53 Fisher Scientific
Penicillin/Streptomycin (10,000U/ml) | 15140122 ThermoFisher
Phosphatebuffered saline tablet P4417100 Merck
gPCRBIO cDNA Synthesis Kit PB30.1110 PCR Biosystems
gPCRBIO SyGreen MixR®X PB20.1205 PCR Biosystems
RNeas@®Mini Kit 74106 QIAGEN
TriGene Advance, disinfectant BUNZz037631_U VWR

Triton %100 93443100 Merck
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| i -glycerophosphate

| G9422100

| Merck

2.1.2 Plasticware

Lock

Item Catalogue Number Company
p-Dish, 35mm diameter glass 81158 Ibidi
bottom imaging dish
1.5ml microcentrifuge tubes 72.690.001 Sarstedt
15ml sterile tubes 62.554.503 Sarstedt
96 well semiskirted PCR plates | E14036200 StarLab
BDPIlastiPak Syringe with Luer | 15544835 Fisher Scientific

CorningM Stripette™ (25, 10 &
5mL)

10606151 100844508 10420201
respectively

Fisher Scientific

CryoTubé&'Vials

377224

Thermo Scientific

50uL)

respectively

epT.l.P.S.®tandard50¢ 100QuL, | 0030000927, 0030000870 & Eppendorf
2 ¢ 200uL, 0.5¢ 20uL 0030000650 respectively

Falcon® 50 mL High Clarity PP | 352098 Falcon
Centrifuge Tube

Microcap®micropipettes (20 & | 1-000-0200 & 1000-0500 Drummond

Nunot CeltCulture Treated
Multidishes
(6 well & 12 well)

140685 & 150628 respectively

ThermoScientific

capped flasks

Nunot NonTreated Multidishes | 150200 Thermo Scientific
(12 well)

Nunot NonTreated Multidishes | 144530 Thermo Scientific
(6 well)

Polyester seal for RGPCR E27960714 StarLab

(sterile)

SartoriusMinisartt Plus Syringe | 10730792 Fisher Scientific
Filters, Sterile

T25 Nunclon Delta treated filter | 156367 Thermo Scientific
capped flasks

T75 Nunclon Delta treated filter | 156499 Thermo Scientific

2.1.3 Antibodies

Name

Catalogue number

Company

Alexa Fluowm 488 donkey anti
rabbit IgG (H+L) (secondary)

A21206

ThermoFisher

(primary)

Alexa Fluom 546 donkey anti A11056 ThermoFisher
goat IgG (H+L) (secondary)

Anti-osteocalcin antibody AB10910 Merk
(primary)

Anti-osteopontin antibody AB10911 Merk
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https://www.fishersci.co.uk/shop/products/stripette-paper-wrapped-disposable-polystyrene-serological-pipettes-7/10606151
https://www.fishersci.co.uk/shop/products/stripette-paper-wrapped-disposable-polystyrene-serological-pipettes-7/10084450
https://www.fishersci.co.uk/shop/products/stripette-paper-wrapped-disposable-polystyrene-serological-pipettes-7/10420201
https://www.eppendorf.com/gb-en/eShop-Products/Laboratory-Consumables/Tips/epTIPS-p-0030000811

2.1.4 Primers

Gene Gene name {SyasS aSipddy] Anti-sense sequence
symbol 0 pMU
ALPL Alkaline phosphatase TGAGCGACACGGACAAGAA| CCACGTCTTCTCCACCGT
(mouse)

BGLAP Bone gamma
(human) carboxyglutamate
protein/Osteocalcin

GCAGCGAGGTAGTGAAGAG CCTCCTGAAAGCCGATGT(

GAPDH Glyceraldehydes-

(human) phosphat dehydrogenase

GGGTGTGAACCATGAGAAG| AGTCCTTCCACGATACCAA

GAPDH Glyceraldehydes-

(mouse) phosphat dehydrogenase

CCCAATGTGTCCGTCGTG | GAGTTGCTGTTGAAGTCG(C

IBSP Integrin binding
(human) sialoprotein

AACACTGGGCTATGGAGAG({ GTACTGGTGCCGTTTATGAC

RUNX2 Runtrelated transcription

(human) factor 2

ACTGCCACCTCTGACTTCTG ACTGGCGGGGTGTAAGTA

RUNX2 Runtrelated transcription

(mouse) factor 2

CTCTGGCCTTCCTCTCTCAG GTAGGTAAAGGTGGCTGG

SP7 Osterix TCAACAACTCTGGGCAAAG( ATGAGTGGGAAAAGGGAG
(human)
SP7 Osterix ATGGCGTCCTCTCTGCTTG | GTTGTTGAGTCCCGCAGA(
(mouse)
SPP1 Secreted phosphoprotein | CGAGGTGATAGTGTGGTTTA GCACCATTCAACTCCTCG(

(human) 1/Osteopontin

2.1.5 Equipment/Machines

Item

Catalogue Number/Model

Company

Bead Mill 15525799 Fisher scientific

BigPrept Lysing Matrix M 116959016CF MP Biomedicals

BigPrept Lysing Matrix Z 1169790CF MP Biomedicals

Centrifuge Harrier 15/80 MSE

Centrifuge 5417 R Eppendorf

CoolCelt LX cell freezing containg CLS432002 Merck

EDF 1200 Centrifuge C7077/fc4 Envair

Elegoo Mars 3 Pre&D printer - Elegoo

Fisherbrand Elitex Pipette, 0.2 JH69275 Fisher Scientific

2uL

Fisherbrand Isotempt Stirrer 15333518 Fisher Scientific

Fume cupboard - Envair

Gilson Pipetman Pipette, NG23939 Scientific Laboratory Supplies

2-20uL

Gilson Pipetman Pipette, NE26821 Scientific Laboratory Supplies

50-200uL

Gilson Pipetman Pipette, 260 NG21251 Scientific Laboratory Supplies

100QuL

Holographic optical tweezers - University of Glasgow (Padgette
Group)

Improved Neubauer counting 0640010 Marienfeld

chamber

Incubator MCQG18ACPE Panasonic
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https://www.fishersci.co.uk/shop/products/isotemp-stirrer/15333518

JSM 7100F Thermal field emissiol - JEOL

electron microscope

Labnet MPS 1000 Mini plate Z6816951EA Merck

spinner

Leica DMil - Leica

Leica DMi8 - Leica

Leica Thunder 3D cell culture - Leica

imaging system

Microbiological safety cabinet - Walker

(MSC) Class Il

NanoDrop 8000 ND-8000 Thermo Scientific

Nanokick - University of Glasgow (Dalby
Group)

Q150R Plug Rotary Pumped - Quorum

Coater

QuantStudio 5 Redlime PCR A34322 ThermoFisher

system

Thermocycler T-100 BIORAD

2.1.6 Cell Types

2.1.6.1 HOS

HOS is a human osteosarcoma cell line, originally obtained from the tumour of a 13yo female
in 1971 (McAllister et al., 1971)Cells used experimentally ranged in passage from 35 to 97
over the whole project time frame. Cells were produced by the ECACC and purchased through
SigmaAldrich.HOS were selected as the primary experimental cell type as they can undergo
osteoblastic differentiation and are widely used as control cell lines as analogues of
osteoblasts(Teti, 2011) The cells were found to adhere and proliferate very well with a
relatively high (compared to Sa@pnumber of consistent cells over time making them ideal

for early model work due to their consistency over time. They have also been very well

characterigd within the group.

2.1.6.2 SaO&

Sarcoma osteogenic (Sa@Ss a human osteosarcoma cell line, originally obtained from the
tumour of a 11yo female in 197@ogh et al., 1977)Cells used experimentally ranged in
passage from 32 to 65 over the whole project time frame. Cells were produced by the ECACC

and purchased through Siga#ddrich. SaOS were only used in some of the earlier

53



experiments as although they, like HOS, can undergo osteogenic differentiation, they tend to

senesce faster and drift with increased passage nuniBeekanska et al., 2012)

2.1.6.3 CGRS8

CGR8 is a mouse embryonic stem cell line derived from the inner cell mass of a 3.5 day male
pre-implantation mouse embryo (https://www.culturecollections.org.uk/products/celllines/
generalcell/detail.jsp?refld=07032901&collection=ecacc_gc). Cells used rirezpgally

ranged in passage from 6 to 24 over the whole project time frame. Cells were produced by
the ECACC and purchased through Sigidaich.CGR8 weretilised as theyhave been used
previouslyfor both Nanokick and HOTs wad(Ralby et al., 2007; Kirkham et al., 201Bhey

were a useful initial optimisation cell as hMSCs were limit#wdrk has also already been
published regarding osteogenesis and MSCs on the Nanskicising this cell type would be

novel (Pemberton et al., 2015)Finally, embryonic microenvironments are a key future
application of the HOTs system, so rather than repeating work we can demonstrate additional

applications and novelty.

2.1.6.4 Human Mesenchymal Stem Cells

hMSCs at passage 2 were obtained from Lonza from a 22y@taale/ African Americanon-
smoker with no underlying health conditionSell were erted via CD antigens: positive for
CD105, CD166, CD29, & CD44, and negative for CD14, CD34, &u®4pecific hMSC
patient was chosen as the patient was young, healthy and asnooker. The antigens also
characterise the cells as true hMSCells used experimentally were all at passage 5 while

cells up to passage 8 were used for HOTs optimization tests.

2.2 Methods

2.2.1 Cell Culture

Cell culture andgoodaseptic technique wrethe cornerstone of this project and as such great

care was taken to ensure the proper care of all cells in Gsdl. culture was conducted in a
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class Il microbiological safety cabinet (Class Il MSC, Walker) containing high efficiency
particulate air filters. All cell cultures were kept in a humidifie83 %% C&oncubator (MCO
18AGPE, Panasonic) with the water bath treated with Aquagtlasdlution (Promocell). Day
to-day decontamination of surfaces, equipment and gloved hands was done using 70%

industrial methylated spirit (IMS) in distilled deionised water (gldH

2.2.1.1 Osteosarcoma Cell Line Maintenance

The cells HOS and SaP®ere used for protocol optimisation and only HOS for the final
models, following identical procedure for maintenance. Culture medss made from
5dzf 65002Qa az2RATFTASR 9 3t S a SRihadtvated B0% Jetald & dzLJl

bovine serum (FBS), 1% Penicillin/Streptomycin (P/S) andgldtamine (Lg).

Grown directly on treated cell culture plastic, the cells were maintained in 10mL of culture
medium with media changes every four days untit®Q%6 confluence was reached. The
passaging process was as follows. Medium was aspirated from a confluent fiaskasined

with 5mL phosphatéuffered saline (PBS). 2mL of trypsin was added and incubated@t 37
for five minutes. An inverted light microscope (DMil, Leica) was used to confirm the cells had
fully detached and lightly tapped on the side of the flaskitbfarther detachment as needed.
3mL of media was added to stop the trypsinisation and the cell mix transferred to a universal
tube for centrifugation forfive minutes at 300g (Harrier 15/80, MSE). The supernatant was
discarded, and the pellet resuspended it 5mL of culture media. 10mL of culture media
was added to the number of T75 flasks needed. The suitable dilution ratio for HOS ranges
from 1:5 to 1:20 wile for SaO{, 1:5 to 1:12. Depending on when confluence is needed as
well as the number of fl&s required, the ratio was chosen, and the suitable volume of cell

suspension pipetted into each flask.

2.2.1.2 Embryonic Stem Cell Maintenance

The mouse embryonic stem cell line CGR8 was used for an investigation into the effect of

nano vibrations on bone formation. Embryonic basal media (eBM) was made from DMEM
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supplemented with heatnactivated 10% FBS, 1% P/S, i¢@hd 10QM 2-Mercaptoethanol.
Feeder free mouse embryonic stem ceiffESC) media was made from eBM with 1000 units

of leukaemia inhibitory factor (LIF).

