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Abstract 

The bone marrow stem cell niche is a complex microenvironment with osteogenic and 

haematopoietic lineage cells, generated from differentiation of haematopoietic and 

mesenchymal stem cells (MSCs). A niche is defined by its cells, microenvironment, physical 

and chemical interactions. The niche is not fully understood with respect to the cellular 

components, location, and internal interactions. In this study, to develop the understanding 

of the biological structure and systems underpinning the niche, models were developed 

focusing on the osteogenic lineage. There is the potential for this work to inform the 

development of therapeutics, supporting the development of therapeutics in the future. 

A fully realised, novel model was developed at the macroscopic level, integrating MSCs and 

human osteosarcoma (HOS) cells in co-culture, seeded onto a scaffold of decellularised rat 

bone with mechanical stimulation and cultured in osteogenic media. A model at the 

microscopic level was then developed utilising cellular control in a manner and extent not 

previously developed. This was accomplished utilising micro-manipulation techniques using 

holographic optical tweezers (HOTs) based micromanipulation technique, bespoke 

equipment that can manipulate cells and other objects in 3D space, allowing the precise 

positioning of MSCs and HOS on a fragment of decellularised rat 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 controls. This novel model could be used to understand the complex 

interactions within the niche better and can be used in drug testing. For the microscopic 

model, a dynamic patterning system to reproduce two cell types independently and 

reproducibly in the same dish was developed, allowing MSC and HOS to be patterned 

together. The use of HOTs in this model allows novel insights into the biological 

microenvironment of the niche and has great potential to help determine cellular 

microenvironment function in 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 understand a system 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 how biological systems will behave under 

different conditions and to test hypotheses that are difficult or impossible to study in vivo. 

During experimentation 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 history and science 

of the optical trap, precursor to the holographic optical tweezers (HOTs).  

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 movement (Cowan et al., 2024). Bones are connected to each other 

at joints, which allow for varying degrees of movement depending 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 by tendons, 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 the joints, stabilising and supporting the skeleton. 
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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 skeleton (Clarke, 2008a).Bone is not 

a uniform tissue but consists of both organic and mineral phases. It can be categorised as a 

connective tissue and (rigid) organ which, along with cartilage, makes up the endoskeleton of 

animals. Bones have a multitude of functions including structural support, enabling mobility 

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 remodelling which involves the resorption of old or damaged bone 

and the deposition of new bone (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 

understanding 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 I being the most 

plentiful of said proteins (Mohamed, 2008). At its most basic level, bone is made up of 

collagen fibrils which have been mineralised. Type I collagen fibrils are made of three 

polypeptide alpha chains formed into a triple helical structure (Kadler et al., 1996). These 

fibrils are mineralised with a carbonated apatite called dahllite which is the only mineral type 

found in mature bone (Weiner & Wagner, 1998). The remaining major component of bone is 

water. Found in the intra and extrafibrillar space (Katz & Li, 1973), water provides a source of 

various ions for metabolism, as well as providing structural support, varying in quantity 

between different bone types (Timmins & Wall, 1977). At the next hierarchical level, the 

mineralized collagen fibrils align in different directions with different degrees of alignment 
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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 other mineralised 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 formed, as 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 life (Fuchs et al., 2019). Lamellar bone has greater stiffness than woven and, as 

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

When moving up to the macroscopic level, bone takes two forms: cortical 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 osteons, also known as Haversian systems, lamellar bone 

having formed cylindrical vascular channels named sinusoids. Thousands of these stacked and 

parallel osteons with interstitial lamellae filling in the gaps form the cortical bone (Dahl & 

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, made from a 

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 layer of bone 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 of 3-5% and cancellous having a porosity of 70-

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



 
4 

human skeleton. This can be seen in Figure 1.1 along with the aforementioned lamellar 

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 bones are of particular 

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

models of the bone marrow stem cell niche in this study.  

 

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 off with 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 

 

Figure 1.1: Human bone morphology  

The internal structure of a human longbone showing the two types of bone; cortical and cancellous. The 

structural subunits of osteons housing arteries and veins in the cortical bone and lamellae in the cancellous 

bone can also be seen. Adapted from Lacroix, (2019).  



 
5 

the name suggest thin, relatively broad and flat, and 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 for in 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 site of haematopoiesis and in 

adults is found primarily in the sternum, pelvis, and epiphyses of long bones (Travlos, 2006b). 

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 actively involved in the creation of 

new blood cells, instead acting in a supportive role as a storage of fat cells (Romaniuk et al., 

2016).  

Bone marrow contains numerous cell types including stem cells. Stem cells are characterised 

by their ability to self-renew 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 co-existing and functioning 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 (MSCs) which 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 bone regulation (Travlos, 2006a).   



 
6 

1.1.4 Stem Cells 

Stem cells are undifferentiated cells that possess the unique ability to both self-renew 

through mitotic cell division and differentiate into specialized cell types. These cells are 

ŜǎǎŜƴǘƛŀƭ ŦƻǊ ǘƘŜ ōƻŘȅΩǎ ǊŜƎŜƴŜǊŀǘƛǾŜ ǇǊƻŎŜǎǎŜǎΣ ǇƭŀȅƛƴƎ ŀ ŎǊƛǘƛŎŀƭ ǊƻƭŜ ƛn maintaining tissue 

homeostasis and enabling repair after injury (Weissman, 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, oligopotent 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, specifically in the first two 

divisions of a fertilized zygote (Rossant, 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). Embryonic stem cells, used in various research contexts, are an 

example of pluripotent stem cells (Evans & 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 along osteogenic, 

adipogenic, and chondrogenic cell lines (Pittenger 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 restricted, capable of differentiating into 

only one cell type, such as epidermal stem cells responsible for skin regeneration (Blanpain & 
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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, however only the 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 fully (Siminovitch et al., 

1963). This ability is also seen in human transplants, although their therapeutic use is 

relatively new. HSC transplants are part of the standard care of thousands of patients with 

congenital or acquired disorders of the hematopoietic system or with chemosensitive, 

radiosensitive, or immunosensitive malignancies (Gratwohl et al., 2010).  

HSCs can differentiate into common lymphoid progenitor cells or common myeloid 

progenitor cells (Gunsilius et al., 2001). The common lymphoid progenitor cells differentiate 

further into different lymphoblasts which will mature into different lymphocytes such as 

natural killer cells, naïve B-cells and pre-T-cells. On the common myeloid progenitor lineage 

of HSC differentiation, myeloblasts can form cells which eventually become granulocytes 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 
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can differentiate into mast cell precursors and promonocytes (Bishop et al., 2002). It 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 bone remodelling (J. M. Kim et 

al., 2020). The differentiation pathways of HSCs can be seen in Figure 1.2. 

 

Figure 1.2: Haematopoiesis differentiation pathways  

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

osteoclasts. Arrows indicate 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 stroma (Pittenger et al., 1999b). 

Akin to HSCs, MSCs have a high capacity for self-renewal being able to maintain their 
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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 in Figure 1.3. Systemic hormones including 

parathyroid hormone (PTH), glucocorticoids, oestrogens and local growth factors including 

ōƻƴŜ ƳƻǊǇƘƻƎŜƴŜǘƛŎ ǇǊƻǘŜƛƴ ό.atύΣ ²ƴǘκʲ-catenin, transforming growth factorς̡  ό¢DC-ʲύΣ 

fibroblast growth factor 2 (FGF-2), insulin-like growth factor (IGF), vascular endothelial growth 

factors (VEGF) and cytokine modulators (prostaglandins) all regulate differentiation 

(Carbonare et al., 2012). These all activate various signalling pathways controlling specific 

transcription factors, the most important of which being the master gene runt-related 

transcription factor 2 (RUNX2). RUNX2Σ ǊŜƎǳƭŀǘŜŘ ōȅ ǘƘŜ ²ƴǘκʲ-catenin pathway induces the 

commitment of MSCs to osteogenic differentiation (Valenti 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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Figure 1.3: Mesenchymal stem cell osteogenic differentiation pathway  

Representative diagram of the differentiation of mesenchymal stem cells down the osteogenic pathway in 

the production of osteoblasts and osteocytes. Black arrows indicate direction of differentiation, blue arrows 

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

 

1.1.5.3 Human Mesenchymal Stem Cells In-Vitro 

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 and regenerative 

medicine (Bara et al., 2014).  

hMSCs typically exhibit a spindle-shaped morphology when cultured in vitro, presenting as 

elongated, fibroblast-like cells adhering to the culture substrate (Dominici 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 
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surfaces, which is crucial for their maintenance and expansion in vitro (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 variability but when optimal conditions are 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 time in vitro. 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 hMSCs (Stolzing et al., 2008). 

hMSCs express characteristic cell surface markers in their immunophenotypic profile along 

with the absence of other makers. Cluster 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, non-adherent, 

cells. Later, these markers were accepted as known indicators of the phenotype, although the 

phenotype is still not fully understood (Xiao et al., 2022). Commonly 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 and HLA-DR (Dominici 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 hMSCs in vitro refers to 

their ability to undergo lineage commitment towards said lineage, resulting in the formation 

of mature osteoblasts capable of producing mineralized extracellular matrix (ECM) (Ducy 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, including RUNX2, Osterix 

(SP7), and BMP signalling as shown in Figure 1.3, page 10. This differentiation potential is a 

key aspect of their therapeutic utility in regenerative medicine (Caplan, 2007).  

Osteogenic stimulation of hMSCs in vitro typically involves the supplementation of culture 

media with osteogenic-ƛƴŘǳŎƛƴƎ ŦŀŎǘƻǊǎΣ ƛƴŎƭǳŘƛƴƎ ŘŜȄŀƳŜǘƘŀǎƻƴŜΣ ʲ-glycerophosphate, and 

ascorbic acid (Jaiswal et al., 1997). These 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., 2003). Specifically, dexamethasone promotes the upregulation of osteogenic 

transcription factors, including RUNX2 which is considered the master regulator of osteoblast 

differentiation (Komori, 2010). Dexamethasone also enhances the expression of other 

osteogenic markers such as alkaline phosphatase (ALP), osteopontin (OPN) and osteocalcin 

(OCN), facilitating the progression of hMSCs towards the osteoblastic lineage (Jaiswal et al., 

1997). 

-̡Glycerophosphate is a source of inorganic phosphate, an essential component for 

mineralization of the ECM during osteogenesis (Malaval et al., 1994)Φ ʲ-Glycerophosphate 

serves as a substrate for osteoblasts to produce inorganic phosphate ions, which are then 

incorporated into hydroxyapatite crystals, the mineral component of bone (Chung et al., 

1992). This process promotes the formation of mineralized nodules, a sign of osteogenic 

ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴΦ ʲ-glycerophosphate may also function as a signalling molecule, activating 

downstream pathways involved in osteoblast differentiation and function (Golub, 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 catalyses the hydroxylation of 
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proline residues in procollagen, the precursor to collagen (Franceschi, 1992). The 

hydroxylation reaction is necessary for the stability and cross-linking of collagen fibres, 

contributing to the structural integrity of bone tissue (Franceschi & Iyer, 1992). Ascorbic acid 

also exhibits antioxidant properties, which may protect osteoblasts from oxidative stress and 

promote their survival and function during osteogenic differentiation όDťƎƻǘŜƪ ϧ 

Skrzydlewska, 2023).Ascorbic 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, OPN, bone sialoprotein (BSP) and mineral deposition (Malaval 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 incorporating 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 gamma-carboxyglutamic acid-containing protein (BGLAP), is a non-

collagenous protein synthesized by mature osteoblasts. It is highly specific to bone tissue and 

is involved in the regulation of mineralization and calcium ion homeostasis, binding strongly 

to hydroxyapatite crystals, stabilizing the bone matrix (Ducy et al., 1997). It is also involved in 

regulation of bone remodelling in its interaction with osteoclasts influencing their activity (N. 

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

mature osteoblast function.  

OPN is another vital non-collagenous protein involved in the bone remodelling and 

mineralization process. It functions as a mediator of cell-matrix interactions and is involved in 

the regulation of osteoclast activity (Denhardt & Guo, 1993). OPN binds to hydroxyapatite 
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and influences the adhesion, migration, and survival of osteoblasts and osteoclasts 

(Franceschi & Iyer, 1992). It 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 

(Franz-Odendaal et al., 2006a). Both 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 matrix (Zoch et al., 2016a). OPN is expressed early in the differentiation 

process and continues to be involved in bone remodelling and mineralization through 

maturation (Franz-Odendaal et al., 2006a). OCN, on the other hand, is a late marker of 

osteoblast maturation, indicating advanced stages of bone matrix formation (Zoch 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 well-characterized 

and have robust commercially available antibodies for immunohistochemistry (IHC) (Boskey 

& Posner, 1984). 

BSP is a glycoprotein that plays a critical role in the nucleation and growth of hydroxyapatite 

crystals, regulating the mineralization process (Oldberg et al., 1988). BSP 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 phosphate ions (Ganss 

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 strength and 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). 



 
15 

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 differentiation in vitro, regulated via specific markers and characterized 

by the deposition of mineralized ECM. Understanding the intricate mechanisms underlying 

hMSC osteogenesis in vitro holds significant implications for the development of regenerative 

therapies aimed at addressing skeletal disorders, bone defects 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 calcium levels. 

Osteoblasts also synthesise important proteins which incorporate into the bone matrix 

including OCN (Manolagas, 2000). OCN 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 formation (Zoch 

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 (Franz-Odendaal et al., 2006). If 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 changes (Terpos & Christoulas, 2015). Terminally 

differentiating, the osteocytes develop long neuron like processes called canaliculi allowing 

communication between other osteocytes and surface osteoblasts (McGee-Lawrence 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 integrin vitronectin, 

sealing off the area below the cell creating an environment for bone resorption by the 

secretion of acids and proteases (Feher, 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 zone and therefore 

motility of osteoclasts (A. Singh et al., 2018). OPN 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 sites (Sodek et al., 1995).  

1.1.6 HOS as an Osteoblast Analogue 

Human osteosarcoma (HOS) cells are frequently utilized in research as a surrogate model for 

studying osteoblast biology and bone-related processes. Derived from human osteosarcoma, 

a type of bone cancer, HOS cells exhibit osteoblastic characteristics, making them a widely 

accepted model system (Tattersall et al., 2020). These cells synthesize extracellular matrix 

proteins such as OCN and OPN and can undergo mineralization in vitro under osteogenic 

conditions (Ikeda 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 dysregulated cell cycle control and 

enhanced telomerase activity (de Bardet et al., 2023). Unlike primary osteoblasts, which have 

limited proliferation potential and are highly donor-dependent, HOS cells provide a 

consistent, reproducible model system (Mohseny et al., 2011). This 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 cancer-derived cells, HOS cells exhibit altered signalling pathways and 

genomic instability, which may not reflect the behaviour of normal, non-transformed 

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 origin (Ikeda et al., 1992).  

