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Abstract 

Osteoarthritis (OA) of the ankle is unique in that it has an early onset and is often post-traumatic. 

Surgical treatments of ankle OA are less effective than in other joints due to its anatomical and 

biomechanical complexity, whereas joint-preserving treatments, which rely on endogenous 

multipotential stromal cells (MSCs), show good outcomes of up to 2 years, but degenerate 

subsequently. The aims of this study are: 1) To develop understanding of OA progression in the 

talus and tibia of the ankle through micro computed tomography, histology with cartilage 

damage grade scoring (Osteoarthritis Research Society International cartilage histopathology 

assessment (OARSI)) and immunohistochemistry, with a focus on resident reparative cells, 

CD271+ MSCs. 2) Assess the presence and potency of resident MSCs in OA talus and tibia in 

comparison to non-diseased, iliac crest (IC) MSCs, utilising standard in vitro methods 3) Develop 

two-dimensional expansion methods of MSC preconditioning for chondrogenesis enhancement, 

using clinically relevant, xeno-free biological stimulants, Kartogenin (K) and Platelet Lysate (PL) 

4) Investigate preconditioning and 3D culture for synergetic enhancement of MSC chondrogenic 

differentiation in non-diseased IC MSCs, and OA talar and tibial MSCs, utilising fibrin alginate 

and pellet culture methods for GAG deposition and gene expression. 

In non-diseased bone, the tibia presented a significant, 2.5-fold higher bone volume of total 

volume (p=0.001) than the talus. In OA, the subchondral bone plate of talus and tibia thickened 

1.3-to-2.5-fold compared to non-diseased controls, with bone volume of total volume increasing 

within 2 mm from the subchondral bone plate, but falling below non-diseased controls after 2 

mm in OA in both talus and tibia. The subchondral bone plate thickened 3-7 fold under damaged 

cartilage (OARSI grade 5) cartilage compared to grade 3 in both talus and tibia (p=0.003, 0.0003 

respectively), and bone volume of total volume increased 2-fold in tibia under grade 5 compared 

to grade 3 cartilage (p=0.002), but not in talus. MSCs appeared to associate with cartilage 

damage, with CD271+ positive staining correlating significantly with overlying cartilage damage 

grade in tibia (p=0.008 between grade 3 and 6), with a trend also clear in the talus. CD271+ MSCs 

were also found in similar areas as CD56+ osteoprogenitors and E11+ osteocytes, suggesting a 

link between MSCs and new bone formation. Plastic adherent, colony-forming MSCs were found 

in both OA tibia and talus, with a significant 30-fold higher MSC proportion of total cells than IC 

(p=0.005, 0.013 respectively). OA talar and tibial MSCs showed 1.5-3-fold increased 

osteogenesis by calcium deposition, and 2-fold increased chondrogenesis by GAG production, 

significant in the talus (p=0.012). Talar MSCs showed a 10-fold reduction in adipogenesis 

compared to IC and tibial MSCs by Oil Red O staining normalised to DAPI (p=0.049). 

Preconditioning with xeno-free 10 %human serum (HS) and biological stimulants 10 μM K and 

10% PL showed increased proliferation in IC MSCs compared to the positive control 
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ChondroDIFF. Treatment with K led to increased expression of chondrogenic gene ACAN, but 

reduced COMP, COL2 and SOX9 compared to ChondroDIFF, whereas PL did not elevate 

expression of any chondrogenic gene. Subsequent differentiation in 3D culture showed  a trend 

for elevated GAG production and retention after preconditioning with K/10% HS, and 

differentiation in K/50% HS relative to other conditions, suggesting this as the most successful 

combination for cartilage regeneration. PL treatment alone led to the majority of GAG not being 

retained, and elevated expression of osteogenic genes, as such appears unsuited for 

chondrogenic preconditioning of OA talar and tibial MSCs. Ankle OA cultures showed reduced 

GAG retention in comparison to IC, and far more variance in GAG production, suggesting OA has 

an impact on the chondrogenic ability of MSCs following biological stimulation.  

Overall, OA induced profound changes in talar and tibial cartilage and bone structure, likely 

impacting on joint biomechanics. MSCs are present within bone and are consistent with 

therapies which rely on endogenous cells, e.g. microfracture, however their association with 

bone-forming cells indicated a predominantly osteogenic phenotype. In standard conditions, 

these MSCs are capable of chondrogenesis to a greater extent than IC, but require stimulants 

which block osteogenesis whilst enhancing chondrogenesis to be targeted clinically. 

Preconditioning with K/10% HS demonstrated the ability to initiate chondrogenesis, and 

subsequent differentiation in K/50% PL shows enhanced GAG production and reduced RUNX2 

expression, making this a suitable candidate for a clinically suitable drug to enhance 

chondrogenesis in combination with microfracture.  
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Osteoarthritis (OA) of the talocrural joint of the ankle is a distinct and intricate clinical entity, 

due to the complex nature of the ankle joint, and how this affects both disease progression and 

available treatment options. The ankle is more prone to post-traumatic osteoarthritis compared 

to the hip or knee, as such is more common in younger patients, with symptomatic OA onsetting 

at an average age of 52, compared to 67 in the hip1. However, the complex biomechanics of the 

ankle make total joint replacement only last 10 years, in comparison to the knee or hip where 

these can last 30 years1. As such, replacement is only employed in older patients, on average at 

67 years old1,2. As such, conservative regenerative therapies are employed until joint fusion or 

replacement will last the lifetime of the patient. However, these therapies show limited success, 

only retaining strong outcomes for up to 2 years after treatment, after which there is progressive 

degradation of the joint. To prevent topics being discussed without explaining relevant concepts, 

this chapter will introduce anatomy and biomechanics of the ankle, and then the building blocks 

of joint repair, before and then OA in general and in the ankle, in order to provide a 

comprehensive overview of the area. 

 

 

The foot itself is composed of twenty-six individual bones, 

which cumulates into thirty-three individual joints when 

including the long bones of the lower leg. The ankle “joint” 

is formed of three articulations excluding the metatarsals. 

This includes the talocrural joint (of the talus and tibia), 

subtalar joint (of the talus and calcaneus) and the 

transverse tarsal joint (of the calcaneus and cuboid, and 

talus with navicular) (Fig. 1.1.1). The interactions 

between each joints is essential for joint function3.4 

 

 

 

 

 

 

(3) 
(1) (2) 

Figure 1.1.1 Medial view of the lower leg, 

with nomenclature of the bones. (1) 

Talocrural Joint.  (2) Subtalar Joint. (3) 

Transverse tarsal joint. Adapted from 

Neumann 20164. 
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The talocrural joint sits at the distal end of both the 

talus and tibia, with the load bearing region at the 

interface. The talus has no muscular connections, 

and instead gains stability from both various 

ligaments and how the joint is structured. As such 

it is a diarthrosis joint. The talus is constrained by 

the medial malleolus of the tibia, and the lateral 

malleolus of the fibula, as shown in Fig. 1.1.2, 

presenting a hinge-joint structure. However, the cone shaped trochlea of the tibia suggests 

movement atypical to a hinge joint. The talus is widest from the anterior orientation for strength 

and stability during dorsiflexion (raising the front of the foot towards the shin). A thin capsule 

covers the joint, connecting to the tibia and fibula malleoli, and articular surface of the talus 3,5. 

The Talocrural joint forms the crux of this project due to a large proportion of ankle trauma 

occurring at this location, suggesting a higher rate of OA at this specific joint6-8. However, current 

treatments are sub-optimal, and do not last more than 10 years. 

Due to the risk of OA in neighbouring joints when natural biomechanics are altered, each joint 

of the ankle needs to be considered when investigating the disease. The talocrural joint is cited 

as the most likely location for osteochondral lesions in the ankle, as it is prone to injury from 

excessive landing force leading to bone rotation, as only ligaments hold the talus in place7,9. This 

leads to the increased rate of lesions in the talocrural joint9,10. This makes the talocrural joint a 

frequent site for regenerative therapies, and therefore a key focus of this thesis. 

 

The subtalar joint is comprised of the superior, concave surface of the Calcaneus, and inferior 

convex surface of the talus. This enables most of the eversion and inversion of the foot. This is 

an arthrodial joint, as such only allows gliding motion between two thirds of the anterior 

calcaneus and lower side of the talus 3.  

 

The talonavicular joint is composed of the posterior portion of the navicular, and below the 

middle and anterior portion of the talus. This joint moves by rotation about an axis through the 

talus, in a forward and downward slant in the medial direction. This enables engagement in both 

inversion and eversion, with two muscles for inversion, the tibialis anterior and posterior, and 

three of eversion, the peronei, which insert in front of the transverse tarsal joint 3.  

Figure 1.1.2  Anterior view of the bones of the 

lower leg. The talus is constrained by the mortise 

of the malleoli of both the tibia and fibula. 
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A syndesmosis refers to a joint of two bones connected by ligaments and a strong membrane. 

This is the nature of the joint between the distal tibia and fibula. This acts to secure the 

tibiofibular mortise upon the talus. This type of joint permits 1 mm of motion when transferring 

from plantar flexion to dorsiflexion3.  

Despite the many joints within the ankle, as the talocrural joint was the focus of this work, from 

this point forward the ankle joint refers to the talocrural joint specifically. 

 

As mentioned as Sections of joints above, the major bones involved in the ankle joint include 

the Tibia, Talus, Calcaneus, Navicular and Cuboid. However, as this project focuses on explants 

removed during fusion of the talocrural joint, the talus and tibia shall be explained here. 

The talus, as shown in Fig. 1.1.3, bears resemblance to a snail, with a rounded head at the end 

of the short neck, with a larger posterior body. The anterior of the talus is domed to enable 

articulation with the corresponding concave surface of the navicular. The superior side of the 

talus is again domed to enable articulation within the distal ends of the tibia and lateral 

malleolus of the fibula. As the fibula extends further than the tibia distally, the corresponding 

articular cartilage of the talus extends further than that which interacts with the tibia 3,11,12. 

The distal tibia interacts with the talus, with the tibiofibular mortise restricting its rotation (Fig. 

1.1.3). The tibia extends less than the fibula in this mortise, as such further rotation is permitted 

in the medial direction. Where the tibia interfaces with the talus, there is a concave curvature 

covered by cartilage to enable smooth rotation5,13,14. 

Figure 1.1.3 Facets of articulation and Anatomical Landmarks of Talus and Tibia. A Medial view of the talus. 

B Anterior view of the talus. C Anterior lateral view of the tibia. Adapted from Neumann 20164. 
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The cartilage of the ankle is of hyaline nature, 

existing on the articular surfaces. This helps 

disperse load during movement, with cartilage 

mostly dealing with shear forces15. Articular 

cartilage is both aneural and avascular due to 

the load-bearing nature of the tissue, instead 

receiving nutrients and hydration from the 

synovial fluid for superficial cartilage, or from 

the subchondral bone for deep cartilage 16. This 

lack of vasculature and neural behaviour is 

thought to inhibit the repair of cartilage17. Hyaline cartilage is composed of 4 zones, shown in 

Fig. 1.1.4. The surface is the superficial zone, composed of collagen fibres orientated parallel to 

the surface, supporting chondrocytes with little proteoglycan. The chondrocytes of this zone 

secrete superficial zone protein 18. Within the ankle most of the cells are paired, with only 25% 

found singularly, unlike in other joints which tend to larger groups of cells, with less distance 

between chondrocytes 19. The intermediate zone holds randomly orientated collagen and sparse 

chondrocytes. The deep zone contains collagen oriented perpendicular to the surface and 

clusters of 2-3 chondrocytes, and the calcified zone is where mineralisation begins to occur, with 

a few hypertrophic chondrocytes root-like type X collagen structures reaching into the calcified 

zone from the deep zone20. This zone connects to the subchondral bone, with a rapid change 

into calcified bone with no chondrocytes and change from type 2 to type 1 collagen17. The area 

where the articular cartilage starts to become calcified is termed the tidemark (shown on Fig. 

1.1.4), due to the rapid progression of cartilage from a demineralised tissue to a calcified one, 

whilst also denoting the change in nutritional source from synovial fluid to subchondral bone for 

the chondrocytes. This tidemark can be visually distinguished by histochemical staining, 

however the reason for its existence is still argued between three theories. Firstly, as a leftover 

of the subchondral ossification growth-plate, secondly, as a junction between the pliant hyaline 

cartilage and rigid calcified tissue, and thirdly as a by-product of the chondrocyte life cycle. 

Evidence shows chondrocytes slowly migrate to the tidemark from the articular surface altering 

the extracellular matrix (ECM) as it goes, before undergoing apoptosis at the tidemark21. In OA, 

this tidemark is duplicated, thought to be due to the progression of bone into the cartilage21,22.  

The calcified cartilage is preceded by subchondral bone, with a subchondral bone plate formed 

of a 1-3 mm plate of cortical bone, followed by and with metabolically active trabecular bone 

distal to this 23.  

Figure 1.1.4 Zonal Variation of Hyaline Articular 

Cartilage. Adapted from Gray 20093. 

Tidemark 
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Collagen, the major load-bearing macromolecule of cartilage, forms 60% of the dry weight. This 

is mostly formed of fibrillar type II collagen (90-95%), with a minority of collagen types VI, IX and 

XI 24. The second major macromolecule is proteoglycans, which trap water within its hydrophilic 

glycosaminoglycan (GAG) side chains to allow cartilage to resist compressive load. As such, water 

forms up to 80% of cartilage wet weight 20. By weight, the most abundant proteoglycan is 

aggrecan, followed by decorin, biglycan and fibromodulin. Chondroitin sulphate is the most 

common GAG, with aggregan binding up to 100 of these as side chains 17. This forms large 

aggregates via link proteins to bind hyaluronan, holding large amounts of water to resist load 25.  

As mentioned, cartilage of the ankle is different from the hip or knee. Firstly, the cartilage is both 

thinner and more uniform. The cartilage within the talocrural joint is 1.0 to 1.6 mm thick on 

average, but thinner on the talar dome, where it measures between 0.9 and 1.7 mm. In 

comparison, the cartilage within the knee joint measures between 1.69 and 2.55 mm in 

thickness. Proportionally, the superficial layer of the ankle is much greater than the knee, so 

much so that despite the difference in total cartilage thickness, the superficial layers are similar 

thicknesses26.  

Additionally, there is a higher degree of congruency in the ankle, with a load-bearing area of 11-

13cm2, although this is still lower than the knee due to the small nature of the ankle 5,27. The 

cartilage is thought to be more able to repair, due to the enhanced ability of chondrocytes to 

synthesize proteoglycans, as well as a higher stiffness and decreased permeability due to its 

higher GAG content, with just under twice as much GAG per wet weight in the ankle than in the 

knee 28.  

Thirdly, the aggregate modulus, a measure of stiffness of the tissue at equilibrium when all fluid 

flow has ceased, is higher29.   

𝐻𝑎 =  
𝐸(1 − 𝑣)

[(1 + 𝑣)(1 − 2𝑣)]
 

The aggregate modulus is calculated using Young’s Modulus (E) and Poisson’s Ratio (𝑣). The 

ankle has an aggregate modulus of 1 MPa, compared to 0.6 MPa in the knee, meaning there is 

less deformation under load within the ankle18,28. These properties of cartilage are thought to 

be a large part of the reason why the ankle is less prone to primary OA30.  

Another difference in the ankle compared to other joints such as the knee is cited to be a 

difference in profile of molecule synthesis (catabolism), and molecule degradation (anabolic) 

focus between the joints. The ankle has an anabolic phenotype, whereas the knee presents more 

catabolic activity. As such, ankles show increased synthesis markers such as C-terminal type-II 

Equation 1.1.1 Calculation of Aggregate Modulus. E = Young’s Modulus. 𝑣 = Poisson’s Ratio 
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procollagen pro-peptide and of Aggrecan turnover 31. Additionally, there is less response to 

catabolic markers such as interleukin-1β and fibronectin fragments, with no evidence of matrix 

metalloproteinase (MMP) 8 mRNA which has been found to enhance OA progression in the knee 

32-34. MMPs are a family of ECM degrading proteins, which include accompanying inhibitors 

termed Tissue Inhibitors of Metalloproteinase (TIMPs), as well as the specific proteins of the 

same family, A Disintegrin and Metalloproteinase (ADAM) and ADAM with Thrombospondin 

Motifs (ADAMTS). These have all be found key in the progression of OA. 

The evidence of ankle OA being a distinct clinical entity compared to knee was also shown by 

interleukin-1 stimulation, a glycoprotein involved in immune response modulation. Cartilage in 

the knee stimulated with interleukin-1 showed an increased loss of GAG content, however the 

ankle showed no changes 18. Further research into the different factors involved in OA 

progression of the ankle is required to build a ‘library’ of factors, and further characterise the 

degeneration of this joint. Additionally, it needs to be confirmed if these changes are limited to 

the post-traumatic model of OA or is also found in primary OA. Some studies exist of the various 

anabolic and catabolic inducing factors involved in OA; however, these combine results from the 

ankle, knee and hip, and as such do not provide reliable information for individual joints.  

The talocrural joint is less susceptible to cartilage damage, explained by the increased joint 

congruency, and better cartilage mechanical properties as discussed earlier30. To better 

understand why cartilage therefore becomes unable to repair after trauma, a better 

understanding of changes to cartilage in OA is required, both morphologically and mechanically.  

 

Distal to the articular surface and beneath the calcified layer of deep cartilage lies the 

subchondral bone. This is 1-3 mm of cortical plate with subsequent trabecular bone and bone 

marrow3. This cortical plate is partially porous, with blood vessels and nerves extending tendrils 

into the calcified cartilage 35. Subchondral bone, conversely to cartilage, is highly neurovascular 

tissue. This is due to the bone not having the same compressive function as the cartilage, as such 

the vessels are protected. The localisation of these vessels within the cortical plate is 

concentrated at the area under most loading, and the number of these vessels tend to increase 

with age, shown in the hip 36. In comparison to the cortical plate, the trabecular bone is much 

more porous and metabolically active. The trabecular subchondral bone provides the majority 

of mechanical support in shock absorption. The structure of the trabeculae is non-homogenous 

and anisotropic, meaning the structure is built in the direction of force, in order to best resist 

loading. Within the trabeculae also lies the bone marrow, providing a stock of cells. The 
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subchondral bone is a highly dynamic structure, with the level and location of mechanical load 

controlling the remodelling of the tissue. 

The major cells types of the bone include monocytes, osteoclasts, osteoblasts and osteocytes37. 

Bone which undergoes little mechanical loading will induce monocytes differentiation into 

osteoclasts, which resorb the surrounding bone 38. This prevents wastage of material as well as 

helping the bone be modelled to best resist force. When bone is needed to be built, osteoblasts 

lay down new bone by secreting ECM proteins including osteocalcin, osteopontin and dense 

cross-linked collagen, to form a pre-bone scaffold called the osteoid. Cells trapped within the 

bone are termed osteocytes. Whilst these cells no longer secrete bone-forming proteins, they 

act as mechanosensory units which can send signals to the surface of the bone 39. Osteoblasts 

are generated from Mesenchymal Stromal Cells (MSCs) which typically form connective tissues, 

and will be described in more detail at a later point in this literature review 40. 

Osteocytes within the bone interact with each-other through dendritic processes. The filopodia 

to perform this are extended into canaliculi, connecting between osteocytes via gap junctions. 

These act to sense both mechanical and systemic stimuli 41. 

Microfracture to the trabeculae of the subchondral bone leads to a reduction in the elastic 

modulus of the structure, which also affects the loads cells will undergo. Microdamage to the 

cortical bone results in apoptosis of osteocytes and an increase in osteoclast-mediated 

remodelling in rats 42. This association of microdamage with bone resorption offers a potential 

cause for post-traumatic OA, considering cartilage viewed arthroscopically after injury appears 

undamaged.  
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The extracellular matrix (ECM) of a tissue forms a mechanical structure on which cells can attach, 

aiding both rest and migration of these cells. These also provide surface signals, with the 

strength of a material influencing the differentiation of a cell as well as its migration 43,44. 

Additionally, the ECM acts as a growth factor store. Within the cartilage, as earlier mentioned, 

the major constituents of the ECM are collagen (II,VI,IX and XI) and proteoglycans (Aggrecan, 

Lubricin).  

Proteoglycans are composed of a protein core, with many sugar side chains, which by their 

hydrophilic nature allow the entrapment of water within its structure. These often contain link 

proteins at the base of the protein component, which act to bind the proteoglycan to a larger 

complex through hyaluronan, this is shown within Figure 1.1.5.  

Degradation of the extracellular matrix leads to perturbation of resident cells. The degradation 

products of hyaluronan lead to proliferation of chondrocytes as well as their apoptosis 45. OA is 

at least perpetuated by overexpression of inflammatory factors and ECM degrading components 

which leads to a vicious cycle of degradation46. 

In the bone, the extracellular matrix is termed the bone matrix. This matrix acts to separate 

osteocytes from each-other. The matrix is formed of fibronectin, collagen, laminin and 

proteoglycans. Cells can adhere to these proteins through integrin-β1, which binds to the 

extracellular matrix via RGD-domains (arginine, glysine aspartic acid), which enables cell 

adhesion and migration, whilst also enabling downstream signals through focal-adhesion 

kinases and vinculin 47,48. Disruption of these signals such as by the use of antibodies causes cell 

apoptosis 49. Collagen of the bone is typically formed of type-I collagen, which is also a fibril-

forming collagen. In comparison to type-II collagen, type-I has a lower content of both 

hydroxylysine and glycosyl/galactolysyl residues 50. However, this type itself is stronger 51. Whilst 

the matrix of these two tissues show some similarity as well as differences, their close proximity 

suggests the dependence of the two tissues on each other. 

Figure 1.1.5 Typical Structure of the Proteoglycan-Hyaluronan 

complex. Adapted from Roughley & Mort 201425. 
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There is now a large body of evidence for cross-talk between subchondral bone and cartilage 

both in healthy and unhealthy joints, including the ankle52. This is mediated by the relatively high 

vasculature and abundance of osteocytes. As OA progress, there is widening of the connections 

between the two tissues, due to microfractures, perforation, vascular invasion of bone and 

cartilage damage, leading to an increase in signalling between the two tissues as well as 

hydraulic conductance 53,54. 

Molecules thought to be involved in this molecular crosstalk include Osteoprotegerin (OPG), 

Receptor Activator of Nuclear Factor κB (RANK), RANK ligand (RANKL), Hepatocyte Growth 

Factor (HGF) and Hypoxia-Inducible Factor 2α (HIF-2α). OPG acts to inhibit binding of the RANK-

RANKL complex, the complex being essential for bone resorption. RANKL is expressed by both 

osteoblastic lineages as well as chondrocytes, implicating cartilage in the signalling process. In 

early human OA, the ratio of RANKL to OPG is increased, suggesting bone resorption, but 

decreased in late OA, giving reason for the thickening of subchondral bone in late-stage OA 55. 

There is a large body of evidence for crosstalk between the cartilage and bone, however the 

complex events involved means the potential mechanism of action is still unknown. 

The complexity of this joint leads to various differences in biomechanics, affecting OA 

progression and the types of treatments that can be employed. These are investigated next. 
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The axis of rotation of the ankle is complex. Some 

researchers state the ankle has a single axis, with an 

oblique transverse axis, as shown in Figure 1.2.1, however 

others hypothesize there is a shift in the axis of rotation 

of the talocrural joint during plantarflexion (whenever the 

heel raises relative to the toes), shifting from anterior to 

posterior 2,3,11. A study in 2014 by Siegler et al. directly 

compared the geometry of the talocrural joint to the 

degree of congruency, to test the theories. They found 

the trochlear surface of the talus is skewed inwardly, as 

such there is no axis of symmetry, which implies a 

varying axis of rotation, which matches results of 

numerous other studies 56. Sturnick et al. performed gait analysis of cadaveric ankles using 

reflective markers attached to the tibia and talus, and physiological load applied to the extrinsic 

tendons for simulated gait cycles. This again showed a varying axis rotation. However, as this 

was performed on cadaveric tissue, it is difficult to prove that this is the ankle behaves in a 

healthy human 57. Lundberg et al. used roentgen stereophotogrammetry to measure the axis of 

rotation in 8 healthy patients. Projections were made after 10-degree steps in each motional 

direction, again showing a moving axis of rotation. However, roentgen stereophotogrammetry 

is based off markers within a replacement prosthesis, as such movement will be abnormal 58.  

Before discussing joint rotation, biomechanical rotations of the ankle need to be defined. The 

rotations are described within Figure 1.2.2, with plantarflexion and dorsiflexion relating to the 

elevation and depression, adduction and abduction relating to medial or lateral rotation and 

eversion/inversion relating to rotation of the sole inwards or outwards. Plantarflexion and 

Figure 1.2.1 The Oblique Transverse Axis 

of the Talocrural Joint. Dashed line shows 

the transverse axis in both A and B, which 

is not completely horizontal. A show the 

superior view. B shows the anterior view. 

Adapted from Neumann 20164. 

Figure 1.2.2 Illustration of the 6 Major Rotations of the Ankle. Adapted from Neumann 20164. 

A B 
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dorsiflexion are largely controlled by the gastrocnemius (the muscle connecting the femur to 

the Achilles tendon), contracting for plantar flexion and relaxing in dorsiflexion 5,11. 

Inversion and eversion denote the sole of the foot turning inward and outward respectively. 

During inversion the ankle will undergo dorsiflexion, and vice versa for eversion 5,11. Abduction 

describes medial movement of the lower foot and abduction lateral movement 5,11. A further 

two movements are described as supination and pronation, in the ankle describing combination 

of the above movements, supination being plantarflexion, inversion and adduction, resulting in 

the sole facing medially, and pronation the inverse 5,11. A combination of these movements is 

required to enable walking, which are described by the gait cycle (Fig. 1.8). 

During a typical gait cycle, the two phases are swing and stance, shown in Figure 1.8. The stance 

phase is split into four Sections for the ankle, heel-strike, flat food, mid-stance and heel off. This 

begins with plantarflexion of the foot as the heel strikes the ground, then relaxing until mid-

stance. Dorsiflexion occurs until heel-off, maintained until toe-off. During swing phase, the ankle 

undergoes dorsiflexion to allow the foot to clear the ground, whilst returning to plantarflexion 

for heel strike 5. 

 

The natural movement of a joint during walking is termed the gait cycle. For the ankle, the typical 

gait cycle is shown in Fig. 1.2.3. 

The typical load through the ankle during normal gait is believed to be 4.5-5 times bodyweight 

at its highest, during the heel-off phase of the gait cycle, with 0.36 times body weight exhibited 

through shear forces, that is two surfaces moving past each other by unaligned, opposite forces. 