The fEmMESCs were grown in gelatin coated T25 flasks. Gelatin (Merck) ecasqut as a 2%
solution in HO and diluted down to a 0.1% (1:20 dilution) and sterile filtered througha®.2
syringe filter. 2mL of the solution was added to as many T25 flasksqaged and left
overnight at room temperature or for a minimum of 2hrs in an incubator. Excess gelatin was
removed preceding use. Cells were maintained in 5mL-mEEC culture media with media
changes every day until reaching a confluency e®8%. Cofluency was determined by the

size and distribution of individual colonies of cells. The passaging process was as follows.

Media was aspirated from the confluent flask and washed with 5mL PBS. 2mL of trypsin was
added and incubated at room temperature fiove minutes. During this time, the side of the
flask was lightly tapped to aid detachment and checked under a microscope to confirm the
cells had detached at the end of tlfige minutesincubation 3mL of eBM media was added

to stop the trypsinisation and transferred to a universal tube for centrifugationfifar
minutes at 180g. The supernatant was aspirated anq 2mL of ff-mESC media added
depending on the desired splitting ratiand the pellet resuspended. The suitable range in
splitting ratio for this cell type ranges from 1:2 to 1:5. 10mL -@hEH#SC media was added to

the number of T25 gelatin treated flasks required and the suitable volume of cell suspension

added to achievelte desired splitting ratio.

2.2.1.3 Mesenchymal Stem Céllaintenance

hMSG were used in both the macro and micro models. Their maintenance largely followed
the same protocol as HOS and S&0&% stated above with the following differences. They
were maintained in mesenchymal stem cell basal med{iM8CBM) purchased from Lonza.
MSCBM was made up from mesenchymal stem cell growth media (MSCGM) along with

MSCGNM SingleQuot8' growth supplement kit which contains mesenchymal cell growth
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supplement (MCGS);d-and P/S. The media was changed etenye to fourdays and post
trypsinisation the cell suspension was centrifugedffee minutes at 600g. Suitable dilution
ratios range from 1:2 to 1:8, however, given that the cells were received at P2 and used for
experimentation at P5, the original vials were split between two T75s. After reaching
confluence, the two flasks were split Jadd the eventual 8 flasks cryopreserved (P4) for later

experimental use as describeddr.1.5 pageb8.

2.2.1.4 HOS, SaG&& CGR8 Cryopreservation and Reanimation

Cryopreservation media was made from FBS and 10% Dimethyl sulfoxide (DMSO) sterile
filtered through a 0.am syringe filter before use. The maintenance protocol was followed to
the point of resuspending the cell pellet but in 2mL of media. Multiple flasks can be combined
after the trypsinisation stage ensuring the suitable volume of media is added. Using an
improved neubauer counting chamber, the number of cells was counted. For the three cell
types, the desired number of cells per cryovial is £x1enL ofcryopreservation media was
added to the cell suspension per 1%1¢klls, and 1mL transferred to each cryovial. The
cryovials were transferred to a Cool@eliryopreservation container (Corning) and stored
within a-80°C freezer for a minimum afne day before transfer to liquid nitrogen long term
storage. Whenever working with DMSO, it was paramount to work as quickly possible as the

chemical leaves the cells in a fragile state.

With a seeding density of approximately 1.3 ¥ fod HOS and Sa€2Sand 4 x16for CGRS,

the prepared cryovials of 1 x 46ells are ideal for reanimation into one flask each. HOS and
SaO& were reanimated into a T75 while CGRS8 into a gelatin coated T25 (the same procedure
as detailed in sectio2.2.1.3 page55). Prior to reanimation, one universal tube was filled
with 9mL of DMEM and one filled with culture media for HOS and -a@®»3mL of HMESC
media for CGR8 and warmed to °87 Vials to be reanimated were generously
decontaminated with 70% IMS, wiped dry and thawed as quickly as possible (water bath or
held in hand). As soon as the vial has thawed, its contents was slowly pipetted just below the

meniscus of the prewarmed DMENhe suspension was centrifuged fime minutes at 300g
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if HOS or Sa@5and 180g if CGR8. The supernatant was dispofeahd the pellet gently
resuspended in the warmed culture mediafffESC media and transferred to a suitable flask.
Having been transferred to the incubator, cell growth was monitored every £3hrs to

determine the confluence progression.

2.2.1.5 hMSC Cryopreservation and Reanimation
The cryopreservation procedure for h(MSCs is largely the same as with HOR, 8aDSGR8

but with a few alterations (following the maintenance protocol for hMSCs). The
cryopreservation media was made of 85% MSCBM, 10% DMSO and 5% bovine serum albumin
(BSA (w/v). The ideal range of cells per vial was from 5%td0 x 16 and a secondary
centrifugation was always conducted to ensure the cells were frozen in 100%

cryopreservation media.

As with the other cell types, the number of cells cryopreserved was calculated to be suitable
for reanimation into one flask per vial. Two universal tubes, one with 5mL and one with 9mL
of MSCBM were placed in the incubator to reacR@Gper vial. Vials to be reanimated were
decontaminated with 70% IMS, wiped dry and thawed as quickly as possible (water bath or
held in hand). As soon as the vial had thawed, its conteetg glowly pipetted drop by drop

just above the meniscus of the prewarmed 5mL of MS@BWMimmediately centrifuged for

five minutes at 500g. The supernatant was discarded, and the pellet gently resuspend in the
9mL of warmed MSCBM using a 5mL serological pipette. Having been transferred to the
incubator, cell growth was monitored every 2448hrs to determine the confluence

progression.

2.2.1.6 Osteogenic Assay

If the given experiment entailed the encouragement of cells to output osteogenic product,
specialised media was required. HOS, Sa0&d CGR8 require the supplements
dexamethasonej -glycerophosphatei (gp) and tascorbic acid (VIT C). Stock solutions or

aliquots were made as follows to be added directly to 39mL of culture meardZ5C media
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to give a final 40mL of osteogenic media. Stocks and aliquots were stor2@@tfor up to

one month.

HOS and Sa@Sas human cells required a final dexamethasone concentration of 100nM
(Langenbach & Handschel, 2018h)le CGRS8 required uM (Buttery et al., 2001)First, a
25mM stock was made by adding 9.8118mg to 1mL of ethanol. This was diluted down 1:500
times to 5QM in ethanol.This ethanol stock was stored &0°C until needed and added to

39mL of media (in a 50mL collection tube) to obtBd®nM or10uM as needed

The three cell types require 50mM iofgp which was achieved by its addition directly to the
media. 432mg of -gp was weighed out under sterile conditions and added directly to the
39mL of media and dexamethasone. The tube was gently inverted to dissolvegihewith

the use of a vortex if necessarydassolvefully.

The three cell types also required igmL of VIT C. For a final 40mL of media, a total of 2mg

of VIT C was needed. By dissolving 20mg of VIT C into 10mL of media, this was split into 1mL
aliquots which when added to the 39mL of media with dexamethasone agyl results in

the complete osteogenic media. The media was sterile filtered throughar0s¥ringe filter

and was suitable for use for up to two weeks.

Preparation of osteogenic media for hMSCs only required the addition of osteogenic
differentiation SingleQuotd'supplement kit (thawed over night at°@) to the osteogenic
differentiation basal medium. These supplements included MCGS, RySadcorbate,

dexamethasone and-gp.

No matter the cell type or osteogenic media, their use was the same. After passaging cells,
they were kept in the incubator for 24hrs in their regular maintenance media before being
gently aspirated and replaced with osteogenic media for the desired tiemad. This was 7,

14 and 21 days for mouse cells and 7, 14 and 28 days for human cells. Media was replaced at

the standard intervals detailed in sectioR<.1.1 2.2.1.2and2.2.1.3
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2.2.1.7 Embryoid Body Formation, Dissociation and Seeding
C2NJ GKS LlzN1L)2asSa 2F 3INRgAYy3I Y2dzaS SYONB2YAO

section2.2.1.8 page60) the cells need to first be allowed to form embryoid bodies before
being dissociated and seeded into plates. This stage is necessary as the naive cells through
embryoid body formation trigger their differentiationn vitro, facilitating necessary

multicellular interactiongKurosawa, 2007)

Starting with a confluent flask of CGRS8, the standard passaging prof2dl.g page55)

was followed to resuspension of the cell pellet except 2mL of eBM media was used. The cell
number was counted and seeded into a nmeated 100mm diameter petri dish at
approximately 2 x 10cells in 10mL of eBM (3.5 x“dxlIs/cn?). The dish was incubated at

37°C forthree days providing enough time for aggregates to fofimating in the media.

The media and aggregates were transferred to a 15mL collection tube and allowed to settle
under gravity. The supernatant was disposed of, 10mL of sterile PBS added and the contents
gently agitated. The wash was repeated, after which the PBS was aspinat&d. of trypsin
added. The tube was set on a roller set to 30rpm inside®& 3dcubator foten minutes. At

the end of the time, 5mL of eBM media was added to inat#ithe trypsin and a pipette used

to resuspend the cells. The cells were centrifuged&0g forfive minutes, the supernatant
discarded, and the pellet resuspended in 10mL of aggregation medium. The cell count could

then be taken, and cells seeded at a suitable density onto 0.1% gelatin coated flask or plate.

2.2.1.8 Mechanical Stimulation

Some experiments required the stimulation by high frequency vibrations of flasks/plates
K2LIAYy3 (2 AyFEdzSyOS 2ai0S23SySarao ¢KAA ol a |
Prof Matthew Dalby (University of Glasgow, UK). This device vibrates astacgb1000Hz

frequency and was fitted inside an incubator. It is turned on via a control switch situated on

the power box kept outside the incubator and up to two flasks/plates can be place on the

platform at any given time.
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Figure2.1: Nanokickplatform

The Nanokick platform (designed t
ProfMatthew Dalby) in position inside
an incubator with a single 12 well plat
in place as it would be used for ¢
experiments. The control box is locate
on top of the incubator with all cablin
tightly packed to maintain incubato

CQ and temperature levels.

2.2.2 Collagen Scaffold

Collagen was initially considered as a scaffold material based on its biocompatibility and as

such required optimisatioriGlowacki & Mizuno, 2008Tollagen I, rat tail fronGbco was
procured at a concentration of 3mg/ml in soluble form due to the pH of the buffer. The gelling
procedure required the addition of 1IN NaQwhichreacts with the acid, creating a neutral

pH, causing the collagen fibres to reassemble into a gel. The further addition of 10x PBS and
ddth Ay GFNBAY3A ljdad yGIAGASEAY F2ff26Ay3 GKS YI
formation of the desired concentration of collagen gel (Publication Number MANO007327).
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All reagents were kept on ice during use. The NaOH, 10x PBffllg#td were mixed before

the collagen wasddedslowly and mixed via pipetting up and down. The collagen solution
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waspipetted rapidly into the desired well plate and incubated aP@7#or a minimum of 1hr

or overnight to ensure a firm gel was formed.

2.2.3 Animal Work

The use of bone as a scaffold in place of collagen was considered after difficulties in its use
and procurement occurred. By using bone, not only wdhi&te bea biocompatible scaffold
additionally the native ECM structure and composition would mimic the natural environment

of MSCs and hopefully promote cell attachment, proliferation and differentigiig@massemi

et al., 2018)Rats have a suitably similar physiology to humans to make them a good species

for research at this stage of-vitro experimentation(N. B. Robinson et al., 2019)

All animal work was conducted under regulations set out by the UK Home Office and

performed under licence of Nottingham Trent University (Nottingham, UK).

Wistar Hans adult rat cadavers were provided by the Hulse lab group (Nottingham Trent
University, UK) having had their paws removed for another stBghobtaining the cadavers

in this manner, the 3Rare adhered to particularly reduction, minimising the number of
animals used in researcln short, the rats were considered waste materials that would
otherwise have gone for disposal if not used for this wanmkl no procedures were conducted

on the rats while alive for the purposes of this wankr were ay animals housed or sacrificed
specifically for the purposes of this projedihe bodies weretored at-20°C until ready for

harvesting.

2.2.3.1 Rat Bone Harvesting

Cancellous bone was needed to act as eavivo scaffold and rat bone waselected
Cancellous bone is primarily found in the long bones as well as the ribs, as such the humerus,

ulna, femur, tibia and rib cage were harvested.