Nevertheless, their osteoblast-like 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 could lead to a variety of 

cellular responses. Using a cell line in comparison, enables large quantities of cells to be 

produced and they are more likely to have uniform responses. For 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 millions of people 

sustain one or more fractures each year with 178 million new fractures in 2019 and 455 

million prevalent cases of acute/long-term fracture symptoms in the same year (Wu et al., 

2021). In the UK, hip fractures were the most common type of fracture requiring 

hospitalisation followed by distal radius, ankle and hand (Jennison & 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 deficiency (Khosla & Monroe, 2018). In younger 
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populations, fractures are often a result of high-energy 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 admissions to hospital making the risk of admission for fracture 47.84 per 

10,000 population (Jennison & Brinsden, 2019). The 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 population (Glynn et al., 2020). Current treatments for fractures primarily 

involve surgical and non-surgical 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 months (Gómez-Barrena 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 considered a non-union and is associated 

primarily with the severity of the injury and surgical treatment technique used (Zura et al., 

2016). The approximate average rate of occurrence for delayed healing and non-union is in 

the range of 5 ς 10% for all bone fractures but with varying rates depending on fracture type 

and its management (Gómez-Barrena et al., 2015). Non-unions are managed generally with 

surgical interventions including revised surgery and bone grafts. Bone grafting is the surgical 

process of transplanting bone tissue to the non-union site to stimulate bone healing and 

restore structural integrity. The types of bone graft available include autografts, allografts and 

synthetic grafts, all of which are detailed further in section 1.2.3, page 32. The surgery involves 

exposing the fracture site and cleaning all fibrous and any infected tissue, the shaped graft 

placed into the non-union site in contact with the bone and the site stabilised into proper 

alignment. The perfect bone graft is osteoconductive, osteoinductive and osteogenetic, 

without risking transferral of pathogenic microbes, readily available, manageable, 

biocompatible, and bioresorbable (Calori et al., 2011). Unfortunately, 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 non-union 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. In the clinical context, stem 

cell therapies aim to replace or repair damaged tissues. For example, Hematopoietic stem cell 

transplantation (HSCT) is a well-established treatment for certain blood disorders and cancers 

such as lymphoma, leukaemia and immune-deficiency illnesses (Hatzimichael & Tuthill, 2010). 

Mesenchymal stem cells, as detailed in section 1.1.5.28, have the ability to differentiate into 

osteogenic, chondrogenic, and adipogenic cells. If encouraged to differentiate down the 

osteogenic pathway they could contribute 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 delivery 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, 2005) (X. Wang et al., 2013). Stem 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 significant amount of research and clinical trials before becoming a 

possibility for mainstream health care (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 areas (Bara et al., 2014). In 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, MSC-based therapies 

support osteogenesis, with promising outcomes in critical-sized 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-

versus-host disease by dampening T-cell proliferation and cytokine release (Le 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, MSC-derived factors are being explored for their 

neuroprotective and regenerative properties, offering therapeutic potential in conditions 

such as spinal cord injury and stroke (Joyce 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 paracrine effects 

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 isolation, the different 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 initiated via different potential signals, either 

mechanical or hormonal. The cluster of cells (osteoclasts, osteoblasts and osteocytes) which 

ŎƻƭƭŀōƻǊŀǘŜ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎ ƻŦ ōƻƴŜ ǊŜƳƻŘŜƭƭƛƴƎ ŀǊŜ ŎƭŀǎǎŜŘ ŀ άōŀǎƛŎ ƳǳƭǘƛŎŜƭƭǳƭŀǊ ǳƴƛǘέ ό.a¦ύΦ 

BMU organisation in cortical and cancellous bone differ morphologically, but not biologically 

(Hadjidakis & Androulakis, 2006). Osteocytes are believed to have an important role in the 

translation of mechanical strain into signals to start active bone remodelling, directing 

osteoclast and osteoblast activity (Bonewald, 2007). Osteocytes release TGF-ʲ ǳƴŘŜǊ ƴƻǊƳŀƭ 

conditions which inhibits osteoclast genesis (Heino et al., 2002). With osteocyte apoptosis 

due to, for example, damage to the bone matrix, osteoclast formation increases. In 

conjunction with TGF-ʲΣ ŀƴ ƛƳǇƻǊǘŀƴǘ ƘƻǊƳƻƴŜ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ǇƘŀǎŜ ƻŦ ōƻƴŜ 

remodelling is PTH. PTH binds to receptors on osteoblasts causing a cascade of molecular 

signalling that ultimately recruits osteoclast precursors and induce their differentiation and 

activation, establishing bone resorption (Raggatt & 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 (Birkedal-Hansen et al., 1993). This 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 is ŎŀƭƭŜŘ ǘƘŜ IƻǿǎƘƛǇΩǎ ƭŀŎǳƴŀ (Hadjidakis & Androulakis, 2006). As the activation 

of osteoclasts slows and they complete their resorption, they 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 

ŘŜƳƛƴŜǊŀƭƛȊŜŘ ŎƻƭƭŀƎŜƴ ƛƴ ǘƘŜ IƻǿǎƘƛǇΩǎ ƭŀŎǳƴŀΣ ǇǊŜǇŀǊƛƴƎ ǘƘŜ ŀǊŜŀ ŦƻǊ ƴŜǿ ōƻƴŜ ŦƻǊƳŀǘƛƻƴ 

(Everts et al., 2002).  

1.1.9.4 Formation 

As discussed in section 1.1.5.2, page 8, there are numerous signals which are involved in the 

differentiation process of MSCs into osteoblasts with TGF-ʲ ōŜƛƴƎ ŀ ƪŜȅ ǎƛƎƴŀƭ ŦƻǊ ǘƘŜƛǊ 

recruitment to the site of bone remodelling (Raggatt & Partridge, 2010). The osteoblasts 

synthesise the new bone matrix made from collage type I 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 understood with its exact mechanisms still debated (Bolamperti et al., 2022). 

1.1.10 ²ƻƭŦŦΩǎ [ŀǿ ŀƴŘ aŜŎƘŀƴƻǘǊŀƴǎŘǳŎǘƛƻƴ 

As previously mentioned, bone is a mechano-sensitive tissue that responds to external 

stimuli. First described by Julius Wolff in the late 19th century, 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 structure. Conversely, in the absence of mechanical stress, bone 

density decreases (Papachroni et al., 2009)Φ ¢Ƙƛǎ ǇƘŜƴƻƳŜƴƻƴ ƛǎ ǘŜǊƳŜŘ ²ƻƭŦŦΩǎ [ŀǿ ŀƴŘ 

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 to reduced 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. 

1.1.10.1 Mechanotransduction 

Mechanotransduction is the process by which cells sense and respond to mechanical 

stimulation from their environment, converting the physical signals into biochemical 

responses (Paluch et al., 2015). The 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 

mechanical loads. In bone, osteocytes, which are the most abundant cells embedded within 

ǘƘŜ ƳƛƴŜǊŀƭƛȊŜŘ ƳŀǘǊƛȄΣ ǎŜǊǾŜ ŀǎ ǘƘŜ ǇǊƛƳŀǊȅ άǎŜƴǎƻǊǎέ ƻŦ ƳŜŎƘŀƴƛŎŀƭ ŦƻǊŎŜΦ hǎǘŜƻŎȅǘŜǎ ŀǊŜ 

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 stress (Santos 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 cells (Ramaswamy et al., 2015). Fluid 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., 2017). Compressive 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 weight-bearing or external pressure (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 loading (J. 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 



 
24 

matrix and interconnected through networks of canaliculi (Bonewald, 2011). The 

mechanoreceptors include integrins, stretch-activated ion channels, and primary cilia  

(Bonewald, 2011; Papachroni et al., 2009). Integrins are transmembrane receptors that form 

ǇƘȅǎƛŎŀƭ ŎƻƴƴŜŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ 9/a ŀƴŘ ǘƘŜ ŎŜƭƭΩǎ ŎȅǘƻǎƪŜƭŜǘƻƴ (Danen, 2013). When 

external forces deform the ECM, integrins transmit these forces across the cell membrane, 

initiating the mechanotransduction process (Humphrey 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 forces) ƛǎ ǘƘŜ ²ƴǘκʲ-catenin signalling pathway (Baron & Kneissel, 2013). 

aŜŎƘŀƴƛŎŀƭ ǎǘǊŀƛƴ ƻƴ ƻǎǘŜƻŎȅǘŜǎ ƭŜŀŘǎ ǘƻ ǘƘŜ ǎǘŀōƛƭƛȊŀǘƛƻƴ ƻŦ ʲ-catenin, which transfers to the 

nucleus and promotes the expression of genes that are essential for osteoblast differentiation 

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

to activate signalling cascades such as the mitogen-activated protein kinase (MAPK) pathway, 

which plays a role in cell proliferation, and the production of signalling molecules such as 

prostaglandins and nitric oxide, both of which are involved in bone remodelling and repair (K. 

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

1.1.10.2 Mechanical 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 the in vivo environment as static models fail to account for the critical 

role of mechanotransduction in bone homeostasis and remodelling. The introduction of 

mechanical stimulation into such models through compression, tensile forces, or fluid shear 

stress can significantly enhance the differentiation of MSCs into osteoblasts, promoting 

osteogenesis and the production of mineralized bone tissue όaŎ/ƻȅ ϧ hΩ.ǊƛŜƴΣ нлмлύ. 
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Bioreactors are commonly utilized to deliver mechanical stimulation in vitro by providing a 

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

can apply dynamic compressive or tensile forces to cell-seeded scaffolds, mimicking the 

physiological stresses experienced by bone όaŎ/ƻȅ ϧ hΩ.ǊƛŜƴΣ нлмлΤ bŀƛƴƎ ϧ ²ƛƭƭƛŀƳǎΣ нлммύ. 

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 ALP and OPN, further promoting 

matrix mineralization (Riehl et al., 2017; Steward & Kelly, 2015). 

One innovative approach to mechanical stimulation is the application of high-frequency 

mechanical vibrations, such as those used in the Nanokick technology. The Nanokick platform, 

developed by Professor Matthew Dalby and his team, utilizes nanoscale sinusoidal vibrations 

producing a compressive force to stimulate hMSCs to differentiate into bone cells (Dalby 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., 2018a). These high-frequency 

vibrations are capable of promoting osteogenic differentiation in MSCs by stimulating 

mechanotransductive pathways without the need for traditional chemical inducers of 

osteogenesis (Nikukar et al., 2013). This method enables the creation of clinically relevant 3D 

bone tissues with the potential for bone grafting and repair. The NŀƴƻƪƛŎƪΩǎ ŀōƛƭƛǘȅ ǘƻ ŀǇǇƭȅ 

mechanical stimulation in a controlled manner makes it a valuable tool for developing more 

physiologically relevant in vitro bone models. 

1.1.11 Bone Marrow Stem Cell Niche 

! άǎǘŜƳ ŎŜƭƭ ƴƛŎƘŜέ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ǘƘŜ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘ ǿƛǘƘƛƴ ŀ ƎƛǾŜƴ ǘƛǎǎǳŜ ƴƻǘ 

only concerning the location where stem cells are found but also considering their function. 

Having discussed the individual elements of bone, it is clear that its content is a highly complex 

interconnected system. As previously stated, the 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 that the osteogenic 

descendant of MSCs, the osteoblast, has a role in the formation and function of the bone 

marrow stem cell niche, demonstrated by mice lacking RUNX2, the most important 

transcription factor for the formation of osteoblasts, having defective bone marrow (Wilson 

& Trumpp, 2006). Conversely, increasing the osteoblast population in the trabecular region 

has been shown to cause a parallel increase in the population of HSCs (Calvi et al., 2003; J. 

Zhang et al., 2003). While 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 challenges faced in defining 

any niche, particularly the bone marrow stem cell niche, as determining which cells neighbour 

and regulate both HSCs and MSCs is difficult. Achieving an accurate look into a healthy niche 

is difficult when the primary method of investigating the niche is through bone sections. 

Retaining the histological integrity within a bone when sectioned along with the complexity 

of immunostaining leaves determining the cellular constituents difficult (Morrison & 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 molecular participants. MSCs 

themselves exhibit remarkable heterogeneity, giving rise to osteoblasts, adipocytes, and 

ŎƘƻƴŘǊƻŎȅǘŜǎΣ ŜŀŎƘ ƛƴŦƭǳŜƴŎƛƴƎ ǘƘŜ ƴƛŎƘŜΩǎ ǊŜƎǳƭŀǘƻǊȅ ŦǊŀƳŜǿƻǊƪ (Pittenger et al., 1999a). 

Osteoblasts, particularly those derived from CXCL12-abundant reticular (CAR) cells, secrete 

essential factors like stem cell factor (SCF) and CXCL12, which maintain HSC quiescence and 

retention (Fröbel et al., 2021). Adipocytes, on the other hand, can exhibit opposing rolesτ

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 characterized by lower oxygen 

tension and supports HSC quiescence., conversely, the perivascular region, situated closer to 

the vasculature, facilitates active haematopoiesis and stem cell mobilization (L. Ding et al., 

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

gradients and mechanical signals essential for cellular function (Pereira et al., 2024). 

Recent work on regulatory pathways has further underscored the complexity of this 

ecosystem. Notch signalling, mediated by Jagged1 expressed by the JAG 1 gene, is pivotal in 

HSC self-renewal and lymphoid lineage commitment (Calvi et al., 2003). Additionally, TGF-ʲ 

signalling is emerging as a critical regulator, promoting HSC quiescence through direct and 

indirect mechanisms (Blank & Karlsson, 2015). CXCL12-CXCR4 interactions remain 

foundational, ensuring HSC retention and niche anchorage, while factors such as 

angiopoietin-1 and SCF modulate vascular integrity and cellular differentiation (Xiao 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., 2007). ECM stiffness and composition are increasingly 

recognized as modulators of lineage differentiation, with stiffer environments promoting 

osteogenic pathways while softer matrices favour adipogenesis (T. Zhang et al., 2018). Such 

biophysical properties underscore the niche's adaptability to both physiological and 

pathological states, including aging and malignancies (Fröbel et al., 2021). 

Methodologically, challenges in studying the niche stem from its dynamic nature and spatial 

heterogeneity. Emerging technologies like single-cell RNA sequencing and high-resolution 3D 

imaging are now providing unprecedented insights into cellular hierarchies and interactions 

(Baccin et al., 2019; Sánchez-Lanzas et al., 2022). These 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 regulation (Baryawno et al., 2019; Omatsu, 

2023). 

While most models of the niche are 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 environment (Kwon et al., 2024). Understanding 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 disease contexts. Up until recently, there ƘŀǎƴΩǘ ōŜŜƴ the 

technology available to control microenvironmental factors in vitro at a level of precision that 

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

to enable this level 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 shown in Figure 1.4. While there are common core 

components, HSCs, MSCs and osteoblasts, the exact location and constituents of this niche 

are yet to 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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Figure 1.4: Comparison of representations of the bone marrow stem cell niche 

A comparison of the bone marrow stem cell niche as represented in two different publications: (A) - Morrison & 

Scadden, 2014 & (B) - Ehninger & Trumpp, 2011. In A, the MSCs are show inhabiting the wall of sinusoids, while 

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 overview of the prevalence 

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). 

Osteoporosis: Among individuals aged 50 and above, 21.9% of women and 6.7% of men are 

estimated to have osteoporosis (Willers et al., 2022). 