When running, this load increases up to 13 times bodyweight59. These numbers are greater than 

Figure 1.2.3 The Typical Human Gait Cycle. Adapted from Valderrabano et al. 200764. 
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that of the hip or knee, with the hip showing 1.5 to 2.5 times bodyweight during walking 60. Each 

ankle carries around 49.3% of body weight, with the remainder carried by the rest of the foot, 

through 11-13 cm2 of weight-bearing surface in each ankle. Of this, 83% is through the talocrural 

joint and 17% through the fibula 61. As the contact surface area of the ankle is higher than that 

of the hip or knee, the load transmission is lower relative to the hip or knee 14. However, the 

distribution of this load changes throughout motion. For example, Panero et al. found that 

during normal stance, 20% of load is placed through the forefoot and 30% on the hindfoot, 

however during squatting this changes to 40% on the hindfoot and 10% on the forefoot62.  

During OA, the biomechanics of movement change greatly. As the patients no longer want to 

place weight upon the injured tissue, there is a shift in movement pattern, causing abnormal 

loading. This may promote further degeneration of the ankle and potentially further post-

traumatic OA 63. When using the Musculoskeletal Functional Assessment questionnaire, patients 

with end-stage ankle OA reported significant reduction in range of motion and their quality of 

life as well as general disability and other complications 64. Dyrby et al. showed in 6 patients that 

overall range of motion of the ankle is reduced by 38%, with most of this being accounted for by 

a loss in inversion, although interestingly the degree of eversion increased compared to the 

control 65. The loss of motion is clear from the fact the two bones are fixed together, however 

the alteration in both biomechanics, joint structure and reduction in pain may allow for a greater 

amount of eversion, such as a reduction in the size of the mortise, since the tibia is made flat 

during the fusion surgery. Horisberger et al. showed that end-stage osteoarthritic patients show 

an increase in the average maximum force and peak pressure placed on the ankle, as well as a 

reduction in pressure on the forefoot with more being placed on the forefoot. Additionally, 

when pressure was applied the patients minimised contact area between the back and midfoot, 

with an increased period spent with load upon the forefoot. However, these values did not 

correlate with clinical scores of the patient 63.  

To better understand changes in OA to the talus, the general understanding of OA and specific 

changes identified in the talus and tibia are discussed next. 
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This Section will introduce the roles and functions of Multipotential Stromal Cells (MSCs), 

particularly within bone behaviour and cartilage repair, as well as describe the current 

understanding of the talus and tibia of the ankle, the effects of osteoarthritis (OA), and current 

therapies available for treatment. First, this will focus on MSCs and their relevance to 

regenerative therapy. 

Stem cells define cells which can form multiple cell types whilst maintaining their own 

population. The type of cells formed depends on the type of stem cell. For example, an early 

embryonic cell (up to three days) is termed ‘totipotent’, as these cells are capable of forming 

any cell type within the body. MSCs are an example of a cell with a more constrained potency, 

termed multipotent, as they only form cells of mesenchymal origin in vivo. Primarily this includes 

bone (osteogenic), cartilage (chondrogenic), fat (adipogenic) cell types, but with correct stimuli 

give rise to connective tissue, shown in Fig. 1.3.166.  

MSCs are highly proliferative cells with limited replication, showing 20-40 population doublings 

in vitro compared to 8 identified in most fibroblasts, although this varies in the literature due to 

culture conditions and source tissue67-69. MSCs are rare in that whilst compared to most adult 

stem cells, they are able to form cells of many lineages in vivo and in vitro, particularly of 

osteochondral lineages, as well as having immunomodulatory effects, making them one of the 

best studied cells within the regenerative medicine field70,71. They are potent osteochondral 

agents, and whilst originally identified within the bone marrow, they do not form cells of 

haemopoietic lineage. Subsequently, MSCs have been observed in many locations within the 

body, including bone, skin, muscle and adiposal tissue. Within cancellous bone, MSCs form 

around 1% of all cells following enzymatic digestion of the tissue 72.  

Figure 1.3.1 The differentiation pathways of the MSC, including formation of muscle, bone, cartilage, 

fat and other tissues. Adapted from Caplan 199173. 

Self-
Renewal 
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A confounding factor within the MSC field is that they are referred to by many names. MSCs 

were first isolated in 1974 and then defined as multipotential stem cells in 1991 by A.I. 

Caplan73,74. However, these cells were unable to show ‘stemness’, as despite being able to form 

multiple lineages and reproduce themselves in vitro, the third criteria, the ability for in vitro self-

renewal following serial transplantations, is not met, as earlier shown they cannot replicate 

indefinitely75. However, there is some evidence that some MSC subpopulations can meet this 

criteria76. This led to recommendation of the International Society for Cellular Therapy to 

redefine these cells as multipotent stromal cells, to retain the same acronym but account for 

these new properties, with the additional rule that a subset of these MSCs isolated directly from 

bone marrow showing true stemness should retain mesenchymal stem cells nomencalture77. 

However, MSCs were also termed Medical Signalling Cells due to them showing significant 

paracrine effects to reduce inflammatory responses78,79. This immunomodulatory effect occurs 

in part due to live MSC activity, as well as after apoptosis of MSCs after injection which releases 

suppressing factors80,81. However, the recruitment of endogenous MSCs rather than injection 

may prevent the apoptotic response seen71,82. Despite being given the name medical signalling 

cells, MSCs have shown significant therapeutic benefit in cartilage repair, with proven cartilage 

formation by MSCs ex vivo in human explant models, and evidence of in vivo repair71,83,84. In this 

work I will also show evidence of MSCs being involved in bone sclerosis, and therefore I strongly 

believe the name multipotential stromal cells is more suitable82,83,85.  

MSCs exist in multiple niches within the joint, including within the subchondral bone, synovial 

fluid, synovium and adiposal tissue86-88. Bone marrow MSCs are the best characterised, which 

co-exist with haemopoietic stem cells within the bone marrow, with exhibiting multiple effects 

over the other 89. This gives the bone-resident MSC multiple roles, both to control haemopoietic 

stem cell function, maturation and movement into circulation, as well as controlling host tissue-

remodelling, bone repair after fracture and homeostasis of adiposal tissue in bone. MSCs were 

originally identified as rare bone marrow cells to adhere to plastic and proliferate to form 

fibroblastic colonies 90. Now better characterized, these bone MSCs are isolated through their 

Cluster of Differentiation (CD) antigens, with CD73, CD90 and CD271 being examples of the bone 

MSC markers91. To assist with this CD45 and CD31, markers of haemopoietic and endothelial 

cells, are used as negative markers91. These bone MSCs are found as a MSC perivascular 

population, as well as in stromal reticular niche, associating with venous sinusoids, which 

explains why, despite not being found in circulation, are able to rapidly home locally to where 

they are required 86,92. 

Synovial MSCs can be found both in synovial fluid, and within synovial tissue projections, which 

has since been proven in the hip and knee by harvesting synovium during arthroscopy93,94. 
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However the hip population was unable to be cultured in vitro, although the knee MSCs grew 

normally94. This study also grew MSCs harvested from synovial fluid, which formed colonies in 

both tissues 94. Synovial MSCs are cited for their enhanced chondrogenic ability, thought to be 

related to their resident site being near cartilage95. Synovial MSCs have been isolated from the 

talus of the ankle, and demonstrated standard requirements for MSC behaviour, however as 

this was not compared other MSC sites, relative differentiation capacity cannot be assessed96. 

Another common source of MSCs is from adiposal tissue, however these MSCs do not form 

osteogenic or chondrogenic tissue as readily as bone marrow MSCs 97. Within the ankle, 3 studies 

of adiposal MSC injection were identified, two from the subcutaneous buttocks, and one being 

lipoaspirate 98-100. 

MSCs have been shown to be elevated within the OA hip joint relative to a healthy joint, however 

do not initiate repair, with subchondral bone MSCs showing reduced mineralisation and altered 

migration55. Additionally, CD271, a native MSCs marker, has shown their accumulation in bone 

near cartilage defects in immunohistochemistry, associating with CD56, a marker of bone 

forming cells, osteocytes 85,101. Furthermore, whilst in some cases of regenerative therapies 

cartilage has been reformed, the new cartilage does not integrate with the existing cartilage 

within the joint 102. This leaves a potential for endogenous repair after correction of these. 

MSCs are not generally believed to be found in cartilage, as such this is rarely targeted for 

cartilage repair, however there is some evidence in animal models. Archer et al. found that 

bromodeoxyuridine staining of chondrocytes indicated that chondrocytes are likely replenished 

from the superficial zone of cartilage, with a following study of the same group identifying an 

MSC-like population in the same location 103,104. Chondrocytes have shown the potential to de-

differentiate into an MSC-like state. This was shown by isolation of cartilage chondrocytes and 

inducing growth of pellets, which showed formation of a marrow cavity by endochondral 

myelogenesis, which a chondrocyte would be unable to perform. This may however have been 

due to MSCs from within cartilage, should they exist within the tissue 105. Each of these studies 

may explain the other; however, there is no evidence in favour either. 

MSCs are found in proximity to the OA disease site, as such provide a key target for regenerative 

therapies. However, there still remain barriers to clinical success. A key target of regenerative 

therapies is the ankle, due to its complexity which makes surgical treatments which retain 

function less effective in the long term. This is explored next. 
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OA represents one of the largest medical economic burdens to current society, with an 

estimated cost estimation of $89 to $99 billion (in 2001 and 2006 respectively) to the USA 

annually 106,107. Additionally, it is the fourth greatest loss in quality of life by disability in the UK, 

with a pain level equivalent to that of sufferers of end-stage kidney disease or congestive heart 

failure 108,109. Between 2004 and 2010, 2.10 million, 4.72 million and 1.56 million consultations 

of OA for the hips, knees and hands were performed respectively. Interestingly however, 

101,651 hip replacements and 108,713 knee replacements were performed, presumably due to 

the high success rate of hip replacements 1,110. The majority of OA is age-related, particularly 

within the hands, hips, knees and spine, with the average age of patients receiving replacement 

being 70 years old 110,111. Younger cases of OA within these joints are largely due to genetic 

predisposition, particular of matrix proteins within the cartilage such as collagen 112.  

The incidence of ankle OA is comparatively lower to that of the hip or knee. Between 2004 and 

2010, 1.77 million patients received consultation regarding OA of the foot and ankle, as recorded 

by the Consultations in Primary Care Archive, forming 20% of consultations in this time period1. 

Additionally, there is a lesser degree of total joint replacement in the ankle, with 839 procedures 

in 2016, compared to 100,000 hip replacement procedures. This is partially due to the 

preference of fusion over replacement in the ankle, but also as ankle OA is less common. 

However, this is a 15% rise in total ankle replacement (TAR) since last year, compared to the 

3.5% increase in hip replacement 110. Additionally, the average age of patients who receive ankle 

replacement is 69.4, although the average age of patients reporting pain is only of 51.5 years of 

age 110,113.  

The ankle is mostly different from other joints due to the majority of cases occurring post-

traumatically, with reports suggesting that this attributes to 70-90% of cases, whilst only 12% of 

all hip, knee and ankle OA cases are post-traumatic 106,113,114. This may be due in part to the ankle 

being the joint most-often injured in sports, with one study finding 22.6% of all cases of injury 

being of the ankle, however participation in sport itself is not associated with arthritis 115,116. 

Saltzman et al. studied 639 patients from a tertiary orthopaedic centre, and found that only 7% 

of all ankle OA cases were primary OA, and 70% were post-traumatic. As not all ankle injuries 

are reported, this may be an underestimation 113.  

Primarily ankle OA is diagnosed in patients by examining the joint for signs of swelling, followed 

by an x-ray to look for evidence of joint-space narrowing or osteophytes. This will be confirmed 

by magnetic resonance imaging (MRI) to look for osteochondral lesions, or arthroscopy to 
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identify these lesions, visible by their yellow or grey discolouration from white, as well as 

fibrillation or detached cartilage. Whilst MRI is typically used to determine if a patient has ankle 

OA, the sensitivity is not perfect. Sugimoto et al. found that when arthroscopic evaluation was 

performed of patients with prolonged lateral instability of the ankle, 77% of ankles without 

abnormalities detected by radiography or MRI had subchondral lesions identified during surgery 

117. Additionally, a second study found with 3T MRI a sensitivity of 71% and specificity of 74%, 

and a third study a sensitivity of only 46% using 1.5T MRI for osteochondral lesions 118,119. This 

suggests the incidence of ankle OA may be higher than that currently reported.  

Currently there is much less literature regarding ankle OA than that of the hip or knee. Results 

from the studies of the ankle are used alongside studies of other joints and compared directly 

to controls. This means that ankle OA is rarely studied as its own entity, which hinders both our 

understanding of ankle OA, as well as understanding within other osteoarthritic joints and their 

treatment. 

 

OA is a complex disease with multiple potential causes, progression pathways and initiation 

sites, as such its understanding is constantly evolving. The majority of OA originates from the 

articular cartilage of the joint, however, particularly in the case of post-traumatic OA, 

accelerated progression and MRI evidence suggests otherwise. Injury is most likely within the 

ligaments of the ankle, with the majority of these cases resulting in OA down the line 115. 

Additionally, MRI of these injuries in the subsequent months often provide early predictors of 

OA onset 119. The joints of the body include numerous structures, including bone, cartilage, 

tendon, synovium and in some joints the menisci, all of which undergo changes during OA, and 

it may be one or a combination of these from which OA progression initiates 120. The most 

common form of ankle injury is to the ligament; however there is importance to the fact that 

during injury, cartilage and bone fragments will potentially be removed from opposing surfaces 

from the force of impact, and so the point of origin for post-traumatic disease is more difficult 

to determine 115,121,122.  
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On the macro scale, during OA the cartilage undergoes fibrillation, the splitting of superficial 

layers, occurring horizontally aligned with the cartilage fibres at the beginning and slowly 

progressing to deeper layers. This creates clefts within the cartilage which can reach all the way 

to the bone, as well as leading to thinning of the cartilage. However, OA has a much more varied 

impact at the molecular level. As the cartilage of the joint is relatively acellular, as well as 

avascular and aneural to prevent vessel damage during compression, the extracellular matrix 

changes are key during the progression of OA20,120. One of the changes to the cartilage associated 

with both old age and OA includes the tidemark being duplicated. This is evidence of 

mineralisation moving further towards the superficial layer, which increases the aggregate 

modulus and thus hindering the ability of the tissue to resist force 123. Additionally, the major 

component of cartilage to resist force, proteoglycans, are degraded during the process of OA, 

with loss in Aggrecan causing the most notable change, as defined by the earlier Sections. This 

reduces the amount of water which can be retained, further weakening the tissue. In addition, 

there is degradation of collagen fibrils, especially of type 2, which is central to forming the 

meshwork which holds GAGs in place.  

On a cellular level, chondrocytes are found to die rapidly within the area of damage, and slowly 

cells of the surrounding areas undergo cell death after 48 hours. Additionally, whilst the high 

degree of MSC proliferation enables new synthesis of cartilage, this does not integrate with 

existing cartilage 124.  

Garrido et al. applied an impulse of 1 Ns to an ex vivo human talus using a 4 mm diameter 

indenter in order to replicate injury, with peak forces in the range of 600N. This induced 70% 

cell death in the superficial layer on average, and around 35% in the middle and deep layers on 

average. After 48 hours, surrounding cells began to die, with 60% cell viability after 14 days 125. 

Whilst not a long-term study nor progression to OA, this shows a clear risk to the joint after 

injury. Shapiro et al., as mentioned earlier, found that after injury there was a reduction in cell 

viability, although MSCs increased in number and aided new cartilage synthesis, however was 

unable to attach with the existing matrix, with fibrillation worsening after 36 weeks 124. 
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Compared with the midshaft of the long bones, subchondral bone of the joints contains less 

cortical bone and higher cancellous bone. This allows greater shock absorbance to protect the 

cartilage. This close relationship may account for why the subchondral bone is often affected 

during disease processes. Typically during early OA the subchondral plate becomes thicker, with 

bone growth and osteophyte formation. This is associated with increased vascular invasion, as 

well as formation of bone marrow lesions and subchondral bone cysts, leading to thinning of the 

cancellous tissue126. A bone marrow lesion defines regions of bone beneath cartilage with tissue 

oedema, fibrosis and necrosis, whereas a subchondral bone cyst refers to a cavitary lesion within 

the bone 35,127. There is increased mineralisation, of almost five-fold in early stages23. There is 

also micro-damage to the subchondral bone with breakage of the trabeculae and subsequent 

sclerosis35. In late-stage OA, there is a reduced rate of bone mineralisation, as well as thickening 

of the subchondral plate. As such, OA is considered to be split into two phases, early resorptive 

and late bone anabolic 128. 

Similar processes have been found within the ankle. Scintigraphy using 740MBq of 

99mTechnetium labelled 3,3-diphosphono-1,2-propanodicarboxylic acid, which selectively 

binds mineralized bone, showed increased uptake in the tibia of 67% and talus of 33% in OA 

compared to healthy controls52. In the talus this increased uptake was associated with 

subchondral cysts, with uptake in both being local to the subchondral bone-cartilage interface. 

Additionally, staining of the areas without increased uptake within the subchondral bone 

marrow showed more features indicative of fatty tissue with more blood vessels and fat cells 

with few bone-lining cells. Staining of the increased uptake areas showed a fibrovascular 

morphology with high cell counts and significantly more osteoblasts, as well as increased 

collagen52.  

OA progression specifically in the talus and tibia still remains poorly explored, as such became a 

key target of this work. To better guide a clinically relevant research process, existing treatments 

and their relevance to specific OA behaviours in the ankle were next investigated.  
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The first advice offered by doctors to patients diagnosed with symptomatic early-stage OA 

includes increasing their level of exercise and attempting weight loss to help to reduce pain. 

Early stage treatment includes the use of thermotherapy, electrotherapy or assistive devices, 

such as a brace, or manual therapy 129. 

Those who suffer from OA will first be offered painkillers such as topical non-steroidal anti-

inflammatory drugs (NSAIDs) or paracetamol129. These have high efficacy, with a systematic 

review in hip OA of 58,451 patients finding clinical significance in all cases 130. If ineffective, oral 

NSAIDs, opioids or intra-articular corticosteroid injections are offered, however these have 

greater side-effects with debatable increase in efficacy. Corticosteroid injections showed 

significant improvement in 82% of ankle OA patients, however 30% of these required surgery 

within 2 years, with only 12% of patients still successfully being treated at 2 years 131.  

Injection of biological stimulants is another aspect considered. Clinically, hyaluronic acid and 

platelet rich plasma (PRP) have been areas of recent focus, with another, Kartogenin (K) showing 

strong benefits for cartilage formation by MSCs, however has not reached the clinical trial stage 

yet. Local hyaluronan injections are not recommended by National Institute of Health and Care 

Excellence (NICE) for the treatment of ankle OA, however are still used for research129. 

Hyaluronan injections aim to restore proteoglycan content of the joint, however it does not 

remain in the tissue. The outcomes are debated, with some studies finding significant benefits, 

whilst others finding no difference from saline injections132,133. As this targets cartilage directly, 

this was not considered for this work. PRP is concentrated blood extract, and therefore contains 

concentrated levels of growth factors and platelets, although red blood cells are removed. 

Injection of PRP into the ankle joint has shown a reduction in visual analogue pain score from 

59.7 to 39.7 after 4 weeks, however the pain returned to 42.4 after 12 weeks, returning patients 

to the moderate pain category, showing similar effects to typical regenerative therapies134. PRP 

has shown good outcomes in vitro, with the ability to enhance chondrogenesis by MSCs. 

However, it has also been attributed with bone formation, and there is a large amount of 

variation into the literature for its effectiveness135-138. Whilst this may in part be due to the 

variation in its composition, as PRP simply defines that platelets are concentrated in plasma, and 

so can have very different levels of platelets or growth factors between groups. This leaves a 

large body of research that still needs to be undertaken, and studies should use well defined 

PRP composition. For use in vitro, platelets in PRP are lysed by freeze-thawing to produce 

Platelet Lysate (PL), in order to enable its use long term, as platelets are not stable external to 
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the body for more than a day139. As a supplement with the potential for increasing GAG 

production by MSCs by 6-fold, this became a stimulant of interest for this study140. The second 

stimulant, Kartogenin, was identified in 2012, and is cited for its ability to induce chondrogenesis 

whilst inhibiting osteogenesis, therefore directly targeting the differentiation pathway of 

interest141. This stimulant has shown the ability to pre-commit MSCs towards chondrogenesis 

during preconditioning, as well as enhance chondrogenic differentiation during 3D culture, and 

increase release of extracellular vesicles with chondrogenic growth factors by MSCs142,143. 

However, other studies have found K to produce no GAG unless combined with other, clinically 

unusable factors144. To better understand the capabilities of K, this also became a key focus for 

inducing MSC differentiation in this work. 

 

Non-regenerative treatments of ankle OA include debridement, fusion of the talocrural joint, 

and Total Ankle Replacement (TAR). 

Debridement is performed during arthroscopy, 

where a small incision into the anterior of the joint 

is performed, allowing use of small tools and a 

camera (Fig. 1.5.1). Should the signs of OA be 

identified, the damaged cartilage is removed 

through debridement, until a stable border of 

healthy cartilage has been reached. This allows 

integration of newly synthesized cartilage with the 

existing tissue, which cannot occur naturally due to 

denatured proteins145. Debridement is often combined with regenerative therapies. 

Ankle fusion has long been the gold-standard for treatment of end-stage ankle OA. The 

procedure acts to simply prevent the joint from moving, thus preventing pain. The surgery 

typically involving flattening the tibia and talus to enable them to be fused onto one another, 

removing small amounts of bone from the tibia of dimensions around 25 x 18 x 8.2 (mm) and 

talus of 35 x 33 x 5.7 (mm)146. As the gold-standard treatment, outcomes are typically very good. 

A level 2 trial of 107 fused ankles showed a 19.5±24.3 reduction in Ankle OA score (AOS) from 

53 to 33, sufficient for satisfactory outcome. This was compared to 281 patients who received 

TAR for the same period, who showed a greater reduction of 25.7, however there was a much 

lesser rate of complication within the fusion group, as well as a longer survivorship. Of the fusion 

group, 7% failed within 5 years, mostly due to malalignment, whereas 19% of the replacement 

group failed due to aseptic loosening, fracture or deep infection 147. It is known that the largest 

Figure 1.5.1 Arthroscopic debridement of 

osteochondral lesion of the talus. Adapted from 

Medda et al. 2017145. 
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complications to ankle fusion include malalignment, which has been improving in recent years, 

however the change in biomechanics also leads to progressive adjacent joint OA, such as 

increases in biomechanical stress within the talonavicular and midfoot of around 50% with a 

shift in stress towards the medial side 148. A study by Ebalard et al of 72 fusions with minimum 

follow-up of 10 years found the rates of early-stage adjacent joint OA to be 73% tibiotalar, 58.3% 

subtalar, 65.8% talonavicular and 53.5% calcaneocuboid 149. However, the rate of this is also 

dependent on the alignment of the implant. The same study had normal alignment in 45% of 

cases, 22% varus and 33% valgus alignment, with malalignment correlated to the rate of 

adjacent joint OA 149. The complications of ankle fusion however are more-so than surgical 

outcomes but also complaints from patients from a lesser ability to perform tasks such as 

walking on an incline150. As such the satisfaction with fusion perceived by the patient was mostly 

satisfactory, with 55% of patients considering the treatment good, although only 19% of patients 

in the study by Ebalard et al. found the outcome very good or better 149.  

TAR is a technique that came about more recently due to the success of joint replacements 

elsewhere, with 93,000 primary replacements in both the hip and knee in 2016 110. Whilst at first 

the outcomes were very poor due to the complex nature of the joint both complicating the 

design of a replacement and the surgical method, this treatment is now considered, at least, on 

par with ankle fusion, and is in preference for older patients with the average age of surgery 

being 67 110,151. This surgery is currently less common than fusion however, with only 839 

replacements in 2016 110. The goal of ankle replacement is to remove the pain of OA from the 

patient whilst also mimicking the biomechanics of the natural ankle, thus preventing adjacent 

OA, loss of movement, or balance in patients. Current outcomes are poor in comparison to other 

joints, with recent long-term survivorship rates of 78-86% at 10 years, 63% at 15 years and 55% 

at 19 years 152,153. These treatments do however show a higher patient satisfaction, range of 

motion and a lesser degree of adjacent-joint OA than ankle fusion, however, a higher rate of 

surgical complication, failure as well as pain scores remaining within the mild region 151. 
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Current regenerative therapies for ankle replacement are typically applied in conjunction with 

debridement. These include microfracture, osteochondral autologous transplant (OAT), and 

autologous chondrocyte implantation (ACI). Whilst not performed arthroscopically, joint 

distraction of the ankle is also of note, as the method aims to spare the joint of load to enable 

endogenous repair by resident reparative cells. Each of these shall be discussed in this Section. 

Microfracture, visualised in Fig. 1.5.2, usually occurs 

after debridement of the damaged cartilage, with the 

access to a stable cartilage border being essential for 

repair. Small holes into the exposed bone are gouged 

after the debridement, typically 3-4 mm apart. This 

releases blood and cells from the subchondral bone, 

which then coagulate within the defect. These cells are 

able to adhere to the rough surface of the 

microfractures. Following microfracture there is 

initiation of repair, typically forming durable 

cartilaginous tissue within 2-6 months, with repair continuing over 2 years 154. However, after 2 

years, cartilage gradually turns into fibrocartilage, and clinical outcome measures gradually 

fall155. This leaves opportunity for enhancement of this surgery, such as use of biological 

stimulants to better improve outcomes such as PRP. When this treatment fails, microfracture is 

usually repeated until underlying bone becomes necrotic from repeated drilling and invasive 

surgical approaches are required30. Additional methods such as nanofracture have been 

suggested, to better preserve surrounding tissue and elicit a cartilage repair response84. 

Osteochondral autologous transplantation involves the transplantation of cartilage from a 

donor-site articular surface to replace the lost cartilage removed during debridement. In the 

ankle OA, this is taken from the non-weight bearing regions of the knee or femoral head 156. 

Randomized controlled trials have shown each of these treatments effective. One study 

compared microfracture with debridement against debridement only and OAT. Microfracture 

patients showed significant improvement in American Orthopaedic Foot & Ankle Society ankle-

hindfoot score (AOFAS) score and Tegner Score (a measure of sporting activity) as well as 

reduction in visual analogue scale (VAS) of pain in comparison to arthoscopic debridement 

alone. Additionally there was an improvement in the range of motion of around 24°. The results 

of microfracture were very similar to patients who received an OAT (Table 1.1) 157. 