Having thawed the body overnight al@, the rats were dried and pinned to a board on their

back. An inverted Y incision was made over the chest using a new scalpel and the skin
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retracted with tweezers presenting the rib cage. Using autopsy scissors, the rib cage was split
along the sternum and the heart and lungs carefully removed to show where the ribs meet
the spine. The scissors were then used to remove the left and righosithe rib cage from

the spine. Tweezers were then used were possible to remove the individual ribs from the

intercostal muscle Where this was not possible, a scalpel was used to cut away the muscle.

To harvest the long bones, the limbs were removed from the body at the shoulder and hip by
cutting into the joint, removing the surrounding muscle and using a small amount of force to
detach the limb from the socket. The skin on each limb was removedhanthtge muscle
groups detached. The three bones of each limb were separated and the radius from the arms

and the fibula from the legs discarded.

Samples were categorised by location (leg, arm and rib) and stor2dr&t.

2.2.3.2 Rat Bone Decellularization

Having thawed the bone, any remaining muscle fibres were removed using a scalpel for larger
pieces and tissue paper to sheer off any remaining small pieces of muscle. All cartilage was
removed from the joint surfaces. The following method is an #atégn of the protocol
developed by Dr Lisa White (University of Nottingham,(BKm et al., 2018)riginally based

onLomas et al., 2001

The ribs were cut into-8mm pieces while the long bones were bisected along the length by
repeatedly scoring with a scalpel. All cancellous bone was separated from cortical taking
particular care to remove the joint heads as they contain the largest wlafrcancellous
bone. Cancellous and cortical bone were distinguished by their structure under the Nikon
SMZ800 inverted microscope. An antibiotic solution was created by diluting gentamicin
(provided at 50mg/ml) in PBS at 0.1% wi/v. The bone pieces waiedan the solution for

20 minutes at 37C having ensured all pieces were fully submerged. All excess fluid was

removed following incubation and the bone washed 3 times in deionised watagments

63



were snap frozenin liquid nitrogen before storinghe bone pieces at20°C prior to

fragmentation.

The used gentamicin solution as well as all water used in the washing process was denatured

at 37°C oveffive days then disinfected with trigene for 12hrs before disposal.

2.2.3.3 Rat Bone Fragmentation

The bone fragmentation process evolved over the course of experimental work to introduce
a more consistent range of fragment sizes as wdlthascommodate the creation of a greater
number of fragments. All liquid nitrogen work was conducted in an externally vented fume

cupboard.

Initially, fragments were created via pestle and mortar. The desired number of bone pieces
were defrosted and gently dabbed with tissue paper to remove as much moisture as possible.
Liquid nitrogen was poured into the mortar and the dried bone carefulbpded in. When

the majority of liquid nitrogen had evaporated leaving onlg 3ml, the pestle was used to
fragment the bone by applying direct pressure to each bone piece. A brush was then used to
transfer all fragments to &alcon tube. If there were umtlectable fragments remaining, one
would wait until the mortar reached room temperature and PBS was added to suspend the
fragments before collection biyasteur pipette. Fragments were sorted by bone location (leg,
arm and rib) and stored aR0°C in PBS. This method created a large number of fragments
smaller than 50Qm, but a limited numbeiof larger fragments suitable for developing the

macroscopic model.
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Figure2.2: Ratbonedecellularization andragmentationstages

Bone pieces and fragments at the different stages of preparation. (A) Shows the bone fragments having jt
harvested and separated by leg (shown), arm and rib. (B) Shows the bone pieces (arm) post decellularizi

Shows the bone pieces (rib) gdsagmentation viaBead Mill.

To produce a more suitable range of bone fragment sizes, a secondary method was developed
utilizing the Bead Mill 4 homogenisdfigher scientifig provided by Dr Aslihan Ugttusek
(Nottingham Trent University, UKJhis device reproducibly oscillates (ugfi@ar) 2ml tubes
F2NJ I RSOUSN¥YAYylLoftS GAYS |G + 3IAGSY aalLISSR
bone, beads of variable size and weight need to be added to each tube with the sample. This
updated protocol was identical to the previoase,upto adding the bone pieces to the liquid
nitrogen. With the bone in the liquid nitrogen, the lattetasallowed toevaporatefully. The

bone pieces were then extracted with tweezers and placed in a bead mill tube with a given
number and size of beadnd the cap sealed. With the tube securely positioned inBead

Mill, the time and speedvere set and the run initiated. The process of removing the bone
from the mortar to fragmentation in the bead mill must be completed as rapidly as possible
to ensure the bone pieces are still cold enough to shatter and fragment. Ultimately a single
medium sizd (6.35mm) ceramic bead with the mill set at spéied for ten seconds was used

as it generated fragments suitable for the macro model. The primary stages of rat bone

preparation are shown ifrigure2.2 from harvested bones to decellularised fractured ones
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2.2.3.4 Rat Bone Fragment Measurement

In order to determine the range of bone fragments created by the different fragmentation
protocols, a way to determine the range in fragment sizes was needed. This was done by
utilising thed aasuré feature in ImageJ (https://imagej.nih.gov/ij). Pasteur pipette was

used to transfer approximately 2ml of bone fragment suspension of each bone type into
separate wells of a 6 well plat€en lright field images were taken using the Leica DMi8 at 5x
magnification. For each image, the LasX software was usadd@ micron scale, which was
used to register a given number of pixels as a specific length. Each fragment was measured
across its longest length and the number recorded. Repeat measurements was prevented by

FLILX @Ay 3 | INRR aeand2YF FlE2 YUSK Si daNSIRI SF NI yaRY Say Qi NiR

2.2.4 Cell Growth on Bone

Having optimised a protocol for the extraction, decellularization and fragmentation of rat
bone, the process of optimising cell growth on said bone was requeatk. to any cell work,

bone fragment pieces were defrosted and in a class 2 safety hood selected based on size and
type using sterilised tweezers. Generally, selected pieces were greater in lengthrtiran
ranging toapproximately 3mm and transferred to a 6 or 12 well riceated plate. Media
suitable for the cell type to be grown on the fragmem®re added to each well and

transferred to an incubator until needed.

Standard cell culture passage protocol was followed until pellet resuspension and a cell count
was conducted. A seeding density of 5000 celld/aras desirable for successful cell growth

on bone. The necessary volume of cell suspension for the number and size of wells was added
to a volume of media. For a 6 well plate, 3ml of cell suspension is added and for a 12 well
plate, 2ml.To removethe fragments from the incubator, the media was removagfore

adding the cell suspension, ensuring proper cell digtrdm through the media was important

to ensure equal cell distribution across each well before adding the suspension the wells. The
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plates were gently agitated to ensure complete cover across the whole well surface area,

including settling on the bone fragments.

2.2.5 Cell Tracking

The aforementioned cell growth on bone protocol was developed through trial and error with
cellular position needing to be determined. Successful cell growth on bone was evaluated
using CellTrackarBlue CMAC Dye (Thermo Fisher) afterr days. This is a fluorescent dye
with blue excitation in the 353/466nm range which is retained for up to 72hrs and is minimally

cytotoxic.

The manufacture® arotocol was followed in the preparation and use of the cell tracker

(Publication Number MAN0010620). In short, the lyophilized product was first brought to a
working concentration of 20mM in high grade DMSO. With a molecular weight of 209.6g/mol,
2.385mlof DMSO was added to the 5mg of cell tracker. This stock solution was later diluted
down to the necessary working concentration in serum free media specific to the cell type.

The stock solution was stored -&0°C.

Before utilising the tracker to determine cell position on bone, the concentration and
incubation time first needed to beoptimised for each cell type. The product sheet
recommended a range of-25uM concentration and an incubation time of £%5 minutes.

5, 10, 15, 20 and 2B/ concentrations were tested with HOS grown in monolayer under
standard conditions at approximately 90% confluence. Incubation time was fixed at 30
minutes. The culture medium was removed, and the-ywamed (37C) cell tracker solution
added to fully cover the monolayer (2ml in each well of a 6 well plate). Once the incubation
time had elapsed, the detracker solution was removed and replaced with culture media.
Comparing the different working concentrationisywasdetermined that 10uM was the most

suitable as it allowed clear identification of each cell.

Using this as a baseline, the same concentration and incubation time was tested with the

hMSCs. Theyhowever, showed no fluorescence at this level. Testing the highest
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concentration recommendation of 28/ still resulted in low fluorescence after 30 minutes,

so incubation time was increased to 60 minutes which was found to be suitable.

After 4 days, cell attachment and proliferation was assessed using the aforementioned
protocol. To avoid confusion between cells growing in monolayer on the well plate base and
any cells growing on bone, the fragments were first delicately transferredrash well plate

using sterilised tweezers. As the optimisation of this protocol was conducted with HOS, the

bone fragments were incubated in @® working solution for 30 minutes.

When developing the later iterations of the macro model, the seeding of both h(MSC and HOS
cells was desirable. In order to track two cell typesecond cell tracker, CellTrackeBreen
CMFDA Dye (Thermofisher) was utilised to track hMSC. The tracker had an excitation in the
492/517nm range and like its blue counterpart was brought to a usable working solution using
DMSO. With a molecular weight of 464.9g/mol, 216 bf DMSO was added to 1mg of the
cell tracker producing a 10mM solution. This solution wi#ated 1:5000 to a working
concentration of 2uM in MSCGM. For the purpose of tracking the two cell types with the
separate trackersan alteration to the aforementioned methodologyasrequired. As the

cells could not be stained after seeding into the same well dish, the cells were first individually
introduced to their respective chosen trackers at the aforementioned concentrations at
confluence in their respective flasks and incubafed 1hr before removal of the tracking
solution and splitting the dks. Having seeded the two cells types together, the two could be
tracked separately, hMSC in thgreen fluorescent proteifGFR range and HOS in the

ultraviolet UV) range.

2.2.6 Hoechst Staining

In order to determine the presence of cells in a sample, Hoechst solution can be used as a
nuclear stain to visualise cellular positions in both live, dead and fixed samples. This chemical
was utilised in the evaluation of the decellularization protocadisn the rat bone pieces to

determine the presence of any residual cedls Hoechst is an established method of
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evaluating decellularizatior{(Stone et al., 2021) Decellularised bone fragments were
incubated in ug/mL of Hoechst solution (diluted in PBS) for 15 minutes, protected from light.
After the incubation, the sample was washed three times for 5 minutes with PBS before
imaging immediately under fluorescent microscopycited with a UV laseBright field and

UV excited fluorescence images were taken for all samples.

2.2.7 Fixation

Fixation is a necessary stage before conducting further experiments in the analysis of the
various model stages. Fixation preserves the structural integrity of cells and tissues stabilising
their components and importantly preventing degradation allowirigrage of samples
before further experimentationWhen fixing samples, 3.7% PFA in PBS was used in all
situations. The only variables were the incubation time and the volume needed to fully
submerge the samples. All work done with PFA was conducted ass Zlexternally vented

fume cupboard (Envair). Fixed samples included cells grown in monolayer, cell seeded
collagen scaffolds and cell seeded bone fragments. These were incubated at room
temperature for 15, 30 and 20 minutes respectively after first viaghhe sample with PBS.
After completing the necessary incubation time, the PFA was removed, being placed in a toxic
waste container. The wells were washed two times with PBS and the PFA contaminated wash
solution also placed in the toxic waste contaif@rproper disposal. The samples were stored

in PBS (3mL per well for 6 well plates, 2mL per well for 12 well plates), sealed with parafilm

and stored at 4C.