Total Musculoskeletal Conditions: Over 20 million people in the UK live with a musculoskeletal 

condition, accounting for approximately one third of the population (Versus 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 spending of 

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, the overall impact on the NHS 

is substantial. Despite the 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 ours, the ultimate 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 

system to pattern individual cells and structural elements in 3D on an implantable scaffold.   

1.2 Cellular Scaffolds  

 There are multiple different types of scaffolds for biological research, including natural, 

synthetic, and composite materials, each offering unique properties for tissue engineering 

applications (B. S. Kim et al., 2000). These scaffolds can be bioactive, antimicrobial and even 

have specific nano topographies to illicit a given cellular response (Keane & Badylak, 2014; 

Place et al., 2009). Some of the most commonly used scaffolds in research are hydrogels, 

decellularised tissues, microfabricated scaffolds, and electrospun nanofiber scaffolds (Jana et 

al., 2014; K. Y. Lee & Mooney, 2001; Zhao et al., 2018). Important 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 which cells 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 cellular scaffolds due 

to their ability to closely mimic the natural extracellular matrix όhΩ.ǊƛŜƴΣ нлммύ. 

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 materials (Middleton & 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 molecules (Zhu, 

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 bioactivity (Rezwan et al., 2006). 

1.2.2 Hydrogels as Cellular Scaffolds 

Hydrogels are a 3D network of polymer chains that can be formed into a gel-like structure. 

These materials, made from either natural or synthetic polymers, are water absorbent and 

highly customizable, making them ideal as scaffolds in tissue engineering. Hydrogels can be 

categorized into two groups: conventional hydrogels and stimuli-responsive hydrogels. 
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Conventional hydrogels are lightly crosslinked, hydrophilic polymers that can swell 

significantly in water, while stimuli-responsive hydrogels react to environmental factors such 

as pH or temperature (Rosiak & 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). The 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, making 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 cells (Naito 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 environment conducive to 

tissue growth (Kang et al., 1999). Similarly, Matrigelϰ, a commercially available matrix, 

consists of collagen IV, 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 functional proteins 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 scaffold (Gilbert 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 alternative (Ho-Shui-Ling et al., 2018). Xenografts, sourced 

from animal tissues, show promise due to their greater availability, though research is 

ongoing regarding their long-term viability and immunological safety (Drosos 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 responses (Sawkins et al., 2013). This 

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 

critical-sized defects. Additionally, decellularized bone ECM contains growth factors such as 

bone morphogenetic proteins (BMPs) that enhance osteoinductive properties, further 

supporting their use in orthopaedics and tissue engineering (Crapo et al., 2011). Advances in 

decellularization protocols, such as perfusion-based and enzymatic approaches, have 

improved the efficacy of cell removal and the preservation of ECM integrity, offering scalable 

solutions for clinical applications (Amirazad 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 cell-scaffold interactions. 

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 size creating a viable 

3D microenvironment characteristic of native islets of the pancreas (Daoud et al., 2011). Such 

ƳŜǘƘƻŘǎ ŜƴŀōƭŜ ǇǊŜŎƛǎŜ ŎƻƴǘǊƻƭ ƻǾŜǊ ǘƘŜ ǎŎŀŦŦƻƭŘΩǎ ŀǊŎƘƛǘŜŎǘǳǊŜΣ ŀƭƭƻǿƛƴƎ ŦƻǊ ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ 

a microenvironment tailored to the tissue being regenerated.  
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Similarly, electrospun nanofiber scaffolds offer a high surface-area-to-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 field. These scaffolds, 

produced through electrospinning, provide a highly porous network that supports cell 

adhesion and growth (Kumbar et al., 2008). Electrospun 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 natural, synthetic, 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 ensuring successful 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 useful 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 repair (Rana et al., 2017). 

1.2.6 Co-culture on 3D Models 

The use of 3D co-culture models can offer a more physiologically relevant system to study 

cell-cell and cell-matrix interactions compared with 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 mimics the in vivo tissue 

architecture more closely (Edmondson et al., 2014). 

One of the advantages of a 3D co-culture 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 architecture more closely. This results in more realistic cell polarization, gene 

expression, and differentiation patterns to name a few (Anton et al., 2015). The spatial 

arrangement of cells in 3D models also enables enhanced cell-cell signalling, crucial for 

understanding complex biological processes such as tissue development and regeneration 

(Baker & Chen, 2012). 

Additionally, 3D co-cultures 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 function and 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 manner (Fang & Eglen, 2017). 

In the context of bone cells, 3D co-culture 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 on the three-dimensional 

arrangement of the ECM and cell-cell 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 resembles their native structure (Barabaschi et 

al., 2015). 

One of the key advantages of 3D co-culture models in bone research is their ability to study 

the coupling of osteogenesis and angiogenesis. Co-culturing osteoblasts with endothelial cells 

in 3D scaffolds mimics the interaction between bone-forming cells and blood vessels in vivo, 
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providing insights into how vascularization influences bone regeneration (Fedorovich et al., 

2011). Such models have been used to study bone regeneration processes in vitro, 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 cells in vivo. This is particularly important for 

understanding how bone cells respond to mechanotransduction and how mechanical forces 

contribute to bone formation and remodelling (Yourek et al., 2010). Over the course of this 

project, we subjected our 3D models to mechanical stimuli using the Nanokick platform as 

described in Section 2.2.1.8, page 60. 

While 3D co-culture 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 cell-cell interactions and matrix 

deposition, it can be challenging to ensure that cells within the scaffold maintain their 

osteogenic potential, especially in long-term 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. While efforts have been made to co-culture bone 

cells with endothelial cells, achieving a fully functional vascular network within 3D constructs 

remains a significant challenge. The addition of vascularisation alongside blood cells to a 

model while desirable, would 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 cells alongside chemical and physical variables.  

The application of 3D co-culture 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. Co-culturing osteoblasts and MSCs on scaffolds enhances 
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osteogenic differentiation and matrix mineralization, making these systems ideal for testing 

new biomaterials and osteogenic supplements (Tare 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 an environment closer 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 

ǇƘȅǎƛŎǎΣ άŦƻǊ ǘƘŜ ƻǇǘƛŎŀƭ ǘǿŜŜȊŜǊǎ ŀƴŘ ǘƘŜƛǊ ŀǇǇƭƛŎŀǘƛƻƴ ǘƻ ōƛƻƭƻƎƛŎŀƭ ǎȅǎǘŜƳǎέΦ ¢ƘŜ ǿƻǊƪ ǿŀǎ 

initially conducted in the 1970s where he developed an optical levitation trap, using optical 

forces to displace and levitate dielectric particles (Ashkin & Dziedzic, 1975). The 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 

Ŏŀƴ ǘƘŜǊŜŦƻǊŜ ƛƳǇŀǊǘ ŀ ŦƻǊŎŜ ƛŦ ǘƘŜǊŜ ƛǎ ŀ ŎƘŀƴƎŜ ƛƴ ŘƛǊŜŎǘƛƻƴΦ ¢Ƙƛǎ ƛǎ ƛƴ ƪŜŜǇƛƴƎ ǿƛǘƘ bŜǿǘƻƴΩǎ 

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 oscillation, comprising an electric field and a magnetic field oscillating 

perpendicularly to each other, there is a resulting electromagnetic force which acts in the 

ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ƭƛƎƘǘΩǎ ǇǊƻǇŀƎŀǘƛƻƴΦ  

Despite its lack of mass, light can impart momentum because it has energy which is seen in 

the non-ǎƛƳǇƭƛŦƛŜŘ ǾŜǊǎƛƻƴ ƻŦ 9ƛƴǎǘŜƛƴΩǎ ŜǉǳŀǘƛƻƴΥ 

ὛὭάὴὰὭὪὩὨ Ὢέὶάȡ   Ὁ άὧ 

Ὂόὰὰ ὩήόὥὸὭέὲȡ   Ὁ άὧ ὴὧ 

Ὂέὶ ὴὬέὸέὲίȡ   Ὁ ὴὧ 
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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 object is dependent on 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 reflects off glass, 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 of the lens as shown in Figure 1.5 (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 used - a Gaussian laser. If a microscopic glass 

sphere is placed in the path of this laser, it will be held in place. If the 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 seen in Figure 1.6 (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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Figure 1.5: Light imparting force though a lens 

Simplified diagram displaying the forces acting on a lens as a result of light being shined through the left side 

(A) and equally distanced on either side of the lens centre (B). Yellow arrows indicate the direction of 

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

 

 

 

Figure 1.6: Laser refraction through a glass sphere 

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

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

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 model, however, does not 

ŀŎŎƻƳƳƻŘŀǘŜ ǘƘŜ άǇǳǎƘέ ƻŦ ǘƘŜ ƭŀǎŜǊΦ !ǎ ǎƻƳŜ ƻŦ ǘƘŜ ƭƛƎƘǘ ƛǎ ŀōǎƻǊōŜŘ ōȅ ǘƘŜ ǎǇƘŜǊŜΣ ǘƘŜ 

transfer of momentum would push the sphere along the direction of the laser. The model also 

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

levitation trap by rotating the model such that gravity is acting against the push of the laser 

(Ashkin & Dziedzic, 1971)Φ ¢Ƙƛǎ ƳƻŘŜƭΣ ƘƻǿŜǾŜǊΣ ǿŀǎƴΩǘ ǾŜǊȅ ǎǘŀōƭŜ ŀƴŘ ƴŜŜŘŜŘ ǊŜŦƛƴŜƳŜƴǘΦ 

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 from the focus point 

provides a restorative force directed back to said focus (Ashkin, 1992). The term Ψoptical 

tweezersΩ is 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 detect any force 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 movement (Perkins et al., 1994; Smith 

et al., 1996).  
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Figure 1.7: Optical trap stability 

Simplified diagram of the workings of the optical trap. Each diagram shows how the resultant force F acting 

on the sphere always moves it in the direction of the focal point f as a result of geometric optics. Red arrows 

indicate the direction of force of the laser and black arrows the direction of force acting on the sphere. 

Displacement axially (A & B) or transversely (C & D) result in a net force returning the sphere to the focal 

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 3D, used for both force sensing and force application 

on live cells over a range of force, from 0.1pN to 200pN and potentially up to 600pN. A 
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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 device that allows the 

dynamic control of diffractive optical elements to manipulate multiple traps (Gibson et al., 

2012).The system can render a hologram to produce the correct intensity pattern producing 

multiple fully controllable traps in all dimensions (Bowman 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, reducing potential 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 real-time adds to their versatility and potential effectiveness 

in complex biological studies, such as the bone morrow stem cell niche. Of 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 to particles 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.  

Early work with optical tweezers was conducted with cells used an argon laser light which 

would cause smaller cells such as red blood cells to explode. This, however, was not an issue 

when using an infrared laser (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 molecules (Ashkin, 2000).  

The HOTs system 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 based on their size, shape, or other characteristics (Ashok & Dholakia, 

2012). HOTs can also be used to manipulate multiple cells in a controlled manner, creating 3D 

structures with the temporal control of chemical factors which can be used for modelling and 

the study of in vitro microenvironments (Kirkham 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 summarised in Table 1, page 45 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 field with excellent 

spatial resolution (Sarkar & Rybenkov, 2016). It is a non-invasive process, causing minimal 

thermal and photodamage to cells. Magnetic tweezers are versatile, suitable for studies in 

mechanotransduction, cellular biomechanics and even DNA topology (Gunn 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 more challenging 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 forces (Meng 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 biocompatible (X. Ding et al., 

2013). Acoustic tweezers are capable of higher throughput, 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, 2020). 

Dielectrophoresis manipulates cells using non-uniform 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 based on inherent dielectric 

properties and enables selective trapping of different cell types (Pethig, 2010). This method 

is generally integrated into small scale microfluidic devices, facilitating high-throughput 

applications but limiting its broader applicability. The high electric field strengths required for 

operation, however, can cause cellular damage and a careful control of the medium's 

conductivity and permittivity is required (Voldman, 2006).  

Optoelectronic tweezers use light-induced dielectrophoresis to manipulate cells. Microscopic 

objects such as cells can be manipulated directly by inducing a change of electric fields on 

demand by leveraging the photoconductive effect of semiconductor materials (S. Zhang 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 powers compared 

with traditional optical tweezers and is scalable for large-scale parallel manipulation (Chiou 

et al., 2005). The resolution, however, is limited by the projected light patterns, and 

integrating optical and electronic systems into in vitro experiments can be complex in part 

due to optical and electrical properties of cell culture media. 
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¢ŀōƭŜ мΥ ¢ǊŀǇǇƛƴƎ ¢ŜŎƘƴƻƭƻƎƛŜǎ tǊƻǎ ŀƴŘ /ƻƴǎ 

! ŎƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ŀǾŀƛƭŀōƭŜ ǘǊŀǇǇƛƴƎ ǘŜŎƘƴƻƭƻƎƛŜǎ ǘƘŀǘ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ƳŀƴƛǇǳƭŀǘŜ ŎŜƭƭǎ ƛƴ ǾƛǘǊƻ 

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 - Label-free 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 - Label-free manipulation 

- Selective trapping of different 

=cell types 

- Easily integrated with 

=microfluidics for high-

=throughput 

- High electric field strengths can 

=damage cells 

- Requires careful control of 

=medium's conductivity and 

=permittivity 

- Effective mainly for small-scale, 

=low-viscosity fluids 

Optoelectronic Tweezers - Dynamic control with 

=reconfigurable light patterns 

- Lower optical power 

=requirement compared to 

=traditional optical tweezers 

- Suitable for large-scale parallel 

=manipulation 

- Resolution limited by projected 

=light patterns 

- Complex integration of optical 

=and electronic systems 

- Performance affected by 

=changes in optical and electrical 

=properties of the medium 

Holographic Optical 

Tweezers 

- Unparalleled spatial resolution 

=and control 

- Label-free manipulation 

- Non-contact, minimizing 

=mechanical stress on cells 

- Dynamic adjustment of traps in 

=real-time 

- Complex setup and operation 

- High maintenance 

=requirements 

 

 

 

While each cell trapping and manipulation technology has its own strengths and weaknesses, 

HOTs stand out. The 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 retained. This 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 as MSCs and osteoblasts, while maintaining their viability and 

functionality. This degree of control has the potential and the novelty to allow researchers to 

study specific cell-cell interactions and microenvironmental 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 stem cell therapy, 

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 regenerative medicine, reducing 

reliance on donor tissues and improving patient outcomes worldwide. 