 Figure 1.5.2 Microfracture with healthy 

cartilage border. Arrows show 

microfractures. Adapted from Medda et al. 

2017145. 

Tibia 

Talus 
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ACI has been in use since 1994 and is considered one of the gold-standards for treating 

osteochondral lesions. The original technique involved taking a biopsy of healthy cartilage, and 

subsequent enzymatic digestion to release the chondrocytes. These cells are then cultivated for 

11 days before releasing the cells from culture and injection of the cultured cells into a periosteal 

flap sutured over the lesion 158. Within the ankle, the modern approach has adapted to be purely 

arthroscopic, preventing the morbidities with open surgery, however requires the use of a 

scaffold to substitute the periosteal flap 6. Long term results from a study of 5-7 years of 20 

patients showed an increase in AOFAS score 60 months postoperatively, increasing after 87.2 

months (Score changes presented in Table 1.1) However, the results of a small patient group, 

and results are skewed towards lower values. This suggests that whilst a majority have good 

outcomes, some patients see no improvement and require further surgery 159. 

Joint distraction is a less invasive method of 

treating OA, aiming to greatly reduce load from 

the joint in order to allow space for repair, 

although this is conflicting with evidence 

suggesting mechanical stimulation is central for 

natural osteochondral homeostasis. This 

treatment is not recommended by NICE, except 

in the case of research, as positive outcomes have 

yet to be proven 160. The treatment is typically 

undertaken for a year or more, creating a gap of 

up to 5 mm between the tibia and talus, with the aim of partial regeneration of the joint once 

the apparatus is removed 160. Typical immobilisation apparatus is shown in Fig. 1.5.3. A 

systematic review of 249 patients showed variable outcomes, with most of the studies being of 

small case study groups. Overall, the rate of good outcome varied from 73% to 91%, however 

patients between 6.2% and 44% requiring further surgical intervention, such as TAR or fusion. 

The study subsequently recommended a minimum of 5.8 mm distraction gap for optimum 

outcome, to maintain no contact between articular surfaces during full weight bearing, in line 

with Fragomen et al.’s cadaveric study results, but converse with the typical “up to” 5 mm 

distraction gap used 160-162. In one of the studies included, Nguyen et al. reported an improved 

outcome in those with earlier stage OA, as well as in patients of older age 163. However, the OA 

had worsened after 8 years in most cases 163,164. A recent study reported significant 

improvements in pain, level of disability and AOFAS score following 3 months of 1 mm 

distraction 165. A more recent approach has been combining joint distraction with other 

approaches. Within a study combining microfracture with joint distraction, 46 patients 

Figure 1.5.3 Apparatus used in immobile ankle 

joint distraction aiming to hold the tibia and talus 

in place to prevent opposing articular surface 

contact. Adapted from Bernstein et al 201710. 
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underwent ankle distraction alone and 50 with microfracture as well as distraction. Both didn’t 

require further surgery and improved pain and AOFAS scores, both being slightly further 

improved with additional microfracture, which whilst significant, was only of an additional 20% 

improvement (presented in Table 1.1) 166. 

Each these regenerative therapies aims to create an environment where the tissue can repair 

itself. However, they lack the addition of biological stimulants or scaffolds to better help resident 

reparative cells regenerate the tissue. Some treatments exist to take advantage of this, such as 

the addition of bone marrow concentrate, or the use scaffold in a process termed matrix-

assisted chondrocyte implantation (MACI)167,168. However, as yet, these still show similar 

outcomes to other regenerative therapies, with progressive cartilage degeneration after 2 

years168. Better understanding of resident reparative cell potency will aid improvements of these 

therapies, by being better able to direct MSC differentiation, and focus on additional stimulants 

to mitigate morphological changes in bone and cartilage structure, as well as MSC behaviour. 
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Author, Year, Ref Treatment Patients 
Mean 

Age 

Length of 

Treatment 

Mean Follow-

up (Months) 
Clinical Result 

Rate of 

Failure 

Sun (2016) 157 

Debridement 48 34.6 N/A 27.4 
AOFAS: 53.7 to 64.9                  VAS: 7.5 to 5.2 

10.6 improvement in ROM Score 
NR 

Debridement and 

Microfracture 
53 34.5 N/A 27.4 

AOFAS: 52.4 to 76.7                  VAS: 7.6 to 2.7 

24.5 improvement in ROM Score 
NR 

Debridement and 

OAT 
52 33.2 N/A 27.4 

AOFAS: 54.5 to 79.6                 VAS: 7.5 to 5.2 

26.2 improvement in ROM Score 
NR 

Pagliazzi (2017) 159 ACI 20 35 N/A 87.2 AOFAS: 58.7 ± 15.7 to 90.9 ± 12.7 NR 

Ploegmakers (2005) 169 Joint Distraction 27 NR 3 Months 10 ± 2.5 AOS: 74 ± 5% to 32 ± 7% 27% 

Tellisi (2009) 170 Joint Distraction 25 43 3 Months 30 AOFAS: 55 to 74     10-point gain in ROM 8% 

Intema (2011) 171 Joint Distraction 26 NR 3 Months 24 AOS: 60.3 ± 3% to 35.4 ± 4% NR 

Saltzman (2012)164 Joint Distraction 36 NR 3 Months 25 AOS: 63 ± 11% to 34 ± 19% NR 

Marijnissen (2014) 172 Joint Distraction 25 NR 3 Months 8.1 ± 5.1 Data was only presented statistically 44% 

Nguyen (2015)163 Joint Distraction 29 41.5 3 Months 8.3 ± 2.2 AOS: 60 to 33 in treatments which did not fail 45% 

AOFAS – American Orthopaedic Foot and Ankle Society Score, OAT – Osteochondral Autologous Transplant, AOS – Ankle OA Score, NR – Not Reported 

Table 1.1 Regenerative Therapies for OA 
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MSC therapy for ankle OA is a logical step, considering they already exist within the 

musculoskeletal system, can produce bone, cartilage and fat of the joint, and can play an 

immunomodulatory role, as explained earlier in the chapter (Section 1.3). Current treatments 

include the injection of a form of MSCs into the OA joint with a biological agent to assist growth. 

Culture expanded MSCs or bone-marrow concentrate (BMC) have been shown within ankle OA 

patients to have no risk within human application98. One study of autologous bone-derived MSC 

injection into patients with moderate to severe OA of the hip, knee and ankle revealed that the 

treatment was safe, whilst also reducing pain and showing both cartilage repair and functional 

improvement, although pain measured by VAS returned to baseline level after 30 months173. As 

such, whilst these treatments exist, they have yet to provide long term clinical benefits, or pass 

clinical trials.  

An additional method of MSC application includes the use of bone marrow concentrate (BMC). 

By taking MSCs from the source, the expensive nature of cell culture can be avoided, as well as 

the complex legal regulation of expanded cells. This also allows inclusion of growth factors 

naturally found in bone marrow such as Transforming Growth Factor-β (TGF-β), Bone 

Morphogenic Protein-2 (BMP-2) and Vascular Endovascular Growth Factor (VEGF)167. A study by 

Hauser et al. showed multiple local deliveries of BMC combined with hyperosmotic dextrose for 

ankle OA treatment both reduced pain and improved function, however only had one case of 

ankle OA. The patient did not report quantitative pain outcomes, although the patient regained 

the ability to stand and walk for long period of time without pain and improved range of motion 

174. Combination of this BMC with a scaffold enriched with platelet-rich fibrin which acts as a 

source of growth factors, showed an outcome equal to with ACI, whilst also only requiring a 

single-step procedure 8. Again, results of using BMC within OA have only been shown short term, 

at a maximum period of two years. Additionally, bone cysts and symptoms persist in a 

proportion of treatments, whilst successful treatment provides only minimal benefits to 

established ones such as ACI. 

MSCs can also be derived from adiposal tissues, with one study showing improved cartilage 

repair with adiposal MSC injection in combination with microfracture compared to 

microfracture alone, with improved VAS and AOFAS scores, although VAS scores still remained 

at around 5 in 1-10 scale, suggesting the patient remains in the mild region of pain 175. As such, 

the treatment does not fully restore activity to the patient. This study was only conducted over 

a short period, of one year, and as such longer-term studies would be required to determine the 

success of treatment. Additionally, AOFAS scores were lower than existing treatments including 

ACI 159.  
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The lack of long-term improvements from existing treatments, as well as poor outcomes in early-

stage treatments suggest a need for new approaches. It has been shown that MSCs have the 

potential for regeneration, however their culture before re-implantation is expensive, with high 

risk of cell infection, and addition to complex regulation of cultured cells. Whilst removal of 

autologous MSCs for treatment has already been performed, there still remains a myriad set of 

issues. Expanded cells lose their innate behaviour, including a reduction in chondrogenicity 

compared to native cells 176. Furthermore, the source of cells remain an issue, considering that 

MSCs can be difficult to isolate in large numbers from the bone or synovium, cells are often 

taken from adiposal tissue, which have their own differentiation pathways in comparison to 

bone marrow-MSCs 177. Additionally, whilst bone marrow-MSCs have been shown to form 

cartilage, this is typically of a fibrocartilage nature, formed with collagen type 1. Whilst this is 

how cartilage typically forms during development, full regeneration of hyaline cartilage would 

require type 2 collagen 178. 

Regenerative therapies are one of the most common employed approaches to treatment of 

osteochondral lesions of the ankle, aiming to treat the disease before OA progresses to a severe 

level which requires irreversible surgical treatment. However, regenerative therapies show 

declining outcomes after 2 years, which is less than ideal. This Section will next discuss methods 

that these regenerative therapies could be enhanced through. 
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So far, this chapter has shown that the ankle joint is a common target for regenerative therapies, 

and it is likely that MSCs are localised within the tissue, if not yet proven. MSCs are a common 

target of these regenerative therapies as a source of endogenous repair, although this is not 

always specifically cited. Despite these regenerative therapies showing some success, their long-

term outcomes are hindered by the formation of fibrocartilage preventing successful repair. This 

chapter will next discuss the use of stimulants for better improving repair, with a particular focus 

on MSCs as a likely candidate for mediating endogenous repair. 

Regenerative therapies have long cited the 

‘diamond’ concept for factors which effect 

repair, shown in Fig. 1.6.1. Whilst 

proposed for bone fracture repair, the 

same factors are key for cartilage repair as 

well179. The reparative cell source will 

affect repair in terms of differentiation 

capacity and response to the 

environment, with the case for MSCs 

already being explained earlier (Section 

1.3). The choice of scaffold will affect MSC differentiation based on its material properties and 

any biologically active components. Growth factors can direct MSC differentiation or control 

their proliferation144,176. Lastly, mechanical factors such as compression affect cell signalling 

through rearranging the MSC cytoskeletal system, which will also change MSC behaviour180. As 

such, therapies both need to consider the effect of these, and if needed develop suitable 

conditions for each to best program repair. As current therapies mostly target just the release 

of MSCs or the addition of the scaffold, there are many avenues to develop MSC-enhanced 

repair.179 

 

Scaffold effect on MSC behaviour has been well explored. Scaffolds can affect MSC behaviour in 

3 major ways. Biomaterials used for MSC differentiation utilise synthesised materials, which in 

cartilage repair mostly focuses on soft materials. This is because the mechanical properties of 

the scaffold effect MSC differentiation. Scaffolds with higher Young’s moduli direct MSCs 

towards bone, whereas lower Young’s moduli induce chondrogenesis of MSCs181,182. Material 

strength changes depending on the base material(s) chosen, synthesis method, degree of cross-

linking, gelation speed and even the temperature during synthesis, resulting in scaffolds which 

are highly tuneable to the specific need181,183,184. Softer material substrates showed increased 

Figure 1.6.1 The Diamond Concept for Regenerative 

Therapies. Adapted from Giannoudis et al.179. 
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GAG production and reduced stress-related fibres such as α-actin, suggesting a lower stiffness 

promotes chondrogenic differentiation43. 

Secondly, MSC behaviour is affected by any bioactive components of the scaffold185,186. Whilst 

some scaffolds do not have any biological activity, preventing interaction with MSCs, some have 

innate interactions with MSCs such as collagen-based scaffolds, which can enhance MSC 

attachment, or fibrin-based scaffolds where fibrinogen domains during synthesis can enhance 

MSC homing83,187. Additionally, scaffolds can be enhanced with biofunctionalization, with some 

common examples including RGD-domains to enhance cell adhesion, or addition of calcium 

phosphate to improve osteogenic differentiation185,188. A major point is also that the scaffold is 

biocompatible, which can have a range of meanings. In terms of cartilage repair, biocompatible 

means that the scaffold does not raise an immunogenic response, supports both cartilage 

synthesis and integration with patient tissue, and the material is resorbed by the human body 

once mechanically competent cartilage has been synthesised and natural tissue biomechanics 

have been restored189. Within the talocrural joint, MACI, as described earlier (Section 1.5.3) 

utilises scaffolds, but has a focus on chondrocytes190. The most common scaffold is a type I/III 

blended hydrogel, with a prominent clinical example being Chondro-Gide®168. Whilst this 

technique is, like other regenerative therapies, effective for 2 years, there is a steady decline in 

outcome as shown in a systematic review by Shaikh et al., falling by half of the ‘best’ value seen 

at 2-year follow up at the 4 year follow-up168. 

The range of requirements and effects of scaffolds create a large degree of complexity and cost 

to MSC therapy, which also needs to be considered for developing cartilage regenerating 

treatments which enhance endogenous repair. As such, the focus should be on a scaffold which 

is biocompatible, mechanically favours cartilage, encourages homing of resident MSCs, and 

lastly improves repair without overcomplicating scaffold design to minimise cost and prevent 

masking of other scaffold effects. The various materials utilised, clinical examples, and their 

impact will be investigated further in the relevant chapter (Chapter 6). 

 

The third key part of MSC differentiation is growth factors. Growth factors are bioactive 

polypeptides produced by cells to stimulate cellular activities such as growth or differentiation, 

which induce synthesis of key ECM components such as type II collagen, aggrecan or cartilage 

oligomatrix protein (Section 1.2.7)191. Key growth factors utilised for cartilage repair include 

transforming growth factor (TGF-β1), bone morphogenic protein (BMP-2, BMP-7), insulin 

growth factor (IGF-1), fibroblast growth factor (FGF-2) and platelet derived growth factor (PDGF) 

among others191,192. The addition of these as biological stimulants however is more complicated, 
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as they may have effects off target, such as TGF-β inducing fibrosis in synovium193. As such, 

biological stimulants are also employed, which may contain an assortment of growth factors or 

other bioactive compounds. Examples of these commonly used clinically in cartilage repair of 

the ankle include platelet rich plasma (PRP), for their own effects on cartilage repair. PRP 

showed significantly improved outcomes up to 16 months in a systematic review of clinical trials, 

with reduction in pain by VAS score and improved AOFAS score, however still showed a decline 

in function over time as seen in most studies of regenerative therapies for cartilage repair in the 

ankle194. These will again be investigated in more depth in the relative chapter (Chapter 5). 

 

The fourth cited crux of MSC differentiation includes the effects of mechanical forces. 

Application of mechanical forces to MSCs includes compression, tension, shear forces 

(perpendicular frictional force) or hydrostatic pressure (gravitational force of water). A study of 

cyclical mechanical compression of synovial-derived MSCs showed an increase in BMP-2 levels 

during both osteo- and chondrogenic differentiation, with knock-out of BMP-2 removing 

expression chondrogenic and osteogenic factors. This was found at a compressive stress of 2.3 

Pa, 0.33 Hz frequency, and 8% strain 195. Using multi-axial load, Gardner et al. found activation 

of latent TGF-β, which drove chondrogenic differentiation of bone marrow-MSCs grown on a 

fibrin-poly(ester-urethane) scaffold. In this study, the cells were exposed to 20 1-h cycles of 10% 

compression superimposed on a 10% pre-strain and shear loading (± 25°) at 1 Hz for 1 h a day 

five times a week for 4 weeks 196. Lin et al. performed dynamic loading of bone marrow-MSCs 

upon a methacrylated hyaluronic acid scaffold after chondrogenic preconditioning with 

chondrogenic medium. The results showed that the healing of osteochondral lesions within a 

rat model was greatly enhanced after both preconditioning and dynamic loading compared to 

free-loading, with 62.3% more GAG and 35.9% more collagen 197. Carroll et al. exposed porcine 

bone marrow-MSCs loaded on a fibrin scaffold to uniaxial cyclic tensional strain, with strain of 

10% at 0.5Hz frequency for 4 hours each day over 7 days This demonstrated increased alignment 

of MSCs and synthesis of collagen, with no visible chondrogenic differentiation198. Summary 

results of various studies for the effects of mechanical stimulation upon MSCs is summarised in 

Table 1.2. Both mechanical stimulation and scaffold stiffness seemed to activate similar factors, 

and should aim to produce TGF-β for chondrogenesis and BMP-2, Run Runt-Related 

Transcription Factor 2 (RUNX2), Osteoprogerin (OPN) and alkaline phosphatase (ALPL) for 

osteogenesis, although additional genes were expressed after mechanical stimulation, including 

collagen.  
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Author, Year 

and 

Reference 

Cell Type Used Force Applied ECM Changes Signalling 

Factor 

Changes 

Fu et al. 2017 

195 

Synovial-

MSCs 

Cyclical 

Compression 

- BMP-2 

Increase 

Gardner et al. 

2017 196 

Bone Marrow-

MSCs 

Multi-axial Loading 

and shear stress 

- TGF-β 

increase 

Lin et al. 2017 

197 

Bone Marrow-

MSCs 

Dynamic 

Compression 

60% increase in GAG, 

30% increase in 

collagen 

- 

Carrol et al. 

2017 198 

Bone Marrow-

MSCs 

Uniaxial Tension COL1A1, COL10A1, 

OPN, ALPL increases 

BMP-2, 

RUNX2 

increase 

MSC - MSC, BM - Bone-Marrow Derived, BMP – Bone Morphogenic Protein, TGF – Transforming 

Growth Factor, RUNX2 – Runt-related transcription factor 2 

 

Within the ankle, mechanical stimulation of MSCs has not been performed, however it has been 

performed upon cells isolated from the iliac crest and subsequently cultured on a collagen 

scaffold using pulsed electromagnetic fields, which may have included MSCs in the tissue mix. 

This was performed as a clinical trial as an addition to bone marrow derived cell transplantation 

during debridement of an osteochondral lesion. Results showed significantly higher AOFAS 

scores compared to patients without the added mechanical stimulation, as such showing the 

mechanical stimulation itself provided some form of benefit 199. However, iliac crest cells include 

cells of many functions, including immunomodulation and haematopoiesis. As such the 

mechanical stimulation may have played some role in controlling these tissues as well 200. 

Additionally, mechanical stimulation is known to be essential in cartilage homeostasis, with 

rapid reductions in its properties when immobilized, and as such the mechanical stimulation 

may not have improved the outcome due to the impact on the cells themselves 201. Investigating 

if the mechanical stimulation is likely to have improved MSC behaviour, and its mechanism of 

action, may provide new methods or treatments to improve the outcomes of early-stage ankle 

OA interventions. 

 

Table 1.2 The Effect of Mechanical Stimulation Upon MSCs 
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Currently, there is a lack of literature within the ankle for OA, with the existing knowledge being 

that ankle OA is mostly post-traumatic, and a distinct clinical entity from OA in the hip or knee. 

In evidence of this is the increased anabolic response as well as the thinner cartilage structure. 

An understanding of the changes in cartilage within ankle OA needs to be defined separately 

from other joints, with current knowledge being increased sulphated GAGs, lower water 

content, and higher synthesis and turnover of both proteoglycans and collagen 28. A better 

understanding of OA progression within the ankle to reveal potential targets for regeneration. 

Existing treatments for ankle OA all show individual merits to the patient, however, present low 

patient satisfaction and relatively short-term benefits of less than 20 years. Application of the 

diamond concept in repair, including consideration of resident MSC potency, and application of 

scaffolds, biological stimulants and mechanical forces will lead to enhancements of existing 

regenerative therapies, which already employ the tools required, but not in combination. 

Microfracture allows access to resident cells, MACI describes addition of a scaffold, and joint 

distraction offers the ability to control the mechanical environment, in addition to chondrogenic 

biological stimulants that are currently being researched.  

When looking at MSCs as a potential treatment option, the outcomes of clinical trials using 

cultured MSCs have shown good benefits, however the cost of bringing such a product to market 

is extensive and will not benefit a large majority of patients at current pricing, as such the use of 

autologous cells is beneficial. Current isolation of MSCs is a slow process, and production of 

enough cells for autologous treatment of many OA patients would require a mass-production 

technique which reduces the complexity and cost of cell culture whilst also reducing risk of cell 

infection. As such scaffolds which recruit existing MSCs of the patient to the wound site (in situ 

regeneration) would be ideal, whilst also only requiring a single step. The MSC homing could 

either be enhanced by including growth factors within the scaffold itself or additional factor 

supply such as from soaking the scaffold in platelet-rich plasma. Additionally, the growth of 

MSCs could be enhanced by use of the novel techniques of mechanical stimulation, which has 

previously shown enhancement in both osteogenesis and chondrogenesis. However, a method 

that could be performed within the patient would be required, which also allows both tensile 

strain for bone formation, and compressive strain to aid cartilage formation. MSCs would be 

sourced from the subchondral bone, possibly through use of microfracture. Additionally, a 

scaffold which varied in stiffness to mimic the transition from bone to cartilage would also be 

ideal.  
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The overall aim of this study was to further improve understanding of OA within the talus and 

tibia, and investigate the ability for endogenous repair by resident, reparative cells, MSCs by the 

use of biological stimulants. As the talus and tibia are tissues with specific structure and 

biomechanics which may lead to different behaviour compared to other joints and create 

specific challenges for repair. The presence of reparative cells, MSCs was assessed based on 

standardised criteria and investigated in relation to other joints to identify, if any, changes 

specific to the OA ankle. Information gleaned from this was then used to guide development of 

a 2-step clinically relevant treatment process to direct MSCs taken from OA bone towards 

chondrogenesis, to identify if there was possibility for endogenous repair of the ankle by 

talocrural MSCs, and the extent to which different biological stimulants could enable this. This 

investigation has been conducted through: 

• To perform computed tomographic, histological and immunohistochemical analysis 

of OA tissue from human osteochondral explants retrieved from ankle fusion 

surgery for end-stage OA (Chapter 3) 

• To extract and prove MSCs identity of cells enzymatically extracted from human 

osteochondral explants retrieved from ankle fusion surgery using standard ISCT 

criteria for MSCs, and investigation of their specific differentiation properties in 

relation to non-diseased iliac crest control MSCs (Chapter 4) 

• To develop a preconditioning method for MSCs to both increase small numbers of 

isolated MSCs and direct them towards a chondrogenic stage, whilst inhibiting 

osteogenic differentiation (Chapter 5) 

• To develop 3D culture methods for induction of chondrogenic differentiation of 

talar and distal tibial MSCs, utilising xeno-free biological stimulants, to work 

synergistically with preconditioning to best guide chondrogenesis (Chapter 6) 

• To compare the effect of preconditioning and 3D differentiation of iliac crest, talar 

and distal tibial MSCs to investigate viability of biological stimulants Kartogenin and 

platelet lysate as chondrogenic inducers for clinical translation (Chapter 6) 

 

 

 

. 
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Reagents, Solutions, Buffers and Equipment are detailed in the appendix (Supplementary Tables 

8.3.1-8.3.5). 

Ethical approval for human ankle tissue collection (07/Q1205/27), and control Iliac Crest (IC) 

tissue collection (06/Q1296/127) was obtained from NREC Yorkshire and Humberside National 

Research Ethics Committee, in compliance with the Helsinki Declaration of ethical principles for 

medical research involving human subjects. Seven ankle OA patients (median age 66 years, 

range 34-73, 4 male 3 female) were included after signed consent was received. Each patient 

underwent fusion of the talocrural joint for OA. Inclusion criteria included patients between 18 

and 85 years old, undergoing ankle fusion. Exclusion criteria included Rheumatoid arthritis or 

septic arthritis. IC bone from 3 donors was obtained from patients undergoing orthopaedic 

surgery for metal removal following previous fracture, who were otherwise healthy. Samples 

were placed immediately into saline post-surgery and transferred to the laboratory. Inclusion 

criteria included patients aged 13-80, undergoing surgery at Leeds General Infirmary. Exclusion 

criteria was that patients were not under 13. Non-diseased human cadaveric ankles (age 40-60 

years, all-male, no evidence of ankle OA) were obtained from Medcure, USA, under local 

university ethics, and stored at -80°C before distal tibia and talus were removed for imaging. 

Inclusion criteria was that were patients were between 30 and 60 years of age. Exclusion criteria 

was history of lower limb or trauma surgery, or diabetes. Porcine legs of 6-month-old pigs were 

obtained from a local accredited abattoir, within 24 hours of slaughter.  

  

Sample ID Experimental Use Donor Age (Years) Donor Sex 

WJ001 Histology 70 M 

WJ002 Histology 46 M 

WJ003 Histology 46 M 

WJ004 mCT 75 F 

WJ005 mCT 64 M 

WJ008 mCT 57 M 

WJ011 MSC Isolation 58 F 

WJ012 MSC Isolation 34 F 

WJ013 MSC Isolation 66 M 

Averages N/A 57 66% male 33% Female 

Table 2.1 Distal Tibia and Talus Sample Characteristics Retrieved from Ankle Fusion 
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All samples were washed in sterile PBS upon arrival, and either frozen at -80°C for storage before 

mCT, placed into ethanol for histology, or the sample digestion process begun, described further 

in the relevant Sections. Characteristics of samples are described in Tables 2.1.1-2.1.3. 

An additional 6 donors of Iliac Crest (IC) MSCs were used to optimise MSC preconditioning and 

3D differentiation for chondrogenesis after preconditioning experiments.  These were from a 

separate ethics for previously isolated IC MSCs, and are shown in Table 2.1.4 (06/Q1296/127). 