2.2.8 Immunohistochemistry

IHCstaining is aeliable methodologyfor detecting and visualizing proteins in sampéesl
was utilised to identify the proteins OPN and Q@bth markers of osteogenesiéll samples
had previously been fixed with 3.7% PFA in 6 or 12 well plates. The protocol used was a three

day process and as follows.
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On the first day, 1% (w/v) BSA in PBS was made up, the volume @éependhe number of
samples to be processed. A 0.1% TritebtO® (w/v) solution was made up in PBS and placed

on a magnetic stirring plate with a flea for approximately 30 minutes to ensure complete
dissolution. A 1% BSA solution was used to make a seiteddime of 1:200 OPN primary
antibody solution. Acting as a permeabilization agent,|200f 0.1% Triton-X00 solution

was added to each sample well and incubated at room temperatur@@oninutes. Each well

was subsequently washed three times for 5 minutes per wash with PBS. A 3% (v/v) donkey
serum blocking solution was made in 1% BSA and 400pL added to each sample well and
incubated at room temperature for 30 minutes. Having removeel hlocking solution, 400uL

of the OPN antibody solution was added to each sample well and incubated overnigtt at 4

On the second day, the OPN antibody solution was removed and wasteedtimes forfive
minutes per wash with PBS. The samples were left in 1% BS$#derhours. The sample
wells were subsequently blocked with 3% goat serum in 1% BSA for 30 minutd$o BfeA
was again used to make a suitable volume of a 1:200 OCN primary antibody solutiph. 400

was added to each sample well and incubated overnighe@t 4

On thethird day, two secondary antibody solutiongere required:a 1:200 secondary donkey
anti-goat alexa 546 and a 1:200 secondary goat-aaiibit alexa 488, both in 1% BSA. The
OCN solution was removed, and the sample wells washed three timégdaoninutes in PBS.
400uL of the donkey amfjoat solution was added and incubated fioro hours at room
temperature.After removing the donkey angjoat solution, the samples were washed with
PBShree times forfive minutes and replaced with 400uL of the saedary goat antrabbit
solution and incubated again fawo hours. During this incubatigra suitable volume of 1
pg/ml Hoechst solution in 1% BSA was made and protected from light (wrapping with foil).
With the secondary antibody incubation complete, the solution was removed and washed
three times forfive minutes, incubated with the 1% Hoechst solution for 15 minutes at room

temperature and finally washed again three timesfioe minutes. The samples were imaged
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as quickly as possible but could be stored for a few days in PBS, covered, 8@dbafate

losing fluorescence.

2.2.9 Microscopy
The dayto-day microscopy aiding in cell cultur&shere imaging was not requiredwas

conducted using the Leica DMil. When capturing both bright field and fluorescent images
from five to forty times magnification, the Leica DMi8 inverted microscope was used with
fluorescent filter cubes Texas Red, GFP and DAPI (all Leica). Thidinckid@malysis of
Alizarin red staining, IHC fluorescence, bright field imaging of bone fragments and cell
tracking. The final iterations of the macro model were all imaged using the Leica Thunder 3D
cell culture imaging system with consistent emissionevi@ngths and exposure timger all

images taken.

In order to assess the structure and topography of the different bone pieces, scanning
electron microscope (SEM) imaging was gs#ili Two types of sample were imaged
decellularisedoone fragments andliecellularisedbone fragments which had HOS grown on
them as described in sectidh2.4page66, over afour day period. The two sample types had
different preparation methods. The former simply needed to be completely dry which was
accomplished by a series of ethanol washes starting at 50%, followed by 65%, 80% and finally
100% ethanqlall for 6hrs or until fully evaporated at room temperature. The latter, as the
bone pieces were covered in celigere first fixed in 2.5% glutaraldehyde for 2hrs. After this

the samples were gently washed in PBS and subject to the same drying process with ethanol

as the other samples.

After preparation, fragments were attached in triplicate to an adhesive conductive carbon.
The disks were coated with 5nm of gold using the Q150R Plus rotary pumper coater (Quorum).
Electron microscopy was completed using a JSM 7100F SEM with an acughestiige at

10kV for samples with fixed cells and 15kVdecellularisedbone. Micrographs were taken
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at various magnifications at approximately x50, x500, x1500, x6000 and x12000 for most

fragments.

Images of the microscopic model wead captured using the internal software capture
system of the HOTs (see sectidr2.12.1 page76). All images were captured with a x40

objective.

2.2.10 Quantification of Osteogenic Markers

In order todetermine the arbitrary fluorescent units of the macro model, the software ImageJ
(https://imagej.nih.gov/ij) was used. This was utilised specifically in the quantification of OPN

and OCN levels generated through IHC and captured on the Leica Thundean®RMNCN
YAONRINI LIKE 6SNB SELRZNISR &S LJ rarriickographdo Wi A
cells cultured on bone, due to variance in bone autofluorescence, it was not possible to
directly read the fluorescence generated by OPN and OCNand#ifitE | G o6 O1 3 NP dzy
accurately. It was found, however, that in all cases a large amount of cellular product was
generated by the cells on and directly surrounding the bone fragments as ECM spilled over

and out from the bone pieceSherefore,a 250x250 pixel square was used to measure the

mean grey value at ten poinequallyspaced around each bone fragment. For monolayer
controls, ten readings were taken equally distributed across the whole imgge with a

250x250 pixel squaréor each of the moal, three biological and ten technical repeatsre

compiled for statistical analysis.

2.2.11 ReaiTime Quantitative PCR

2.2.11.1Primer Design

All primers were designed using e!Enseifitttps://www.ensembl.org/index.html), Primer3
(https://primer3.ut.ee/), UCSC genome 83 browser (https://genome.ucsc.edu/) and NCBI
primer blast (https://www.ncbi.nlm.nih.gov/tools/primeblast/). See tabl@.1.4 pages2for

the list of all primer sequences designed.
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2.2.11.2RNA Synthesis
Ribonucleic acidRNA was extracted using the RNe&Mini Kit (QIAGEN) using the

YIydzFl OGdzZNBND& LINE (2 O20835006) dzo folibvd) Both 2cglls ibh dzY 6 S|
monolayer and cells grown on bone scaffolds were harvested foitiraal quantitative PCR

(RFgPCR). Buffer RLT was added to the samples foestmg, 60QL for 6 well plates, 350uL

for 12 well plates. Samples were incubated at room temperaturéyeminutes in the buffer

with regular agitation to aid in detachment, particularly in the ea$ bone fragments. Cell

lysis could be identified by the naked eye as strands of opaque matter floating in the buffer.

Cell lysate and buffer was collected using a Gilson pipette into an Eppendorf tube (which can

be stored at-80°C).

Prior to processing the samples, a solution of DNase | needed to be prepsmiada RNase
free needle and syringe, 5p0 of RNase free water was introduced to the lyophilized DNase
| (1500 Kunitz units). The contents was mixed by gentle inversion of the bottle and divided

into single use 80pL aliquots. Aliquots were storeel&tC.

All centrifugation (Centrifuge 5417 R, Eppendorf) was performed at 12,000g at room
temperature. When working from frozen samples, they were thawed on ice and the entire
sample transferred into a Qishredder and centrifugetieo minutes disrupting the cells. The
column was discarded, and an equal volume of 70% ethanol added to the sample flow through
(600 or 35@QL). ®0uL of the mixture was added to a RNeasy Mini spin column housed in a
2mL collection tubend centrifuged for 15 seconds. The flow throughswiescarded and the
process repeated as necessary until the flow through from the Qishredder was fully
processed. 700L of RW1 buffer was added to the column, centrifuged for 15 seconds and
the flow through discarded. A suitable number of DNase | aliquots were thawed and the 80uL
added to each column which was left at room temperature for 15 minutes. After this time
elapsed, 350uL of RW1 buffer was added to the column, it was centrifuged for 15 seconds
and the flow through discarded. 500uL of RPE bufferadaled and the samples centrifuged

for 15 seconds. The flow through was discarded and the process repeated but centrifuged for
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two minutes before discarding the flow through and the tube itself. Only the column was
centrifuged with its cap open in a fresh 2mL tube ttalee minutes. The tube was replaced
with a 1.5mL collection tube and the column left to dry at room temperature for 15 minutes.
The final step required the addition of 50pL of RNase free water directly to the matrix of the
column, waiting forfive minutes at room temperature, followed by ane minute
centrifugation. As RNA is soluble in water, the flow through containing the sample RNA was

retained and the column discarded. Samples were store@@C.

2.2.11.3First Strand cDNA Synthesis
Complimentary DNA (cDNA) synthesis was completed using the gPCRBIO cDNA Synthesis Kit

(PCR BIOSYSTEMS). Prior to cDNA syntRé&s,was assessed at the NanoDrop 8000
(Thermo Scientific) using the same RNase free water for blanking as used for elution during
RNA synthesis. For each sample, RNA concentration in ng/uL and the purity (ratio of

absorbance, 260/280) was recorded.

The protocol followed for cDNA synthesis was as detailed by PCR Biosystems and was as
follows. A master mix of 4uL of 5x cDNA and 1uL of 5x cDNA per sample was made and kept
on ice. RNA was suitably diluted as necessary such that 100ng of total RNA avad Hiel .

Into PCR tubes, 5L of the 5x cDNA and 5x cDNA mix, 100ng of total RNA and enough RNase
free water to bring the total volume to 20uL was added. This reaction mixture was placed in

a 100 Thermal Cycler (BIRAD) at 4Z for 30 minutes followed b§5°C forten minutes.
Thenewlyformed cDNA was diluted with RNase free water by adding 30uL to each sample to

a 50pL total volume and stored #0°C.

2.2.11.4cDNA R-GPCR and Primer Optimisation
RTgPCR was completed using gPCRBIO SyGreen RRX{(PCR BIOSYSTEMS) where the

SyGreen binds to DNA and therefore as more copies of the target gene are formed,
fluorescence increase$he protocol followed for RGPCR was an altered version of the one

detailed by PCR Biosystems and was as follows. A reaction mixture of 5uL of SyGreen Mix
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(vortex prior to use), 0.4pL (10uM) of Forward primer, 0.4uL (10uM) of Reverse primer and
3.2uL of RNase free water and suitably extrapolated for the number of tedble filled was
formed and kept on ice. Keeping a PCR plate (StarLab) on ice, 9uL of master mix was added
to each well along with 1pL of cDNA, the plate sealed (Polyester seal, StarLab) and centrifuged
in a plate spinner (Labnet) briefly. ThefHCR mdtne used was the Quant Studio 5 (applied
biosystems) and after loading the platike following programme was used. Amplification
conditions wereone cycle at 95C fortwo minutes followed by the PCR stage (denaturation,
annealing and elongation) with 40 cycles oP@Sorfive seconds then an optimised primer
temperature (mouse primers60°C, human primers62°C) for 30 seconds. Primer annealing
temperature optimisation was experimentally determined by running a control cDNA sample
through the full RIGPCR process at different temperatures. The melt curves were compared

and the temperature(sthat gives a distinct single peak were selected for use.

2.2.11.5Analysis

Thep Ct(threshold cycleinethod was used to analyse the amplification data generated when
RTFgPCR was utilised. This method relies on the use of a housekeeper gene, a gene which
does not change in expression level across samples. For bafR&R experiments conducted

the gene cheen waglyceraldehyde8-phosphate dehydrogenas&APD For each sample,
GAPDHexpression is subtracted from given gene being assessedlting in a normalised
expressionp/ G ®@ ¢KS RAFFSNBYOS 0SS oySION® I & YaLbt YSLIt pS/
OFf OdzAf F SR G2 3IAGS GKS ppn/ided ¢KS F2f{R OKIFy3S
the equation’Q¢ @@ ¢ "QCx with control samples allocated a fold change of 1 for
comparison. All samples were done in triplicate and the data combined for analysis. Standard
deviation was calculated from th@t values from which mean standard error of the mean (+

SEM) was calculateds a result, the SEM is different for every control as all controls are
different and from independent experiments plot on the same graph. This is why for-all RT
gPCR graphs, there are bars for control for each géaghe NanokickRFgPCR experiment

(Figure3.5), five biological andwo technical repeats were complete&or the Model 3 RT
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gPCR experiment{gure3.34 and Figure3.35), three biological and two technical repeats

were completed.