1.4 Aims 

While the HSC side of the bone marrow stem cell niche has been well researched, the 

importance of MSCs is a relatively new discovery and not yet fully understood. Current 

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 stimuli. By developing models of 

the niche in vitro the interactions and processes can be elucidated further. Use of models is 

particularly important given the difficulties with replicating the complexity of the natural 

niche environment and even the positions of cells within said environment. Both 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 two-fold. Firstly, to develop a basic model of the MSC niche 

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

άƳŀŎǊƻǎŎƻǇƛŎέ ƛƴ ǘƘŀǘ ƭŀǊƎŜ ƴǳƳōŜǊǎ ƻŦ ŎŜƭƭǎ ǿƻǳƭŘ ōŜ ǳǘƛƭƛǎŜŘ ŀƴŘ ƎǊƻǿƴ ƻƴ ŀ ǎǳƛǘŀōƭŜ 

scaffold. Considerations of the models would be particularly centred around the cells, ECM, 

the chemical and the physical environment. The macroscopic model enables the analysis of 

dynamic interactions among different cell types and organizational elements and offers the 

potential for developing true tissue analogues in the future. Secondly, experimentation with 

ǘƘŜ Ih¢ǎ ǎȅǎǘŜƳ ƛƴ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ άƳƛŎǊƻǎŎƻǇƛŎέ ƳƻŘŜƭΦ ¢Ƙƛǎ ǿƻǳƭŘ ƛƴǾƻƭǾŜ ǘƘŜ 

manipulation of a small number of individual cells and their patterning. This would focus on 

the ability to pattern different cells in specific positions to understand cell ς cell interaction 

better. The microscopic model enables the study of fundamental interactions among 

individual cells and cell types, revealing how 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: 

¶ 5ŜǾŜƭƻǇ ŀ άƳŀŎǊƻέ ƳƻŘŜƭ ƻŦ ǘƘŜ niche incorporating a scaffold and hMSCs 

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

¶ Further develop the model with chemical adjustments to the media 

¶ Further develop the model with the addition of mechanical stimulation 

 

¶ 5ŜǾŜƭƻǇ ŀ άƳƛŎǊƻέ ƳƻŘŜƭ ŜƴŀōƭƛƴƎ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ǘǿƻ ƛƴŘƛǾƛŘǳŀƭ ŎŜƭƭǎ ƻŦ ŘƛŦŦŜǊŜƴǘ 

types using the HOTs system to a central position 

¶ The above requires the testing of different objects as anchor points 

¶ The design, creation and optimisation of a vessel capable of allowing the above model 

¶ 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 niche. In particular, we hope to learn about the effects of mechanical 

stimulation and its effect on osteogenesis. Beyond this research, the 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 of various growth factors. The primary focus 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 the profiling 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. By recreating 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 fracture and 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 personalized treatments. This knowledge could lead 

to breakthroughs in stem cell transplantation protocols and the development of 

bioengineered niches tailored to patient-specific needs.  

An example of a potential impact of this research with regards to medical practices, would be 

the generation of bespoke patterned replications of the niche, created using the HOTs. By 

precisely positioning various cells and other relevant particles onto a scaffold, this model 
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could be implanted into patients with critical fractures at the defect site. The micro model 

would then output all the necessary cells and signals aiding in 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 stem cell therapies. 
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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% Trypsin-EDTA  25200-072  ThermoFisher  

2-Mercaptoethanol  31350010 ThermoFisher  

3D printer resin (grey), UV sensitive  - ANYCUBIC 

Alizarin Red S  A5533-25 Merck 

Ammonium hydroxide solution 09859-250 Merck 

Aquaguard-1 PK-CC01-867-1B Promocell 

Biocleanse concentrate TK200 Teknon 

Bovine serum albumin  BP9702  Fisher Scientific 

CellTrackerϰ Blue CMAC Dye C2110 ThermoFisher 

CellTrackerϰ Green CMFDA Dye C2075 ThermoFisher 

Collagen I, Rat Tail A10483-01 ThermoFisher 

Dexamethasone D4902-25 Merck 

Dimethyl sulfoxide D4540-100 Merck 

Donkey serum D9663-10 Merck 

5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳ 
(DMEM) 

11960-044  
 

ThermoFisher 

Ecoflex Near Clear trial kit 00-45 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 G1397-10 Merck 

Goat serum G9023-10 Merck 

hMSC Osteogenic Differentiation Basal 
Medium 

PT-3924 Lonza 

hMSC Osteogenic Differentiation 
SingleQuotsTM Supplements Kit 

PT-4120 Lonza 

Hoechst 33258 solution 94403 Merk 

Immersion oil  Olympus 

L-ascorbic acid A8960-5 Merck 

L-Glutamine (200mM) 25030-081  ThermoFisher  

MSCBMTM Basal Media PT-3238 Lonza 

MSCGMTM SingleQuotsTM Growth 
Supplement Kit 

PT-4105 Lonza 

Paraformaldehyde  P/0840/53  Fisher Scientific  

Penicillin/Streptomycin (10,000U/ml)  15140122  
 

ThermoFisher 

Phosphate buffered saline tablet P4417-100 Merck 

qPCRBIO cDNA Synthesis Kit PB30.11-10 PCR Biosystems 

qPCRBIO SyGreen Mix Hi-ROX PB20.12-05   PCR Biosystems 

RNeasy® Mini Kit 74106 QIAGEN 

TriGene Advance, disinfectant BUNZ037631_U VWR 

Triton X-100 93443-100 Merck 
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-̡glycerophosphate G9422-100 Merck 

 

2.1.2 Plasticware 

Item Catalogue Number Company 

µ-Dish, 35mm diameter glass 
bottom imaging dish 

81158 Ibidi 

1.5ml microcentrifuge tubes 72.690.001  Sarstedt  
15ml sterile tubes  62.554.503  Sarstedt  

96 well semi-skirted PCR plates  E1403-6200  StarLab  

BD PlastiPakϰ Syringe with Luer 
Lock 

15544835 Fisher Scientific 

CorningTM StripetteTM (25, 10 & 
5mL) 

10606151, 10084450 & 10420201 
respectively 

Fisher Scientific 

CryoTubeTH Vials 377224 Thermo Scientific 

epT.I.P.S.® Standard (50 ς 1000µL, 
2 ς 200µL, 0.5 ς 20µL 

0030000927, 0030000870 & 
0030000650 respectively  

Eppendorf 

Falcon® 50 mL High Clarity PP 
Centrifuge Tube 

352098 Falcon 

Microcaps® micropipettes (20 & 
50µL) 

1-000-0200 & 1-000-0500 
respectively  

Drummond 

Nuncϰ Cell-Culture Treated 
Multidishes  
(6 well & 12 well) 

140685 & 150628 respectively Thermo Scientific 

Nuncϰ Non-Treated Multidishes 
(12 well) 

150200 Thermo Scientific  

Nuncϰ Non-Treated Multidishes 
(6 well) 

144530 Thermo Scientific 

Polyester seal for RT-qPCR 
(sterile) 

E2796-0714 StarLab 

Sartorius Minisartϰ Plus Syringe 
Filters, Sterile 

10730792 Fisher Scientific 

T25 Nunclon Delta treated filter 
capped flasks 

156367 Thermo Scientific 

T75 Nunclon Delta treated filter 
capped flasks 

156499 Thermo Scientific 

 

2.1.3 Antibodies 

Name Catalogue number Company 
Alexa Fluor ϰ 488 donkey anti-
rabbit IgG (H+L) (secondary) 

A21206 ThermoFisher 

Alexa Fluor ϰ 546 donkey anti-
goat IgG (H+L) (secondary) 

A11056 ThermoFisher 

Anti-osteocalcin antibody 
(primary) 

AB10910 Merk 

Anti-osteopontin antibody 
(primary) 

AB10911 Merk 

 

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
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2.1.4 Primers 

Gene 
symbol 

 

Gene name 
 

{ŜƴǎŜ ǎŜǉǳŜƴŎŜ όрΩ-оΩύ Anti-sense sequence  
όрΩ-оΩύ 

ALPL 
(mouse) 

Alkaline phosphatase TGAGCGACACGGACAAGAA CCACGTCTTCTCCACCGT 

BGLAP 
(human) 

Bone gamma-
carboxyglutamate 
protein/Osteocalcin 

GCAGCGAGGTAGTGAAGAGA CCTCCTGAAAGCCGATGTG 

GAPDH 
(human) 

Glyceraldehyde-3-
phosphat dehydrogenase 

GGGTGTGAACCATGAGAAGT AGTCCTTCCACGATACCAAAGT 

GAPDH 
(mouse) 

Glyceraldehyde-3-
phosphat dehydrogenase 

CCCAATGTGTCCGTCGTG GAGTTGCTGTTGAAGTCGCA 

IBSP 
(human) 

Integrin binding 
sialoprotein 

AACACTGGGCTATGGAGAGG GTACTGGTGCCGTTTATGCC 

RUNX2 
(human) 

Runt-related transcription 
factor 2 

ACTGCCACCTCTGACTTCTG ACTGGCGGGGTGTAAGTAAA 

RUNX2 
(mouse) 

Runt-related transcription 
factor 2 

CTCTGGCCTTCCTCTCTCAG GTAGGTAAAGGTGGCTGGGT 

SP7 
(human) 

Osterix TCAACAACTCTGGGCAAAGC ATGAGTGGGAAAAGGGAGGG 

SP7 
(mouse) 

Osterix ATGGCGTCCTCTCTGCTTG GTTGTTGAGTCCCGCAGAG 

SPP1 
(human) 

Secreted phosphoprotein 
1/Osteopontin 

CGAGGTGATAGTGTGGTTTATGG GCACCATTCAACTCCTCGCTTTC 

 

2.1.5 Equipment/Machines 

Item Catalogue Number/Model Company 

Bead Mill 15525799 Fisher scientific  

BigPrepϰ Lysing Matrix M 116959010-CF MP Biomedicals 

BigPrepϰ Lysing Matrix Z 1169790-CF MP Biomedicals 

Centrifuge  Harrier 15/80 MSE 

Centrifuge  5417 R Eppendorf 

CoolCellϰ LX cell freezing container CLS432002 Merck 

EDF 1200 - Centrifuge C7077/fc4 Envair 

Elegoo Mars 3 Pro -3D printer - Elegoo 

Fisherbrandϰ Eliteϰ Pipette, 0.2 - 
2µL 

JH69275 Fisher Scientific  

Fisherbrandϰ Isotempϰ Stirrer 15333518 Fisher Scientific 

Fume cupboard  - Envair 

Gilson Pipetman Pipette,  
2 - 20µL 

NG23939 Scientific Laboratory Supplies 

Gilson Pipetman Pipette,  
50 - 200µL 

NE26821 Scientific Laboratory Supplies 

Gilson Pipetman Pipette, 200 - 
1000µL 

NG21251 Scientific Laboratory Supplies 

Holographic optical tweezers - University of Glasgow (Padgette 
Group) 

Improved Neubauer counting 
chamber 

0640010 Marienfeld 

Incubator  MCO-18AC-PE Panasonic 

https://www.fishersci.co.uk/shop/products/isotemp-stirrer/15333518
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JSM 7100F Thermal field emission 
electron microscope 

- JEOL 

Labnet MPS 1000 Mini plate 
spinner 

Z681695-1EA Merck 

Leica DMi1 - Leica 

Leica DMi8 - Leica 

Leica Thunder 3D cell culture 
imaging system 

- Leica 

Microbiological safety cabinet 
(MSC) Class II 

- Walker 

NanoDrop 8000 ND-8000 Thermo Scientific 

Nanokick - University of Glasgow (Dalby 
Group) 

Q150R Plus ς Rotary Pumped 
Coater 

- Quorum 

QuantStudio 5 Real-Time PCR 
system 

A34322 ThermoFisher  

Thermocycler T-100 BIO-RAD 

 

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 

Sigma-Aldrich. 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 SaOS-2) number of consistent cells over time making them ideal 

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

characterised within the group.  

2.1.6.2 SaOS-2 

Sarcoma osteogenic (SaOS-2) is a human osteosarcoma cell line, originally obtained from the 

tumour of a 11yo female in 1973 (Fogh 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 Sigma-Aldrich. SaOS-2 were only used in some of the earlier 
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experiments as although they, like HOS, can undergo osteogenic differentiation, they tend to 

senesce faster and drift with increased passage number (Czekanska et al., 2012). 

2.1.6.3 CGR8 

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?refId=07032901&collection=ecacc_gc). Cells used experimentally 

ranged in passage from 6 to 24 over the whole project time frame. Cells were produced by 

the ECACC and purchased through Sigma-Aldrich. CGR8 were utilised as they have been used 

previously for both Nanokick and HOTs work (Dalby et al., 2007; Kirkham et al., 2015). They 

were a useful initial optimisation cell as hMSCs were limited. Work has also already been 

published regarding osteogenesis and MSCs on the Nanokick, so using 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 22yo male Black/African American non-

smoker with no underlying health conditions. Cell were sorted via CD antigens: positive for 

CD105, CD166, CD29, & CD44, and negative for CD14, CD34, & CD45. This specific hMSC 

patient was chosen as the patient was young, healthy and a non-smoker. The antigens also 

characterise the cells as true hMSCs. Cells 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 and good aseptic technique were the cornerstone of this project and as such great 

care was taken to ensure the proper care of all cells in use. Cell culture was conducted in a 
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class II microbiological safety cabinet (Class II MSC, Walker) containing high efficiency 

particulate air filters. All cell cultures were kept in a humidified 37oC, 5% CO2 incubator (MCO-

18AC-PE, Panasonic) with the water bath treated with Aquaguard-1 solution (Promocell). Day-

to-day decontamination of surfaces, equipment and gloved hands was done using 70% 

industrial methylated spirit (IMS) in distilled deionised water (ddH2O). 

2.2.1.1 Osteosarcoma Cell Line Maintenance 

The cells HOS and SaOS-2 were used for protocol optimisation and only HOS for the final 

models, following identical procedure for maintenance. Culture media was made from 

5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳ ό5a9aύ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ƘŜŀǘ-inactivated 10% fetal 

bovine serum (FBS), 1% Penicillin/Streptomycin (P/S) and 1% L-glutamine (L-g). 

Grown directly on treated cell culture plastic, the cells were maintained in 10mL of culture 

medium with media changes every four days until 80-90% confluence was reached. The 

passaging process was as follows. Medium was aspirated from a confluent flask and washed 

with 5mL phosphate-buffered saline (PBS). 2mL of trypsin was added and incubated at 37oC 

for five minutes. An inverted light microscope (DMi1, Leica) was used to confirm the cells had 

fully detached and lightly tapped on the side of the flask to aid further detachment as needed. 

3mL of media was added to stop the trypsinisation and the cell mix transferred to a universal 

tube for centrifugation for five minutes at 300g (Harrier 15/80, MSE). The supernatant was 

discarded, and the pellet resuspended in 1 ς 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 while for SaOS-2, 1:5 to 1:12. Depending on when confluence is needed as 

well as the number of flasks 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 heat-inactivated 10% FBS, 1% P/S, 1% L-g and 100µM 2-Mercaptoethanol. 

Feeder free mouse embryonic stem cell (ff-mESC) media was made from eBM with 1000 units 

of leukaemia inhibitory factor (LIF).  

The ff-mESCs were grown in gelatin coated T25 flasks. Gelatin (Merck) was procured as a 2% 

solution in H2O and diluted down to a 0.1% (1:20 dilution) and sterile filtered through a 0.2µm 

syringe filter. 2mL of the solution was added to as many T25 flasks as required 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 of ff-mESC culture media with media 

changes every day until reaching a confluency of 80-90%. Confluency 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 for five 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 the five minutes incubation. 3mL of eBM media was added 

to stop the trypsinisation and transferred to a universal tube for centrifugation for five 

minutes at 180g. The supernatant was aspirated and 2 ς 5mL of ff-mESC media added 

depending on the desired splitting ratio, and the pellet resuspended. The suitable range in 

splitting ratio for this cell type ranges from 1:2 to 1:5. 10mL of ff-mESC media was added to 

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

added to achieve the desired splitting ratio.  