 

 

 

 

Sample ID Experimental Use Donor Age (Years) Donor Sex 

LK01 mCT 43 M 

LK02 mCT 50 M 

LK03 mCT 57 M 

 Averages N/A 50 100% male 

  

Sample ID Experimental Use Donor Age Donor Gender 

ICC1 MSC Isolation 32 M 

ICC2 MSC Isolation 42 F 

ICC3 MSC Isolation 41 M 

Averages N/A 38 66% Male, 33% Female 

 

Sample ID Experimental Use Donor Age Donor Gender 

TRBM10 Preconditioning 44 F 

GCBM11 Preconditioning 28 M 

BM140207 Preconditioning 19 M 

Average N/A 30 66% Male 33% Female  

RC071 Chondrogenic induction   

GCBM11 Chondrogenic induction 28 M 

BM313 Chondrogenic induction   

Averages N/A 38 66% Male, 33% Female 

Table 2.2 Distal Tibia and Talus Sample Characteristics from Healthy Donor Tissue 

Table 2.3 Fresh Iliac Crest Sample Characteristics 

Table 2.4 Frozen Iliac Crest Sample Characteristics 
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Whole talus and distal tibial Sections from 4 ankle OA patients were fixed in 3.7% formaldehyde 

for 1 week, and subsequently decalcified in 0.5 M EDTA for at least 3 months, with EDTA 

replaced, as necessary. Specifically, this was daily for the first week, every two days for the 

second week, and then once per week, as decalcification slows over time due to accessibility of 

the calcium within bone. Decalcification was confirmed using dental X-ray202. Once decalcified, 

samples were fixed for a further 48 hours in 3.7% formaldehyde, and then embedded in paraffin 

blocks.  This process is explained further in Section 2.2.2. 

 

Once fully decalcified, samples were embedded in paraffin to allow flat, 5µm Sections to be 

taken. Once the bone had fully decalcified, the sample was fixed in 250 ml 3.75% formaldehyde 

for 2 days, after which the formaldehyde was removed, sample washed in 50 ml PBS and placed 

in 250 ml 70% ethanol. The sample was subsequently embedded in paraffin over two weeks 

using the Leica ASP200 Embedding system, according to Table 2.2.1 Once this was completed, 

the samples were placed into a mould and covered in paraffin, which was solidified at 4°C on 

the embedding system. Samples were orientated perpendicular to the cartilage surface. 
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Embedded samples were placed on ice to cool prior to sectioning. From the embedded samples, 

5µm Sections were taken by microtome and left to flatten in a water bath heated to 45°C for 10 

seconds. These were lifted onto HISTOBOND® Supa Mega White charged microscope slides for 

large whole ankle fusion OA samples, or Histobond® + S While microscope slides for all other 

samples. These were then dried overnight at 28°C and baked for 4 hours at 45°C on a hotplate.  

 

 

 

 

   

Process Step Solutions and Reagents Time (Hours) Temperature (°C) 

Paraffin 

Embedding 

1 70% Ethanol (in water) 1.00 37 

2 80% Ethanol 2.00 37 

3 90% Ethanol 2.00 37 

4 95% Ethanol 3.00 37 

5 100% Ethanol 12.00 37 

6 100% Ethanol 12.00 37 

 7 100% Ethanol 12.00 37 

 8 Xylene 12.00 37 

 9 Xylene 24.00 37 

 10 Xylene 24.00 37 

 11 Paraffin Wax 12.00 65  

 12 Paraffin Wax 24.00 65 

 13 Paraffin Wax 24.00 65 

Table 2.5 Paraffin Embedding Process 
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Prior to staining, Sections must be deparaffinised and rehydrated to allow dyes to permeate and 

stain the Sections. This was performed by repeated submersion in xylene and different grades 

of ethanol as described in Table 2.2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once staining had been performed, Sections were dehydrated, and coverslip added for long 

term storage. This is simply an inverse process of the rehydration process, followed by placing 

Distyrene Plasticiser Xylene (DPX) on a coverslip and adhering it to the slide, as described in 

Table 2.2.3 

 

 

 

Process Step Solutions and Reagents Time (mins) 

Dewaxing 1 Xylene 3:00 

2 Xylene 3:00 

3 Xylene 3:00 

4 Xylene 3:00 

Rehydration 5 100 % Ethanol 3:00 

6 100 % Ethanol 3:00 

7 100 % Ethanol 3:00 

8 100 % Ethanol 3:00 

9 75 % Ethanol 3:00 

10 50 % Ethanol 3:00 

11 25 % Ethanol 3:00 

12 Running tap water 1:00 

Table 2.6 Deparaffinisation and rehydration protocol 
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Where not mentioned, tools used for cell culture were purchased as sterile disposables. 

Equipment used for breaking down bone such as the Rongeurs were sprayed with Distel and left 

for 1 minute, wiped with ethanol, then rinsed with water and then autoclaved at 121°C, 1ATM 

for 30 minutes prior to use. Preparation of sterile solutions is listed in the solutions table in the 

appendix (Supplementary Table 8.3.1-8.3.3), however in all cases was performed by sterile 

filtration through 0.22μm filters. 

 

Firstly, cells were isolated from bone, using field specific practice72. In sterile conditions, talus 

and distal tibia samples of 3 ankle OA patients were washed three times in PBS, and then  and 

articular cartilage and soft tissue were removed using a scalpel, and subsequently discarded. 

Submerged in 25 ml of dPBS to keep the tissue hydrated, subchondral bone was mechanically 

minced into small fragments using a rongeur, and then transferred to a falcon tube with known 

weight of dPBS for weighing. Samples were digested for 4 hours at 37°C in 600 U/ml collagenase 

with 5 ml per gram of bone, with agitation every 30 minutes. The liquid fraction was then filtered 

through a 44 µm pore filter, followed by running dPBS through the filter after all liquid was 

filtered in order to ensure all cells were collected. This was then repeated for the filtrate in a 22 

µm pore filter, as the original sample would have not passed through a 22 µm filter. The filtered 

solution was then spun by centrifuge at 13 g and transferred into a new 50 ml falcon to remove 

 

Process Step Step Time (mins) 

Dehydration 1 Dehydrate with 3 changes of 95% EtOH 1:00 per change 

2 Dehydrate with 2 changes of 100% EtOH 1:00 per change 

Clearing 3 Xylene 3:00 

4 Xylene 3:00 

5 Xylene 3:00 

Coverslip 6 DPX  N/A 

Table 2.2.3 is a continuation of most staining processes described in other chapters  

Table 2.7 Dehydration and Cover slipping 
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fat and remaining debris. This solution was then centrifuged at 500 g for 10 minutes, and the 

supernatant disposed of203. The cell pellet was typically re-suspended in 5 ml 1% P/S StemMACS 

media, depending on the pellet size. Cells were then counted using haemocytometer (Section 

2.4.2) and used for CFU-F assay (Section 4.2.3) or culture expansion (Section 2.4.5). 

 

IC MSCs were isolated and expanded with the same method except that the removal of cartilage 

and soft tissue was not necessary. The overall process is detailed in Fig. 2.3.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.1 MSC Extraction Process of Talar and Tibial MSCs. 
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To generate putative MSC cultures, as well as to produce enough cells for further experiments, 

cells were grown in culture. Approximately 1x106 enzymatically released cells isolated from the 

bone (Section 2.4.1, 2.4.2, counted according to 2.4.2) were taken from the 5 ml suspension and 

transferred into a 25 cm2 tissue culture flask (Corning). The volume was made up to  5 ml by 

adding the corresponding StemMACSTM MSC Expansion Media (SM) supplemented with 1% 

penicillin/streptomycin (P/S) (Final concentration of 100 U/ml Penicillin, 100 µg/ml 

Streptomycin) prior to cells being added, and adherent cells grown to passage 0 (Section 2.4.6). 

 

To count cells, 10µl of cell suspension was mixed with 10 µl of 0.4% trypan blue to exclude dead 

cells from the count. In healthy cells, trypan blue is unable to enter live cells due to the lipid 

bilayer, but stain dead cells as the bilayer is compromised. From this mix, 10 µl was pipetted into 

a haemocytometer (Hawksley) (Fig. 2.4.1). Cells were counted from all 4 of the white 4x4 

Sections with the top left borders included and bottom right borders excluded. Counts were 

divided by 4 to average the cell count. This was then multiplied by the dilution factor, the volume 

the cells were suspended in and by 1x104 (to account for the known volume of a 

haemocytometer counting square) to estimate the total cells in the solution.  

 

 

 

 

 

 

 

Once cells reach around 80% confluency, MSCs need to be trypsinized to allow their detachment 

from the plastic flasks such that they can be removed and used for further growth or other 

experiments, as higher confluency will induce senescence. Firstly, the media was removed, and 

the cells washed in  3 ml sterile PBS to remove any remaining media, which would deactivate 

the trypsin. To remove the cells,  2 ml of trypsin was added, and the sample left in the 37°C 

incubator (Sanyo) for 5 minutes. Following this, the flask was agitated to detach the cells and 

Figure 2.4.1 Haemocytometer view under 

microscope, showing counting squares. Arrows 

demonstrate method for counting cells. i – cell 

include as square ‘1’, ii – cell included as square 

11, iii – cell excluded from the count. 
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checked under light microscope to confirm a change to an unattached rounded morphology. To 

this, 3 ml of DMEM with 10% FCS was added to deactivate the trypsin, and the cell solution was 

transferred from the tissue culture flask to a 1 5 ml falcon tube. The solution was mixed, and 10 

µl was taken for cell counting (Section 2.5.2). The falcon tube was then spun by centrifugation 

at 500 g for 10 minutes to pellet the cells. After this, the supernatant was disposed of, and the 

cell pellet was re-suspended in StemMACS and counted, with 100,000 being seeded for further 

culturing and the remainder frozen (Section 2.5.4) or re-suspended in PBS for flow cytometry 

(Section 4.2.6). 

 

Once cells had been seeded for CFUF assay (Section 4.2.3) or culture (Section 2.4.6), the 

remaining enzymatically released cells were frozen for use in future experiments. For each 1x106 

cells in the pellet, 1 ml of freezing medium (10% DMSO in FCS) was used to re-suspend the pellet, 

and 1 ml of the mixture added to separate 1.8 ml cryovials. Following this, the cryovials were 

transferred to a CoolCell freezing container. This was then stored in a -80°C freezer for a 

minimum of 24 hours. The cryovials were then transferred to long term storage inside liquid 

nitrogen storage unit. 

 

Once cells had been trypsinized, counted and seeded for further culture (Sections 2.4.5, 2.4.2 

and 2.4.4), the remainder of cells were prepared for freezing by centrifugation at 500 g for 10 

minutes, after which the supernatant was disposed of, and cells re-suspended in 1 ml of freezing 

media per 1x106 cells. Subsequently, 1 ml of the cell suspension was placed into 1.8 ml cryovials 

which was transported for freezing (Section 2.4.6) 

 

Passaging of cells was completed to reach standard passage numbers MSCs are characterised 

at, most importantly for flow cytometry and differentiation assays (Chapter 4). Once seeded or 

after media changes, flasks or wells were placed into an incubator at 37°C with 5% O2 and 5% 

CO2. After 48 hours following the seeding of enzymatically-released cells (Section 2.4.1), the 

media was removed and the adherent cells washed in sterile PBS, with 5 ml StemMACS media 

added subsequently to 25 cm2 flask once the PBS was disposed of. Media was subsequently 

changed every 3 days until the cells reached 80% confluency. Once confluent, cells were 

trypsinized (Section 2.4.3). From this suspension, 1x105 cells were cultured in 5 ml of SM in a 

subsequent 25 cm3 flask to passage 1 and the remainder frozen (Section 2.4.5). Media was 

changed every 3 days until the cells grew to 80% confluency, and once again trypsinized (Section 

2.4.3). Again, 1x105 cells were grown in 5 ml of SM in a new 25 cm3 tissue flask, and the 
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remainder frozen. Media was again changed every 3 days until 70% confluence was reached, at 

which point the cells were trypsinized (Section 2.4.5) and phenotyped by flow cytometry 

(Section 4.2.6). 

 

For cells to be revived, the frozen vials were removed from long term storage and taken to tissue 

culture. Frozen vials were thawed in 37°C water bath until returned to liquid state, and then 

pipetted drip-wise into a separate 15 ml falcon tubes containing 5 ml pre-warmed 1% P/S, 10% 

FCS DMEM media (37°C). This mixture was then centrifuged at 453 g for 10 minutes to pellet the 

cells, the supernatant discarded, and the pellet re-suspended in StemMACS media. 

 

Primary uncultured cells are not pure MSC cultures, and so are more susceptible to ‘clumping’ 

which prevents their successful revival. To prevent this, 10 μl of 1 mg/ml of DNase was added to 

the 10 ml of 1% P/S, 10% FCS DMEM media prewarmed to 37°C, and cells revived as before 

(Section 2.4.6). 

 

 

To be certain enough cDNA is available for qPCR experiments, or as a basic assessment of cell 

number in certain differentiation experiments (Chapters 4, 5 and 6), DNA was measured using 

the nanodrop.  Once RNA had been isolated and cDNA solutions were prepared, they were kept 

on ice and taken to the Nanodrop. The nanodrop software was loaded and the DNA setting was 

selected. The system was first loaded and run 1μl with nuclease-free water, and then blanked 

using the same buffer that DNA had been placed into. DNA content was then assessed from 1 μl 

of the test solution. 

 

RNA content was measured to test that pure RNA of high enough quantity had been isolated to 

allow qPCR from lysed cells. Following RNA extraction using the Norgen Biotek Single Cell RNA 

extraction kit (process explained in detailed methods for that Section), RNA was assessed 

similarly to DNA, instead using the single-stranded RNA programme setting. 
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Reverse transcribed real-time polymerase chain reaction (RT-qPCR) allows a ‘snapshot’ of gene 

expression by cells to be measured at any time, by measuring RNA of specific genes from the 

instant that cells were lysed. This has been critical to scientific research as it provides direct 

information on not only what activities the cells were likely to be engaged in, but also the effect 

of different scenarios on early stages of gene expression, before relevant proteins may have 

been produced. As key proteins in MSC differentiation pathways are understood, investigating 

expression of differentiation-related genes is regularly performed. The original process of 

normal PCR works to rapidly replicate small amounts of DNA to exponentially larger amounts. 

However, the addition of a fluorophore and quencher to specific gene primers used can extend 

this process to allow the expression of specific sequences to be measured. The general method 

is described in Fig. 2.6.1 and described below. 

As RNA cannot be read and duplicated by DNA polymerase, firstly, RNA needs to be extracted 

from the sample and reverse-transcribed into DNA (Section 2.6.2). For qPCR, the DNA, primers 

(single-strand versions of the usual double stranded helix DNA, usually targeting the beginning 

and end of the sequence to be replicated), and a DNA polymerase (to enable replication) are 

mixed. This mix is then heated to 94-98°C for 30 seconds to denature the DNA and break the 

double-stranded helix into single strands. This is cooled to 50°C for 20-40 seconds to anneal the 

single strands with the primers, which bind a short but specific sequence at the 3’ end of the 

DNA strand, with a primer for each strand. This will then be heated to the temperature the DNA 

polymerase enzyme functions at, commonly 72°C, and DNA synthesised from the free 

Figure 2.6.1 Simplified qPCR Process. 1 – cDNA. 2 – Heat-induced denaturation at 90°C. 3+4 – DNA 

Polymerization by DNA polymerase using free dNTPs. 5 – Production of 2 cDNA complexes. 
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deoxyribonucleotides (dNTPs), with the primer-DNA sequence acting as a template for DNA 

synthesis in the 5’-3’ direction. This process is then repeated from the denaturation step as many 

times as is needed to get the DNA required, with growth being exponential, as the amount of 

DNA will double each time. In real-time PCR, this method is modified with the addition of a 

fluorescent reporter to the 5’ of the primer, and a fluorescence quencher to the 3’ end. As DNA 

replicates, the polymerase will excise the 5’ end from the primer, separating it from the 

quencher and activating the fluorescence, which can be measured. With each PCR cycle, the 

level of fluorescence should double, due to the exponential increase in DNA. By measuring this 

level of fluorescence at a threshold of when exponential growth is constant, a relative 

assessment of gene expression per DNA can be made. If there is more active gene per DNA 

sample, the exponential growth phase will be more rapid relative to another, less expressed 

gene. This is termed the threshold cycle (Ct). This is then converted into delta Ct, as the 

difference in relative DNA value to the housekeeping gene. 

 

To investigate gene expression of cells, firstly RNA needed to be isolated from cells. RNA 

extraction was performed using the Norgen Biotek single cell RNA purification kit according to 

manufacturer’s instructions. For RNA extraction, media was removed from the well plates, and 

then the plate washed twice with sterile PBS. PBS was removed with care to remove all 

remaining liquid. Plates were placed onto ice to keep cold during extraction. Cell lysis buffer was 

prepared (Buffer RL) with 10 μl β-mercapthanol added per ml of lysis buffer. To each well, 350 

μl of cell lysis buffer was added. Cells were roughly agitated and scraped using a pipette tip to 

ensure everything was collected. The lysate was then aspirated into an tube. Another 350 μl of 

cell lysis buffer was added to the well, and the well-plate vortexed, before the lysate was added 

again to the same tube. RNA content of the sample was then measured by nanodrop using 5 μl 

of solution (Section 2.5.2). This was then stored at -80°C until RNA was extracted. 

For isolation of RNA from chondrogenic pellets instead of from the 2D well plates, media was 

removed from the screw-top Eppendorf and pellets washed twice with sterile PBS. Pellets were 

then removed and crushed between two slides. This was then added back to the screw-top 

Eppendorf and 350 μl cell lysis buffer added (with 10 μl β-mercapthanol per ml). The Eppendorf 

was then agitated using a pipette and vortexed thoroughly to ensure RNA was extracted. Again, 

5μl was used to measure RNA by nanodrop (Section 2.5.2) and then stored at -80°C until 

extracted. 
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As cell lysis simply leaves all remnants of lysis, additional steps are required to purify the RNA. 

Samples were thawed from -80°C and kept on ice. To each sample 200 μl of 96% ethanol in dH2O 

was added and briefly vortexed to mix. A spin column was assembled within a collection tube, 

and 600 μl of lysate was added to the spin column. This was centrifuged for 1 minute at 3,500 g. 

The content of the collection tube was disposed of, and the process repeated with remaining 

sample. DNase type I solution was prepared using 15μl of 0.25 units/μl DNase type I in 100 μl of 

enzyme incubation buffer and mixed by inverting. To wash the sample, 400 μl of wash solution 

A was added to the spin column and centrifuged for 2 minutes at 14,000 g. Flow through was 

discarded, and 100 μl of the DNase I solution was added to the column. This was centrifuged for 

1 minute at 14,000 g. The flow through was added back to the spin column and left for 15 

minutes at 25°C.  Washing was repeated twice more with 400 μl of Wash solution A added to 

the spin column, centrifugation at 14,000 g, and flow through discarded. After this, the column 

was spun at 14,000 g for 2 minutes to dry the resin, and the collection tube was discarded. The 

column was reassembled in a 1.7 ml elution tube, and RNA was then eluted by adding 10 μl of 

elution solution A and centrifuging at 200 g for 1 minute, and then 14,000 g for 2 minutes. RNA 

content was again measured by nanodrop (Section 2.5.2).  This was then stored at -80°C until 

reverse transcription. 

 

 As qPCR can only be performed on DNA, RNA was first put through reverse transcription. For all 

qPCR steps, the Fluidigm FlexSIX protocol was used according to manufacturer’s instructions. 

Prepared in a 96 well plate, for each sample 1μl of RT MasterMix was added per well. RNA was 

diluted in RNase-free water so that RNA concentration was below 50ng/μl for each sample, and 

then 4μl of sample added per well. This was then run through a nexus cycler L/R/G  with the 

protocol given in Table 2.6.1 to generate complementary DNA (cDNA). 

 

Step Process Temperature (°C) Time (minutes) 

1 Stabilise Temperature 25 5 

2 Reverse Transcribe 42 30 

3 Denature Enzyme 80 5 

4 Hold 4 - 

 

Table 2.8 Reverse Transcription Protocol 
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When low amounts of RNA can be obtained, preamplification is used to increase the amount of 

cDNA to measurable levels. In this case, 18 duplications by pre-amplification were chosen. 

Firstly, a pooled TaqMan assay probe mix was created using 2μl of the 12 genes being tested 

for, and 2μl of 38 other TaqMan assays for similar genes, and then 100 μl of purified water. For 

the testing of the 96 genes in Chapter 6, 2μl of the TaqMan’s for genes being tested was added, 

and then 2μl of LEF1, BMP2, DMP1 and GSK3B were added. To this, 200 μl of TE buffer was 

added. This list is given in Table 2.6.2. In a new 96 well plate, 2.5μl of pooled TaqMan mix was 

added per well, as well as 2μl of Pre-amplification Master Mix, and 5.5μl of cDNA from reverse 

transcription (Section 2.6.4).  This was again run in the Nexus cycle, with the protocol given in 

Table 2.6.3. Following preamplification, 20 μl of TE buffer was added per well.  

 

 

qPCR was performed using the FlexSIX PCR chip as earlier mentioned, following manufacturer’s 

instructions. This chip was chosen due to the accuracy and simplicity of the Fluidigm system, as 

well as the convenience of being able to use individual partitions at a time rather than all at 

once, as there was only a small sample number. Before first use the chip was primed using the 

 

ALP HPRT PTPRC TGFBR3 CCL5 GAPDH GSK3B 

RUNX2 COL2A1 THY-1 COL1A2 COL10A1 TGFB1 WNT10B 

FABP4 ACAN MMP1 TGFBR2 CXCL12 PTPR21 KREMEN1 

PPARG COMP COL1A1 SFRP4 TNFSRF1 BMP2 SPHK1 

SOX9 VEGFA MMP14 PTHLH LEF1 DMP1 TIMP1 

 

Step Process Temperature (°C) Time (minutes) Repeats 

1 Initial Denaturation 90 2 - 

2 Denaturation 95 0:15 

18x 

3 Anneal/Extend 60 4 

4 Hold 4 - - 

Table 2.9 TaqMan Probes Pooled for Pre-Amplification 

Table 2.10 Pre-Amplification Protocol 
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96.96 control line fluid followed by the ‘Prime Chip’ script on the HX loader. The chip was then 

loaded. To the assay portion of the chip, 2μl of the TaqMan for the gene being tested was mixed 

with 2μl of assay loading reagent, and then 3μl loaded to a well on the chip. This was done for 

the 12 genes being assayed, repeated in a second partition as there were a total of 24 samples. 

To the component portion of the chip, 2μl of TaqMan universal MasterMix, 0.2μl of GE sample 

loading reagent, and 1.8μl of cDNA from a sample was mixed. Per sample, 3μl of this was added 

per well of the chip. The ‘Load and Mix (153x)’ protocol was then run on the HX loader. The 

BioMark system was then used to run qPCR. The protocol for this is given in Table 2.6.4. 

Following the run, the ‘Post-Run (153x)’ script was run on the HX loader. 

 

Step  Process Temperature (°C) Time (minutes) Repeats 

1 

Thermal Mix 

25 30 - 

2 70 60 - 

3 

UNG & Hot Start 

50 2 - 

4 95 10 - 

5 

PCR (40 Cycles) 

95 0:15 

40x 

6 60 1 

 

 

To quantify differences in gene replication rate, BioMark outputs were loaded into the Fluidigm 

Digital PCR analysis software (v4.3.1). The cycle threshold (Ct) was calculated by drawing a 

threshold at the point where gene replication was constant for each individual gene. Where 

there was no clear exponential growth or no growth in fluorescence at all, it was considered 

below detection (BD) This value was then normalised to the housekeeping gene (HPRT) by the 

following equation. 

𝛥𝐶𝑡 = 𝐶𝑡𝑇𝑎𝑟𝑔𝑒𝑡 𝐺𝑒𝑛𝑒 − 𝐶𝑡𝐻𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 𝐺𝑒𝑛𝑒 

 

 

 

 

Table 2.11 qPCR Protocol 

Equation 2.6.1 Calculation of Change in Cycle Threshold Value. Ct = Cycle Threshold. 
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This was then converted into relative expression using the next equation. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =  2−𝛥𝐶𝑇 

This method was chosen over the double-delta method which compares the change in 

expression in each condition to the ‘gold-standard’ treatment, for two reasons. Firstly, there 

were 3 control methods, and both C treatment or SM treatments would’ve been valid choices, 

however their effectiveness in 2D conditions was unknown, and therefore may not have been 

an optimal comparisons. As such, using the delta-Ct method allowed the controls to be assessed, 

as well as visualise differences to both negative and positive controls in the treatment media. 

 

 

Whole tissue was obtained from surgery with anatomical directions marked by the surgeon on 

the sample pot. Images were taken with careful care to keep tissues sterile and hydrated, using 

a ruler to measure size. Images were taken using an iPhone 7 camera.  

 

Haemotoxylin and Safranin O were imaged using an infinity 1 camera  on a GX microscope using 

the Infinity Image Acquisition Software (version 6.5.6, Lumenera).  Picrosirius red staining was 

imaged under brightfield and polarised light using an AxioImager 2, and tiled using the Zen 

software. Toluidine blue images were taken on the AxioImager 2 using brightfield light using the 

Zen software. Immunohistochemistry for CD271 was Images were taken on a Nikon Eclipse Ti2-

E camera. 

Whole slides were scanned at 10x using the Leica Aperio T2 and images captured at 25x-200x 

magnification were taken from these scans using Aperio Imagescope v12.4.0.5043, and scale 

bars applied using the software.  

 

Cell images were taken using an EVOS FL imaging system from 40x-200x magnification, using the 

intrinsic software (v1.4) to add scale bars . Well plates were imaged by scanner, at 1400 DPI, 

using the Windows Fax and Scan software (v2004). 

 

 

Equation 2.6.2 Calculation of Relative Expression using the Delta Ct method. Ct = Cycle Threshold. 
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For a group to first be considered normal, an N number of at least 10 was first required. As no 

more than 3 samples were used for any experiment, all data sets were considered not normally 

distributed, with a statistical rule being 10 or more samples can be representative of a sample 

population. In the case of repeated measures being taken from one donor (individual colonies), 

only the true patient N was considered.  