2.2.12 Holographic Optical Tweezers

The HOTs system is a highly advanced custom piece of equipment able to manipulate multiple
particles ranging from nanometres to tens of micrometmesall three dimensionsThis of
course includes theanipulation of individual mammalian cells into precise 3D configurations

without causing damaggirkham et al., 2015)

2.2.12.1Technical Specifications
Based on the Nd:YAG laser, the HOTs has a solid state infrared fiber laser with 1070nm 5W

output (Laser Quantum). Optical manipulation using multiple optical traps involves expanding
the laser beam to the point of exceeding the aperture of the 512 x 5@B-dpeed, high
efficiency SLM. The SLM is connected to the system, imaging the SLM through a high
numerical aperture (1.35) 40x oil immersion microscope objective. A dichroic beam splitter
directs >90% of 46870nm light to camera port (640 x 480, 300 fesper secondlhe HOTs

system used is show Figure2.3.

2.2.12.20peration and Trapping Procedure

The dishes used with the HOTs are specific in that they need to be glass bottomed to allow
the laser to pass through the bottom of a given vessel to create traps. The dishes used
throughout the project were Ibidu-Dish, 35mm diameter glass bottorm ¢ 1 > X > Bk
imaging dishWith a dish ready for mounting on the stage, a small droplet of immersion oil
(Olympus) was placed on the objective lens before lowering the dish into place on the
motorised stage ASI, M&000) The stage was controlled in the XYsadsing a stage
controller joystick (ASI, M&00WK) while the objective Z axis was controlled using an
electromechanical clutch on the same controller. Positions in the three directions can be

tracked and stored for easy return to a given position asdeee
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Figure2.3: Holographimptical tweezers

(A) The HOTSs lase) ¢ontrol unit with stage joystick and objective control, (ii) laser control box, and monitc
software usage. (B) The HOTs hardware including (iii) spatial light modulator (SLM), (iv) laser cover an

vibration pads (x4). The optical cable araiera both connect to the system via the back.

The laser master control is operated from the control box which houses the ON/OFF lock,
emergency shut off as well as controls to set laser intensity. If the illumination cover is down

and the interlock switches closed, the laser was set at 40% intewnsigllfexperiments and

Gadl NISRE QAL | agAiO0OK 2y (GKS LIyStd hyOS :
YFEYylF3SR @Al (GKS t/ ® ¢KS a2FG6FNB Ay 1jdzSadaz
adt I RISGHQAa 3ANRdAzZLI FNRBY ( KISruns gohped Wi LabBEWR2 T D
(National Instruments). The program facilitates the rapid creation of holograms which can be

altered onthe-fly without recompiling the prograniBowman et al., 2014)ontrolling the
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coordinates are transmitted, producing the desired hologram intensity pattern.

In practice, the interface showed a live image of the focal plane where traps could be created
by doubleOf A O1 Ay3a (GKS fAGS FTSSR 2N GKNRdzZAK GKS
multiple traps could then be selected by clicking on them (and hgldhift to select multiple)

and moved by mouse movement or precisely adjusted through the toolbox pidigdure

allowed the capturing of cells or particles and then their movement to a desired location.

3 Foml LA Current trap
i:;:’_ s i || adjustment

Cem kesswo || Selected trap(s)
il B e [T scaling

1]
i
i
j ===t Create/delete
i
i
i

traps

Figure2.4: Holographimptical tweezerlinterface

lyy2Gil 6SR aONBSy aKz2d 2F GKS awSR ¢4SSTSNEE [

6KSy aStSOGSR Fftt2gAy3ad GKS YIyALdzZ FiAz2y 2F YdzZ &
HOS cells.

2.2.13 Mould Design and Creation

As they come, the dishes used with the HOTs did not allow the separation of different cell
types or particles as there was only one volume to work in. While there were dishes available
with multiple sections, they do not allow movement between the diffareections. In order

G2 FLFEOAEAGFIGS GKS AYyOUNRRdAzOGA2Y 2F Ydzt GALX S
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working area, a design needed to be formed which allowed movement between any
segmentation. Important considerations were that the glass bottoms of the dishes not be
obscured in the areas the laser would be operating and that the design be

sterilizable/disnfectable,

The solution to this problem started with the idea to fill the dishes with agarose then create
two connected cylindrical wells. A 5% w/v agarose PBS solution was formed by gradually
heating the mixture, regularly swirling until fully dissolved. The satutias then poured into

as many dishes as required, filling them to just below the rim. The sharpened wide end of a
1ml pipette tip was used to punch two holes in the agarose ensuring the holes were within
the inner glass circumference of the dish. Aftéowaing the agarose to set, a channel between

the two wells was then cut using a scalpel. The exposed glasdeemedgently with a brush

and 70% ethanol to remove any remaining agarose.

While usable with the HOTs to move cells between the two wells, this design had some issues.
Firstly, being made from agarose, each dish was only single use and had limited usable shelf
life before the agarose startl to contract. Cutting the channel between the wells also
presented difficulties. The channel needed to be as thin as possible to simplify moving cells
between wells given that the HOTSs objective is 40x magnification, even 1mm is equivalent to
Ydzft G A ISSY ad&a GRINI K 27T Y 2 cafls\obtyelclanndl yerapdilglas (0 K S
well as perpendicular to the dish base is vital for the HOTs laséuniction properly.
Managing these two requirements using a scalpel generally resulted in a wide channel or an

unusable mould.

In order to circumvent the difficulties of using a scalpel to cut away agarose, the development
of a 3D printed core piece was developed for agarose to be moulded around. It was decided
to expand the original design to have three wells with two channatsecting to the central

well. This would allow, for example, the introduction of two different cell types with the ability

to select one cell from each and be brought to the central well. The designs were created in
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Fusion 360 and theomputer aided designQAD file printed on the ELegoo Mars Pro 3 in

Anycubic standard resin.

The design went through a number of iterations changing the width of the channel attempting
to make it as thin as possible while maintaining structural stability as well as changing the
height to facilitate easier removal from the agarose. The final mould design along with the 3D

printed piece is shown iRigure2.5.

Figure2.5: Mouldfinal design andorinted pieceexample

(A) Top and (B) side view of the final core piece design. Screen shotftakerutodesk 123D Make an
annotated in paint.net, all dimensions in mm. (C) A top and (D) side view of the printed piece sat in an i
dish.
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With the core piece design finalised, the final change to the design was the mould material.
By using silicom(Ecoflex, Bently advanced materials) instead of agarose, the mould becomes
multiuse. Silicoa was prepared by the thorough mixture of two liquid rubber parts 1:1 and
left to set for approximately 2hrs. Silicercould be sterilised under UV and would maintain

its form without contracting over time. The final iteration of the mowedscreated by first
using autoclave tape to hold the 3D printed mesecurely in place. Silicerwas poured
around the pieces slowly to approximately 5mm below the top of the dish and left to set. To
remove the piece, fine tweezers were used to carefplglaway the silicor at the top and

then the piecerockedgently until a small amount of foragould release it.

Figure2.6: Mould creation process

Steps detailing the creation of th
microscopic niche model mould fc
use with the HOTSs. (A) Shows the .
printed piece in place in a glas
bottomed dish. (B) Shows the use
autoclave tape to hold the piece i
place and reduce silicenseeping
underneath. (C) Shows two dishe
filled with silicore in the setting
stage. (D) shows the final resL
having removed the mould piec
leaving three separate zones for tt

addition of cells and bone fragment:

2.2.14 Cell Attachment

When patterning cells with the HOTSs, one of the difficulties in creating a model for study is
working within a strict time frame as patterning is a race against cell attachment to the dish

bottom. The ability to pattern cells over time was assessed by taayrthe number of
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manipulable cells per minute ovegn minutes. The dish filled with 2mL of DMEM was put in
place on the HOTs stage and the objective brought into focus on the base of the well. With
the hardware and software set up ready for turning on the laser by pressing the emission
button, 20000 cells we added to the dish and the laser turned on. A single trap was created
and moved onto a given cell on screért could be manipulatedt was counted as ¥eQQif

not a'HoQ The trap was then moved to a new cell and the process repeated. The stage was
moved using the joystick as needed when all the cells on screen had been tested. This was
continued overten minutes noting theyese€and \Hoe<by what minute they were ing(g.,

7 Yesesand 4Hoewithin the 39 minute). These were converted into percentage successful

traps and compared over then minutes.

Along with the standard untreated dish, various gelatin concentrations along with 3% BSA
were comparedlt was determinedhat for most purposes, incubating the dish with 3% BSA

overnightprovided enough time to pattern cells as needed.

Secondary to cell attachment to the dish bottom, emdll attachment needed to be
considered. This was patrticularly difficult to overcome when using hMSCs as these primary
OSftta 6SNB LI NIAOdz NI & aGadAaoleéd | yRtog2dz R
minimise this was to ensure vigorous resuspension prior to pipetting into the amhto

keep the cell number added to a low number.

2.2.15 Cell and Polymer construct qmtterning

Two different forms of polymeric material were -patterned with cells using the HOTSs.
Microparticles were created as described White et al., (2013yia a waterin-oil-in-water
emulsion under high loading efficiency. The microparticle batches were subjected to
lyophilization, and the resulting powder was vacussgaled and stored at°€ until needed.
Electrospun polymer fibres were created as describeBbgers et al., 2014The fibres were

immersed in liquid nitrogen and ground using a mortar and pestle for ten minutes. The
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fragments were fractioned and ones 4bB0 used for patterning. Both materials were

separately patterned with CGR8.

2.2.16 ihMSC proliferation

hMSC were immortalised by Lentiviral transfection of hTERT and E6/E7 genes as described
(Balducci et al., 2014; Mori et al., 20@®)d are genetically modified to express GFP. The cells
were modified and provided by Prof Kevin Shakesheff's group (University of Nottingham, UK).
A singlemmortalisedhMSQ(ihMSCXxell waspreciselypositionedonto adecellularisecbone
fragment using the HOTs. The patterned complex was imaged under bright field and again

after 48hrs under merged and fluorescent imaging.

2.2.17 Microinjection

When wanting to add small numbers of cells or other particles to a dish for manipulation in
the HOTSs, pipetting by hand was notcessarilyaccurate enough in terms of both volume
and location. This became particularly apparent when trying to add low numbers of small
bone fragments to the central well of the silimmould. By using a micromanipulator and

microinjector, this problem was overcome.

The TransferMan NK2 (Eppendorf) and CellTram vario (Eppendorf) were set up in conjunction
with the HOT system to allow the microinjection of cells and bone fragments directly into the
silicore mould dishes already in place on the stage. The TransferMan NK2 equipment consists
of a control box, motor module and stand. The control box has a panel to set functions and
parameters as well as a joystick to control XYZ axis position of the motor nwldicte holds

the micro injector. The motor module was fitted @nthe stand at a suitable distance from

the HOTs to allow the needed range of movement. The CellTram is a manual hydraulic
microinjector where injection is controlled directly by two rotary knobs of different
transmission ratios. The injector was fittedtlwia micro pipette tip (Drummond) and by

loading a small volume of PBS containing small bone fragments (en§@tio the injector,
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the smallest volume of liquid could be added to a given well of the mould in a controlled

fashion.

While the microinjector was not ultimately use in the creation of the final models due to the
decision to move to using larger bone fragments, it was used in the precise positioning of

small fragments pieces and will be used in future model creation.

2.2.18 Statistical Analysis

Satistical analyses were conducted using GraphPad Prism 9 software (GraphPad, Inc, USA).
¢ KS dzy LI A NBeRt wasiusRis tfieliafadysisipf relative expression iyfRIRlata
andrelative fluorescence immunohistochemicatlatahaving determined normalcy with the
D'AgostinePearson testAll RTqPCR data comprised of three biological repeats and five
technical repeats. All immunohistochemical fluorescence data comprised of three biological
repeats for each type of bone (leg, arm and rib) or nofstthiexperiment and ten technical

repeats for eachResults where p values <0.05 were considered statistically significant.
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3. Macroscopic Model of the Bone

Marrow Stem Cell Niche

The following chapter focuses on the design, optimisation and evaluating the performance of

the experimental models developed as part of modelling the bone marrow stem cell niche

GYlI ONPAO2LIAOIEt&ED ¢KS 202500 A @ohaniti@ Eaffdlk A & OK
testing to the eventual creation of three models which each build on the previous, ultimately
leading to analysing the effects of bone as a scaffold material, the influence of mechanical
stimulation and the impact of differentiation ndéa. The work integrates advanced imaging

and molecular biology techniques to determine the relative osteogenic potential of each

model.