2.2.1.3 Mesenchymal Stem Cell Maintenance 

hMSCs were used in both the macro and micro models. Their maintenance largely followed 

the same protocol as HOS and SaOS-2 as stated above with the following differences. They 

were maintained in mesenchymal stem cell basal medium (MSCBM) purchased from Lonza. 

MSCBM was made up from mesenchymal stem cell growth media (MSCGM) along with 

MSCGMTM SingleQuotsTM growth supplement kit which contains mesenchymal cell growth 
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supplement (MCGS), L-g and P/S. The media was changed every three to four days and post 

trypsinisation the cell suspension was centrifuged for five 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 1:4 and the eventual 8 flasks cryopreserved (P4) for later 

experimental use as described in 2.2.1.5, page 58.  

2.2.1.4 HOS, SaOS-2 & CGR8 Cryopreservation and Reanimation 

Cryopreservation media was made from FBS and 10% Dimethyl sulfoxide (DMSO) sterile 

filtered through a 0.2µm 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 1x106. 1mL of cryopreservation media was 

added to the cell suspension per 1x106 cells, and 1mL transferred to each cryovial. The 

cryovials were transferred to a CoolCellϰ cryopreservation container (Corning) and stored 

within a -80oC freezer for a minimum of one 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 x 104 for HOS and SaOS-2 and 4 x104 for CGR8, 

the prepared cryovials of 1 x 106 cells are ideal for reanimation into one flask each. HOS and 

SaOS-2 were reanimated into a T75 while CGR8 into a gelatin coated T25 (the same procedure 

as detailed in section 2.2.1.3, page 55). Prior to reanimation, one universal tube was filled 

with 9mL of DMEM and one filled with culture media for HOS and SaOS-2 or 9mL of ff-mESC 

media for CGR8 and warmed to 37oC. 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 DMEM. The suspension was centrifuged for five minutes at 300g 
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if HOS or SaOS-2 and 180g if CGR8. The supernatant was disposed of, and the pellet gently 

resuspended in the warmed culture media/ff-mESC media and transferred to a suitable flask. 

Having been transferred to the incubator, cell growth was monitored every 24 - 48hrs to 

determine the confluence progression.   

2.2.1.5 hMSC Cryopreservation and Reanimation 

The cryopreservation procedure for hMSCs is largely the same as with HOS, SaOS-2 and CGR8 

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 x 105 to 1 x 106 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 reach 37oC per 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 contents were slowly pipetted drop by drop 

just above the meniscus of the prewarmed 5mL of MSCBM and immediately 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 24 - 48hrs 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, SaOS-2 and CGR8 require the supplements 

dexamethasone, ̡-glycerophosphate (̡-gp) and L-ascorbic acid (VIT C). Stock solutions or 

aliquots were made as follows to be added directly to 39mL of culture media/ff-mESC media 
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to give a final 40mL of osteogenic media. Stocks and aliquots were stored at -20oC for up to 

one month.  

HOS and SaOS-2 as human cells required a final dexamethasone concentration of 100nM 

(Langenbach & Handschel, 2013b)while CGR8 required 10µM (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 50µM in ethanol. This ethanol stock was stored at -20oC until needed and added to 

39mL of media (in a 50mL collection tube) to obtain 100nM or 10µM as needed.  

The three cell types require 50mM of ̡-gp 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 dissolve the -̡gp, with 

the use of a vortex if necessary to dissolve fully. 

The three cell types also required 50µg/mL 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 and -̡gp results in 

the complete osteogenic media. The media was sterile filtered through a 0.2µm syringe filter 

and was suitable for use for up to two weeks.  

Preparation of osteogenic media for hMSCs only required the addition of osteogenic 

differentiation SingleQuotsTM supplement kit (thawed over night at 4oC) to the osteogenic 

differentiation basal medium. These supplements included MCGS, P/S, L-g, ascorbate, 

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 time frame. 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 sections 2.2.1.1, 2.2.1.2 and 2.2.1.3.  
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2.2.1.7 Embryoid Body Formation, Dissociation and Seeding 

CƻǊ ǘƘŜ ǇǳǊǇƻǎŜǎ ƻŦ ƎǊƻǿƛƴƎ ƳƻǳǎŜ ŜƳōǊȅƻƴƛŎ ǎǘŜƳ ŎŜƭƭǎ ƻƴ ŀ άbŀƴƻƪƛŎƪ ǇƭŀǘŦƻǊƳέ όǎŜŜ 

section 2.2.1.8, page 60) the cells need to first be allowed to form embryoid bodies before 

being dissociated and seeded into plates. This stage is necessary as the naïve cells through 

embryoid body formation trigger their differentiation in vitro, facilitating necessary 

multicellular interactions (Kurosawa, 2007). 

Starting with a confluent flask of CGR8, the standard passaging protocol (2.2.1.2, page 55) 

was followed to resuspension of the cell pellet except 2mL of eBM media was used. The cell 

number was counted and seeded into a non-treated 100mm diameter petri dish at 

approximately 2 x 106 cells in 10mL of eBM (3.5 x 104 cells/cm2). The dish was incubated at 

37oC for three days providing enough time for aggregates to form, floating 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 aspirated and 5mL of trypsin 

added. The tube was set on a roller set to 30rpm inside a 37oC incubator for ten minutes. At 

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

to resuspend the cells. The cells were centrifuged at 180g for five 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 

ƘƻǇƛƴƎ ǘƻ ƛƴŦƭǳŜƴŎŜ ƻǎǘŜƻƎŜƴŜǎƛǎΦ ¢Ƙƛǎ ǿŀǎ ŀŎƘƛŜǾŜŘ Ǿƛŀ ǘƘŜ ΨbŀƴƻƪƛŎƪ ǇƭŀǘŦƻǊƳΩ ŘŜǎƛƎƴŜŘ ōȅ 

Prof Matthew Dalby (University of Glasgow, UK). This device vibrates at a constant 1000Hz 

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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Figure 2.1: Nanokick platform 

The Nanokick platform (designed by 

Prof Matthew Dalby) in position inside 

an incubator with a single 12 well plate 

in place as it would be used for all 

experiments. The control box is located 

on top of the incubator with all cabling 

tightly packed to maintain incubator 

CO2 and temperature levels. 

 

2.2.2 Collagen Scaffold 

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

such required optimisation (Glowacki & Mizuno, 2008). Collagen I, rat tail from Gibco 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 1N NaOH which reacts with the acid, creating a neutral 

pH, causing the collagen fibres to reassemble into a gel. The further addition of 10x PBS and 

ddH2h ƛƴ ǾŀǊȅƛƴƎ ǉǳŀƴǘƛǘƛŜǎΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ŎŀƭŎǳƭŀǘƛƻƴǎΣ ŀƭƭƻǿǎ ǘƘŜ 

formation of the desired concentration of collagen gel (Publication Number MAN0007327). 

ὅέὰὰὥὫὩὲ ὧέὲὧȢὲὩὩὨὩὨ ὠρ
ὊὭὲὥὰ ὅέὰὰὥὫὩὲ ὅέὲὧȢὝέὸὥὰ ὠέὰ ὠὸ

σάὫȾάὰ
 

ρπὼ ὖὄὛ ὠέὰ ὠς
ὠὸ

ρπ
 

ρὔ ὔὥὕὌ ὠέὰ ὠσ ὠρ πȢπςυ 

ὨὌὕ ὠέὰ ὠτ ὠὸ ὠρ ὠς ὠσ 

 All reagents were kept on ice during use. The NaOH, 10x PBS and ddH2O were mixed before 

the collagen was added slowly and mixed via pipetting up and down. The collagen solution 



 
62 

was pipetted rapidly into the desired well plate and incubated at 37oC for 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 would there be a biocompatible scaffold, 

additionally, the native ECM structure and composition would mimic the natural environment 

of MSCs and hopefully promote cell attachment, proliferation and differentiation (Ghassemi 

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

for research at this stage of in-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 study. By obtaining the cadavers 

in this manner, the 3Rs are adhered to, particularly reduction, minimising the number of 

animals used in research. In short, the rats were considered waste materials that would 

otherwise have gone for disposal if not used for this work and no procedures were conducted 

on the rats while alive for the purposes of this work, nor were any animals housed or sacrificed 

specifically for the purposes of this project. The bodies were stored at -20oC until ready for 

harvesting.  

2.2.3.1 Rat Bone Harvesting 

Cancellous bone was needed to act as an ex-vivo scaffold and rat bone was selected. 

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 at 4oC, 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 right side of the rib cage from 

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

intercostal muscles. 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 removed and the large 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 stored at -20oC.  

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 adaptation of the protocol 

developed by Dr Lisa White (University of Nottingham, UK) (Alom et al., 2018) originally based 

on Lomas et al., 2001. 

The ribs were cut into 3-5mm 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 volume of cancellous 

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% w/v. The bone pieces were soaked in the solution for 

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

removed following incubation and the bone washed 3 times in deionised water. Fragments 
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were snap frozen in liquid nitrogen before storing the bone pieces at -20oC prior to 

fragmentation.  

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

at 37oC over five 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 well as to accommodate 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 carefully dropped in. When 

the majority of liquid nitrogen had evaporated leaving only 1 ς 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 a Falcon tube. If there were uncollectable fragments remaining, one 

would wait until the mortar reached room temperature and PBS was added to suspend the 

fragments before collection by Pasteur pipette. Fragments were sorted by bone location (leg, 

arm and rib) and stored at -20oC in PBS. This method created a large number of fragments 

smaller than 50µm, but a limited number of larger fragments suitable for developing the 

macroscopic model. 
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Figure 2.2: Rat bone decellularization and fragmentation stages  

Bone pieces and fragments at the different stages of preparation. (A) Shows the bone fragments having just been 

harvested and separated by leg (shown), arm and rib. (B) Shows the bone pieces (arm) post decellularization. (C) 

Shows the bone pieces (rib) post fragmentation via Bead Mill. 

 

To produce a more suitable range of bone fragment sizes, a secondary method was developed 

utilizing the Bead Mill 4 homogeniser (Fisher scientific) provided by Dr Aslihan Ugun-Klusek 

(Nottingham Trent University, UK). This device reproducibly oscillates (up to four) 2ml tubes 

ŦƻǊ ŀ ŘŜǘŜǊƳƛƴŀōƭŜ ǘƛƳŜ ŀǘ ŀ ƎƛǾŜƴ άǎǇŜŜŘ ǎŜǘǘƛƴƎέΦ ¢ƻ ŎŀǳǎŜ ǘƘŜ ǇǊƻǇŜǊ ŦǊŀƎƳŜƴǘŀǘƛƻƴ ƻŦ 

bone, beads of variable size and weight need to be added to each tube with the sample. This 

updated protocol was identical to the previous one, up to adding the bone pieces to the liquid 

nitrogen. With the bone in the liquid nitrogen, the latter was allowed to evaporate fully. The 

bone pieces were then extracted with tweezers and placed in a bead mill tube with a given 

number and size of beads and the cap sealed. With the tube securely positioned in the Bead 

Mill, the time and speed were 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 sized (6.35mm) ceramic bead with the mill set at speed five for ten seconds was used 

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

preparation are shown in Figure 2.2 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 the άaeasureέ feature in ImageJ (https://imagej.nih.gov/ij). A Pasteur pipette was 

used to transfer approximately 2ml of bone fragment suspension of each bone type into 

separate wells of a 6 well plate. Ten bright field images were taken using the Leica DMi8 at 5x 

magnification. For each image, the LasX software was used to add a 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 

ŀǇǇƭȅƛƴƎ ŀ ƎǊƛŘ ǎȅǎǘŜƳ ǘƻ ǘƘŜ ƛƳŀƎŜ ŀƴŘ άŎǊƻǎǎƛng-ƻŦŦέ ƳŜŀǎǳǊŜŘ ŦǊŀƎƳŜƴǘǎΦ  

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 required. Prior 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 length than 1mm 

ranging to approximately 3mm and transferred to a 6 or 12 well non-treated plate. Media 

suitable for the cell type to be grown on the fragments were 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 cells/cm2 was 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 remove the fragments from the incubator, the media was removed before 

adding the cell suspension, ensuring proper cell distribution 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 CellTrackerϰ Blue CMAC Dye (Thermo Fisher) after four 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 manufacturerΩǎ protocol 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 10mM in high grade DMSO. With a molecular weight of 209.6g/mol, 

2.385ml of 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 at -20oC. 

Before utilising the tracker to determine cell position on bone, the concentration and 

incubation time first needed to be optimised for each cell type. The product sheet 

recommended a range of 5 - 25µM concentration and an incubation time of 15 ς 45 minutes. 

5, 10, 15, 20 and 25µM 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 pre-warmed (37oC) 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 cell tracker solution was removed and replaced with culture media. 

Comparing the different working concentrations, it was determined that 10µM 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. They, however, showed no fluorescence at this level. Testing the highest 
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concentration recommendation of 25µM 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 transferred to a fresh well plate 

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

bone fragments were incubated in 10µM working solution for 30 minutes.  

When developing the later iterations of the macro model, the seeding of both hMSC and HOS 

cells was desirable. In order to track two cell types, a second cell tracker, CellTrackerϰ Green 

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, 215.1µL of DMSO was added to 1mg of the 

cell tracker producing a 10mM solution. This solution was diluted 1:5000 to a working 

concentration of 2µM in MSCGM.  For the purpose of tracking the two cell types with the 

separate trackers, an alteration to the aforementioned methodology was required. 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 incubated for 1hr before removal of the tracking 

solution and splitting the cells. Having seeded the two cells types together, the two could be 

tracked separately, hMSC in the green fluorescent protein (GFP) 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 protocol used on the rat bone pieces to 

determine the presence of any residual cells as Hoechst is an established method of 
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evaluating decellularization (Stone et al., 2021).  Decellularised bone fragments were 

incubated in 1µg/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 microscopy, excited with a UV laser. Bright 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 allowing storage of samples 

before further experimentation. When 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 in a class 2 externally 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 washing the 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 container for proper 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 4oC. 

2.2.8 Immunohistochemistry 

IHC staining is a reliable methodology for detecting and visualizing proteins in samples and 

was utilised to identify the proteins OPN and OCN, both markers of osteogenesis. All 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 dependent on the number of 

samples to be processed. A 0.1% Triton X-100 (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 suitable volume of 1:200 OPN primary 

antibody solution. Acting as a permeabilization agent, 400µL of 0.1% Triton X-100 solution 

was added to each sample well and incubated at room temperature for 30 minutes. 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 400µL added to each sample well and 

incubated at room temperature for 30 minutes. Having removed the blocking solution, 400µL 

of the OPN antibody solution was added to each sample well and incubated overnight at 4oC.  

On the second day, the OPN antibody solution was removed and washed three times for five 

minutes per wash with PBS. The samples were left in 1% BSA for three hours. The sample 

wells were subsequently blocked with 3% goat serum in 1% BSA for 30 minutes. The 1% BSA 

was again used to make a suitable volume of a 1:200 OCN primary antibody solution. 400µL 

was added to each sample well and incubated overnight at 4oC.  