 

 

Statistical tests were chosen based on the number of groups being tested and the data being 

analysed, as well as if they were normally distributed and/or paired. Statistics were performed 

using Graphpad Prism 9 (v9.0.1). The choice of statistics is listed in Table 2.8.1. For 2 groups, 

matched data was tested with the non-parametric Wilcoxon Matched Pairs Signed Rank test, 

and unmatched data the Mann-Whitney U test. For 3 or more groups, the non-parametric 

Friedmann’s test with Dunn’s multiple comparisons test was used for paired samples, or Kruskal-

Wallis for unpaired samples. As talus and tibia were obtained from the same donor, these were 

considered paired. However as iliac crest samples came from separate donors, these were 

unpaired and tested against talus and tibia as such. In Chapters 5 and 6, tests were considered 

paired as same donors with different treatments were being compared. Significance was set at 

* = P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 

 

   

Chapter Figure Test Chosen Groups 

3 

3.3.3A,B Friedmann’s with Dunn’s multiple comparisons 4 (2x2) 

3.3.3C-E Wilcoxon Matched Pairs Signed Rank 2 

3.3.4A-E Wilcoxon Matched Pairs Signed Rank 2 

3.3.7 Wilcoxon Matched Pairs Signed Rank 2 

3.3.8 Friedmann’s with Dunn’s multiple comparisons 4-8 

3.3.12A Wilcoxon Matched Pairs Signed Rank 2 

Table 2.12 Choice of Statistical Test for Each Dataset 
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Table 2.12 Choice of Statistical Test for Each Dataset 

3.3.12B,C Friedmann’s with Dunn’s multiple comparisons 4-8 

3.3.15A Wilcoxon Matched Pairs Signed Rank 2 

3.3.15B Friedmann’s with Dunn’s multiple comparisons 4 

3.3.17C Wilcoxon Matched Pairs Signed Rank 2 

3.3.18 Friedmann’s with Dunn’s multiple comparisons 3 

4 

4.3.6-8 Kruskal-Wallis with Dunn’s multiple comparisons 3 

4.3.13 Kruskal-Wallis with Dunn’s multiple comparisons 3-6 

4.3.16 Kruskal-Wallis with Dunn’s multiple comparisons 3-6 

4.3.18,19 Kruskal-Wallis with Dunn’s multiple comparisons 6 

5 

5.3.5 Friedmann’s with Dunn’s multiple comparisons 6 

5.3.8 Friedmann’s with Dunn’s multiple comparisons 6 

5.3.1-16 Friedmann’s with Dunn’s multiple comparisons 6 

6 

6.3.6 Friedmann’s with Dunn’s multiple comparisons 6 

6.3.14A-C Wilcoxon Signed Rank  2 

6.3.14D Friedmann’s with Dunn’s multiple comparisons 6 

6.3.15-17A,B Wilcoxon Signed Rank 2 

6.3.15-17C Friedmann’s with Dunn’s multiple comparisons 6 

 6.3.22-25 Friedmann’s with Dunn’s multiple comparisons 4-6 

All datasets had N of 3, as such all could not be assumed to be normally distributed  
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As mentioned at the start of Chapter 1, Ankle osteoarthritis (OA) is potentially distinct from OA 

of other joints such as hip or knee, due to its high post-traumatic incidence106. As such a key 

starting point for this research was to examine the tissue to look for key differences in OA 

progression relative to existing literature from other joints. Additionally, these changes were 

linked with resident stem cells to investigate if endogenous cells instigate a repair response, and 

to what extent Multipotential Stromal Cells (MSCs) are involved. The rate of post-traumatic 

ankle OA is estimated to be anywhere from 5-95%, mostly reported in the higher range, 

compared to 12-50% in the knee and around 1% in the hip, with around 12% of all OA cases 

being post-traumatic106,113,204. There is currently very little gross or histological information on 

cartilage changes within the ankle. Whilst it has previously been reported there are minor 

differences such as “tram-track lesions” (grooves from high stress activity rotations), a deep 

investigation through histological and links with cell behaviour has yet to be completed205.  

Treatment of ankle OA is unique in that joint-sparing regenerative strategies are more likely to 

be employed than other joints and show more positive outcomes. Treatments such as 

microfracture show good to excellent results in up to 96% of patients, compared to 75% in knee, 

and other regenerative treatments showing similar short to mid-term success up to 10 years 

6,206-208. This has yet to be fully explored, but may be related to increased miRNA and increased 

anabolism observed in the ankle, which is lower in the knee and lowest in the hip, correlating 

with overall success rates for similar treatments in the three joints209. Otherwise, it could be 

related to ankle biomechanics through the high congruency, increased cartilage uniformity or 

other anatomical factors compared to the knee30,113. However, regenerative therapies of the 

ankle are generally perceived to start failing after 5 years, at which point fibrocartilage formation 

leads to mechanical incompetency of cartilage168,210.  Whilst there is little research in the ankle 

describing the resident cells responsible for this repair, MSCs are often cited as a potential 

source, as such were a key focus of this chapter211. MSCs have been investigated in OA for both 

hip and knee and have shown potential for cartilage and bone differentiation, particularly with 

higher chondrogenesis than niches such as the IC85,101. As such it seems likely MSCs are key to 

the repair process, however if they improve the outcome of regenerative treatments such as 

microfracture in the ankle more than other joints is an area that needs investigation.  

Prior research associates MSCs with both new cartilage formation and with OA bone sclerosis, 

and so investigating this balance may lead to improvements in treatments for both the ankle or 

other joints85,101.  A key point for this repair however is that after 5 years, this seemingly 

successful microfracture does not lead to hyaline cartilage formation, and instead fibrocartilage 

production eventually fails due to suboptimal mechanical performance, and can no longer 
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prevent pain for the patient. Microfracture is then repeated to attempt repair again, until this is 

no longer successful and instead joint replacement or fixation is chosen, as earlier discussed. 

One opinion on why microfracture stops being successful is that this repeated surgery leads to 

necrosis of the underlying bone, preventing further drilling7. By removing the need for repeating 

the microfracture by improving the outcome of prior treatments would avoid or delay invasive 

surgeries with low patient satisfaction, this would need to be driven by understanding the joint-

resident reparative response and developing techniques to enhance this. 

Local MSCs are implicated in these treatments as the major regenerative cell within the joint, 

however their behaviour is poorly understood within the ankle compared to other joints like hip 

and knee212. As MSCs are unlikely to be transported by blood, resident cells from subchondral 

bone, synovial fluid or synovium are considered to be the main MSC tissue sources within joints 

which may directly participate in cartilage repair213-215. In ankle OA, MSCs have been isolated 

from the synovial fluid of patients, however MSC presence in talocrural subchondral bone, from 

which reparative cells released by microfracture would come from, remains unexplored96. 

Synovial fluid cells presented MSC surface expression and differentiation capacity, proving their 

presence. Unfortunately, there was no comparison to other tissue other than gene expression 

for 5 genes to prove they were not bone MSCs. This showed expression of osteogenic-related 

genes SMOC2, SFRP4 and OGN, as well as intraarticular related genes ECRG4 and PRELP, 

however this does little to compare their relative ability for joint repair96. No existing study has 

compared resident subchondral bone MSC topography with joint changes between talus and 

distal tibia in ankle OA patients. A clear understanding of resident MSCs behaviour, and how 

tissue damage affects their function, from both biological and mechanical standpoints, is of 

major importance for the development of novel regenerative medicine strategies to treat ankle 

OA or osteochondral lesions216. 

In the hip, MSCs have been investigated both in vivo through immunohistochemistry and in vitro 

through culture. The hip is a simple ball and socket joint, between the femur and acetabulum, 

therefore is very different to the ankle in structure. Therefore, the mechanical forces and OA 

processes may be significantly different. It has been previously shown that underlying damage 

such as bone marrow lesions aligned with overlying cartilage defects, and in particular, bone 

marrow lesions were seen far more frequently in samples with more greatly damaged 

cartilage101. Staining for CD271, a marker of MSCs, showed association with bone lining, and 

again correlated with regions of cartilage damage101. A second study then further identified 

these CD271+ MSCs into different subsets, including the osteogenically committed 

CD271+/CD56+ subtype, which presented an osteogenically committed with a 100-fold 

increased expression of osteo-related genes such as osteopontin and osteocalcin85. As such, an 



81 

MSC response to OA damage has previously been identified, with associated with cartilage 

damage, however not only in a cartilage-reparative response. MSC also showed subsets with 

increased bone formation associated with sclerotic bone. This shows that MSCs are engaged 

with a repair response, but need modulating to ensure that correct repair occurs. Treatment of 

hip OA is mostly restricted to hip replacement at late stage, however early-stage treatments 

include typical OA treatments such as painkillers or intra-articular injections of corticosteroids. 

Alternative therapies include stem cell injections, such as MSCs. Attempts of treatments used in 

the ankle just as microfracture show results equivalent to that seen in simple debridement, 

suggesting that resident reparative cells such as MSCs are not as capable as repair as in the ankle, 

potentially relating to different biomechanical cues or different resident cell behaviour217. 

However, by further understanding manipulation of MSCs in the ankle, this may be adapted for 

the hip to better improve outcomes. 

The knee is a slightly more complex joint compared to the hip. It is considered a hinge joint, 

however, is slightly more complex in that, being made of three bones, the patella, the distal 

femur and the proximal tibia, as well as the soft tissue structure the meniscus. As such, the 

movement of the joint is not that reminiscent of a hinge, instead there is both a small amount 

of lateral and medial rotation as well as flexion and extension. This specific lateral and medial 

rotation lends some similarity to the ankle joint, and as such standard protocol for ankle testing 

is to use an inverted knee simulator, as ankle simulators are yet to be widespread. Whilst the 

biomechanics are altered, this takes advantage of similarities between the two joints. For 

example, the distal femur forms a convex shape, like the proximal talus, and that the proximal 

tibia a concave structure, similar to the distal tibia. MSCs have again been investigated within 

the knee. It has already been shown that despite MSCs increasing in synovial fluid in OA, this did 

not lead to cartilage repair, as such there is still a level of incompetent repair response218. Again, 

MSCs correlated with areas of cartilage damage, as well as increased gene expression of bone 

turnover related genes as seen in the hip. There is extensive, continued evidence that MSCs are 

bone-resident in multiple types of OA, and that there is an increase in their number, particularly 

in a localised response to cartilage damage101,219,220. As such, there is a great need for further 

understanding resident behaviour of these MSCs and what can be done to direct them towards 

cartilage repair.  

Research in this chapter was designed to characterise major difference between the talus and 

tibia in both health and OA, and compare this to what is known in other joints. In this, it was 

hypothesised that talus and tibia would present OA with similar presentation to that of other 

joints, with cartilage loss, subchondral bone plate thickening and increased bone turnover. 
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Additionally, that there would be increased chondrocyte hypertrophy and loss of organisation, 

and increase in cellularity. Specifically, this chapter aimed to: 

- Perform a basic assessment of overall 3D structural changes using micro-computed 

tomography (mCT) to investigate OA changes in relation to non-diseased tissue 

- Study specific structural changes using basic histological techniques for bone and 

cartilage to understand bone, cartilage and cellular level changes 

- Investigate the role of resident cell types such as MSCs, Osteoblasts and Osteocytes 

using immunohistochemistry, and their relationship with hallmark OA changes 

- Develop methods of characterising mechanical changes to cartilage in extremely small 

samples 

 

 

 

For this study, OA human distal tibia, proximal talus as well as non-diseased human distal tibia 

and talus samples were used. Samples used in this chapter are listed in Tables 3.2.1 and 3.2.2. 

Retrieval methods were described in general methods (Section 2.1.1). To reiterate, ethical 

approval for human ankle tissue collection (07/Q1205/27) was obtained from NREC Yorkshire 

and Humberside National Research Ethics Committee, in compliance with the Helsinki 

Declaration of ethical principles for medical research involving human subjects. In this chapter, 

six ankle OA patients (median age 58 years, range 46-75, 5 male and 1 female) were included 

after signed consent was received. Unfortunately, whether or not OA was post-traumatic was 

not known. Each patient underwent fusion of the talocrural joint for OA, and were ambulatory 

prior to surgery, with the general patient characteristics given in Table 3.2.1. Once retrieved, 

samples were washed 3 times in 50 ml PBS until water was clean. PBS was removed and samples 

were wrapped in PBS-soaked filter paper before being frozen at -80°C. Non-diseased human 

cadaveric ankles (age 40-60 years, all-male, no evidence of ankle OA) were obtained from 

Medcure, USA, under local university ethics (MEEC 18-027), and stored at -80°C before distal 

tibia and talus were removed for imaging, with sample information given in Table 3.2.2. Freezing 

meant that cadaveric samples were unsuitable for subsequent cell analysis. 
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Firstly, the general structure of the ankle in both health and OA needed to be understood, to 

investigate if the usual effects of OA, such as bone thickening and subchondral bone plate 

thickening occurred as expected. Three pairs of ankle OA talar and distal tibial osteochondral 

samples (approximately 35 mm x 25 mm x 9 mm; and 28 mm x 2 mm x 7.8 mm from distal tibia 

and talus respectively (Width, height, depth)) were retrieved and stored at -80°C. Samples were 

defrosted by fully submerging in PBS and then left in a fridge 4°C for 24 hours. In the case of 

samples having multiple segments, segments were kept together and defrosted and scanned 

together. Once defrosted, samples were  placed into a 50 ml falcon tube made up to 50 ml with 

PBS, or in a heat-sealed bag in PBS (should the sample be too large), and imaged using mCT 

according to standard practice221. Samples were orientated with the loading surface aligned, and 

 

Sample ID Experimental Use Donor Age (Years) Donor Sex 

WJ001 Histology 70 M 

WJ002 Histology 46 M 

WJ003 Histology 46 M 

WJ004 mCT 75 F 

WJ005 mCT 64 M 

WJ008 mCT 57 M 

Median N/A 60 83% male 17% Female 

 

Sample ID Experimental Use Donor Age (Years) Donor Sex 

LK01 mCT 43 M 

LK02 mCT 50 M 

LK03 mCT 57 M 

Median N/A 50 100% male 

Table 3.1 Distal Tibia and Talus Sample Characteristics Retrieved from Ankle Fusion 

Table 3.2 Distal Tibia and Talus Sample Characteristics Of Non-Diseased Donor Tissue 
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in the case of multiple segments, each individual sample was orientated as such, and positioned 

in the scanner so the scan would be taken along the coronal plane.  

For scanning of OA samples, a SkyScan 1278 mCT was used to scan at an 18μm isotropic 

resolution for non-diseased human tissue (65 kVP, 270 μA, 380 ms integration time), with 

samples submerged in PBS in either heat-sealed bag or falcon tube. Image data was extracted 

directly to the TIFF image format. Each scan took approximately 20 minutes to 2 hours, 

depending on the size of the sample.  

The cadaveric, non-diseased ankle bones were obtained and scanned by another researcher 

(Ms. Lekha Koria) in a different laboratory, meaning scans were performed in another machine, 

but it was attempted to keep scans relatively similar. Non-diseased ankle bones were were 

scanned at a 16μm isotropic resolution (70 kVP, 114 μA, 250 ms integration time) using a Micro-

CT100. Scans were exported in the ISQ format, which was converted into normalised TIFFs (0-

255 grayscale, 8-bit) using a MATLAB script designed in house by that researchers’ group. This 

script converts all negative Hounsfield units to 0, and the maximum theoretical Hounsfield unit 

to 255. These took on average 40 minutes to 2 hours, again depending on sample size. 

Anatomic areas were matched between the talus and tibia for both OA and health, selecting 

regions of loading, the apex of the talus and distal arch of the tibia, reflecting the regions 

removed during surgery.  

Bone volume of total volume (BV/TV) and subchondral bone plate (SBP) thickness were 

measured according to standard methods221-223. BV/TV was measured using the BoneJ223 plugin 

(v1.4.2) for NIH ImageJ222 (US National Institutes of Health (v1.4.2)), up to 3 mm depth from the 

SBP. In order to do this, the image cube was loaded (‘File>Import>Image Stack), the stacks were 

selected for a depth applicable for all samples, as well as for depth-dependent measures by 

selecting the number of stacks that represent the set depth (0.8 mm was chosen, as this was 50 

slices of a 16μm isotropic resolution stack). The threshold was optimised using the intrinsic 

BoneJ tool (Plugins>BoneJ>Optimise Threshold) after seeing the best results compared to other 

methods of analysis. BV/TV of the whole stack was measured using the ‘Plugins>BoneJ>Volume 

Fraction’ tool. Stacks were then duplicated and 0.8 mm segments created using the 

‘Image>Stacks>Set Slice’ tool, and then volume fraction measured in order to make depth 

dependent measurement. BV/TV per sample was compared using a Friedman test with Dunn’s 

multiple comparison test and follow-up. It was expected that the talus would have a higher 

BV/TV in health than tibia due to its high loading, increasing further in OA.  

SBP thickness was measured by re-orientating the image to a transverse view and measuring 

the perpendicular distance from the beginning of bone to the first visible trabecular gap. 
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Measurements were taken at twenty random slices for each bone, and averaged. The average 

measurement for each technical replicate was averaged, and then for each biological replicate 

this was compared for statistical analysis using a Friedman test with Dunn’s multiple comparison 

test as follow-up. It was expected that the talus would have a higher subchondral bone plate 

thickness due to its high-loading and involvement in 3 loading-regions, increasing further in OA.  

 

To understand basic morphology of bone, cartilage and resident cells in the distal tibia and talus 

in OA, Haemotoxylin and Eosin staining was used, as is standard practice224. Processing prior to 

staining is given in Chapter 2 (Sections 2.2.1-2.2.4). Haemotoxylin is a basic, cationic dye which 

stains the basophilic nucleic acids of the nuclei blue, and Eosin is a acidic, anionic dye which 

stains the basic cytoplasm and proteins red.  Specific steps are shown in Table 3.2.3. Staining 

was followed by addition of a coverslip detailed in Section 2.2.5 for long term storage. 

 

 

 

 

 

 

 

Process Step Solutions and Reagents Time (mins) 

Haemotoxylin 

and Eosin Stain 

13 Mayer’s Haematoxylin 2:00 

14 Running tap water 1:00 

15 Scott’s tap water 2:00 

16 Running tap water 1:00 

17 Eosin 2:00 

18 Running tap water 1:00 

Table 3.2.6 is a continuation of the process described in Table 3.2.4, as such starts at step 13, 

and is followed by dehydration and coverslip application (Table 3.2.5). 

Table 3.3 Haemotoxylin and Eosin Staining Process 
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 Safranin O staining was additionally used to distinguish between cartilage and bone, allowing 

relationships between the two in OA to be investigated, as is standard practice224. Processing 

prior to staining is given in Chapter 2 (Sections 2.2.1-2.2.4).  Safranin O is a cationic dye, and 

binds carboxyl and sulphate groups glycosaminoglycans in cartilage, staining them red. The 

counterstain, fast-green, is anionic, and stains bone blue. This technique is commonly used in 

investigation of OA224. Specific steps are shown in Table 3.2.4. Staining was followed by addition 

of a coverslip detailed in Section 2.2.5 for long term storage. 

 

 

To assess the level of cartilage damage in both talus and distal tibia from ankle OA patients, the 

OARSI OA cartilage histopathology scoring system was used, according to standard 

practice225,226. Two independent observers (Author W.J. and supervisor Dr. Elena Jones) assessed 

the score for whole tissues using the whole tissue scans of safranin O staining of tiled images 

taken at 10x magnification. From each sample, the OARSI scoring method was used to select 

cartilage of different grades and segment it with the underlying bone, to create plugs of all the 

different levels of cartilage damage within each sample for downstream analysis of cartilage and 

bone damage relationships219. This was novel to this work to directly compare overlying cartilage 

with bone changes. To compose the score, the grade of damage is measured according to Table 

3.2.5, and the stage, or area of tissue with that level of damage is also measured, according to 

Table 3.2.6. To then get the overall score, the two measures are multiplied together225,226. 

 

Process Step Solutions and Reagents Time (mins) 

Safranin O 13 Stain with Weigert’s Iron Haemotoxylin 

Working Solution for 10 minutes 

10:00 

14 Wash in running tap water for 10 minutes 10:00 

15 Counterstain in 0.02% Fast Green 5:00 

16 Rinse quickly with 1% Acetic Acid 0:15 

17 Stain in 0.1% Safranin O solution  5 

Table 3.2.7 is a continuation of the process described in Table 3.2.4, as such starts at step 13, 

and is followed by dehydration and coverslip application (Table 3.2.5). 

Table 3.4 Safranin O Staining Process 
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Grade Criteria (Tissue Reaction) Example Image 

Grade 0 
Matrix: normal architecture Cells: intact, 

appropriate orientation 

N/A 

Grade 1 

Matrix: superficial zone intact, oedema 

and/or superficial fibrillation (abrasion), 

focal superficial matrix condensation Cells: 

death, proliferation (clusters), hypertrophy, 

superficial zone Reaction must be more 

than superficial fibrillation only  

Grade 2 

As above; Matrix discontinuity at superficial 

zone (deep fibrillation) Cationic stain matrix 

depletion (Safranin O or Toluidine Blue) 

upper 1/3 of cartilage. Focal perichondral 

increased stain (mid zone). Disorientation 

of chondron columns Cells: death, 

proliferation (clusters), hypertrophy 

 

 

Stage % Involvement (Area) 

0 None 

1 <10% 

2 10-25% 

3 25-50% 

4 >50% 

Stage – Extent of joint involvement 

Table 3.5 OARSI Stage of Osteoarthritis Assessment 

Table 3.6 Cartilage Histopathology Grade Assessment 
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Table 3.6 Cartilage Histopathology Grade Assessment 

Grade 3 

As above; Matrix vertical fissures into mid 

zone, branched fissures Cationic stain 

depletion (Safranin O or Toluidine Blue) 

into lower 2/3 of cartilage (deep zone) New 

collagen formation (polarized light 

microscopy, Picrosirius Red stain) Cells: 

death, regeneration (clusters), 

hypertrophy, cartilage domains adjacent to 

fissures 

 

Grade 4 

Cartilage matrix loss: delamination of 

superficial layer, mid layer cyst formation 

Excavation: matrix loss superficial layer and 

mid zone 
 

Grade 5 

Surface: sclerotic bone or reparative tissue 

including fibrocartilage within denuded 

surface. Microfracture with repair limited 

to bone surface 
 

Grade 6 

Bone remodelling (more than osteophyte 

formation only). Includes: microfracture 

with fibrocartilaginous and osseous repair 

extending above the previous surface 
 

Grade – Depth of Progression into Cartilage. Images are Safranin O. Adapted from 227. 
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Bone area of Total Area (BA/TA) was measured from Safranin O images for comparison to 

cartilage changes (Section 3.2.4), as well as to compare CD271 immunohistochemistry matched 

images to relate CD271+ staining area to bone changes such as BV/TV (Section 3.2.9). A direct 

comparison between the two has not been performed previously, however BV/TV and CD271 

are both heavily implicated in OA changes85,228. Both overall, and depth dependent behaviour 

was measured using ImageJ. This was a novel method to this study to relate the basic science 

setting to clinical computed tomographic settings, and relate bone changes to cartilage changes. 

For both processes, a sample image was loaded into ImageJ, image clarity optimised manually 

using the ‘Image>Adjust>Brightness/Contrast’ function to reduce debris and enhance bone. A 

scale was applied using the scale bar on the image, using the ‘Analyse>Set Scale’ function, to be 

used for depth dependent measures and subchondral bone plate thickness. The ‘Analyse>Set 

measures’ function was set to ‘Measure Area’ so that total bone area could be measured. The 

image was then converted into an 8-bit image. A polygon region-of-interest tool was used to 

select the total area, starting at where the subchondral bone plate ended, as defined earlier, set 

to be where the first trabecular space is beneath the bone plate. The selected area continued to 

the maximum depth attainable in all bone tissue for consistency. The excluded region was 

cleared using the ‘Edit>Clear Outside’ function to remove irrelevant areas of the image such as 

cartilage or around the sample. A binary threshold was then applied, selecting pixels of grayscale 

value between two set values and then converting these into a binary image, using the 

‘Image>Adjust>Threshold’ function, and manually set to select bone in black, and exclude 

stromal tissues in trabecular spaces, leaving the background white. The image was then 

duplicated (‘Image>Duplicate’) for the following measurements and to select specific areas. For 

overall BA/TA, the ‘Analyse>Analyse Particles tool’ was applied, with ‘Show Outlines’ active to 

ensure selected regions were correct. The value for total area was taken, as well as the area of 

bone (black region), and the latter divided by the former to derive BA/TA. For depth dependent 

BA/TA, duplicated images were taken, and split into 1 mm segments, starting from the 

subchondral bone plate. This process is described in Figure 3.2.1. 
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To further understand specific bone changes in OA and if it varies between joints, the 

subchondral bone plate thickness was analysed as having previously been implicated in OA 

progression221. The subchondral bone plate was defined as the distance from the tidemark (in 

the case of duplication, the earliest point), to the first trabecular space within the bone, as 

common in literature, using standard methods229. Subchondral bone plate thickness was taken 

from both Safranin O images, and mCT, again using ImageJ222. SBP thickness was measured by 

re-orientating the image to a transverse view and measuring the perpendicular distance from 

the beginning of bone (the tidemark) to the first visible trabecular gap. Measurements were 

taken at twenty points for each bone, and averaged. Similar to BA/TA measurements (Section 

3.2.6), the scale was applied within the program using the scale bar.  

 

 

 

 

Figure 3.2.1 Calculation of BA/TA. Safranin O stained images are converted into black and white in 

ImageJ. Bone area of total area is calculated from all bone once cartilage is manually excluded (Shown 

by yellow outline in A, or B. Specific depth regions were also measured (C – 1, 2 & 3 for 0-1 mm, 1-2 

mm and 2-3 mm respectively). Individual segments were duplicated, and then bone area and total area 

measured again (shown in D for 1) and then duplicated in order to segment that area only, and bone 

area of total area measured. Red numbers on each image mark every unconnected segment of bone 

measured (Refer to many red dots within the image due to small bone fragments). 
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Immunohistochemistry for CD271-positive cells, a broadly used marker of in vivo bone-resident 

MSCs, was used to analyse MSC location in relation to bone and cartilage changes, using 

methods standard to the research group101,215. The CD271 monoclonal mouse anti-human 

antibody at 1:200 dilution in antibody diluent solution was used followed by incubation with the 

EnVision+ Dual Link System-HRP including Horse Radish Peroxidase (HRP) and 3,3’-

diaminobenzidine tetrahydrochloride(DAB) kit. A negative control without antibody was used. 

Positive controls were performed previously by the group with this antibody clone and so this 

was not repeated. The kit included dual endogenous enzyme block, labelled polymer, substrate 

and chromogen solutions. Haemotoxylin was stained for to show cells in the background 

(Section 3.2.3, steps 13-16). As samples were of varying sizes, the volume of solution used was 

dependent. For the first TBS wash, via pipette, 10 μl aliquots were gradually added until sample 

was covered. Total volume was then used for subsequent incubations. The staining process is 

detailed in Table 3.2.7. The stain utilises the chromogen 3,3’-Diaminobenzidine (DAB), which is 

catalysed by the HRP conjugated to the antibodies. This creates the visible staining at the 

antibody target antigen site under brightfield light microscopy. Positive controls have been 

completed by other lab group members and so were not performed for this study as the group 

uses this antibody frequently72,101. This staining follows sample processing (Section 2.2.1-2.2.4). 