3.1 Results- Model Development

In Chapter 1, the current understanding of the bone marrow stem cell nichedisasssed

In this investigation, inan attempt to understand the bone marrow niche better, a
macroscopic model suitable fan vitro testing was developed by a stepwidBal anderrorQ
approach, generating models of increasing complexity. The steps are illustrated in the flow

diagram below,Figure3.1.

During the initial stages of research, collagen was selected as the base scaffold for the model
due to its abundant presence in cellular matrix as discussed in Chapter 1, dettit?) page

29. Qualitative analyses of cell morphology with both collagen concentration and thickness
were undertaken to determine suitable values for both. A high concentration collagen was
also tested, however, its high viscosity made its use difficult (accuratetipgeuneven
setting, thin coatings) and it was relatively expensive so the use of this material was
abandoned. Initial attempts to alter the mechanical properties of collagen were undertaken

using Oligomeric proanthocyanidins (OPC).
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Figure3.1: Macroscopienodelflow chart
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Flow chart of steps in development of the bone marrow stem cell niche at a macroscopic level. Arrows i
how each experiment directly led to the subsequent experiment and the progression of the model. Red «

indicate the decision to abandon thedanch of experimentation.

Theoretically, OPC should have increased the mechanical properties of collagetin&ings

and stabilizing the collagen netwof&hoi et al., 2016 unfortunately, only the most minimal

of experimentation was able to be conducted. This experimentation started in early 2021,
however, there was a shortage of available collagen for scientific research due to the-COVID

19 pandemic.

While working with collagen, the use of bone as a potential scaffold started as collagen had
specific limitations with its usdt washypothesised that instead of building up in complexity
from collagen, by starting with bone as a scaffold, the native environment of bone cells could

be provided by decellularizing rat bone and seeding ontd\&.there were no published
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papers that investigated theeedng of multiple cell typeslirectly onto small fragments of

bone,progress was stefpy-step and trialnderror.

The first consideration was which regions of bone to use as a scaffold. The cancellous regions
of the legs and arms along with the ribs were chosen as they are the primary location of bone
marrow. The ribs were harvested whole and cut into approximatelyn5sections while to
access the cancellous regions of the legs and arm hdhese were bisected along their
length and the inside cut out. To decellularize the bone pie@egrotocol for the
decellularization of bovine bone was altered to account for #mealler size of rat bone.
Successful decellularization was initially confirmed via inverted light microscopy and
subsequently validated during SEM imaging comparing the surface variations of the different

bone pieces (Chapter 8ection2.2.9 page7l).

The final stage of bone preparation for seediagtailed fracturing the bone pieces into
smaller fragments. Initially this was done by flash freezing in liquid nitrogen and shattering
the pieces with a pestle and mortar. This eventually evolved into using a Bead Mill to produce

larger fragments more suitable feeeding.

Before starting the process of trying to seed HOS and hMSC cells onto bone it was first
necessary to be able to track cellular position over time. This was achieved using a cellular
trackerwhichg KSy Ay GS3aINI SR Ayid2 (GKS OSftfQa YSRAdzy
period, would allow the monitoring of cellular positions in the blue excitation spectra. Having
2LIAYAASR GKS GN)Y O1SNR& ARSIt O2y OBMSEN GAZ2Y
was then possible to determinehether cells hadattached and propagated over the bone

surface. The wells containing bone and cells were incubated with the cell tracking media and

after the required incubation timghe bone fragmentsvere removeddelicatelyand placed

into a new well with thanediasuitable for that cell. This ensurédat only cells which had

adhered to the bone surface were present and trackable and not, for exarapie cells

growing on the tissue culture plastic below.
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Success waachievedwith both HOS and hMSC when larger bone fragments were used. The
fragments were kept as central as possible in each well and cells were dropped at a high

density directly onto the bone which had already been submerged in media.

With the fundamental optimisation complet¢éhree models with increasing complexity were
developed and incubated over a 28 day period. The first was simply the growth of h(MSC on
different types of boneleg, arm and rib pieces in the presence of osteogenic media (Model
1). These samples were seeded into the same well plate as bone fragments and hMSC with
basal media (MSCGM) as well as hMSC grown in monolayer with and without osteogenic
media. The next miel integrated the Nanokick device, repeating the expent excepthat

the well plates werdept on the vibrating plate for the duration of the 28 days (Model 2). The
final model added HOS cells along with hMSC to the model (Model 3). The reasoning behind
these choices was always considering matching the native niche environment including their

potential locations, mechanstimulation, chemical environment and cells present.

3.2 Resultsg Analysis of Outputs

The following sections contain the data generated during the project from optimisation and

model development up to analysis of the three final models.

3.2.1 Collagen scaffold

As already discussed, the early stages of the project included the investigation of collagen as
a scaffold for the model. Although this experimental pathway was ultimately terminated due

to a number of factors, some preliminary experiments were conducted.
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Figure3.2: HOS cell morphology changes with collagen concentration

HOS cells were grown on collagen of varying concentration; 0.5mg/ml (A), 1.0mg/ml (B), 1.5mg/ml (C), 2.
(D) and 2.5mg/ml (E). Aamples were seeded at 5000 cellsfcm

Early collagen experiments included the testing of optimum collagen thickness and
concentrations, an example of which can be seeRigure3.2. Such experiments were the
basis of developing a suitable scaffold to start model development. Ultimately a
concentration of 2.0mg/ml and an average thickness of 1.7mmy6@® collagen solution in

a 12 well dish) was chosen based on cell morphology changes and efficient materials usage.
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Figure3.3: HOS grown on collagen and plastic in osteogenic media IHC

HOS cells wherseeded onto 2mg/ml collagen (A, B & C) and standard tissue culture plastic (D, E
osteogenic media a incubated over a 28 day period. Each column is either the expression of osteop

& D), osteocalcin (B & E) or a nuclear stain (C & F).mlllea were seeded at 5000 cells/cm2.

Early experiments were also conducted into the ability of HOS to produce osteogenic
content. As markers of osteogenic formation and mineralization, the proteins OPN and OCN
were targeted Figure3.3 gives an example of IHC-staining of these two proteins from HOS
which were grown on collagen and standard tissue culture plastic. From a qualitative
perspective, it is identifiable that OPN is present in both the collagen and plastic models,
possibly Igher in the collagenand that OCN is only identifiable in the collagen. These
micrographs were not analysed further due to collagen being abandoned as a scaffold
material. Beyond these experiments, plans were put in place to start experimenting with the
chemical OPC to alteghe mechanical properties of the collagen scaffold, however due to
collagen unavailabilityand further concerns regarding the materighese plans did not
progress beyond the planning stagen example of some of the difficulties ex@nced with

collagen are shown in
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Figure3.4. They demonstrate a common occurrence of the gel not setting (potentially due to
collagen degradation) ifA), and detachment and tearing of the ge(B). The latter was quite

common given the long incubation times and need for regular media changes.

Figure 3.4: Examples of collage

failure
Beyond the lack of availability

collagen samples would often nc

form as shown in (A) or detach ar
tear in the centre as shown in (B
This was another factor is the mov

away from collagen to bone.

3.2.2 Nanokick

The mouse embryonic stem cells CGR8 were used as a primary investigation tool into the
potential effects of the Nanokick device on osteogenesigyiRIR was used to investigate the
presence of the gened?7, ALPlandRUNX2all important genes involved in different aspects

of bone formation and skeletal development. As showrFigure3.5, each row depicts a
different time point and each column a different group, on thHéandick with

osteoconductive mediadCM), on the Nanokick witlBM or off the Nanokick with OCM.

Across the graphs, there are numerous examples of the average relative expression of the
sample showing high levels of aggulation but showing no significance. Examples of this
include graph RUNX2graph B3”7, graph C3P7 and RUNX2and graph RUNX2This was
generally due to inconsistent raw fold change values with a wide range for some repeats.

There are, however, a number of figures of note with significance.
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In graph(A) it is shown that there is a significant upregulationS8¥ and ALPLfor CGR8 on

the Nanokick with OCM at day 7. All other expression values are not significant at day 7. For
day 14 samples, as seen in grgphfor samples grown on the Nanokick with OGRMUNX2s
significantly higher than the control ad_PLs significantly downregulated. At the same time
point seen in grapliF) showing samples only grown in OC®#7 is significantly upregulated.

All other expression values are not significat day 14. For day 21 samples, in grd@h
showing samples grown on the Nanokick in OGRT,is significantly upregulated. In graph

(H) showing samples grown on the NanokickBill, both S?7 and RUNX?2are significantly
upregulated. In graphl) showing samples only grown in OCRUNX2is significantly

upregulated. All other expression values are not significant at day 2
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Figure3.5: RFqPCR of CGR8 grown oNanokickwith and without osteogenic media foPB ALPL& RUNX2

CGR8 where grown with (OCM) and withdBMj osteogenic media, on and off a Nanokick for 7, 14 and 21 ¢
Targeted genes wer&7, ALPland RUNX2vith GAPDHised as the housekeeper gene. Data is presented as r
+ SEM values (calculated from Ct mean) from three independent experimgaiis.shown is from five biologici
and two technical repeatsith f f t Xn dnmI"Phn¥n @n ©F & Odzt | (i S R-testz&raphdare
grouped by time point and conditions i.e. Days 7, 14 and 21 and treated with OCM on the Nanokick, BM
Nanokick and just treated with OCM respectively.

Figure3.6 below is & examinationof the same data as shown kigure3.5, but displayed sc
that the fold change of the three times points are plotted togetherdanoredirect comparison

Theindividual target genes havalso been clusteretbgether.
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Figure3.6: RFgPCR of CGR8 grown on a Nanokick with and without osteogenic media for SP7, ALPL «

grouped bytime point

CGR8 where grown with (OCM) and without (BM) osteogenic media, on and off a Nanokick (Hz) for 7, 1.
days. Targeted genes were SP7, ALPL and RUNX2 with GAPDH used as the housekeeper gene. Data
as mean + SEM values (calculated from Ctnpé&am three independent experimentBata shown is from five
biological and two technical repeatsithF F t XKn ®n M2 FtXXndnp 3 Yat bn dreg.
Graphs are grouped by time point i.e. Days 7, 14 and 21.