On the third day, two secondary antibody solutions were required: a 1:200 secondary donkey 

anti-goat alexa 546 and a 1:200 secondary goat anti-rabbit alexa 488, both in 1% BSA. The 

OCN solution was removed, and the sample wells washed three times for five minutes in PBS. 

400µL of the donkey anti-goat solution was added and incubated for two hours at room 

temperature. After removing the donkey anti-goat solution, the samples were washed with 

PBS three times for five minutes and replaced with 400µL of the secondary goat anti-rabbit 

solution and incubated again for two hours. During this incubation, a suitable volume of 1 

µg/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 for five minutes, incubated with the 1% Hoechst solution for 15 minutes at room 

temperature and finally washed again three times for five minutes. The samples were imaged 
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as quickly as possible but could be stored for a few days in PBS, covered, and at 4oC before 

losing fluorescence.  

2.2.9 Microscopy 

The day-to-day microscopy aiding in cell culture, where imaging was not required, was 

conducted using the Leica DMi1. 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). This included the analysis 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 emission wave lengths and exposure times, for all 

images taken.  

In order to assess the structure and topography of the different bone pieces, scanning 

electron microscope (SEM) imaging was utilised. Two types of sample were imaged: 

decellularised bone fragments and decellularised bone fragments which had HOS grown on 

them as described in section 2.2.4 page 66, over a four 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% ethanol, all for 6hrs, or until fully evaporated at room temperature. The latter, as the 

bone pieces were covered in cells, were 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 accelerating voltage at 

10kV for samples with fixed cells and 15kV for decellularised bone. 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 were all captured using the internal software capture 

system of the HOTs (see section 2.2.12.1, page 76). All images were captured with a x40 

objective.  

2.2.10 Quantification of Osteogenic Markers 

In order to determine 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 Thunder. OPN and OCN 

ƳƛŎǊƻƎǊŀǇƘǎ ǿŜǊŜ ŜȄǇƻǊǘŜŘ ǎŜǇŀǊŀǘŜƭȅ ŀǎ ΨΦǘƛŦΩ ŀƴŘ ƛƳǇƻǊǘŜŘ ƛƴǘƻ LƳŀƎŜWΦ For micrographs of 

cells cultured on bone, due to variance in bone autofluorescence, it was not possible to 

directly read the fluorescence generated by OPN and OCN and minus ƻŦŦ ŀ άōŀŎƪƎǊƻǳƴŘ ǾŀƭǳŜέ 

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 pieces. Therefore, a 250x250 pixel square was used to measure the 

mean grey value at ten points equally spaced around each bone fragment. For monolayer 

controls, ten readings were taken equally distributed across the whole image again with a 

250x250 pixel square. For each of the model, three biological and ten technical repeats were 

compiled for statistical analysis. 

2.2.11 Real-Time Quantitative PCR 

2.2.11.1 Primer Design 

All primers were designed using e!Ensembl (https://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/primer-blast/). See table 2.1.4, page 52 for 

the list of all primer sequences designed.  
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2.2.11.2 RNA Synthesis 

Ribonucleic acid (RNA) was extracted using the RNeasy® Mini Kit (QIAGEN) using the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ όtǳōƭƛŎŀǘƛƻƴ bǳƳōŜǊ I.-0435-006) as follows. Both cells in 

monolayer and cells grown on bone scaffolds were harvested for real-time quantitative PCR 

(RT-qPCR). Buffer RLT was added to the samples for harvesting, 600µL for 6 well plates, 350µL 

for 12 well plates. Samples were incubated at room temperature for five minutes in the buffer 

with regular agitation to aid in detachment, particularly in the case of 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 -80oC).  

Prior to processing the samples, a solution of DNase I needed to be prepared. Using a RNase 

free needle and syringe, 550µL of RNase free water was introduced to the lyophilized DNase 

I (1500 Kunitz units). The contents was mixed by gentle inversion of the bottle and divided 

into single use 80µL aliquots. Aliquots were stored at -20oC. 

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 centrifuge for two minutes disrupting the cells. The 

column was discarded, and an equal volume of 70% ethanol added to the sample flow through 

(600 or 350µL). 600µL of the mixture was added to a RNeasy Mini spin column housed in a 

2mL collection tube and centrifuged for 15 seconds. The flow through was discarded and the 

process repeated as necessary until the flow through from the Qishredder was fully 

processed. 700µL of RW1 buffer was added to the column, centrifuged for 15 seconds and 

the flow through discarded. A suitable number of DNase I aliquots were thawed and the 80µL 

added to each column which was left at room temperature for 15 minutes. After this time 

elapsed, 350µL of RW1 buffer was added to the column, it was centrifuged for 15 seconds 

and the flow through discarded. 500µL of RPE buffer was added 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 for three 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 50µL of RNase free water directly to the matrix of the 

column, waiting for five minutes at room temperature, followed by a one minute 

centrifugation. As RNA is soluble in water, the flow through containing the sample RNA was 

retained and the column discarded. Samples were stored at -20oC.  

2.2.11.3 First Strand cDNA Synthesis 

Complimentary DNA (cDNA) synthesis was completed using the qPCRBIO cDNA Synthesis Kit 

(PCR BIOSYSTEMS). Prior to cDNA synthesis, RNA 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/µL 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 4µL of 5x cDNA and 1µL of 5x cDNA per sample was made and kept 

on ice. RNA was suitably diluted as necessary such that 100ng of total RNA was below 15µL. 

Into PCR tubes, 5µL of the 5x cDNA and 5x cDNA mix, 100ng of total RNA and enough RNase 

free water to bring the total volume to 20µL was added. This reaction mixture was placed in 

a T-100 Thermal Cycler (BIO-RAD) at 42oC for 30 minutes followed by 85oC for ten minutes. 

The newly formed cDNA was diluted with RNase free water by adding 30µL to each sample to 

a 50µL total volume and stored at -20oC.   

2.2.11.4 cDNA RT-qPCR and Primer Optimisation 

RT-qPCR was completed using qPCRBIO SyGreen Mix Hi-ROX (PCR BIOSYSTEMS) where the 

SyGreen binds to DNA and therefore as more copies of the target gene are formed, 

fluorescence increases. The protocol followed for RT-qPCR was an altered version of the one 

detailed by PCR Biosystems and was as follows. A reaction mixture of 5µL of SyGreen Mix 
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(vortex prior to use), 0.4µL (10µM) of Forward primer, 0.4µL (10µM) of Reverse primer and 

3.2µL of RNase free water and suitably extrapolated for the number of wells to be filled was 

formed and kept on ice. Keeping a PCR plate (StarLab) on ice, 9µL of master mix was added 

to each well along with 1µL of cDNA, the plate sealed (Polyester seal, StarLab) and centrifuged 

in a plate spinner (Labnet) briefly. The RT-qPCR machine used was the Quant Studio 5 (applied 

biosystems) and after loading the plate, the following programme was used. Amplification 

conditions were one cycle at 95oC for two minutes followed by the PCR stage (denaturation, 

annealing and elongation) with 40 cycles of 95oC for five seconds then an optimised primer 

temperature (mouse primers - 60oC, human primers - 62oC) for 30 seconds. Primer annealing 

temperature optimisation was experimentally determined by running a control cDNA sample 

through the full RT-qPCR process at different temperatures. The melt curves were compared 

and the temperature(s) that gives a distinct single peak were selected for use.  

2.2.11.5 Analysis 

The ɲɲCt (threshold cycle) method was used to analyse the amplification data generated when 

RT-qPCR was utilised. This method relies on the use of a housekeeper gene, a gene which 

does not change in expression level across samples. For both RT-qPCR experiments conducted 

the gene chosen was glyceraldehyde-3-phosphate dehydrogenase (GAPDH). For each sample, 

GAPDH expression is subtracted from given gene being assessed, resulting in a normalised 

expression, ɲ/ǘΦ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ŀƭƭ ǎŀƳǇƭŜ ɲ/ǘ ŀƴŘ ǘƘŜ ŎƻƴǘǊƻƭ ǎŀƳǇƭŜ ɲ/ǘ ǿŀǎ 

ŎŀƭŎǳƭŀǘŜŘ ǘƻ ƎƛǾŜ ǘƘŜ ɲɲ/ǘΦ ¢ƘŜ ŦƻƭŘ ŎƘŀƴƎŜ ƛƴ ŀ ƎƛǾŜƴ ƎŜƴŜΩǎ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǿƛǘƘ 

the equation ὪέὰὨ ὧὬὥὲὫὩς  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 the Ct values from which mean standard error of the mean (± 

SEM) was calculated. As 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-

qPCR graphs, there are bars for control for each gene. For the Nanokick RT-qPCR experiment 

(Figure 3.5), five biological and two technical repeats were completed. For the Model 3 RT-
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qPCR experiment (Figure 3.34 and Figure 3.35), 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 micrometres in all three dimensions. This of 

course includes the manipulation of individual mammalian cells into precise 3D configurations 

without causing damage (Kirkham et al., 2015).   

2.2.12.1 Technical 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 512 high-speed, 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 400-870nm light to camera port (640 x 480, 300 frames per second). The HOTs 

system used is show in Figure 2.3. 

2.2.12.2 Operation 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 Ibidi µ-Dish, 35mm diameter glass bottom (мтл˃ƳΣ Ҍκςр˃Ƴύ 

imaging dish. With 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, MS-2000). The stage was controlled in the XY axis using a stage 

controller joystick (ASI, MS-2000-WK) 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 as needed.  
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Figure 2.3: Holographic optical tweezers  

(A) The HOTs laser (i) control unit with stage joystick and objective control, (ii) laser control box, and monitor for 

software usage. (B) The HOTs hardware including (iii) spatial light modulator (SLM), (iv) laser cover and (v) anti 

vibration pads (x4). The optical cable and camera 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% intensity for all experiments and 

άǎǘŀǊǘŜŘέ Ǿƛŀ ŀ ǎǿƛǘŎƘ ƻƴ ǘƘŜ ǇŀƴŜƭΦ hƴŎŜ ƻƴΣ ǘƘŜ ŎǊŜŀǘƛƻƴ ŀƴŘ ŎƻƴǘǊƻƭ ƻŦ ŀƭƭ ǘǊŀǇǎ ǿŜǊŜ 

ƳŀƴŀƎŜŘ Ǿƛŀ ǘƘŜ t/Φ ¢ƘŜ ǎƻŦǘǿŀǊŜ ƛƴ ǉǳŜǎǘƛƻƴ ƛǎ ǘƘŜ ΨwŜŘ ¢ǿŜŜȊŜǊǎΩ ǇǊƻƎǊŀƳ ŘŜǎƛƎƴŜŘ ōȅ 

aΦtŀŘƎŜǘǘΩǎ ƎǊƻǳǇ ŦǊƻƳ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ DƭŀǎƎƻǿΣ ¦Y ǿƘƛŎh runs coupled with LabVIEW 

(National Instruments). The program facilitates the rapid creation of holograms which can be 

altered on-the-fly without recompiling the program (Bowman et al., 2014), controlling the 
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{[aΦ !ƭƻƴƎ ǿƛǘƘ ǘƘƛǎΣ ǘƘŜ hǇŜƴD[ ΨƘƻƭƻƎǊŀƳ ŜƴƎƛƴŜΩ ǿŀǎ ǊǳƴΣ ǘƘǊƻǳƎƘ ǿƘƛŎƘ ŀƴȅ ǘǊŀǇ 

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 double-ŎƭƛŎƪƛƴƎ ǘƘŜ ƭƛǾŜ ŦŜŜŘ ƻǊ ǘƘǊƻǳƎƘ ǘƘŜ ǘƻƻƭōƻȄ ƻƴ ǘƘŜ ΨŎǳǊǊŜƴǘ ǎǇƻǘΩ ǘŀōΦ {ƛƴƎƭŜ ƻǊ 

multiple traps could then be selected by clicking on them (and holding shift to select multiple) 

and moved by mouse movement or precisely adjusted through the toolbox. This procedure 

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

 

Figure 2.4: Holographic optical tweezer interface 

!ƴƴƻǘŀǘŜŘ ǎŎǊŜŜƴ ǎƘƻǘ ƻŦ ǘƘŜ άwŜŘ ¢ǿŜŜȊŜǊǎέ [ŀō±ƛŜǿ ƛƴǘŜǊŦŀŎŜΦ hǇǘƛŎŀƭ ǘǊŀǇǎ ŀǊŜ ǎŜŜƴ ŀǎ ŎƛǊŎƭŜǎ ŀƴŘ ŀǊŜ ǊŜŘ 

ǿƘŜƴ ǎŜƭŜŎǘŜŘ ŀƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴƛǇǳƭŀǘƛƻƴ ƻŦ ƳǳƭǘƛǇƭŜ ƻōƧŜŎǘǎΦ ¢ƘŜ ǎƻŦǘǿŀǊŜ ǿŀǎ ǳǎŜŘ ǘƻ ŎǊŜŀǘŜ ŀ ŘƛŎŜΩǎ р ǎƛŘŜ ǳǎƛƴƎ 

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 different sections. In order 

ǘƻ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ƳǳƭǘƛǇƭŜ ŎŜƭƭ ǘȅǇŜǎ ǿƛǘƘ ǘƘŜ ǘǿŜŜȊŜǊǎ ǿƛǘƘƻǳǘ άŦƭƻƻŘƛƴƎέ ǘƘŜ 
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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/disinfectable.  

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 solution was 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. After allowing the agarose to set, a channel between 

the two wells was then cut using a scalpel. The exposed glass was cleaned gently 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 started 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 HOTs objective is 40x magnification, even 1mm is equivalent to 

ƳǳƭǘƛǇƭŜ άǎŎǊŜŜƴǎέ ǿƻǊǘƘ ƻŦ ƳƻǾŜƳŜƴǘΦ 9ƴǎǳǊƛƴƎ ǘƘŜ ǿalls of the channel were parallel as 

well as perpendicular to the dish base is vital for the HOTs laser to function 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 channels connecting 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 the computer aided design (CAD) 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 in Figure 2.5.  

 

 

Figure 2.5: Mould final design and printed piece example 

(A) Top and (B) side view of the final core piece design. Screen shot taken from Autodesk 123D Make and 

annotated in paint.net, all dimensions in mm. (C) A top and (D) side view of the printed piece sat in an imaging 

dish.  
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With the core piece design finalised, the final change to the design was the mould material. 

By using silicone (Ecoflex, Bently advanced materials) instead of agarose, the mould becomes 

multiuse. Silicone was prepared by the thorough mixture of two liquid rubber parts 1:1 and 

left to set for approximately 2hrs. Silicone could be sterilised under UV and would maintain 

its form without contracting over time. The final iteration of the mould was created by first 

using autoclave tape to hold the 3D printed piece securely in place. Silicone was 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 carefully peel away the silicone at the top and 

then the piece rocked gently until a small amount of force would release it.  

 

 

 

Figure 2.6: Mould creation process 

Steps detailing the creation of the 

microscopic niche model mould for 

use with the HOTs. (A) Shows the 3D 

printed piece in place in a glass 

bottomed dish. (B) Shows the use of 

autoclave tape to hold the piece in 

place and reduce silicone seeping 

underneath. (C) Shows two dishes 

filled with silicone in the setting 

stage. (D) shows the final result 

having removed the mould piece 

leaving three separate zones for the 

addition of cells and bone fragments. 