Images were taken on a Nikon Eclipse Ti2-E camera (Nikon, Tokyo, Japan) and analysed using 

the Nuance Multispectral Imaging System as detailed in Section 3.2.9, and bone area of total 

area was measured as detailed in Section 3.2.6 using matched images from the CD271 analysis 

instead of safranin O images. Afterwards, coverslips were again applied (Section 2.2.5). 
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Process Step Solutions and Reagents Time (mins) 

CD271 IHC 13 Use a PAP pen to draw hydrophobic circles around samples N/A 

 14 Wash with Tris-Buffered Saline (TBS) 1:00 

15 Wash with TBS  5:00 

16 Tap off TBS and incubate with block endogenous enzyme with 

Dual Endogenous Enzyme Block solution  

10:00 

17 Rinse with TBS from wash bottle then wash in TBS 5:00 

18 Incubate with antibody diluent  

19 Tap off TBS and add primary antibody or negative controls and 

incubate at room temperature in the dark 

60:00 

20 Rinse with TBS from wash bottle then wash in TBS 5:00 

21 Tap off TBS and apply Labelled Polymer 30:00 

22 Rinse with TBS from wash bottle then wash in TBS 5:00 

23 Tap off TBS and apply substrate/chromogen solution, and 

incubate in dark at room temperature 

5:00-10:00 

24 Collecting run off in hazardous waste container, rinse samples 

with water 

2:00 

25 Immerse slides in aqueous haemotoxylin 2:00 

26 Rinse in tap water 1:00 

27 Immerse sides in Scott’s Tap Water Substitute 2:00 

28 Rinse with tap water 1:00 

Table 3.2.10 is a continuation of the process described in  Table 3.2.4, as such starts at step 13, and is 

followed by dehydration and coverslip application (Table 3.2.5). 

Table 3.7 CD271 Immunohistochemistry Staining Process 
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CD271+ staining was measured in order to relate resident MSC behaviour to bone changes. The 

Nuance Multispectral Imaging System was used to analyse the CD271 stained images (Section 

3.2.8), again using methods specific to the research group. Firstly, stained samples were imaged, 

and the real component analysis function used to compute and unmix spectra, in order to  create 

a library-spectra for DAB staining, to identify CD271+ staining. A region stained only with 

haemotoxylin was defined as one colour, a region with both DAB staining and haemotoxylin of 

a dual-stained cell was taken to define mixed staining, and a pure DAB spectra was defined using 

the manual compute spectra tool. This was then saved as a spectral library for image analysis. 

Then, samples were imaged for analysis. These were again converted to optical density unmixed 

using the real component analysis function, and the previous spectral library created used to 

define regions stained with each dye. A threshold was manually applied to appropriate identify 

DAB+ area, and the ‘manual draw regions’ tool used to apply regions of interest of trabecular 

spaces and bone-lining cells to only measure DAB in this area. This is demonstrated in Fig. 3.2.2. 

The measured value for DAB area is divided by total region-of-interest area to calculate DAB 

stained area of total area. Bone area of total area was taken from matched images in ImageJ, 

using the same method detailed in Section 3.2.10, using the same tile of CD271 instead of 

Safranin O images. 

 

 

 

Figure 3.2.2 Demonstration of CD271 Area of Total Area Measurements, and alignment with Bone Area 

of Total Area Measurements. Separated spectral libraries allowed selection of DAB CD271+ stained areas 

(red). Counterstain was coloured green, allowing bone to be identified and visual exclusion of cartilage and 

SBP could be performed as shown. Individual tiles had CD271+ area calculated, and then bone area of 

total was calculated after non-bone lining CD271 was excluded, allowing direct correlation per tile. This 

was performed for all tiles as well as correlated with OARSI grade. 
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To further characterise cellular relationships to bone changes, TRAP staining was used to identify 

osteoclasts, according to standard methods230. In OA, bone remodelling is disturbed, typically 

with bone resorption in early OA, turning towards bone synthesis at later stages of OA221. 

Therefore, it was expected there would be elevated presence of osteoclasts within the OA 

human ankle tissues within more damaged sites231. This dye stains osteoclasts red-violet, and 

fast-green counterstains the background blue. The process following rehydration (Section 2.2.4) 

is shown in Table 3.2.8 below. DPX cannot be used for coverslips on TRAP staining as it needs to 

remain hydrated, and so water-soluble Leica Mounting Media (Leica Biosystems) was used to 

mount the sample, also shown in Table 3.2.8232.  

 

 

 

 

 

 

 

 

Process Step Process Time (mins) 

Tartrate-

Resistant 

Acid 

Phosphatase 

13 TRAP Staining Solution pre-warmed to 37°C  

(incubate during staining at 37°C) 

30:00-45:00 

14 Wash gently in dH2O 4 Changes 

15 Counterstain in 0.02% Fast Green 0:30 

16 Quickly wash in dH2O 4 Changes 

17 Air dry overnight  Overnight 

18 Mount with water soluble media (Leica 

Mounting Media) 

0:30 

Table 3.2.8 continues the process described in Table 2.2.2, starting at step 13. 

Table 3.8 Tartrate-Resistant Acid Phosphatase Staining Process 
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To investigate the possibility and quality of bone repair, picrosirius red staining was used to 

identify collagen fibre alignment and orientation. This dye stains collagen fibres red, but under 

polarised light, birefringence identifies collagen maturity from a scale of green for mature fibres, 

red for immature disorganised fibres, and yellow in between the two. As OA induces rapid bone 

turnover, it was theorised this would show increased disorganised immature fibres, and 

picrosirius was performed following standard methods224,233. This staining process follows 

Section 2.3.4 and is demonstrated in Table 3.2.9. Coverslips were applied as in Section 2.3.5. 

 

 

CD56 and E11 are markers for osteoblasts and early-embedding osteocytes respectively85. As 

sclerotic bone forms in end-stage OA, it was expected that E11/CD56+ cells would be present, 

particularly in relation to the wound site. Additionally, as MSCs are a common source of 

osteoblasts, correlation with CD271+ MSCs was performed to investigate if these cells are 

related to the disease process, particularly in relation to bone formation. This method follows 

similar work performed by another member of the research group220,234. Immunohistochemistry 

for CD56 and E11 was completed similarly to CD271 stains, as in Section 3.2.8, and Table 3.2.7. 

Antibodies used were: CD56 and E11. These titrations were previously optimised by other 

researchers within the group85. 

 

Specifically, it was important to learn if firstly, cartilage properties of osteochondral plugs can 

be accurately measured in surgical tissue explants from ankle fusion surgery, as well as the effect 

of freeze thawing. Porcine cartilage was indented to investigate the mechanical properties of a 

relevant animal model to develop methods to test human tissue, particularly considering that 

bone segments were extremely thin. Changes to cartilage of the ankle during OA are poorly 

understood as such this work had aimed to investigate this, however not enough tissue samples 

 

Process Step Process Time (mins) 

Picrosirius Red 13 Stain in Picrosirius Red  60:00 

14 Wash in two changes of 0.5% Acidified Water  4 Changes 

Table 3.2.9 is a continuation of the process described in Table 2.2.2, as such starts at step 13, and is 

followed by dehydration and coverslip application Table 2.4.5 

Table 3.9 Picrosirius Staining Process 
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were obtained to complete this work. Additionally, non-diseased human control tissue was 

obtained from America, as such would need to be frozen and defrosted, firstly for transport, and 

then for preparation for testing. This represented method development for future studies. Extra-

skeletal tissues were removed using scalpel and forceps to expose the talocrural joint. During 

dissection, exposed cartilage was kept moistened using phosphate-buffered saline (PBS) using a 

spray or wrapped in PBS-soaked paper towels. Talus and tibia were fully removed and then 

secured by bench-top vice with additional PBS-soaked towels to secure it, and then an ⌀8 mm 

corer hammered in to extract osteochondral plugs of 5 cm depth with a flat cartilage surface 

(Fig. 3.2.3). These were separated into groups for the purpose of testing. Group A went through 

3 freeze-thaw cycles, whereas B did not, to investigate effects of freeze/thaw on small tissues.  

Secondly, samples of 5 cm bone depth were indented under a constant load of 50N for half an 

hour. These were then shaved to 2 mm to mimic the samples obtained from surgery and left in 

PBS for 2 hours to regain mechanical properties, and then indented again. An additional control 

group without shaving was used to verify that second indentation provided similar results to the 

first round. Following this indentation, samples were moved for needle indentation to assess 

cartilage thickness, then retrieved for histology. Dissection and experimental process is 

summarised in Fig. 3.2.3. 

Figure 3.2.3 Porcine Tissue Dissection and Experimental Protocol for Method Development for 

Mechanical Testing of Human Explants from Ankle Fusion surgery. Porcine tissues were dissected 

from sacrificed 6 month old pigs, ligaments and tendons were removed and then synovial membrane 

broken to separate the two bones. Plugs of 8 mm⌀ were removed using a corer with as flat cartilage 

as possible for testing. Control samples were of approximately 5mm depth, with duplicate test samples 

cut to 2 mm to mimic human samples after the first indentation test. Scale bars are 5mm. 
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By understanding the osteoarthritic changes to cartilage quality, the functional behaviour of 

repair cartilage that MSCs had been induced to form could better be qualified. The 8 mm 

diameter porcine osteochondral plugs, taken from distal tibia and talus (Section 3.2.13), were 

placed into a custom-made holder, tightened to prevent displacement of the whole sample, and 

submerged in PBS. This was then placed into an indentation rig. A continuous load of 0.5N was 

applied perpendicular to the cartilage through a rigid, hemispherical indenter of 2.5 mm 

diameter over a period of half an hour, which first compresses the cartilage, and then over time 

will push the water out, until there is a point the tissue will deform no further, which can be 

used to calculate the permeability of the tissue. The hemispherical indenter was used to account 

for surface curvature, as to be accurate indentation data must be used upon a flat surface235,236. 

A linear variable differential transducer (LVDT, linear error ±0.5% of full scale) located on top of 

the shaft detected linear displacement of the shaft and a piezoelectric force transducer (error 

±0.1 mm) measured the resistive force.  The data from both the LVDT, and the force transducer 

were visualised on an analogue-digital converter connected to a desktop computer. Force and 

displacement output data was displayed and recorded using LabView 8 software. 

The procedure for calibration was developed by previous researchers at the University of 

Leeds237. Calibration procedures for both the LDVT and force transducer were performed prior 

to testing to determine calibration factors, by which to convert voltage outputs into millimetres 

and newtons respectively. For LVDT calibration, voltage was measured at 0mm displacement, 

then incrementally changed from 0.005 mm to a maximum of 2 mm. Voltage was plotted against 

height, and the linear trend plotted. From this line, the equation for calibration factor was 

produced (Fig. 3.2.4A). The force transducer calibration was performed in a similar manner, 

starting with 0 g load, and then 10 g increments until 50 g, and voltage measured at each weight 

(Fig. 3.2.4B). Again, a linear trend was plotted, and the calibration factor equation calculated.  

Each porcine cartilage pin was placed within a collet, and secured in a specimen holder, which 

was tightened to prevent non-linear movement of the plug. This was then secured to the 

indentation apparatus. The specimen holder was filled with PBS to keep the sample hydrated. A 

2.5 mm diameter hemispherical indenter was chosen to minimise edge-loading effects. The 

indenter was raised 1 mm above the sample before release to minimise initial impact force. The 

rig is displayed in Figure 3.2.5.  
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Needle indentation was used to approximate the thickness of porcine ankle cartilage13. 

Osteochondral plug specimens following indentation, of both control 5 mm and test 2 mm bone 

depth,  were placed into a collet. This was tightened into a sample holder and loaded into an 

Instron testing machine, with the set up shown in Figure 3.2.6.  

The next logical step from this would be to calculate permeability or aggregate modulus, using 

the results of cartilage thickness (Section 3.2.14) and indentation (Section 3.2.13). These two 

values would then be applied to a computational biphasic model to estimate both Young’s 

modulus and the Poisson ratio, to find values which match the measured maximum indentation 

and cartilage thickness, as given by the equation in Section 1.1.8. This would allow direct 

comparison to existing studies to identify differences in cartilage between the ankle and other 

joints. Due to time constraints, ongoing development of the model, and loss of critical staff, this 

work could not be completed. 

 

Figure 3.2.4 Calibration Charts for Indentation Apparatus. Calibration plots were used to calculate 

permeability of samples by converting the voltage output into displacement by measuring voltage changes 

over set distances (A) and load by measuring voltage changes against set loads (B). Equations of the line 

of best fit and R2 values were calculated to calibrate the experiment. 

Figure 3.2.5 Indentation Rig Example 
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Cartilage plugs were tested perpendicularly to the cartilage surface, in 3 locations approximately 

2 mm apart, by adjusting the rig, using a needle of 0.5 mm diameter. The needle was positioned 

1 mm above the cartilage before being driven into the cartilage by the Instron at a constant 

speed of 4.5 mm/minute. Stiffness was measured continuously during insertion,  with three 

gradually more resistant materials, air, cartilage penetration and bone penetration. The needle 

was manually stopped when the needle had entered bone with reasonable clearance as 

detected by changes in stiffness. Cartilage thickness was measured by plotting stiffness (N) 

against displacement (mm), and identifying the points of cartilage entry and bone entry and 

measuring the displacement distance between the two. The stiffness profile is shown in Figure 

3.2.7. This is changed from previous similar work which used the term resistive force, which is 

not what is truly being measured here. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.6 Indentation Rig for Cartilage Needle Indentation 

Figure 3.2.7 Resistive Load Profile of Cartilage During Needle Indentation. Resistive force is 

split into 3 segments – Air, which will provide near 0 resistance, cartilage, which will have some, 

and bone which will show heavy resistance. By measuring the displacement in the second 

segment, cartilage thickness can be calculated.  
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Of importance in this work was first to see if there were differences between the non-diseased 

or OA ankle, and to secondly see if there were key anatomical differences between distal tibia 

and talus. Cadaveric human tissues were investigated first (Fig. 3.3.1, Table 3.3.1). Samples 

presented smooth, shiny white cartilage without exposed subchondral bone, typical of what is 

expected from non-diseased cartilage238. When size was investigated, the talus and tibia had 

similar width (defined by medial-lateral anatomical length of the sample), but the talus was 

longer (Defined by anterior to posterior anatomical length), due to its involvement in other 

joints. When the cartilage only regions were investigated, the talar dome and tibial pilon both 

showed similar size. Next, osteochondral OA samples were examined, which were 

osteochondral specimens retrieved from talocrural joint fusion surgery (Section 3.2.1), of which 

there is little documentation of the amount of tissue removed. Surgeons revealed that this varies 

based on the preference of the surgery – however they prioritise removing as little bone as 

possible to prevent leg length inequality. From the distal tibia, as shown (Fig. 3.3.1B), multiple 

segments were typically obtained. Comparison to 3D images and information from surgeons 

showed these were from the medial edge of the distal tibia, at the base of the curve leading to 

the malleolus, which allows a flat corner to be left behind to insert the talus in before adding 

screws (Fig. 3.3.1) (demonstrated by red boxes in Fig. 3.3.2). In comparison, the talus was usually 

in one part, and included the top of both medial and lateral domes of the proximal portion of 

the talus (Fig. 3.3.1). Sizes of samples rarely exceeded 5 mm depth (range 5 mm-16 mm) in both 

talus and tibia, and surface area typically 30mm by 30mm (range 20 mm-49 mm) (Table 3.3.2). 

Tibia samples were on average larger than talar segments. Samples were separated into 3 main 

pathways, for mCT, histology (both Chapter 3) or cell work (Chapter 4) (N=3 for each). Samples 

presented with the typical white colour of cartilage, however the surface was frayed, with 

subchondral bone exposed in all samples and no shiny, smooth cartilage in any sample. In some 

regions (first talar segment Fig. 3.3.1B) cartilage had worn away to a translucent thickness, 

indicative that this is indeed end-stage OA. To gain a 3-dimensional understanding of talus and 

tibial structure, mCT was next performed.  
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 Length (mm) Width (mm) Height (mm) 

Talus (N=1) 590 450 200 

Tibia (N=1) 420 450 800 

Talar Dome (N=1) 370 400 190 

Tibial Pilon (N=1) 420 400 800 

As N=1, no standard deviation is given. Samples were not all measured on 

arrival so could only be completed for 1 sample. 

 

 

 Length (mm) Width (mm) Height (mm) 

Talus (N=3) 27.5±8.7 27±4.8 7.8±2.6 

Tibia (N=3) 34.8±7.4 25.2±7.4 8.8±0.5 

In cases of multiple segments, individual segments were measured and then 

summarised to estimate the total sample size. Medians are given and ± denotes 

standard error 

 

 

 

 

Table 3.10 Average Size of Non-Diseased Human Ankle Samples 

Table 3.11 Average Size of Human OA Ankle Fusion Samples 
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B 

Figure 3.3.1 The Distal Tibia and Talus – Retrieved Sample Morphology. A Non-diseased 

cadaveric human donor tissue. Each sample shows white shiny cartilage without exposed 

subchondral bone. M – Medial, L – Lateral, A – Anterior, P – Posterior. Scale bar is 100mm. 

B Specimens of Talar and Tibia Bone Excised Following Talar Fusion from 3 donors. 

Samples show frayed cartilage with exposed subchondral bone and no healthy cartilage. 

Pictures were taken following washing in PBS and 48 hour fixation in formaldehyde. Images 

were captured cartilage side up. Scale bar is 10mm. 
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To investigate the specific subchondral bone behavioural changes in OA-affected bones of the 

ankle, mCT was performed and compared to non-diseased control cadaveric samples from 

approximately same anatomic regions (Fig. 3.3.2, red regions for controls). Firstly, OA samples 

were far smaller than non-diseased controls, with red squares showing approximate matched 

regions in controls to OA samples (Fig. 3.3.2). The SBP (shown by orange line) was visibly larger 

in OA than health, with apparent bone thickening towards the surface of samples in OA. These 

changes were then quantified to understand specific changes in OA. 

Figure 3.3.2 Morphological changes of OA visible by mCT on proximal talus and distal tibia (N=3 OA 

patients compared to n=3 don-diseased controls, (NDC). All samples are orientated in the same way. A –

anterior, P – posterior, M – medial, L – lateral. The OA talus and tibia are far smaller due to the minimal 

amount of bone removed from surgery, with approximate anatomical region described by the red region on 

non-diseased samples. 
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Quantification of SBP thickness (Fig. 3.3.3A) revealed an apparent increase in OA compared to 

non-diseased tissue in both talus and distal tibia, consistent with prior research in the ankle (SBP 

thickness was measured as the distance to the first trabecular space (demonstrated in orange 

on Fig. 3.3.2))239. The overall volume as a fraction of total volume (BV/TV) was unchanged 

between health and OA, measured to 3 mm depth from the SBP (Fig. 3.3.3B). The talus appeared 

to have higher BV/TV than tibia in both OA and health, consistent with prior work240. To 

investigate if BV/TV in OA changed by depth from the joint surface, samples were segmented in 

millimetre depths up to 3 mm, and BV/TV measured for each 1 mm. In health, the tibia and talus 

measurements showed a similar gradual decrease in BV/TV as the depth increased, with the 

tibia being significantly thinner than the talus at each depth (p=0.001)(Fig. 3.3.3C). In OA, the 

talus showed much greater BV/TV increases near the SBP than in the tibia (Fig. 3.3.3D), but also 

a depth-dependent loss in BV/TV which fell below that of the non-diseased talus at 2 mm. The 

tibia showed a similar trend (Fig. 3.3.3E), whilst not as severe as the talus, but more so than the 

non-diseased control. These microstructural changes in OA talus and distal tibia indicated the 

predominant bone formation near the joint surface by the SBP thickening and up to 2 mm 

 

Figure 3.3.3 Quantification of mCT of Talus and Distal Tibia in OA and Health (N=3). A Change in subchondral 

bone plate (SBP) thickness in OA (data shows all 20 repeats per donor from 3 donors for each condition). B 

Change in Bone Volume of Total Volume (BV/TV) in the analysed regions in OA talus/tibia (symbols represent 

individual donors). C Change in BV/TV by depth in non-diseased control talus/tibia. D Change in BV/TV by 

depth from the SBP in talus. OA talus samples are measured to 4 mm depth due to thinner samples being 

removed during surgery. E Change in BV/TV by depth from SBP in tibia. Symbols and error bars on D-F show 

medians±interquartile range for 1 analysis per donor for 3 donors, with a minimum of 200 slices per depth 

interval. C was tested using the Wilcoxon rank test. Significance was set at: *** p<0.001. 
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beneath it. This appears to suggest that whilst talus and tibia show similar trends, they have 

different capacity to resist these changes in SBPT. 

To further investigate these changes, OA samples were placed into EDTA to begin decalcification, 

to allow histological analysis as a crux of this work. Additional techniques would have been 

required to allow any investigation of cartilage in mCT, in order to sufficiently differentiate its 

density from cartilage, such as the use of a contrast agent or increased resolution, however 

neither was possible in this work. Non-diseased tissues were provided by another researcher, 

and had subsequent destructive plans for their work. Additional samples could not be obtained 

and so could not be used for histology. 

 

To help planning of future studies, decalcification rate based on sample size was investigated. 

Typically bone plugs are used, and so investigating the change in rate for whole samples was of 

interest. X-ray images at time 0 show individual trabeculae at the surface clearly, whereas at 

endpoint these disappear and a basic grey shape is shown (Fig. 3.3.4A). Average weight of 

samples was measured following fixation and placement in EDTA. As samples in tibia were 

typically larger, the tibial samples showed on average a higher mass (Fig. 3.3.4B). Decalcification 

rate was apparently slower within the talus by mass, weight and size compared to tibia (Fig. 

3.3.4C-E). Average time to decalcification of such large samples was expectedly slow, taking a 

median average of around 236 days in talus and 146 in tibia, likely due to the increased BV/TV 

seen in the talus which would result in a comparatively higher surface area and reduced bone 

content in tibia (Fig. 3.3.4F). Once decalcification was complete, histology was commenced. 
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Figure 3.3.4 Decalcification Rates of Formalin-Fixed Tibia and Talar Segments in EDTA. A X-rays taken 

of bones before EDTA decalcification, and once endpoint-was reached, showing the loss off calcium from 

the bone. B Average weight of tissue sample. C Rate of decalcification by mass. D Rate of decalcification 

by volume. E Rate of decalcification by mass per volume. F Total time taken for decalcification. Data 

shown is median and range with all datapoints. 
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H&E staining was performed first to investigate general morphological changes to osteochondral 

tissues, and compare to previous research of OA progression in other joints (Fig. 3.3.5) (Section 

3.1). It was clear that osteochondral injury was not the same across the whole bone in both 

tissues, as seen in whole donor bone images, with areas of cartilage (i) or fully exposed 

subchondral bone (ii). This is similar to morphological changes seen in end-stage OA as in other 

joints, with extreme bone sclerosis (iii), cartilage loss (iv), and loss of trabecular organisation (v). 

Areas of damage were visibly matched between overlying cartilage and underlying bone. 

Between the tibia and the talus, there were few visually obvious differences. Under higher 

magnification, visible changes included fibrillation of the cartilage surface (panel 1), cartilage 

loss up to the tidemark (panel 2), loss of chondrocyte organisation and hypertrophy (panel 3), 

tidemark duplication (panel 4) and cell aggregation near thickening bone (panel 5). However 

cellularity remained unchanged within stromal tissues (panel 6). These are typical changes seen 

with OA of other joints. To further understand changes, closer examination to see cellular 

changes under specific osteochondral stains for comparison was needed. 

 

Figure 3.3.5 The Morphological OA Changes seen in Distal Tibia and Talus Samples Retrieved from 

Ankle Fusion Surgery, Shown by Haemotoxylin and Eosin Staining. i – Cartilage, ii – Exposed 

subchondral bone iii – thickened subchondral bone iv - cartilage ablation, v – loss of bone 

organisation. Panel 1 – cartilage fibrillation Panel 2 – Cartilage loss up to the tidemark Panel 3 – 

Chondrocyte loss of alignment and hypertrophy. Panel 4 - tidemark duplication Panel 5 - stromal cell 

association with thickened subchondral bone, Panel 6 – stromal cells. 
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To reiterate, Safranin O stains GAGs red, and bone blue, allowing direct comparison between 

changes to cartilage and the underlying bone, in relation to morphological changes, which 

Haemotoxylin and Eosin does not allow. Whole tissue samples were stained in order to allow 

comparison between talus and tibia (Fig. 3.3.6). The level of whole tissue damage was visually 

more or less the same between both tissues, which included general hallmarks of OA such as 

cartilage fibrillation (i), cartilage thinning (ii), subchondral bone thickening (iii), complete 

cartilage ablation and subchondral bone plate thickening (iv), duplication of the tidemark (v) and 

glycosaminoglycan depletion (vi). More rare abnormalities included regions of seemingly 

random repair with evidence of both cartilage and bone growing about the previous surface 

(vii), and cellularised gaps within the subchondral bone plate (viii), the former of which may 

potentially be due to repeated microfracture. 

 

Figure 3.3.6 OA Morphological Changes in Distal Tibia and Talus by Safranin O Staining in End-Stage 

Osteoarthritis. Safranin O histology of talus or tibial Sections obtained from ankle fusion (i – cartilage with 

minor fibrillation, ii – thinned cartilage, iii – thickened subchondral bone, iv – bone with denuded cartilage, 

v – duplication of the tidemark, vi – loss of glycosaminoglycan at the cartilage surface, vii – fibrocartilaginous 

and osseous repair extending above the previous surface, viii – cellular activity within cracks within the 

subchondral bone plate). 
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In order to assess tissue changes in relation to overlying cartilage damage, OARSI scoring 

was performed first on whole tissues for overall score, and then on segmented regions 

to allow comparison with other features. On whole tissues, there was no differences 

between grade (severity of damage), stage (region of damage) or score (Grade 

multiplied by Stage) (Fig. 3.3.7). Samples presented at least grade 3 damage, with GAG 

loss and minor fibrillation, and generally up to grade 5 damage, with complete cartilage 

denudation. More rarely, grade 6 regions were present. Once segmented, these regions 

were used to compare morphological changes such as bone thickness or BA/TA between 

tissues. 

‘Plugs’ of grade 3 and grade 5 tissues were segmented out of whole tissues with an example 

comparison shown in Figure 3.3.8A. Overall, grade 5 tissues in comparison to grade 3 tissues 

presented a visually much thicker SBP (Figure 3.3.8A), as well as underlying subchondral bone 

(grades described in Table 3.2.6, results Figure 3.3.8A).  