3.2.3 Bone

3.2.3.1 Bone Fragmentation

As described in Chapter €ction2.2.3.3 page64, having fractured thelecellularisecoone

in liquid nitrogen with a mortar and pestle maximal length values were measured. As shown
in Figure3.7 (B), the frequency distribution shows a triangular distribution with the peak
fragment length at 1Am. The range in lengths wagr@ to 2mm for the arm fragments, which
was representativeof all bone types. This worled to using a bead mill to produce the

fragments, generating larger fragments >1mm.
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Figure3.7: Bone fragment measurements

Fragments of aecellularisedat arm bone having been fragmented with liquid nitrogen and a mortar and pe
(A) Shows a representative x10 magnification of the results of fracturing. A total of ten images were te
fragments and measured using the measure feature in Imaggds(himagej.nih.gov/ij) along each fragment

longest section. (B) The length data was compiled for all ten images and converted into a frequency distri

3.2.3.2 Bone Autofluorescence

Before being able to analyse any IHC data effectively, it was important to understand the
range and degree of autofluorescence present in tleeellularisedoone fragments to be
used in the macranodel. Figure3.8 shows the range of autofluorescence found in leg, arm
and rib fragments along with fluorescence values from each fragment. The absolute
fluorescence values were generated from the entire bone piece to determine the range in

fluorescence values along withe mean.
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Leg Fragment 1 Leg Fragment 2 Leg Fragment 3

TXR

o
w
© D
Fluorescence TXR
Sample
Mean | Minimum | Maximum
Arm1 | 25.871 8 58
Arm 2 | 28.043 6 72
B ArmFragment 1 Arm Fragment 2 Arm Fragment 3 Arm3 | 24.387 8 56
Leg1 |25.145 13 65
Leg 2 | 26.038 9 50
Leg 3 |27.279 12 77
§ Rib1 |21.683 8 60
fal
Rib2 | 15.906 5 42
Rib3 |23.398 7 65
E
Fluorescence GFP
Sample
o Meagn Minimum | Maximum
& Arm1 23411 5 53
Arm 2 | 26.456 7 59
Arm 3 | 22.406 8 51
Legl |21.374 10 47
Leg2 | 22.51 10 41
i ) Leg3 |23.219 9 58
C Rib Fragment 1 Rib Fragment 2 Rib Fragment 3
18.151 6 47
13.147 5 34
20.162 5 56

TXR

Rib 1
Rib 2
Rib3
&
Q

Figure3.8: Bonefragmentautofluorescence

(A, B & C) Autofluorescence micrographs of leg, arm and rib fragments respectively. For each set, bor
imaged in triplicate and under Texas R&XR) and Green Fluorescent Protein (GFP). (D & E) Show tables o

minimum and maximum fluorescence values for TXR and GFP respectively. Values were generated -

adjacent micrographs. All images adjusted: +20% brightness4@86 contrast.
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Not only did all the fragments display autofluorescence, but across the fragments there was
a large range between the minimum and maximum values. This presented a problem for
future analysis of IHC data as determining the fluorescence values of OPC defuSkied

by cell directly on the bone fragments would be complex due to the variable nature of each
LIASOS 2F 062y SQa | dzaréuidwdztd\dBoiv é sadedto iditaite 2 NJ|
a full 28 days and then to collect data from the cells surronigdie bone fragments, negating

the need to remove background fluorescence from each value.

3.2.3.3 Decellularized Fragment Cell Survival

It is important to note that the methodology used to decellularize the rat bone was a modified
version of a protocol to both decellularize and demineralise bovine bone. It was therefore
important to assess the efficacy of this new protocol. This was den&EM imaging and

nuclear staining. The decellularized fragments were incubated with Hoechst solution which
0OAYR& (G2 (GKS ydzOf SA 2F 020K ftA@OS FYyR RSIFIR OS

as they have a highly distinct spherical intebige form as shown ifigure3.9.

100 um

Figure3.9: Micrograph of hMSG®unterstained with Hoechsblution

Representative micrograph of hMSC cells incubated in Hoechst solution cultured on tissue culture plas
image displays the classic spherical regions of intense blue fluorescence due to the binding of Hoech

cell nuclei.
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Figure3.10 showsboth the merged brightfieldand fluorescent{A and B)and the fluorescent
micrographs(C and Dpf the Hoechst incubated fragments alongsidestainedcontrols.
Smaller fragments were used for this experiment as not to waste larger fragments suitable
for the models and by using smaller fragments with a larger surface area to volume ratio,
more of each fragment is exposed to the Hoechst solutibhere was no eviderce of
occurrences of intense (or otherwise) spherical nuclei stained by the Hoechst salutitin

the bone fragments imaged, withigure3.10 shown as a representative samplss seen in
(C)and (D) only variable low level autofluorescence is visiblgicating there are no

remaining intact cells on the bone fragment surface.
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100 um

Figure3.10: Micrographs oflecellularizedat bonefragmentscounterstained with Hoechsblution

Representative fluorescent micrographs of rat bone fragments post decellularizatiqged with brighfield

(A & B) and the same micrographs of just therescence (C & D)mage A displays fragments which h
been incubated in Hoechst solution, a nuclear counterstain. Image B displays control fragments wh
not been subjected to Hoechst solution for comparisionages C and D are the same as A and B respect

but with only the fluorescent channel shown.

3.2.3.4 Cell tracking

Initial success or failure to grow cells on bone fragments was validated using the CMAC cell
tracker. Having alreadyptimised the tracker, fragmentsitih prospective cells on the surface

were incubated in 10M CMAC for 30 minutes. After this time point, the fragments were
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transferred to a new well dish. The primary observation beyond the successful protocol to
grow cells on these bone fragments was that cells seemed to show preference for certain
areas of the bone, growing in high densities in some regions while notat athers. This is
particularly visible ifrigure3.11 (A) and (B) where the HOS propagated well at the top of the
former and on the right side of the latteFurther representative images taken of HOS and

hMSC growth on bone, tracked with CMAC can be found in the Appédfidixe6.1 and
Figure6.2.

Figure3.11: Cell tracking of HOS twone

(A), (B) & (O show leg arm and rib fragments respectively which had been seeded with HOS cells at 5000%c

and incubated for four days. The fragments were relocated to a fresh well dish and incubated in CMAC cel
and imaged afterwards to determine the extent of cellular adhesion.

Before growing both hMSC and HOS on bone fragments for the final model, it was important

to determinewhetherboth cell types would grow in eculture. To ensure this, both cell types

100



were incubated in different cell trackers prior to splitting and then seeded at the same density
of 2500 cells/crhin triplicate. The cells were tracked over a 48hr period as shoviigimre

3.12. In all replicates, hMSC and H&heredsuccessfully to the culture plastic and began
the early stages of proliferation over the 48hr periddirther replicates can be found in the

Appendix Figure6.3 to Figure6.6.
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HOS Tracker hHSC & HOS Merged

hMSC Tracker

Phase Contrast

3hrs

6hrs

24hrs

48hrs

Figure3.12: Tracking of hMSC & HOS over 48hrs
Representative images of hMSC and HOS cells growrcintooe on tissue culture plastic over 48hrs. Both hM

and HOS were introduced to the same well dish seeded at 5000 cellsauimg each been subject to cell tracke
In the green excitation spectra, CMFDA was used to track hMSC and in the blue CMAC to track HOS. Phas

images were taken to view all cellBhe green hMSC and blue HOS channels were merged using ImageJ

user.

3.2.3.5 SEM
The bone locations chosen to be the natural scaffolds for the niche moege¢hased on the

native environment where the niche is believed to be located. Having harvested bone from
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the legs, arms and ribs, and having grown cells successfully on their fragments, it was
important to look at the bone at the microscopic level to determine the topography and see
whether there was a clear differentiation between the fragments harvestedclwhvere
theoretically cancellous bonand pieces of cortical bone which were harvested from the
femur shaft and subject to the standard decellularization and fracturing prodess.
important to note that cortical bone was not used as a scaffold matarianodels, but as a
comparison against cancellous and rib boRigure3.13 displays representative micrographs

taken of cortical, cancellous (leg) and rib fragments at three levels of magnification with a

SEM. Further micrographs can be founthi@ AppendixFigure6.7, Figure6.8 andFigure6.9.

Figure3.13: SEMmicrographs oftortical, cancellous andib fragments

Representative SEM micrographs of rat bone cortical fragments (A, B & C), cancellous fragments (D, E &
fragments (G, H & I). Each row of micrographs are sequential higher magnifications of the same fragment

x500 & x1500) with red dashdmbxes showing the area magnified in the subsequent image.
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As expected, thedecellularised fragment surface structure varke between cortical,
cancellous (leg) and rib fragments. The majority of the cortical surfasebservably dense

and relatively smooth, with the surface interspersed with Haversian canals, which prior to
decellularization, would have housed blood vessels and nerve fibres. The smoothness of the
bone surfacewas particularly noticeable when compared to cancellous bone, especially at
higher magnifications, for example comparing B to E. The dansdbone hd a far rougher

FYR LI2NRdza &adz2NFIF OS SAGK GNI @Ay Saé waskdiR dz3 K 2 d
indicative of the standard trabeculae lattice structure; this, howewasslikelyto have been

due to the small size of the piece being just over 1mm in length and sourced from the femoral
head of the femur. The rib bone in contragas somewhere in between the other two in
surface roughness and irregularity. The surface algbriuenerous canals present, more so
than the cortical fragments. Ribare comprised of both cortical and cancellous bone
potentially explaining how the fragmershown in () fell betweenthose in f) and (D) in

surface structure.

Secondary to determining differences in the bone structure, the SEM micrographs showed
the efficacy of the optimised decellularization protocol. Across all imaged fragments, there
was no qualitative evidence of any cellular components remaining on the funfi@ce. This

was determined based on the known morphology of bone cells. Osteoblasts are cuboidal in
shape when active and flattened when quiescent and measue82Qm in diameter
(FlorencieSilva et al., 2015Dsteocytes are stellate shaped cells embedded within the bone
matrix, exhibiting dendritic morphology, with long cytoplasmic extensions that traverse the
canaliculi, approximately 20 um in diameter, with dendrites extending up to 50 um in
length(Bonewald, 2011)Osteoclasts are large, multinucleated cells with a ruffled border that
range from 2@100 pum in diameter depending on the bone surface they oc¢lipitelbaum,
2000) MSCs are spindhaped fibroblastike cells typically measuring ¢80 um in diameter
(Pittenger et al., 1999No objects were seen in any of the SEM micrograghthe bone

fragmensfalling within the description and size ranges described.

104



Having imaged the three different bone types and determined the qualitative differences
between the fragments, imaging fragments which had HOS grown on them was the next step.
This was done to elucidate whether the cells had any preferential bone typeear HOS

were seeded onto bone fragments using the same protocol as for the development of the
macro model in basal media but only grown for three days before fixafigure3.14, Figure
3.15andFigure3.16 show micrographs of cortical, cancellous and rib fragments respectively,

comparing the surface of just bone to bone which had cells grown on them.

.A"

— 10pm JEOL 30/09/2022 30/09/2022
15.0kV SEI SEM WD 10.0mm 16:49:12 15.0kV SEI WD 10.1mm 16:49:52

— 10pm JEOL 23/11/2022 — lpm  JEOL 23/11/2022
10.0kV SEI SEM WD 10.1mm 17:14:18 10.0kV SEI SEM WD 10.1mm 17:13:51

Figure3.14: SEMmicrographs ofortical fragments without and witlecells

Representative SEM micrographs of rat bone cortical fragments at x1500 (A & C) and x5000 (B & D). A«
just decellularisectortical rat bone fragments while C & D show fixktellulariseccortical rat bone with HO¢
cells grown on the surface. Cells were grown on the bone for three days and seeded at 5000 ¢ @lsttdashec

boxes show the area magnified in the adjacent image.
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15.0kV SEI SEM WD 9.9mm 15:57:15 15.0kV SEI SEM WD 9.9mm 15:57:52

— 10pm  JEOL 23/11/2022 E lpm  JEOL 23/11/2022
10.0kV SEI SEM WD 10.0mm 16:05:07 10.0kV SEI SEM WD 10.0mm 16:04:38

Figure3.15: SEMmicrographs otancellousragments without and witlecells

Representative SEM micrographs of rat bone cancellous fragments at x1500 (A & C) and x5000 (B & |
show justdecellularisectortical rat bone fragments while C & D show fixextellularisectortical rat bone with
HOS cells grown on the surface. Cells were grown on the bone for three days and seeded at 5006.drés/

dashed boxes show the area magnified in the adjacent image.

In all three bone types, HOS were found to have adhered and proliferated over the majority

of the bone surface. At lower magnificatiqgndentification of cells was not always obvious

but at x500 and above, evidence of cells was easier to determine. Cortical bone had the
highest number of regions of ledensity cell coverage. As seerfigure3.14 micrograph(C)

cells can be seen dispersed across the bone with redginmtoveredby the cell membrane.

The cells were identifiable largely due to the damage taken during fixation causing cracks and
cell detachment as is more visible in microgrédph By comparison, on both cancellous and

rib fragments Figure3.15 & Figure3.16) seeded with cells were almost entirely covered with
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cells or cellular product. Over the majority of the bone, the usual rough irregular surface was
no longer viable but completely covered with either a smooth coating or a network of fibres.
Both are present ifrigure3.16 (D), the left side having a smooth surface and the right covered

in fibres.