     

2.2.14 Cell Attachment 

When patterning cells with the HOTs, 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 counting the number of 
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manipulable cells per minute over ten 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 were added to the dish and the laser turned on. A single trap was created 

and moved onto a given cell on screen. If it could be manipulated, it was counted as a ΨyesΩ, if 

not a ΨnoΩ. 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 over ten minutes noting the ΨyesesΩ and ΨnoesΩ by what minute they were in (e.g., 

7 ΨyesesΩ and 4 ΨnoesΩ within the 3rd minute). These were converted into percentage successful 

traps and compared over the ten minutes.   

Along with the standard untreated dish, various gelatin concentrations along with 3% BSA 

were compared. It was determined that for most purposes, incubating the dish with 3% BSA 

overnight provided enough time to pattern cells as needed. 

Secondary to cell attachment to the dish bottom, cell-cell attachment needed to be 

considered. This was particularly difficult to overcome when using hMSCs as these primary 

ŎŜƭƭǎ ǿŜǊŜ ǇŀǊǘƛŎǳƭŀǊƭȅ άǎǘƛŎƪȅέ ŀƴŘ ǿƻǳƭŘ ŎƭǳƳǇ ǘƻ ŜŀŎƘ ƻǘƘŜǊ ǊŀǇƛŘƭȅΦ ¢ƘŜ ƻƴƭȅ ǿŀy to 

minimise this was to ensure vigorous resuspension prior to pipetting into the dish, and to 

keep the cell number added to a low number.   

2.2.15 Cell and Polymer construct co-patterning 

Two different forms of polymeric material were co-patterned with cells using the HOTs. 

Microparticles were created as described by White et al., (2013) via a water-in-oil-in-water 

emulsion under high loading efficiency. The microparticle batches were subjected to 

lyophilization, and the resulting powder was vacuum-sealed and stored at 4oC until needed. 

Electrospun polymer fibres were created as described by Rogers et al., 2014). The 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 <50µm 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., 2005) and are genetically modified to express GFP. The cells 

were modified and provided by Prof Kevin Shakesheff's group (University of Nottingham, UK). 

A single immortalised hMSC (ihMSC) cell was precisely positioned onto a decellularised bone 

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 HOTs, pipetting by hand was not necessarily accurate 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 silicone mould. 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 

silicone 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 module which holds 

the micro injector. The motor module was fitted onto the 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 fitted with a micro pipette tip (Drummond) and by 

loading a small volume of PBS containing small bone fragments (> 600µm) into 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 

Statistical analyses were conducted using GraphPad Prism 9 software (GraphPad, Inc, USA). 

¢ƘŜ ǳƴǇŀƛǊŜŘ ǎǘǳŘŜƴǘΩǎ ǘ-test was used in the analysis of relative expression in RT-qPCR data 

and relative fluorescence in immunohistochemical data having determined normalcy with the 

D'Agostino-Pearson test. All RT-qPCR 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 no scaffold experiment and ten technical 

repeats for each. Results 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 

άƳŀŎǊƻǎŎƻǇƛŎŀƭƭȅέΦ ¢ƘŜ ƻōƧŜŎǘƛǾŜǎ ƻŦ ǘƘƛǎ ŎƘŀǇǘŜǊ ŀǊŜ ǘƻ ŎƻǾŜǊ ǘƘŜ ǇǊƻƎǊŜǎǎ Ŧrom initial scaffold 

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 media. 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 niche was discussed. 

In this investigation, in an attempt to understand the bone marrow niche better, a 

macroscopic model suitable for in vitro testing was developed by a stepwise Ψtrial and errorΩ 

approach, generating models of increasing complexity. The steps are illustrated in the flow 

diagram below,  Figure 3.1. 

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, section 1.1.12, 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 (accurate pipetting, uneven 

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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Figure 3.1: Macroscopic model flow chart 

Flow chart of steps in development of the bone marrow stem cell niche at a macroscopic level. Arrows indicate 

how each experiment directly led to the subsequent experiment and the progression of the model. Red crosses 

indicate the decision to abandon the branch of experimentation.  

 

Theoretically, OPC should have increased the mechanical properties of collagen, cross-linking 

and stabilizing the collagen network (Choi 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 use. It was hypothesised 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 onto it. As there were no published 
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papers that investigated the seeding of multiple cell types directly onto small fragments of 

bone, progress was step-by-step and trial and error.  

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 approximately 5mm sections while to 

access the cancellous regions of the legs and arm bones, these were bisected along their 

length and the inside cut out. To decellularize the bone pieces, a protocol for the 

decellularization of bovine bone was altered to account for the smaller 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 2, section 2.2.9, page 71).  

The final stage of bone preparation for seeding entailed 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 for seeding. 

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 

tracker which, ǿƘŜƴ ƛƴǘŜƎǊŀǘŜŘ ƛƴǘƻ ǘƘŜ ŎŜƭƭΩǎ ƳŜŘƛǳƳ ŀƴŘ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ǘƘŜ ŎŜƭƭǎ ŦƻǊ ŀ ƎƛǾŜƴ 

period, would allow the monitoring of cellular positions in the blue excitation spectra. Having 

ƻǇǘƛƳƛǎŜŘ ǘƘŜ ǘǊŀŎƪŜǊΩǎ ƛŘŜŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ ƛƴŎǳōŀǘƛƻƴ ǘƛƳŜ ŦƻǊ ōƻǘƘ Ih{ ŀƴd hMSC, it 

was then possible to determine whether cells had attached and propagated over the bone 

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

after the required incubation time, the bone fragments were removed delicately and placed 

into a new well with the media suitable for that cell. This ensured that only cells which had 

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

growing on the tissue culture plastic below.   
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Success was achieved with 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 complete, three models with increasing complexity were 

developed and incubated over a 28 day period. The first was simply the growth of hMSC on 

different types of bone: leg, 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 model integrated the Nanokick device, repeating the experiment except that 

the well plates were kept 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, mechano-stimulation, chemical environment and cells present.  

3.2 Results ς 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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Figure 3.2: 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), 2.0mg/ml 

(D) and 2.5mg/ml (E). All samples were seeded at 5000 cells/cm2. 

 

Early collagen experiments included the testing of optimum collagen thickness and 

concentrations, an example of which can be seen in Figure 3.2. 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 1.7mm (600µL of collagen solution in 

a 12 well dish) was chosen based on cell morphology changes and efficient materials usage. 
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 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. Figure 3.3 gives an example of IHC co-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 higher in the collagen, and 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 alter the mechanical properties of the collagen scaffold, however due to 

collagen unavailability and further concerns regarding the material, these plans did not 

progress beyond the planning stage. An example of some of the difficulties experienced with 

collagen are shown in  

 

Figure 3.3: HOS grown on collagen and plastic in osteogenic media IHC 

HOS cells where seeded onto 2mg/ml collagen (A, B & C) and standard tissue culture plastic (D, E & F) in 

osteogenic media a incubated over a 28 day period. Each column is either the expression of osteopontin (A 

& D), osteocalcin (B & E) or a nuclear stain (C & F). All samples were seeded at 5000 cells/cm2. 
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Figure 3.4. They demonstrate a common occurrence of the gel not setting (potentially due to 

collagen degradation) in (A), and detachment and tearing of the gel in (B). The latter was quite 

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

 

 

 

Figure 3.4: Examples of collagen 

failure 

Beyond the lack of availability, 

collagen samples would often not 

form as shown in (A) or detach and 

tear in the centre as shown in (B). 

This was another factor is the move 

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 osteogenesis. RT-qPCR was used to investigate the 

presence of the genes SP7, ALPL and RUNX2, all important genes involved in different aspects 

of bone formation and skeletal development. As shown in Figure 3.5, each row depicts a 

different time point and each column a different group, on the Nanokick with 

osteoconductive media (OCM), on the Nanokick with BM 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 up-regulation but showing no significance. Examples of this 

include graph A RUNX2, graph B SP7, graph C SP7 and RUNX2 and graph F RUNX2. This 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.  



 
92 

In graph (A) it is shown that there is a significant upregulation of SP7 and ALPL for 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 graph (D) for samples grown on the Nanokick with OCM, RUNX2 is 

significantly higher than the control and ALPL is significantly downregulated. At the same time 

point seen in graph (F) showing samples only grown in OCM, SP7 is significantly upregulated. 

All other expression values are not significant at day 14. For day 21 samples, in graph (G) 

showing samples grown on the Nanokick in OCM, SP7 is significantly upregulated. In graph 

(H) showing samples grown on the Nanokick in BM, both SP7 and RUNX2 are significantly 

upregulated. In graph (I) showing samples only grown in OCM, RUNX2 is significantly 

upregulated. All other expression values are not significant at day 21. 
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Figure 3.5: RT-qPCR of CGR8 grown on a Nanokick with and without osteogenic media for SP7, ALPL & RUNX2 

CGR8 where grown with (OCM) and without (BM) osteogenic media, on and off a Nanokick for 7, 14 and 21 days. 

Targeted genes were SP7, ALPL and RUNX2 with GAPDH used as the housekeeper gene. Data is presented as mean 

± SEM values (calculated from Ct mean) from three independent experiments. Data shown is from five biological 

and two technical repeats with ϝϝtҖлΦлмΣ ϝtҖлΦлр ϧ nsPҔлΦлр ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ {ǘǳŘŜƴǘΩǎ ǘ-test. Graphs are 

grouped by time point and conditions i.e. Days 7, 14 and 21 and treated with OCM on the Nanokick, BM on the 

Nanokick and just treated with OCM respectively.  

 

Figure 3.6 below is an examination of the same data as shown in Figure 3.5, but displayed so 

that the fold change of the three times points are plotted together for a more direct comparison. 

The individual target genes have also been clustered together.     
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Figure 3.6: RT-qPCR of CGR8 grown on a Nanokick with and without osteogenic media for SP7, ALPL & RUNX2 

grouped by time point 

CGR8 where grown with (OCM) and without (BM) osteogenic media, on and off a Nanokick (Hz) for 7, 14 and 21 

days. Targeted genes were SP7, ALPL and RUNX2 with GAPDH used as the housekeeper gene. Data is presented 

as mean ± SEM values (calculated from Ct mean) from three independent experiments. Data shown is from five 

biological and two technical repeats with ϝϝtҖлΦлмΣ ϝtҖлΦлр ϧ ƴǎtҔлΦлр ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ {ǘǳŘŜƴǘΩǎ ǘ-test. 

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 2, section 2.2.3.3, page 64, having fractured the decellularised bone 

in liquid nitrogen with a mortar and pestle maximal length values were measured. As shown 

in Figure 3.7 (B), the frequency distribution shows a triangular distribution with the peak 

fragment length at 10µm. The range in lengths was 2µm to 2mm for the arm fragments, which 

was representative of all bone types. This work led to using a bead mill to produce the 

fragments, generating larger fragments >1mm.  
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Figure 3.7: Bone fragment measurements 

Fragments of a decellularised rat arm bone having been fragmented with liquid nitrogen and a mortar and pestle. 

(A) Shows a representative x10 magnification of the results of fracturing. A total of ten images were taken of 

fragments and measured using the measure feature in ImageJ (https://imagej.nih.gov/ij) along each fragments 

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

 

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 the decellularised bone fragments to be 

used in the macro-model. Figure 3.8 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 with the mean. 
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Figure 3.8: Bone fragment autofluorescence 

(A, B & C) Autofluorescence micrographs of leg, arm and rib fragments respectively. For each set, bones were 

imaged in triplicate and under Texas Red (TXR) and Green Fluorescent Protein (GFP). (D & E) Show tables of mean, 

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

adjacent micrographs. All images adjusted: +20% brightness and -40% 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 or OCN deposited 

by cell directly on the bone fragments would be complex due to the variable nature of each 

ǇƛŜŎŜ ƻŦ ōƻƴŜΩǎ ŀǳǘƻŦƭǳƻǊŜǎŎŜƴŎŜΦ ¢ƘŜ ǿƻǊƪ-around was to allow the samples to incubate for 

a full 28 days and then to collect data from the cells surrounding the 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 done via SEM imaging and 

nuclear staining. The decellularized fragments were incubated with Hoechst solution which 

ōƛƴŘǎ ǘƻ ǘƘŜ ƴǳŎƭŜƛ ƻŦ ōƻǘƘ ƭƛǾŜ ŀƴŘ ŘŜŀŘ ŎŜƭƭǎΦ LŦ ǇǊŜǎŜƴǘΣ ǘƘŜ ŎŜƭƭΩǎ ƴǳŎƭŜƛ ǿƻǳƭŘ ōŜ ƴƻǘƛŎŜŀōƭŜ 

as they have a highly distinct spherical intense blue form as shown in Figure 3.9. 

 

Figure 3.9: Micrograph of hMSCs counterstained with Hoechst solution 

Representative micrograph of hMSC cells incubated in Hoechst solution cultured on tissue culture plastic. This 

image displays the classic spherical regions of intense blue fluorescence due to the binding of Hoechst to the 

cell nuclei.   
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Figure 3.10 shows both the merged brightfield and fluorescent (A and B), and the fluorescent 

micrographs (C and D) of the Hoechst incubated fragments alongside unstained controls. 

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 solution. There was no evidence of 

occurrences of intense (or otherwise) spherical nuclei stained by the Hoechst solution in all 

the bone fragments imaged, with Figure 3.10 shown as a representative sample. As seen in 

(C) and (D), only variable low level autofluorescence is visible, indicating there are no 

remaining intact cells on the bone fragment surface.  
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Figure 3.10: Micrographs of decellularized rat bone fragments counterstained with Hoechst solution 

Representative fluorescent micrographs of rat bone fragments post decellularization merged with bright field 

(A & B) and the same micrographs of just the fluorescence (C & D). Image A displays fragments which had 

been incubated in Hoechst solution, a nuclear counterstain. Image B displays control fragments which had 

not been subjected to Hoechst solution for comparison. Images C and D are the same as A and B respectively, 

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 already optimised the tracker, fragments with prospective cells on the surface 

were incubated in 10µM 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 not at all on others. This is 

particularly visible in Figure 3.11 (A) and (B) where the HOS propagated well at the top of the 

former and on the right side of the latter. Further representative images taken of HOS and 

hMSC growth on bone, tracked with CMAC can be found in the Appendix, Figure 6.1 and 

Figure 6.2.  

 

Figure 3.11: Cell tracking of HOS on bone 

(A), (B) & (C) show leg arm and rib fragments respectively which had been seeded with HOS cells at 5000 cells/cm2 

and incubated for four days. The fragments were relocated to a fresh well dish and incubated in CMAC cell tracker 

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 determine whether both cell types would grow in co-culture. To ensure this, both cell types 
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were incubated in different cell trackers prior to splitting and then seeded at the same density 

of 2500 cells/cm2 in triplicate. The cells were tracked over a 48hr period as shown in Figure 

3.12. In all replicates, hMSC and HOS adhered successfully to the culture plastic and began 

the early stages of proliferation over the 48hr period. Further replicates can be found in the 

Appendix, Figure 6.3 to Figure 6.6. 