To investigate if bone formation correlated with regions requiring chondral repair, the pattern 

of cartilage damage was investigated in relation to the subchondral bone changes. Indeed, SBP 

thickness increased significantly (3-7-fold) with increasing cartilage damage in both talus and 

tibia (for grade 3 compared to grade 6, p=0.003 and 0.0003 for talus and tibia respectively)(Fig. 

3.3.8B). In tibia, there was a similar significant relationship (p=0.002) between cartilage damage 

and subchondral bone density, measured as bone area as a fraction of total area (BA/TA), but 

not so in the talus (Fig. 3.3.8C). In line with the mCT data (shown in Fig, 3.3.4D and 3.3.4E), there 

was a significant reduction in BA/TA  in deeper areas from the SBP, being 50% lower between 3 

mm and 4 mm compared to 0 mm-1 mm (p=0.043, p=0.003 in talus and tibia respectively) (Fig. 

3.3.8D). 

Figure 3.3.7 Evaluation of OA Ankle Sample Histology by OARSI Scoring. A OARSI Grade, defining the 

maximum damage grade identified in the tissue. B OARSI Stage, defining the size of the tissue which 

received the highest grade. C OARSI score (Grade multiplied by Stage). Lines represent tibia and talus 

donor pairs. Lines show paired donors. Differences of 0.5 reflect different observer values being averaged. 
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BA/TA as a function of distance from the SBP, was next compared between greatly damaged, 

grade 5 regions, to less damaged grade 3 regions. In both talus (Fig. 3.3.8E) and tibia (Fig. 3.3.8F), 

grade 5 regions displayed higher BA/TA at both depths measured, however these trends were 

only statistically significant in tibia (p=0.0064, 0.00196 for Grade 3 and 5 respectively)(Figure 

3.3.8F), suggesting that sclerosis in relation to cartilage loss may be stronger in tibia than in talus. 

Combined with mCT work, these data indicated that bone sclerotic changes happen most near 

the joint surface, with increased SBP thickness and higher BV/TV closer to the joint surface.  

A 

Figure 3.3.8 Relationships between Cartilage and Bone Changes Between High and Low Grade Damage 

Regions in OA Talus and Tibia (N=4). A Safranin O histology of talus or distal tibial osteochondral tissue Sections 

obtained from ankle fusion patients, denoting bone below cartilage damage grade of grade 3 (top) or grade 5 

(below). B Comparison of Subchondral Bone Plate Thickness with overlying cartilage OARSI grade. C 

Comparison of Bone Area as a fraction of Total Area with overlying cartilage OARSI grade. D Comparison of 

Bone Area of Total Area with depth from the subchondral bone plate. E Relationship between bone area of total 

area with depth from subchondral bone plate in the talus between areas with grade 3 OARSI cartilage damage 

score and grade 5. F Relationship between bone area of total area with depth from the subchondral bone plate 

in tibia between areas with grade 3 OARSI cartilage damage score and grade 5. Scale bar represents 500μm. 

All statistics were performed using the Friedman test with Dunn’s multiple comparison test, based on talus and 

tibial samples being paired. * = p<0.05, **= p<0.01, ***=p<0.001 
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In combination with mCT work, this Section shows that OA of the ankle presents similar 

to that of other joints, with thickened subchondral bone plate and damage-related 

changes to bone area. Interestingly this additionally shows that underlying bone 

changes are directly correlated with overlying cartilage damage, with talus and tibia 

mostly responding similarly, however talar tissue being less resistant to SBP thickness 

changes but more resistant to BA/TA changes than tibia, likely linked to the tibia having 

a thicker SBP in non-diseased tissue and talus a higher BA/TA. To understand the driving 

forces of these tissue changes, cell behaviour was next investigated. 

 

To investigate if subchondral bone MSCs could be responsible for forming new bone 

(and not cartilage) in ankle OA talus and distal tibia, immunohistochemistry for CD271+ 

cells was next performed. Whole image scans allowed entire bone segments to be 

compared, using the overlying cartilage grade as a disease progression reference. In the 

areas with minimal cartilage damage (grade 3. panel 1, i), CD271+ staining was found 

around cells lining trabeculae, as expected219. Comparing less and more-damaged 

regions, CD271+ staining increased in worse-damaged (grade 5, ii) regions in line with 

areas of thickened trabeculae, with some evidence of CD271 in stromal tissue rather 

than just bone lining (Fig. 4.3.9). Non-specific staining was seen in cartilage due to its 

curvature and water absorptive properties. 
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To further understand the role that MSCs played, the localisation of these cells relative 

to tissue damage was investigated under higher magnification (Fig. 3.3.10). In less 

damaged tissue (cartilage grade 3), CD271 associated with bone-lining cells of regions 

with higher mechanical pressure (apex of bone arches parallel to the bone surface (i)), 

and staining was not found in areas of lower mechanical pressure (ii). In higher grade 

(grade 5) regions, CD271+ and bone-lining cells were found lining the entirety of small 

trabecular spaces in highly sclerotic bone, as well as in almost entirely closed spaces (iii), 

suggesting the bone is no longer being formed against the direction of force, instead 

concentrically around gaps, with some form of CD271+ cell involvement. In stromal 

tissue, CD271 was found in both high and low grade damaged tissues (iv), however, 

higher grade tissues showed far more cellularity, alongside similarly increased CD271+ 

and in bone-lining cells. The cuboidal structure and bone-lining nature of these 

associating cells suggests they are developing into osteoblasts, as such the relationship 

between CD271+ cell abundance and bone and cartilage changes was next investigated. 

Figure 3.3.9 CD271 Antibody Positive Topography in the Distal Tibia and Talus. CD271+ cells are stained 

brown, and remaining tissue counterstained blue with haemotoxylin. i – regions with undamaged cartilage 

showing CD271+ staining near trabeculae, ii – CD271+ increased in regions with damaged cartilage. 
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Figure 3.3.10 High Magnification Images of CD271 Immunohistochemistry of MSCs 

and Association with Cartilage and Bone Changes, comparing bone regions of grade 

3 or grade 5 cartilage damage between talus and tibia. MSCs are stained brown, 

with an eosin counterstain leaving bone and nuclei blue. i – CD271 colocalising with 

bone-lining cells. ii- No CD271+ staining lining bone. iii- CD271 and bone-lining cells 

within remaining trabecular space of sclerotic bone. iv- stromal tissue with some 

CD271+ staining. V – highly cellularised stromal tissue with increased CD271+ 

staining and bone-lining cells.   
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To relate MSC abundance to bone and cartilage changes, stitched tile whole sample 

mosaics up to 3 mm depth were created to make plugs containing cartilage and 

underlying bone of grade 3 and grade 5 OARSI grade. These plugs further corroborated 

the link between bone and cartilage damage, with more CD271+ cells in grade 5 tissue 

plugs (Figure 3.3.11i). Additionally, there was evidence of CD271+ cells within 

subchondral bone plate thickening (ii), in trabecular spaces within cartilage adjacent to 

columnar chondrocytes (ii), suggesting CD271 involvement in bone progression into 

cartilage. Again, CD271 was found in regions of bone sclerosis, as well as surrounding 

blood vessels as typically seen elsewhere in the body. To investigate if there was 

correlation between bone changes and CD271+ cell association, these tiles were 

subsequently individually analysed for CD271+ area as a fraction of trabecular space 

area (Fig. 3.3.12). 

  

 

 

 

Figure 3.3.11 Relationships between CD271-Positive Cells and Bone Behaviour. A High 

magnification images of immunohistochemistry for CD271, a native marker of MSCs, showing 

staining: i) Overview of grade 3 and grade 5 regions from talus and tibia. ii/iii high staining in SB 

areas beneath the tidemark. iv areas of chondrocyte clustering. v bone marrow stroma around 

blood vessels. 
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In general, the talus and tibia showed similar abundance of CD271+ staining, if slightly 

higher in the talus (8.3% in talus vs 5.6% in tibia (Fig. 3.3.12A)). Subsequent comparisons 

of CD271 coverage with depth showed that CD271+ cells were most frequent near the 

SBP, with ~10% coverage in the first millimetre, falling significantly to 4% (p=0.0031) and 

6% (0.0028) in the talus and tibia respectively at 1-3 mm depth compared to 0-1 mm 

depth (Fig. 3.3.12B). There was a clear association between the grade of cartilage 

damage and the amount of CD271 staining within trabecular spaces, with significant 

differences in the tibia between grade 3 and 6 (p=0.008), and 4 and 6 (p=0.0197) (Fig. 

3.3.12C). This association is consistent with MSC behaviour primed for bone synthesis in 

the areas of cartilage damage and consequently, regions with abnormal biomechanics, 

particularly in the tibia. 

 

Previous work from our laboratory has shown previously in the knee that MSCs have 

also colocalised with osteoclasts, key cells for bone degradation and therefore essential 

to normal bone turnover219. As it was visually apparent that CD271+ cells were 

associating with osteoblasts in OA talus and tibia, we sought to assess if CD271+ cells 

also associated with osteoclasts therefore a key role in bone turnover, particularly in the 

case of extreme bone sclerosis where bone turnover is more perturbed. To detect 

osteoclasts, Tartrate-Resistant Acid Phosphatase staining was performed. Staining 
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Figure 3.3.12 Quantified Analysis of CD271+ Staining for Endogenous Multipotential Stromal Cells with the 

Osteoarthritic Human Talus and Tibia.  A Comparison of total CD271 coverage between talus and tibia. B 

Relative CD271 coverage comparing regions near the subchondral bone plate to that further away. Box plots 

represent medians and IQR from 3 donors measured from a minimum of 4 individual tiles. C The effect of 

overlying cartilage damage grade with CD271 coverage of trabecular space underneath. Symbols on A and 

C show individual measurements of each tile, lines and error bars represent medians and IQR. * p 0.05, ** 

0.01, Kruskall-Wallis test with Dunn’s correction for multiple comparisons. 
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showed osteoclastic presence within sclerotic bone, suggesting that as often seen in OA, 

there is perturbed bone modelling, rather than just sclerosis, which will affect overall 

bone quality. These were mostly seen in the highly cellularised zones and sclerotic bone 

of the subchondral bone plate as was observed in CD271+ cells, which suggests 

osteoclasts are also correlating with MSCs within the tissue (Fig. 3.3.13). As this is similar 

as found in the knee for both osteoblasts and osteoclasts, this suggests MSCs have a key 

role in bone turnover, particularly in OA219. 

 

 

 

 

 

 

 

 

 

 

 

As both bone synthesis and degradation showed topographic links with CD271+ cells, 

the quality of this bone synthesis was the next key property to investigate. Rapid 

sclerosis and bone formation is common in every joint of OA, however the orientation 

of bone proteins such as collagen is critical to healthy bone and has been less well 

investigated85,219,241. Picrosirius red highlights collagen orientation and maturity based 

on its colour in biphasic light. In healthy bone, collagen is deposited and aligned against 

the direction of force, whereas in regions of rapid turnover this alignment does not 

occur242. As such, in more rigid materials such as bone, red colouration is associated with 

Figure 3.3.13 Osteoclast Behaviour in the Osteoarthritic Talus and Tibia by Tartrate Resistant Acid 

Phosphatase staining. TRAP-positive cells are stained in red, and bone is counterstained with fast-green. 

Arrows highlight regions of increased staining. Images taken at 200x magnification. Scale bar is 30μm 
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immature, unaligned collagen, and green is associated with more mature aligned 

structures233. Staining of the OA talus and tibia showed that in bone under healthier, 

grade 3 cartilage, collagen was aligned perpendicular to the direction of force, with 

mostly green biphasic colour (Fig. 3.3.14Ai). However, in bone from grade 5 cartilage 

damaged regions, this formation appeared fairly random, and parallel to trabecular 

spaces. Looking at biphasic light, the edges of trabecular spaces near the subchondral 

bone plate were bright red, suggesting new bone formation (Fig. 3.3.14Aii). These 

findings confirm that there is rapid bone formation within OA tibial and talar tissues 

which is unable to undergo full maturation and alignment, with strong links to CD271+ 

cells, or MSCs, in both degradation and synthesis. As such, these findings confirm the 

notion that biomechanical correction of MSC behaviour in OA may be key to successful 

management of the disease. 

 

 

 

 

 

 

Figure 3.3.14 Representative Picrosirius Red Staining (A) and Analysis (B and C) of Proximal Talus of 

ankle OA. Brightfield and Polarised Light images of Proximal Talus comparing grade 3 (less cartilage 

damage) and grade 5 (more cartilage damage) regions. Picrosirius stains bone red/yellow, however 

under polarised light, red colouration reflects disorganised, immature collagen fibril alignment while 

green/yellow stains organised, mature collagen. i – organised, green coloured collagen in bone with 

fibres perpendicular to the direction of force, ii – disorganised, red coloured collagen. Scale bar is 200um. 
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These images were further quantified for red or green colouration of total area to 

identify the amount of mature or immature bone respectively. Quantification of this 

showed that in general, there was higher bone synthesis in the tibia than the talus (Fig. 

3.3.15A). Comparing grade 3 to grade 5 tissue, both tissues showed an increase in red 

colouration in grade 5 tissue, suggesting more immature bone (Fig. 3.3.15B). Synthesis 

of bone seems to be focused at the edge of trabeculae and at the joint surface, again 

correlating with regions of MSC localisation, greatly supporting their involvement in the 

process. However, the effect of these changes on the mechanical competency of this 

new bone requires investigation. 

Figure 3.3.15 Picrosirius Red Analysis of Proximal Talus of ankle OA patients (N=3). A The percentage 

of red stained area (new collagen) of total area from polarised light images comparing of talus and tibia. 

B The percentage of red stained area (new collagen) of total area from polarised light images comparing 

less damaged grade 3 regions, to the more damaged grade 5 regions, in both talus and tibia. Bar graphs 

represent red area of total bone area of whole tali and tibia, once subchondral bone plate is subtracted. 

Data shows median and range with all datapoints 
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New bone formation in talocrural tissues was further investigated by 

immunohistochemical staining for CD56, a molecule present on bone-lining osteoblast 

progenitors, and E11, a marker of early embedding osteocytes, with both cell types 

present in the vicinity of cuboidal osteoblasts (Fig. 3.3.16)85. This illustrates the three 

progressive stages of the bone formation process in vivo. Additionally, CD56 and E11 are 

also present in regions similar to where CD271, such as bone lining of highly sclerotic 

tissue (Fig. 3.3.16). This in combination with prior results in Figures 3.3.8-3.3.15, 

suggests the OA process drives bone sclerosis, however the effect of rapid bone 

formation on mechanical properties of the synthesised bone is still unknown. 

Additionally, as cartilage is degraded there is a more extreme effect on bone, with 

greater bone synthesis beneath denuded cartilage, suggesting a biomechanical 

relationship between the loss of cartilage and the bone response. CD271+ cells 

demonstrate key links with this process, and must play some level of involvement in 

bone sclerosis. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.16 Investigation of Potential Cells Involved in New Bone Synthesis through CD56 and 

E11. Immunohistochemistry images of OA talar subchondral bone stained with CD56, a marker of 

osteoblast progenitors, and E11 a marker of early, embedding osteocytes9. i - CD56+ cells lining 

bone. ii - embedded E11+ cells. iii - Magnified images of E11 show immature, round morphology 

and disorganised processes of newly-formed osteocytes. iv - CD271+ cells lining bone as earlier 

shown (Fig. 3.3.10-11). 
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Work so far clearly demonstrated through a variety of methods that bone behaviour was 

significantly altered in OA, and that new bone formation and turnover was occurring 

more greatly in regions with damaged cartilage. Next, methods for investigating 

cartilage loss were developed to understand the changes in this tissue from a 

mechanical perspective. Due to the small size of OA samples, new methods were needed 

to be developed due to how thin the samples were. Custom-made Delrin plugs to bring 

overall depth up to around 8 mm, using porcine plugs to confirm that Delrin was a 

suitable material to compensate for this bone loss. It was additionally explored if 

indentation and needle indentation could both be performed on a single sample, to 

preserve rare tissues. As isolated tibial pins were too curved due to the structure of 

porcine tissue, only talar pins were used. Cartilage compression was performed first to 

test cartilage displacement over time. Uncut control samples showed the most variation 

in endpoint displacement, between 0.06 mm and 0.14 mm (Fig. 3.3.17A), which became 

less variable after samples were cut and indented again, being between 0.08 and 0.1, 

but not a large enough variance there would be any particular reason (Fig. 3.3.17B). 

There was up to a 40% difference in displacement between the first indentation, and 

the second indentation after trimming, but this was not significant (Fig. 3.3.17C). 

 

 

 

 

 

 

 

Figure 3.3.17 Assessment of Cartilage Displacement in Porcine Talar Samples with Minimal Bone. A 

Control sample displacement over time for N=3 samples. B Displacement over time for samples with bone 

under cartilage reduced to 2 mm. C Maximum Displacement, or cartilage resistance when all water has 

been pushed out, for bone samples with typical underlying bone (6cm) to those with minimal underlying 

bone (2 mm). In C, Lines represent paired samples. 
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Next, cartilage thickness was investigated. Samples from matched porcine tissue regions 

were tested after indentation (control), after cutting, addition of Delrin and indentation 

(cut), or just after 3-time freeze-thaw repeats. Whilst there was donor variation 

between samples, Delrin again seemed a suitable compensatory material for cartilage 

needle indentation with up to 30% variance between plugs, which is typical of 

neighbouring plugs in immature porcine tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.18 Assessment of Cartilage Thickness in Porcine Talar Samples with Minimal Bone. Control and 

freeze-thaw samples had a minimum of 5cm underlying bone, as typical in cartilage thickness studies (N=3). 

Cut samples were reduced to 2 mm bone using a scalpel before testing (N=3). Freeze-thaw samples 

underwent three rounds of freezing and thawing before testing. Samples were paired by using three plugs 

from neighbouring regions of the same talus as the method is destructive, represented by the lines. 
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Many treatments of ankle OA, as well as osteochondral lesions of the talus, rely upon 

endogenous cells for repair, including microfracture and joint distraction, among others243. 

However, the quality and quantity of endogenous repair cells facilitating these treatments, 

including MSCs themselves, remains under-investigated.  

 

In this chapter, it is shown for the first-time that MSCs identified by the CD271 marker 

concentrated in regions of cartilage damage and new bone formation, illustrating an aberrant 

repair attempt, as seen in other human joints or animal models of OA101,219,244. This indicates 

that multipotential cells are present in OA, with potential to augment repair by enhancing cell 

homing, and somehow stimulating chondrogenesis for cartilage repair by resident cells, rather 

than injecting exogenous MSCs. By analysing both non-diseased and OA ankle tissues using 3D 

and 2D methods, this work confirms that bone changes in the ankle were similar to that in the 

inverted knee, with thickening of the SBP, and increased density of bone near the joint surface, 

with the talus matching changes to the femur, and distal tibia to the proximal tibia228.  

 

mCT allowed an initial assessment of tissue structure, shape and size whilst also providing 

comparable data for both OA and health with other studies. Analysis of the mCT data for non-

diseased specimens revealed that the SBP was thicker in tibia than the talus, and surprisingly 

the overall BV/TV trend was the opposite, with a higher talar BV/TV in non-diseased state than 

tibia. Depth-dependent BV/TV correlated inversely with distance from the SBP, with the highest 

BV/TV at the joint surface. Previous work has shown that cartilage in the talus and distal tibia 

have similar thickness and mechanical properties13,18. Therefore, the main reason for this trend 

would appear to be the loading profile, with the convex talus directing force into the centre of 

the arch, whereas the concave tibia will have force over the whole SBP. In the knee, the convex 

femur has a thinner SBP, and the concave tibial plateau has a thicker SBP, showing the same 

trend245. As the shape of the bones converges force at the SBP or the centre of the arch, 

underlying bone mitigates less force, explaining this trend, and emphasising the role of 

biomechanical forces in normal bone structure of the ankle bones. 

 

Comparing non-diseased to OA tissue, the SBP of the OA-affected talus was thicker than the 

tibia, opposite than in non-diseased specimens. SBP thickening is demonstrated in OA of both 

ankle and other joints, so the fact that the talus thickens more so than tibia is more likely to be 

due to local biomechanical differences, which may determine functional responses from 

endogenous cells including MSCs246,247. Overall BV/TV did not change in OA, but depth-

dependent analysis revealed higher BV/TV in the first 1 mm than non-diseased, and lower BV/TV 
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after 2 mm, more drastically in the talus than the tibia. Previous research shows BV/TV changes 

are both joint and depth specific. The hip demonstrates increases in overall BV/TV in OA, but 

like the present study the knee does not228,246. Segmentation by depth showed BV/TV in the OA 

knee is always higher than non-diseased tissue, suggesting different biomechanical OA-

mediated changes between knee and ankle228,248,249. As explained earlier, this is likely due to the 

loading profile of the two talocrural bones relative to other joints5. Additionally, the talocrural 

joint is extremely congruent relative to other bones, which may also explain the differences in 

the ankle compared to the knee5. The present data demonstrates that ankle OA structural 

changes occur mostly at the joint surface. SBP thickness increased more-so in the talus, 

conversely BV/TV changes were greater in the tibia, suggesting different biomechanical 

adaptation to resist OA. It is possible that cartilage loss results in higher forces for the bone to 

mitigate, and so bone is synthesised at the naturally thinner SBP of the talus, whereas in the 

tibia as the plate is already thick, the relatively thinner bone just below will thicken. To address 

this hypothesis, this thesis presents initial optimisation work for identification of both cartilage 

thickness and biomechanical properties, which are discussed later in this Section. 

 

Whilst 3D work showed overall bone changes, these did not allow direct comparison with cell 

behaviour, nor understanding of changes at the protein level. Histology is often undertaken in 

OA to link morphological changes will cell behaviour, as such informing future similar work of 

approximate decalcification time with this method would assist in research planning. This 

method avoids damage to cell surface markers utilised by immunohistochemistry, and use of X-

ray was a non-destructive method to check for full decalcification without risking structural 

alteration. Decalcification rate relates to multiple properties of bone including bone 

mineralisation or density, however these results are mostly just advisory for future studies of 

the ankle requiring bone histology. As expected, as tibial samples were on average larger, they 

weighed more than talus. Interestingly decalcification of the talus was slower by mass, weight 

and size than tibia. Relating to mCT work, this may be due to the talar bone being more dense 

than tibial bones, as such it was more difficult for the calcium within the bone to be chelated by 

the EDTA. As whole bones took around 200 days to decalcify, future studies should either use 

bone plugs where possible to reduce size of samples, or alternatively to use methods without 

decalcification such as embedding in methyl methacrylate. This would additionally allow 

assessment of calcification through simple stains for new bone formation such as van Kossa or 

Movat’s pentachrome250. Whilst this was attempted (Appendix 8.1), complications including 

length of methodology and scarcity of tissue meant that this could not be completed. For this 

work, whole bones were decalcified to allow comparison of areas of higher cartilage damage to 

areas of lower cartilage damage, to see how bone changes were related to overlying cartilage. 
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Whilst other, more rapid methods of decalcification exist, such as formic acid, increasing 

temperature or sample agitation, these are known to damage antigens such as CD271, which 

was critical to investigate resident MSCs for this work, as such were not considered202,251,252.  

 

The talus and tibia both had similar levels of typical OA damage, and presented typical hallmarks 

as found in the hip or knee, shown by both H&E staining and safranin O staining226. It appears 

there is minimal visible differences between ankle joint OA and that of other joints. The samples 

in this study were not reported for if they were post-traumatic or primary OA, so this could not 

be directly assessed. There is currently minimal work on the histology of talocrural tissues, with 

the majority of work completed by Li on cadaveric talar bone205. In this study, the worst damaged 

region of samples presented 46% minor osteoarthritic damage, and only 7% end stage damage. 

They identified a key damage marker termed a ‘tram-track lesion’, where osteophytes on the 

distal tibia created grooves on the cartilage surface. This was only found on 12 of 105 samples, 

so it is not unsurprising that they were not observed in our samples205. As such, whilst the 

present work suggests that ankle OA appears similar to that of other joints, a larger sample 

number or more complete sample analysis is needed to shed light on potential differences. 

 

OARSI scores applied on Safranin O stains to investigate if the level of cartilage damage was 

similar, or were on one bone. Scores for cartilage damage between both the talus and tibia were 

similar, although slightly higher in the talus, akin to that of similar research7. As both bones 

interact during normal movement, it makes sense that if one side was damage, this would 

increase shear forces on cartilage of the opposing bone and lead to both bones being similarly 

damaged. Curiously, BA/TA was significantly correlated with OARSI grade in tibia, but not in 

talus. As the talus had 2-fold higher BA/TA in grade 3 tissue than tibia (Fig. 4D), this may mean 

the talus resists increases due to a ‘bone density limit’, with bone density rarely going above 

60%. In previous research of the OA knee, the highest medial condyle BA/TA was 60% higher 

than the OA lateral condyle, similar to the upper range of the talus in this study219. As shown by 

mCT in the present study, SBP thickness was higher in OA tissue than non-diseased, and BA/TA 

increased most in the first millimetre from the SBP. The SBP appears to compensate for cartilage 

destruction, focusing forces at the joint surface. Micro-cracks in the SBP due to OA may also be 

enabling factors in synovial fluid and cartilage to reach bone. This cross-talk may be 

compounding thickening of the bone further at superficial regions, on top of biomechanical 

stimuli253,254. Cartilage is mostly utilised to resist shear forces in the joint, as such when there is 

damage to one side, this will increase the shear force absorbed by the other side, particularly in 

the case of bone being exposed. Cartilage damage is likely to remain the same. However, as 

bone showed different damage responses, this is likely due to the differences in non-diseased 
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bone structure observed by mCT, and the difference direction forces are absorbed through as 

earlier discussed. 

 

Bone turnover is largely performed by osteoblasts, which synthesise bone, osteocytes, which 

are embedded osteocytes which detect mechanosensory signals and allow signalling in bone 

through their projects, and osteoclasts, which break down mineralised bone. As MSCs are a 

major osteoblast cell progenitor, as well as having already been implicated in the OA process, 

these were chosen for investigation255. As a marker of bone-resident MSCs, CD271 has 

previously been used to look at changes in MSC localisation in OA256,257. In this study, talus 

showed slightly higher overall CD271 staining than tibia, potentially correlating with the 

increased SBP thickening in talus. Similar to BV/TV changes, significantly more CD271+ MSCs 

were found within the first millimetre from the SBP compared to the next two millimetres in 

both bones. Additionally, CD271 area increased with OARSI damage grade particularly in the 

tibia consistent with greater BV/TV rise in response to cartilage damages in the tibia compared 

to talus. As such it appears MSCs are involved in bone synthesis, with picrosirius red showing 

where new immature collagen synthesis was occurring in thickened bone, indicating new bone 

formation. Other methods such as PCR or undecalcified resin histology could have been used to 

prove this,  however the lack of samples meant other experiments were prioritised. Progressive 

bone formation in talocrural subchondral bone was also evident by estimated co-localisation of 

CD56+ osteoblast progenitors, cuboid osteoblasts and early E11+ osteocytes which were 

observed in similar bone-lining regions220,234,258. Additionally, TRAP staining also showed 

osteoclast localisation within sclerotic tissue. As such, in vivo it appears MSCs may be key drivers 

of OA bone sclerosis, and correcting their behaviour may slow or prevent OA progression. Gene 

expression profiling of uncultured talocrural MSCs, as performed using knee MSCs from more 

and less-damaged regions219, would be necessary to confirm these observed differences such as 

increased expression of genes for osteogenesis and resorption as future work, as well as specific 

stains for osteoblasts such as ALP histology or osterix IHC259.  