= .
10pm JEOL 30/09/2022 lpm  JEOL 30/09/2022
15.0kV SEI SEM WD 10.0mm 16:20:22 SEM WD 10.0mm 16:21:08

R -

10pm JEOL 23/11/2022 — lpm JEOL 23/11/2022
10.0kV SEI SEM WD 10.0mm 15:31:19 10.0kV SEI SEM WD 10.0mm 15:30:53

Figure3.16: SEMmicrographs ofib fragments without and witlcells

Representative SEM micrographs of rat bone rib fragments at x1500 (A & C) and x5000 (B & D). A ¢
just decellularisedcortical rat bone fragments while C & D show fixitellulariseccortical rat bone with
HOS cells grown on the surface. Cells were grown on the bone for three days and seeded at 5000 ¢

before fixation. Red dashed boxes show the area magnified in the adjacent image.

Having imaged multiple areas of three different fragments of each bone type, the cell
morphology or rather evidence of cellular activity took three different forms. Firstly, there
were HOS with clear round morphology in identifiable groupings clearlyleviahx500

magnification. An example of this can be seerfrigure3.17 where cells can be identified
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spanning gaps in the bone with filaments from a central body. Cells with this morphology

were only found on cortical bone and generally in regions with gaps between the surface

bone.

E— 10pym JEOL 23/11/2022
10.0kV SEI SEM WD 10.1mm 17:30:17

Figure3.17: SEMmicrograph of HOS dmone inidentifiablegroupings

SEM micrograph of HOS cells on a fragment of cortical bone grown under standard conditions. The ce
clear groupings with round morphology extended filaments bridging gaps in the bone. A red outline ha
generated around a number (but not adif the cells. Cells were grown on the bone for three days and se

at 5000 cells/crhbefore fixation.

In contrast, the remaining two formsdainot have individual identifiable cells, but rather there
was evidence of cellular presence because the surfaas radically different to any bone
surface. Found only on cancellous and rib pieEagire3.18 shows a smooth coating sitting

above the bone surface.
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10pm  JEOL 23/11/2022 — lpm  JEOL 23/11/2022
10.0kV SEI SEM WD 10.0mm 16:07:44 x12,000 10.0kV SEI SEM WD 10.0mm 16:06:50

Figure3.18: SEMmicrograph of HOS dmone withsmooth coating

SEM micrograph of HOS cells on a fragment of cancellous bone grown under standard conditions. The
of cellular presence can be seen in large areas of a smooth coating visually distinct to the underlying boi
were grown on the bone for thredays and seeded at 5000 cells&before fixation. Micrograpt{d) is x1500

magnification andB) x12000. Red dashed boxes show the area magnified in the adjacent image.

N " g g % 4 &
10pm  JEOL 23/11/2022 — lpm  JEOL 23/11/2022
10.0kV SEI SEM WD 10.1lmm 16:17:37 x12,000 10.0kV SEI SEM WD 10.1mm 16:16:39

Figure3.19: SEMmicrograph of HOS dmone

SEM micrograph of HOS cells on a fragment of cancellous bone grown under standard conditions. The
of cellular presence can be seen in large networks of fibres completely covering the underlying bone surfa
were grown on the bone for thredays and seeded at 5000 cells&before fixation. Micrograpt{d) is x1500

magnification andB) x12000. Red dashed boxes show the area magnified in the adjacent image.
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The final form of cellular activity fountboked like fibre networks covering large portions of
the bone surface. This was the most common form found and was present on all three bone
types, primarily on cancellous bone often forming spiral structdoesexample, aseen in
Figure3.19. Further micrographs of the three bone types can be found in the AppeRidine

6.10, Figure6.11andFigure6.12.

3.2.4 Model Fluorescence

Analysis of the threenodelsgenerated was conducted by the detection of OPN and OCN. As
previously mentioned, both are markers of osteogene®BN a glycoproteinis expressed

by osteoblasts ands involved in mineralizationOCN a vitamin Kdependent protein
produced by osteoblastssinvolved in bone formation and mineralization. Evidence of
differentiation and mineralization was quantified via IHGstaining, a technique that allows

for the visualization and localization of the aforementioned proteins. Both markers were

foundto be present in all models on and around bone fragments.

Each model included leg, arm and rib fragments in triplicate for both osteoconductive media
(OCM) and basal media (Biith the fragments ranging in size from approximately 1 to 3mm
Monolayers were also cultured in triplicate both in OCM and BM as conliadsographs of

the merged channels for OPN, OCN and nuclear stain can be found in the appemgai® (

6.13, Figure6.14 andFigure6.15).

3.2.4.1 Model 1

The first model generated loekl at the output of hMSC grown on bone fragments with and
without osteogenic mediaFigure3.20 shows representative micrographs taken from this
model. Qualitative analysis of these micrographs showed a few important factors that helped
guide analysis moving forward. Firstly, there was positive fluorescence for both OPN and OCN
in all samples. Thererasalso low levels of fluorescence from both control samples, those
with and without OCM. It was clear from the nuclear staining that large quantities of cells had

proliferated on and around the bone fragments.
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Figure3.20: Macrascopicmodel Model 1, hMSC orbone withosteogenianedia IHC

Representative micrographs from Immunohistochemical staining of Model 1, hMSC seeded onto bone fra
after 28 days incubation. The four columns from left to right are of leg fragments, arm fragments, rib frag
and a monolayer control (Ctrl). Of tlsix rows, the top three are samples which were incubated in osteog
media (OCM) and the bottom three incubated in basal media (BM). Each row is also either the expres
osteopontin (OPN), osteocalcin (OCN) or a nuclear stain. Scale bars aret gnesbe OPN micrographs ar

representative for the lower rows of the same fragment

As previously mentioned, because of the degree and variation in bone fragment

autofluorescence across the bone types, fluorescence values were collated from the cells and

ECM surrounding each of the fragments. An extremely significant increase in the taafioun
OPN was detected in the samples which were grown in OCM compatitedamples grown

in BM. The same was true for all but the leg samples for OCN levels as is BgpmaBd.21.

A hMSC Model - OPN Overview 5 hMSC Model - OCN Overview
80— * kK 80— R
1 —
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% I 1 5 1 * Kk k
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E 40— * ok ok K g 40— N
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Figure3.21: Expression of OPN & OCMWindel1, hMSC orbone withosteogeniamedia

Box plots overviewing the hMSC grown on bone model for the proteins osteopontin (OPN) (A) and oste
(OCN) (B) after 28 days of incubation. Both plots compare fragments with osteogenic media (OCM) to fre
without in basal media (BM). The box béva i K S N} y3ISa R

AYGSNYdzZ NITAE S
mean and with whiskers from minimum to maximubata shown is from three biological and ten technical repe

withF F F F t XXn ®nnn mIP>p.p5rcdlcaiet nsingithesunpairetkst.
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hMSC Model - OCN Fragments v Ctrl
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Figure3.22: Expression of OPN & OCMWiodel1l, hMSC orbbone withosteogenianedia- comparison tocontrol

Box plots comparing bone types to controls for the hMSC grown on bone model farakeins osteopontin
(OPN) (A & B) and osteocalcin (OCN) (C & D) after 28 days of incubation. Plots separately compare fragr
controls with osteogenic media (OCM) (A & C) to fragments and controls without in basal media (BM) (B &
NI y3ISa

box bounds KS Ay (SNJjdzt NI A S

minimum to maximum.Data shown is from three biological and ten technical repeats with F f t XXn

RAGARSR o8

FFFt Xn®»hob catculated using the unpairetbst.
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Figure3.23: Expression of OPN & OCN in Mdd&MSC orbone withosteogenianedia- fragmentcomparison

RAGARSR

68 GKS YSRALYS I

using the unpaired-test.
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Box plots comparing bone types for the hMSC grown on bone model for the proteins osteopontin (OPN)
and osteocalcin (OCN) (C & D) after 28 days of incubation. Plots separately compare fragments with os
media (OCM) (A & C) to fragments withdu basal media (BM) (B & D). The box bounds the interquartile ra
i K SDaté Shiowh is

AK26AYy3

from three biological and ten technical repeats withf F F t XX @1 n n M X .05r&™P>K05dcalculztec




Figure3.22 compares each fluorescence readingh its associated controls. For all samples
of both OPN and OCN, cells grown around bone fragments present extremely significant
higher levels than both controls with and without OCM. These levels were all P<0.0001

calculated using the unpairedést.

Differences between the different bone types were also compartéduie 3.23) to see
whether a particular fragment type was most suitable for this model. Observing OPN levels
(A & B), for OCM samples arm fragments produced significantly higher values comwthred
both leg and rib pieces with P<0.0001 in both cases. The rib fragments produced slightly
higher levelsof OPN comparedvith leg, but with a far lower significance. BM samples
however were found to be not significant, suggesting no meaningful difference between the
bone type. For OCN levels of the same sample& (@), a similar trend is seen but with
significance levels varying in some comparisons by a small degree. OCM leg and rib fragments
have no significant difference between each other, but have extremely significant
difference from arm fragments, the latter being highahen bone fragments were
incubated in BM, the highest OCN levels were highly significantly greater in leg fragments
when compared with arm fragments but different to a lesser degree of significance when
compared with rib fragments. Neignificant differencewas found between arm and rib

fragments.

3.2.4.2 Model 2

This second model saw the introduction of constant vibrations (1000Hz) imparted by the
Nanokick platform. When looking d&iigure 3.24 compaed with Figure 3.20, there is no
discernible difference between the models when just looking at the micrographs. The

fluorescence data however shows some important differences.

Figure3.25 comparing fragments and monolayer grown in OCM versus BM shows that in
comparison to the previous model, in all cadesels of OPN and OCN were higher in the BM

groups. This difference was significant in all but OCN arm fragments where there was no
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significant difference found between the two groups. The monolayer controls howeser
extremely significant with OCM samples higher than BM for both markers. All samples grown
with bone fragments werdigher than, andgextremely significant compared to both controls

as show irFigure3.26 being higher in all cases.

116



ulels Jeappny
ulels Jespnp




Figure3.24: Macrascopicmodel Model 2hMSC & Hz obone withosteogenianedia

Representative micrographs from Immunohistochemical staining of Model 2, hMSC seeded onto bone fra
after 28 days incubation on the Nanokick device. The four columns from left to right are of leg fragment
fragments, rib fragments and a monolayantrol (Ctrl). Of the six rows, the top three are samples which w
incubated in osteogenic media (OCM) and the bottom three incubated in basal media (BM). Each row is als
the expression of osteopontin (OPN), osteocalcin (OCN) or a nuclear Staile bars are present on the Ol

micrographs are representative for the lower rows of the same fragment.
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Figure3.25: Expression of OPN & OCN in M@&JeMSC & Hz obone withosteogenianedia

Box plots overviewing the hMSC grown on bone dlaaokickdevice imparting a constant 100Hz frequency mo
for the proteins osteopontin (OPN) (A) and osteocalcin (OCN) (B) after 28 days of incubation. Both plots ¢
fragments with osteogenic media (OCM) to fragments without in basal media (BM). The borsbthen
AYGiSNldz- NIAES Nry3dSa RAGARSR G§KS YSRAFYZ |

maximum.Data shown is from three biological and ten technical repeats pvithf F t XXJF ¢ st KNIV M .

0é

& "™P>0.05 calculated using the unpairetest.
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Figure3.26: Expression of OPN & OCN in M&j¢iMSC & Hz ohone with osteogenicmedia - comparison to

control

Box plots comparing bone types to controls for the hMSC grown on bone Nanakickdevice imparting a
constant 100Hz frequency model for the proteins osteopontin (OPN) (A & B) and osteocalcin (OCN) (C &
28 days of incubation. Plots separately compare fragments and controls with osteogenic media (O
fragments and controls ithout in basal media (BM). The box bounds the interquartile ranges divided b
YSRAFYXZ | dabé¢ akKz2eAy3d GKS YSIy | yR Daakshdin ig & thrges
biological and ten technical repeats wighf F F t Xn ®nnnm O f OdziHteshiSR dza A y 3
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