 

 

 



 
102 

 

Figure 3.12: Tracking of hMSC & HOS over 48hrs 

Representative images of hMSC and HOS cells grown in co-culture on tissue culture plastic over 48hrs. Both hMSC 

and HOS were introduced to the same well dish seeded at 5000 cells/cm2 having each been subject to cell trackers. 

In the green excitation spectra, CMFDA was used to track hMSC and in the blue CMAC to track HOS. Phase contrast 

images were taken to view all cells. The green hMSC and blue HOS channels were merged using ImageJ by the 

user.  

 

3.2.3.5 SEM 

The bone locations chosen to be the natural scaffolds for the niche models were based 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 harvested which were 

theoretically cancellous bone, and pieces of cortical bone which were harvested from the 

femur shaft and subject to the standard decellularization and fracturing process. It is 

important to note that cortical bone was not used as a scaffold material in models, but as a 

comparison against cancellous and rib bone. Figure 3.13 displays representative micrographs 

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

SEM. Further micrographs can be found in the Appendix, Figure 6.7, Figure 6.8 and Figure 6.9.  

 

Figure 3.13: SEM micrographs of cortical, cancellous and rib fragments 

Representative SEM micrographs of rat bone cortical fragments (A, B & C), cancellous fragments (D, E & F) and rib 

fragments (G, H & I). Each row of micrographs are sequential higher magnifications of the same fragment (x50/45, 

x500 & x1500) with red dashed boxes showing the area magnified in the subsequent image.    
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As expected, the decellularised fragment surface structure varied between cortical, 

cancellous (leg) and rib fragments. The majority of the cortical surface was observably 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 surface was particularly noticeable when compared to cancellous bone, especially at 

higher magnifications, for example comparing B to E. The cancellous bone had a far rougher 

ŀƴŘ ǇƻǊƻǳǎ ǎǳǊŦŀŎŜ ǿƛǘƘ άǊŀǾƛƴŜǎέ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ōƻƴŜΦ ¢ƘŜ ƛǊǊŜƎǳƭŀǊ ǎǳǊŦŀŎŜ was not 

indicative of the standard trabeculae lattice structure; this, however, was likely to 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 contrast was somewhere in between the other two in 

surface roughness and irregularity. The surface also had numerous canals present, more so 

than the cortical fragments. Ribs are comprised of both cortical and cancellous bone 

potentially explaining how the fragment shown in (G) fell between those in (A) 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 bone surface. This 

was determined based on the known morphology of bone cells. Osteoblasts are cuboidal in 

shape when active and flattened when quiescent and measure 20ς30 µm in diameter 

(Florencio-Silva et al., 2015). Osteocytes are stellate shaped cells embedded within the bone 

matrix, exhibiting dendritic morphology, with long cytoplasmic extensions that traverse the 

canaliculi, approximately 15ς20 µm in diameter, with dendrites extending up to 50 µm in 

length (Bonewald, 2011). Osteoclasts are large, multinucleated cells with a ruffled border that 

range from 20ς100 µm in diameter depending on the bone surface they occupy (Teitelbaum, 

2000). MSCs are spindle-shaped fibroblast-like cells typically measuring 15ς30 µm in diameter 

(Pittenger et al., 1999). No objects were seen in any of the SEM micrographs of the bone 

fragments falling within the description and size ranges described.  
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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 type or area. 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 fixation. Figure 3.14, Figure 

3.15 and Figure 3.16 show micrographs of cortical, cancellous and rib fragments respectively, 

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

 

 

Figure 3.14: SEM micrographs of cortical fragments without and with cells 

Representative SEM micrographs of rat bone cortical fragments at x1500 (A & C) and x5000 (B & D). A & B show 

just decellularised cortical rat bone fragments while C & D show fixed decellularised cortical rat bone with HOS 

cells grown on the surface. Cells were grown on the bone for three days and seeded at 5000 cells/cm2. Red dashed 

boxes show the area magnified in the adjacent image. 
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Figure 3.15: SEM micrographs of cancellous fragments without and with cells 

Representative SEM micrographs of rat bone cancellous fragments at x1500 (A & C) and x5000 (B & D). A & B 

show just decellularised cortical rat bone fragments while C & D show fixed decellularised cortical rat bone with 

HOS cells grown on the surface. Cells were grown on the bone for three days and seeded at 5000 cells/cm2. Red 

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 magnifications, identification 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 low-density cell coverage. As seen in Figure 3.14 micrograph (C), 

cells can be seen dispersed across the bone with regions ΨuncoveredΩ by 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 micrograph (D). By comparison, on both cancellous and 

rib fragments (Figure 3.15 & Figure 3.16) 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 in Figure 3.16 (D), the left side having a smooth surface and the right covered 

in fibres.   

 

Figure 3.16: SEM micrographs of rib fragments without and with cells 

Representative SEM micrographs of rat bone rib fragments at x1500 (A & C) and x5000 (B & D). A & B show 

just decellularised cortical rat bone fragments while C & D show fixed decellularised cortical rat bone with 

HOS cells grown on the surface. Cells were grown on the bone for three days and seeded at 5000 cells/cm2 

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 clearly visible at x500 

magnification. An example of this can be seen in Figure 3.17 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.  

 

 

Figure 3.17: SEM micrograph of HOS on bone in identifiable groupings 

SEM micrograph of HOS cells on a fragment of cortical bone grown under standard conditions. The cells are in 

clear groupings with round morphology extended filaments bridging gaps in the bone. A red outline has been 

generated around a number (but not all) of the cells. Cells were grown on the bone for three days and seeded 

at 5000 cells/cm2 before fixation.   

  

In contrast, the remaining two forms did not have individual identifiable cells, but rather there 

was evidence of cellular presence because the surface was radically different to any bone 

surface. Found only on cancellous and rib pieces, Figure 3.18 shows a smooth coating sitting 

above the bone surface.  
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Figure 3.18: SEM micrograph of HOS on bone with smooth coating 

SEM micrograph of HOS cells on a fragment of cancellous bone grown under standard conditions. The evidence 

of cellular presence can be seen in large areas of a smooth coating visually distinct to the underlying bone. Cells 

were grown on the bone for three days and seeded at 5000 cells/cm2 before fixation. Micrograph (A) is x1500 

magnification and (B) x12000. Red dashed boxes show the area magnified in the adjacent image.  

 

 

 

Figure 3.19: SEM micrograph of HOS on bone  

SEM micrograph of HOS cells on a fragment of cancellous bone grown under standard conditions. The evidence 

of cellular presence can be seen in large networks of fibres completely covering the underlying bone surface. Cells 

were grown on the bone for three days and seeded at 5000 cells/cm2 before fixation. Micrograph (A) is x1500 

magnification and (B) x12000. Red dashed boxes show the area magnified in the adjacent image. 
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The final form of cellular activity found, looked 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 structures for example, as seen in 

Figure 3.19. Further micrographs of the three bone types can be found in the Appendix, Figure 

6.10, Figure 6.11 and Figure 6.12. 

3.2.4 Model Fluorescence  

Analysis of the three models generated was conducted by the detection of OPN and OCN. As 

previously mentioned, both are markers of osteogenesis: OPN, a glycoprotein, is expressed 

by osteoblasts and is involved in mineralization; OCN, a vitamin K-dependent protein 

produced by osteoblasts is involved in bone formation and mineralization. Evidence of 

differentiation and mineralization was quantified via IHC co-staining, a technique that allows 

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

found to 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 (BM) with the fragments ranging in size from approximately 1 to 3mm. 

Monolayers were also cultured in triplicate both in OCM and BM as controls. Micrographs of 

the merged channels for OPN, OCN and nuclear stain can be found in the appendix (Figure 

6.13, Figure 6.14 and Figure 6.15). 

3.2.4.1 Model 1 

The first model generated looked at the output of hMSC grown on bone fragments with and 

without osteogenic media. Figure 3.20 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. There was also 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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Figure 3.20: Macroscopic model, Model 1, hMSC on bone with osteogenic media IHC 

Representative micrographs from Immunohistochemical staining of Model 1, hMSC seeded onto bone fragments 

after 28 days incubation. The four columns from left to right are of leg fragments, arm fragments, rib fragments 

and a monolayer control (Ctrl). Of the six rows, the top three are samples which were incubated in osteogenic 

media (OCM) and the bottom three incubated in basal media (BM). Each row is also either the expression of 

osteopontin (OPN), osteocalcin (OCN) or a nuclear stain. Scale bars are present on the OPN micrographs are 

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 amount of 

OPN was detected in the samples which were grown in OCM compared with samples grown 

in BM. The same was true for all but the leg samples for OCN levels as is seen in Figure 3.21.  

 

 

Figure 3.21: Expression of OPN & OCN in Model 1, hMSC on bone with osteogenic media 

Box plots overviewing the hMSC grown on bone model for the proteins osteopontin (OPN) (A) and osteocalcin 

(OCN) (B) after 28 days of incubation. Both plots compare fragments with osteogenic media (OCM) to fragments 

without in basal media (BM). The box bounŘǎ ǘƘŜ ƛƴǘŜǊǉǳŀǊǘƛƭŜ ǊŀƴƎŜǎ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ƳŜŘƛŀƴΣ ŀ άҌέ ǎƘƻǿƛƴƎ ǘƘŜ 

mean and with whiskers from minimum to maximum. Data shown is from three biological and ten technical repeats 

with ϝϝϝϝtҖлΦлллмΣ ϝϝϝtҖлΦллм ϧ nsP>0.05 calculated using the unpaired t-test.  
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Figure 3.22: Expression of OPN & OCN in Model 1, hMSC on bone with osteogenic media - comparison to control 

Box plots comparing bone types to controls for the hMSC grown on bone model for the proteins osteopontin 

(OPN) (A & B) and osteocalcin (OCN) (C & D) after 28 days of incubation. Plots separately compare fragments and 

controls with osteogenic media (OCM) (A & C) to fragments and controls without in basal media (BM) (B &D). The 

box bounds tƘŜ ƛƴǘŜǊǉǳŀǊǘƛƭŜ ǊŀƴƎŜǎ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ƳŜŘƛŀƴΣ ŀ άҌέ ǎƘƻǿƛƴƎ ǘƘŜ ƳŜŀƴ ŀƴŘ ǿƛǘƘ ǿƘƛǎƪŜǊǎ ŦǊƻƳ 

minimum to maximum. Data shown is from three biological and ten technical repeats with ϝϝϝϝtҖлΦлллмΣ 

ϝϝϝtҖлΦллм ϧ nsP>0.05 calculated using the unpaired t-test.  
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Figure 3.23: Expression of OPN & OCN in Model 1 hMSC on bone with osteogenic media - fragment comparison 

Box plots comparing bone types for the hMSC grown on bone model for the proteins osteopontin (OPN) (A & B) 

and osteocalcin (OCN) (C & D) after 28 days of incubation. Plots separately compare fragments with osteogenic 

media (OCM) (A & C) to fragments without in basal media (BM) (B & D). The box bounds the interquartile ranges 

ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ƳŜŘƛŀƴΣ ŀ άҌέ ǎƘƻǿƛƴƎ ǘƘŜ ƳŜŀƴ ŀƴŘ ǿƛǘƘ ǿƘƛǎƪŜǊǎ ŦǊƻƳ ƳƛƴƛƳǳƳ ǘƻ ƳŀȄƛƳǳƳΦ Data shown is 

from three biological and ten technical repeats with  ϝϝϝϝtҖлΦлллмΣ ϝϝtҖлΦлмΣ ϝtҖл.05 & nsP>0.05 calculated 

using the unpaired t-test.  
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Figure 3.22 compares each fluorescence reading with 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 unpaired t-test.  

Differences between the different bone types were also compared (Figure 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 compared with 

both leg and rib pieces with P<0.0001 in both cases. The rib fragments produced slightly 

higher levels of OPN compared with 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 samples (C & D), 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 an extremely significant 

difference from arm fragments, the latter being higher. When 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. No significant difference was 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 at Figure 3.24 compared 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.  

Figure 3.25 comparing fragments and monolayer grown in OCM versus BM shows that in 

comparison to the previous model, in all cases, levels 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 however were 

extremely significant with OCM samples higher than BM for both markers. All samples grown 

with bone fragments were higher than, and extremely significant compared to both controls 

as show in Figure 3.26 being higher in all cases.  
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Figure 3.24: Macroscopic model, Model 2, hMSC & Hz on bone with osteogenic media 

Representative micrographs from Immunohistochemical staining of Model 2, hMSC seeded onto bone fragments 

after 28 days incubation on the Nanokick device. The four columns from left to right are of leg fragments, arm 

fragments, rib fragments and a monolayer control (Ctrl). Of the six rows, the top three are samples which were 

incubated in osteogenic media (OCM) and the bottom three incubated in basal media (BM). Each row is also either 

the expression of osteopontin (OPN), osteocalcin (OCN) or a nuclear stain. Scale bars are present on the OPN 

micrographs are representative for the lower rows of the same fragment.     

 

 

 

 

 

Figure 3.25: Expression of OPN & OCN in Model 2, hMSC & Hz on bone with osteogenic media 

Box plots overviewing the hMSC grown on bone on a Nanokick device imparting a constant 100Hz frequency model 

for the proteins osteopontin (OPN) (A) and osteocalcin (OCN) (B) after 28 days of incubation. Both plots compare 

fragments with osteogenic media (OCM) to fragments without in basal media (BM). The box bounds the 

ƛƴǘŜǊǉǳŀǊǘƛƭŜ ǊŀƴƎŜǎ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ƳŜŘƛŀƴΣ ŀ άҌέ ǎƘƻǿƛƴƎ ǘƘŜ ƳŜŀƴ ŀƴŘ ǿƛǘƘ ǿƘƛǎƪŜǊǎ ŦǊƻƳ ƳƛƴƛƳǳƳ ǘƻ 

maximum. Data shown is from three biological and ten technical repeats with ϝϝϝϝtҖлΦлллмΣ ϝϝtҖлΦлмΣ ϝtҖлΦлр 

& nsP>0.05 calculated using the unpaired t-test.  
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Figure 3.26: Expression of OPN & OCN in Model 2, hMSC & Hz on bone with osteogenic media - comparison to 

control 

Box plots comparing bone types to controls for the hMSC grown on bone on a Nanokick device imparting a 

constant 100Hz frequency model for the proteins osteopontin (OPN) (A & B) and osteocalcin (OCN) (C & D) after 

28 days of incubation. Plots separately compare fragments and controls with osteogenic media (OCM) to 

fragments and controls without in basal media (BM). The box bounds the interquartile ranges divided by the 

ƳŜŘƛŀƴΣ ŀ άҌέ ǎƘƻǿƛƴƎ ǘƘŜ ƳŜŀƴ ŀƴŘ ǿƛǘƘ ǿƘƛǎƪŜǊǎ ŦǊƻƳ ƳƛƴƛƳǳƳ ǘƻ ƳŀȄƛƳǳƳΦ Data shown is from three 

biological and ten technical repeats with ϝϝϝϝtҖлΦлллм ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ǳƴǇŀƛǊŜŘ ǘ-test.  

 
















































































































