 

PCR can assess gene expression of isolated cells to detect upregulation of genes which would 

indicate new bone formation, such as ALPL, RUX2, SPARC or E11220. However, the process to 

perform this is complex and expensive, including fluorescent assisted cell sorting (FACS) of 

freshly digested bone, which would firstly be full of debris, and secondly require a large cell 

count which may not have been possible with the low cell count seen in ankle samples85. 

Alternatively, using undecalcified resin histology would allow assessment of mineralisation and 

new bone formation as earlier discussed, through Movat’s pentachrome stain. Again, 
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undecalcified histology could not be performed due to the complexity of reoptimizing the 

process and the time frame.  

 

Lastly, experiments into the mechanical properties of cartilage in the ankle were attempted. This 

was originally planned to allow design of mechanical testing of the OA human samples, as the 

very small amount of bone retrieved from surgery was not comparable to that used for normal 

experiments. As such, the ability of Delrin to mitigate the small geometry, a material with similar 

mechanical properties to bone, was examined260. Briefly this work showed that Delrin appeared 

to act as a suitable compensatory material to allow accurate assessment of cartilage properties 

in porcine tissue, compared to porcine tibial and talar bone. The next stage was to run the values 

received through a MATLAB model to estimate an aggregate modulus and permeability at which 

matches the results for cartilage thickness and deformation seen, and then to repeat the 

experiment in non-diseased human tissue once porcine tissue had proven the method accurate. 

Overall this method could be used in future, as Delrin allowed suitable testing of tissue.  

This chapter is also limited by small numbers of ankle OA patients and the amount of tissue that 

could be removed during surgery, which aimed to minimise harm to the patient. Ideally, samples 

would have been better age matched, however due to rarity of samples this was not possible. 

On a similar note, ideally there would be a similar gender split between techniques. Whilst it is 

known that bone changes are often different between men and women, again, the rarity of 

these samples made this not possible.  

 

To logically design treatments to reverse or slow down OA progression, first we need to 

understand disease progression, and why natural repair processes are failing. This chapter 

identifies that CD271+ cells are indeed present in the talus and tibia, and increased abundance 

in OA. This highlights that while different biomechanical environments lead to different  bone 

changes in OA between the talus and tibia, OA progression remains similar to that seen in other 

joints. As these native tissue changes have not yet been explored in ankle compared to other 

joints, the biomechanical differences, such as higher BV/TV increases in tibia, and strong CD271+ 

response to OA may be a driving force of different regenerative treatment outcomes in the 

talocrural talus and tibia compared to other joints such as the hip155,211,261. However, the 

different bone responses in tibia compared to talus suggests that treatments will need to be 

tailored to each bone.  

 

Overall, this chapter has shown by immunohistochemistry that in OA CD271+ cells associate near 

the SBP, and accumulate with tissue damage. As these MSCs localise predominantly to the joint 

surface, it is possible that the current technique of drilling until there is a release of fat from the 
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bone is too deep. This could inform other treatments such as nano-fracture, reducing the 

penetration depth but keeping the benefits of lessened tissue damage84. Furthermore, focusing 

on new methods of MSC stimulation to form hyaline cartilage formation over bone synthesis are 

needed, which will be explored in the next chapter. This chapter also shows that future work 

should focus on the modulation of biomechanical environments in different bones in the ankle 

joint in order to create a growth environment facilitating repair specific to the changes in each 

joint. Some success in this area has been already achieved with ankle joint distraction, with up 

to 91% good outcomes in a study of 249 patients after 2 years84,161,262. Between talus and tibia, 

it has been shown that joint distraction led to a greater reduction in bone density in the tibia 

compared to talus, with a 23% loss in density in tibia compared to 18% in talus at 1 year, 

matching the results from BA/TA measurements171. Combining both biological and mechanical 

stimulation to direct MSC repair behaviour towards cartilage formation, and predicting how cells 

respond to a variety of biological and mechanical environments, may lead to new joint-

preserving treatments and avoid major surgical interventions. As such, the next Section of this 

work moves on to investigate the properties of these resident cells in standard MSC culture 

conditions, to see if this lineage commitment to bone affects their chondrogenic capability.  
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Local, joint-resident MSCs are implicated in treatments (Section 1.3) of osteochondral lesions as 

the major regenerative cell within the joint, however their behaviour is poorly understood 

within the ankle compared to other joints like hip and knee 212. As MSCs are unlikely to be 

transported by blood213,214, the subchondral bone, synovial fluid or synovium are considered to 

be the main MSC tissue sources within joints215. In the previous chapter, it was shown that in 

ankle OA, CD271+ MSCs are located in the bone, and were associated with bone changes, which 

included subchondral bone plate thickening, increases in BA/TA near the joint surface with 

downstream effects resulting in thinner bone beneath, and CD271+ association with osteocytes 

and TRAP staining. Picrosirius red staining showed that collagen within the bone had yet to 

remodel and remained immature. The evidence suggests that despite MSCs correlating with 
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regions of cartilage damage, showing there is an attempted reparative response, they are 

creating sclerotic bone, perpetuating the OA pathology. To develop methods of repairing 

cartilage, MSC presence in ankle OA bone needed to be proven, and their differentiation 

properties investigated, to determine if intrinsic MSCs are able to repair cartilage, or if there is 

a bone-specific behaviour. Whilst MSCs have been isolated from the synovial fluid of ankle OA 

patients, MSC presence in talocrural subchondral bone, from which reparative cells released by 

microfracture would come from, remains unexplored96. This study was the first to investigate 

resident subchondral bone MSC topography from OA distal tibia and talus and relationships to 

OA changes, and this chapter will investigate differences in differentiation capacity between 

talus and distal tibia in ankle OA patients, in comparison to non-diseased IC controls. A clear 

understanding of resident MSCs behaviour, and how tissue damage affects their function, from 

both biological and mechanical standpoints, is of major importance for the development of 

novel regenerative medicine strategies to treat ankle OA or osteochondral lesions216. 

Current regenerative therapies, as earlier described, include microfracture, osteochondral 

autologous transfer, joint distraction and juvenile cartilage allografts (Section 1.5). The literature 

cites that they recruit endogenous cells and factors to regenerate the surrounding tissue, only 

some directly cite cells such as MSCs and do not point out any specific targets, other than certain 

proteins such as fibrin155,156,243. As aforementioned some papers do hypothesize MSC for repair, 

or utilise MSCs within scaffolds, as such it is well known they may exist within the tissue and 

hold the ability for chondral repair215. However, even if exogenous MSCs are being injected, it is 

likely that any new scaffolds will interact with the endogenous cells263. This is particularly true 

as fibrin is typically used to cement the scaffolds in place, which has strong homing capabilities 

for resident MSCs186,264-266. As such it is important to investigate the resident BONE MARROW 

MSC behaviour.  

Isolation of MSCs requires first identification that isolated cells are indeed MSCs. Whilst CD271+ 

is regularly used to identify in vivo MSCs of bone and skeletal muscle, most of the literature 

utilises in vitro MSCs which lose surface expression of CD271 upon culture 

expansion72,85,101,215,267-269. Therefore, there needs to standardised in vitro testing to prove that 

these cells meet standardised criteria of MSCs. For this, the ISCT panel for in vitro MSCs is used91. 

This is a panel of cell-surface markers which identify and exclude any haematopoietic-lineage 

markers, but includes positive markers expressed on all MSCs. This includes CD14, CD19, CD45 

and HLA-DR as negative markers, and CD73, CD90 and CD105 as positive markers91. This is run 

on passage 2 MSCs for expression of these markers, and consistency between research.91 CD14 

marks for monocytes and macrophages, CD19 identifies B cells, CD45 is expressed on pan-

leukocytes and HLA-DR is an immune response protein not expressed on MSCs unless stimulated 
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by immunomodulatory factors such as interferon-γ91. CD73 identifies ecto 5’ nucleotidase, which 

catalyses 5’ mononucleotides into nucleosides, CD90 is Thy-1, a glycoprotein involved in cell 

adhesion and CD105 is endoglin, a transmembrane protein involved in the TGF-β receptor 

complex270-272. Additional requirements of the ISCT definition for MSCs is plastic adherence, as 

well as successful differentiation into cartilage, bone and fat, termed chondrogenesis, 

osteogenesis and adipogenesis respectively. A confounding factor is some groups report 

successful MSC isolation with low or negative for expression of CD73, however this is usually 

only a proportion of cells273. Additionally, the level of differentiation is not always ubiquitous, as 

it is usually affected by donor age or tissue source274. As such it is essential that MSCs should be 

isolated and characterised from the specific tissue site being treated and to see if they are 

suitable for endogenous treatments, or if they will negatively impact exogenous cell injections. 

The ISCT panel for MSC identification is a standardised process simply for identification, and 

does not aim to qualify their behaviour in any way. As such further work into comparative 

behaviour should be used, such as comparison to iliac crest (IC) MSCs has become standard 

within our group219,220. 

MSCs have previously been isolated from the synovial fluid from patients with osteochondral 

lesions of the talus, but not full OA, by Kim et al.. Synovial MSCs are cited for their improved 

ability for chondrogenesis95. These were all assessed by the ISCT panel, however were not 

assessed for differences in MSC differentiation capacity compared to other sources. The Authors 

showed plastic adherence, multi-lineage differentiation and typical surface protein expression 

of MSCs, proving their existence in synovial fluid of the talocrural joint with osteochondral 

lesions96. However, there is no literature investigating MSC presence in talar or tibial 

subchondral bone.  

At the time of writing, the only group to attempt ankle bone MSC isolation is Li et al., who 

performed bone marrow aspiration from the calcaneus of healthy patients275. These isolated 

cells again presented typical MSC phenotype, however, were not compared to other sources. 

Firstly, the calcaneus is a different bone from talus and distal tibia, which are more frequently 

targeted by microfracture. Secondly, without quantification or qualification of differentiation, 

understanding their ability for endogenous repair is less understood, and cannot be linked to 

why microfracture appears more successful in the ankle than elsewhere. This still means there 

is critical need to better understand MSCs in the talus and tibia, as regular sites for microfracture 

and other MSC-reliant treatments. 

In OA, the bone-resident environment is radically changed as shown in the previous chapter. In 

the hip, it has been shown that there is an increase in clonogenicity, matched with a reduction 

in capacity for differentiation into all three lineages, as well as other studies showing a pre-
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disposition to bone formation85,101,220,267. The first study also further described the loss of leptin 

receptor (LepR) and CD73, which may describe exhaustion of these MSCs, which may potentially 

be a reason for why regenerative therapies such as microfracture fail267. LepR is considered 

important for differentiation into fat and cartilage but mostly bone, and is associated with 

younger cells which are quiescent until injury induces their proliferation276. Comparatively, CD73 

is thought to be associated with the immunomodulatory effect of MSCs, and in mouse was found 

that MSCs will lower CD73 were less able to repair tissue after myocardial infarction than those 

high in CD73277. As such, this rapid MSC growth as well as heightened osteogenic differentiation 

attempting to repair the wound may simply be exacerbating the disease, as concluded in the 

previous chapter. As ankle OA presents with younger donors than hip or knee, there is potential 

that resident MSCs will retain stronger differentiation properties leading to the improved 

outcomes seen in ankle OA regenerative treatments. As such, it is essential that the 

characteristics of resident MSCs is investigated. Knowing if resident MSCs present, and if they 

capable of chondrogenic repair as well as likely drivers of sclerosis is critical to being able to 

better develop treatments which target endogenous repair, which this chapter aims to 

investigate. 

 

 

 

 

 

Specifically, this chapter will: 

• Isolate plastic adherent, culture expandable cells from OA talus and distal tibia to 

compare with an IC control 

• Identify if MSCs are present within these bones 

• Investigate their differentiation properties relative to each other and a healthy IC 

control 

Objectives: 

• Enzymatically extract cells from talus, tibia and IC using collagenase for culture 
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• Test plastic adherence, cell surface marker expression and differentiation capacities in 

line with the ISCT minimal criteria for MSCs to prove MSC presence in the BM of talus 

and tibia 

• Compare chondrogenic, osteogenic and adipogenic differentiation using standardised 

methods between talus, tibia and IC to investigate if different sites have different 

specific MSC capacities for repair 

 

 

For these experiments, 3 ankle OA patients were used, and IC bone from 3 donors was obtained 

from patients undergoing orthopaedic surgery for metal removal following previous fracture, 

who were otherwise healthy (ages 32, 38 and 42, 2 male, 1 female). Samples were placed 

immediately into saline post-surgery and transferred to the laboratory. Ankle OA samples 

utilised in this chapter are listed in Table 4.2.1 and IC in Table 4.2.2. 

 

 

 

 

 

Sample ID Experimental Use Donor Age (Years) Donor Sex 

WJ011 MSC Isolation 58 F 

WJ012 MSC Isolation 34 F 

WJ013 MSC Isolation 66 M 

Averages N/A 52.7 66% Female 33% Male 

 

Sample ID Experimental Use Donor Age Donor Gender 

ICC1 MSC Isolation 32 M 

ICC2 MSC Isolation 42 F 

ICC3 MSC Isolation 41 M 

Averages N/A 38 66% Male, 33% Female 

Table 4.1 Distal Tibia and Talus Sample Characteristics Retrieved from Ankle Fusion 

Table 4.2 Fresh IC Sample Characteristics 
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Details on the MSC extraction process are given in Section 2.3.2. Non-diseased human ankles 

could not have cells extracted as freezing of tissue made them unsuitable for downstream 

analyses. 

 

In order to ensure that all cells were successfully being retrieved from digested bone, bone 

remnants after digestion were taken and placed into a round 300 mm tissue culture dish with 

DMEM with 10% FCS in order to see if MSCs would migrate from bone and adhere to the plastic 

dish. This method was developed for this work. Cultures were grown for 3 weeks with images 

taken every day to investigate cell movement.  

 

To estimate MSC number and cell fractions within isolated talar, distal tibia and IC, Colony 

Forming Units-Fibroblast Assay (CFU-F) was performed according to standard methods278. For 

talus and tibia, freshly isolated cells (Section 2.3.2) were seeded at densities of 2.5x103, 5x103 or 

1x104 per dish, in triplicate, in 60 mm culture dishes, in 2 ml StemMACS expansion media 

supplemented with 1% P/S. For IC due to no availability of 60 mm culture dishes, 100 mm dishes 

were used instead and cells seeded at 5x103, 1x104 or 2x104, and 3 ml of media or PBS used for 

subsequent steps. After two days to allow cells to adhere, media was removed and cells washed 

with two changes of 2 ml dPBS to remove remaining debris, and 2 ml StemMACS added. Cells 

were cultured for two weeks, with media half-changes twice a week. After 14 days, culture 

medium was removed, cells washed with two changes of with 2 ml dPBS, and then fixed with 2 

ml 3.7% formaldehyde for 30 minutes. After this, formaldehyde was removed, and cells were 

washed again with 2 ml dPBS before staining with methylene blue for 45 minutes. The plate was 

then repeatedly washed with dH2O until wash dH2O was left clear, and then plates left to dry for 

24 hours. Plates were then scanned using a plate reader at 1200 dpi. Colonies of approximately 

50 cells (visible under microscope) or more were then counted manually within ImageJ from the 

scans, under the assumption that each colony would have been started by 1 MSC, thus can 

assess MSCs per seeded number of isolated cells. As such, MSC count per given cell number was 

calculated by seeded cells divided by colony count. Talus, tibia and IC results were manually 
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adjusted to account for size differences of plates on given graphs by multiplying talar and tibial 

results by 2. 

 

To assess colony size and integrated density, which have been linked with changes in MSC 

behaviour, scans from the CFU-F assay (Section 4.2.3) were imported into ImageJ, according to 

standard practice279. To do so, scale was applied using the ImageJ function, and images were 

then converted to grayscale. A threshold was then applied, and the area of the dish was selected 

using the draw function to exclude anything outside of the dish. The ‘analyse particles’ function 

was then used to assess each individual colony for colony area and integrated density. The ‘draw 

outlines’ option was used to ensure only colonies of 50 cells or more were selected, and that 

the macro was effective on each image, which allowed manual adjustment if not. 

 

To assess differences in MSC growth rate between donors and bone origin, the date of seeding 

and trypsinization of cells was recorded, as well as cells seeded and cells retrieved after 

trypsinization, in order to calculate population doubling (PD) rate as according to previous work 

and standard practice280. First, PD was calculated for each passage as according to Equation 

4.2.1, dividing the cell number counted at the end after trypsinization by the original cell number 

seeded. Next, for cumulative PD, the PD of the first passage was taken, and the next PD added 

on, and the next added on and so forth, to measure total PD over time. For the passage of fresh 

cells, the number of fresh cells seeded was multiplied by the MSC% of all isolated cells found by 

CFUF, to calculate MSCs seeded, and then final cell count divided by that. To calculate days per 

population doubling, PD was divided by the days that culture was grown for to reach confluency 

and be trypsinized (Equation 4.2.2). 

𝑃𝐷 =  𝑙𝑜𝑔2(
𝐹𝑖𝑛𝑎𝑙 𝑇𝑟𝑦𝑝𝑠𝑖𝑛𝑖𝑠𝑒𝑑 𝐶𝑒𝑙𝑙 𝑁𝑢𝑚𝑏𝑒𝑟

𝑆𝑒𝑒𝑑𝑒𝑑 𝐶𝑒𝑙𝑙 𝑁𝑢𝑚𝑏𝑒𝑟
)       𝐷𝑎𝑦𝑠 𝑝𝑒𝑟 𝑃𝐷 =  

𝐷𝑎𝑦𝑠 𝑖𝑛 𝐶𝑢𝑙𝑡𝑢𝑟𝑒

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔𝑠
 

Equation 4.2.1 Population Doubling Calculation  Equation 4.2.2 Days per Population Doubling 

 

 

 

Human MSCs cultured in vitro are known to express a specific surface antigen combination that 

allows them to be differentiated from other cells, in accordance with the ISCT definition, the 

gold standard for MSC identification91. These surface antigens (or molecules or markers) can be 

identified by specific monoclonal antibodies with a fluorophore attached, and categorised 
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according to the colours emitted by the fluorophore after excitation by laser. Flow cytometry of 

cell cultures were performed once these cultures had reached confluence at passage 2 (Section 

2.4.1).  

 Antibody Staining of MSCs 

Cultured cells were trypsinized and counted (Sections 2.4.3, 2.4.2), then centrifuged at 500 g for 

10 minutes. Cells pellets were next re-suspended in sterile PBS and 200,000 cells were each 

placed into FACS tubes. These were centrifuged again at 500 g for 5 minutes, the supernatant 

was discarded then the antibodies/isotype controls as described in Table 4.2.6.1 were added to 

the cell pellets.  

Cells with antibody or isotype cocktails were left to stain for 15 minutes in a dark fridge at 4°C. 

Cells were then re-suspended within 400µl of FACS buffer before further centrifugation at 300 

g for 5 minutes. The supernatant was discarded, and the pellet was again suspended in 300µl 

FACS buffer and placed on ice to be taken for data acquisition using flow cytometry.  

Spectral compensation was performed using results from single antibody only tubes (2-5). This 

prevents fluorescence of other fluorescent channels from providing false-positive results, such 

as if FITC leeched in the PE channel or vice versa. Isotype controls were used to confirm there 

was no false positive staining due to non-specific antibody binding, as well as to confirm correct 

region boundaries of cell gating. As antibodies bind non-specifically to Fc receptors, isotype 

controls confirm that binding was elevated in the sample due to specific binding of the target 

surface antigen. An isotype control is formed of the same antibody type, but cannot target the 

surface antigen. Laser voltage optimised using the non-stained tube (tube 1). 
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No. Tube Contents Antibody/Isotype Control  Fluorochrome Volume 

1  

2 

3 

4 

5 

  

Non-Stained Control None Non-Stained N/A 

Single Antibody 

controls 

CD73 PE Only 10 µl 

CD105 FITC Only 10 µl 

CD90 PerCP-Vio Only 2 µl 

CD34, CD14, HLA-DR, 

CD19, CD45 Cocktail 

VioGreen Only 2 µl each 

6 Isotype Controls 

PE Ig Isotype Isotype IgG1 PE 10 µl 

FITC Ig Isotype Isotype IgG1 FITC 10 µl 

VioGreen Ig Isotype Isotype IgG1 VioGreen 2 µl 

PerCP-Vio Ig Isotype Isotype IgG1 PerCP-Vio  2 µl 

7 ISCT Markers 

CD14 (Negative) Viogreen 2 µl 

CD19 (Negative) Viogreen 2 µl 

CD34 (Negative) Viogreen 2 µl 

CD45 (Negative) Viogreen 2 µl 

HLA-DR (Negative) Viogreen 2 µl 

CD73 (Positive) PE  10 µl 

CD90 (Positive) PerCP-Vio 10 µl 

CD105 (Positive) FITC 10 µl 

The non-stained and single antibody controls (1-5) tubes were only run for the first sample for 

adjusting flow cytometer laser settings and spectral compensation 

Table 4.3 Flow Cytometry Antibody Details 
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 Data Acquisition 

Attune Cytometric Software v2.1.0 (Invitrogen) was used to collect and analyse the flow 

cytometry data. For each sample, flow cytometry was run until 10,000 events were captured, 

after debris was excluded. Gates were first set on Forward Scatter (FSC) and Side Scatter (SSC) 

dot plots to define the total cells without debris. FSC detects the size of events and SSC the 

granularity of events to be determined, allowing living cellular events to be differentiated from 

debris, and is typical for identifying living cells281. The histograms were next drawn upon cellular 

events to determine the expression of a marker. Overlay histograms of each marker and its 

isotype control e.g. CD73 PE and isotype PE control were used to determine positive expression 

of a marker on cell populations. The gates were set on these histograms (based on isotype 

control) to determine the percentage of cells which were positive for CD73, CD90 and CD105, 

and negative for hematopoietic lineage markers CD14, CD19, CD34, CD45 and HLA-DR, which 

define cultured MSCs as according to the ISCT panel shown in table 4.2.6.191.  Quadrant gates 

were used upon dot plots to confirm co-expression of positive markers on single cell population 

according to the ISCT panel of cultured MSCs, to ensure events were not of single expression.  

 

 Osteogenic Induction  

In order to osteogenically differentiate cells, 1x104 passage 3 cultured MSCs were trypsinized 

and seeded (Sections 2.5.1-2.5.3) per well in a 12 well plate in StemMACS™ OsteoDIFF media 

(medium with components which direct MSC to differentiate towards osteogenesis)  or 

StemMACS™ MSC Expansion Media (Human) (encourages MSC proliferation whilst preventing 

MSC differentiation(SM)) as a negative (expansion) control, and cultured for either 14 days 

before testing for alkaline phosphatase, or 21 days for Alizarin red, Calcium Deposition and DNA 

measurements. These methods are standard practice for ISCT MSC identification101,182,203. Each 

group was performed in triplicate. Media was half-changed twice a week, with images taken 

routinely during culture, including just before staining (Section 2.8.3). Any PBS used in this 

Section was calcium-free. 

 Alkaline Phosphatase Assay 

Alkaline Phosphatase (ALP) is an enzyme thought to be found in osteogenic cell progenitors, but 

has also been suggested as a marker of differentiation capability282,283. ALP hydrolyses the 

naphthol, which couples to the diazonium salt to stain the ALP-expressing cells blue284. Following 

14 days, media was removed and samples were washed twice with 5 ml dPBS, and then fixed 

using 2 ml of 2:3 citrate:acetone for 30 seconds. Samples were then washed twice more with 5 

ml dPBS. Fast blue mix was then added to the plate, and the plate covered in foil and left to stain 



138 

for 1 hour at room temperature in the dark. Wells were then washed twice with 5 ml dPBS. 

Images were taken under EVOS microscope (Section 2.7.3) and also scanned at 1400 dpi (Section 

2.7.3). 

 Alizarin Red Staining 

Alizarin red binds calcium to form a lake pigment, staining deposited calcium red, proving that 

MSCs have undergone functional osteogenic differentiation284. At 21 days, wells had media 

removed and were washed twice with PBS. Cells were fixed using 70% ethanol (cooled to -20°C) 

for 1 hour. Once fixed, cells were washed once with PBS. These were then stained with pH 4 

Alizarin red for 10 minutes at room temperature, and then rinsed three times in PBS. Images 

were then taken under EVOS microscope as well as plates scanned at 1400 dpi (Section 2.7.3). 

 Calcium Deposition Quantification 

Calcium quantification allows direct comparison between MSCs and their propensity for 

osteogenic differentiation, but only in terms of calcium deposition. After 21 days, plates were 

removed from culture, media removed and washed twice with PBS. To each well, 300 μl of 0.5 

M hydrochloric acid was added for 5 minutes at room temperature to extract calcium deposited 

by cells. A cell scraper was then used to detach remaining cells from the plate, and then the 

solution collected and transferred to a 1.5 ml tube and mixed at 4°C on a shaker for 4 hours. This 

solution was centrifuged for 250 g for 5 minutes to remove debris. Supernatant was then 

transferred to a fresh Eppendorf and stored at -20°C.  

Calcium was then measured using a Calcium Colorimetric Assay Kit according to manufacturers’ 

instructions. From 500mM Calcium Standard Solution, a 5 mM calcium standard solution was 

prepared by diluting with calcium-free PBS. Standard concentrations of 0, 0.4, 0.8, 1.2, 1.6 and 

2.0 μg calcium per well were prepared from this standard solution and calcium-free PBS. Sample 

test wells were prepared in duplicate per sample, with 50 μL of sample solution per well. To 

every well, 90 μl of chromogenic agent, 0-cresolphtalein, was added and gently mixed, and then 

60 μl of calcium assay buffer was also added. Calcium binds the 0-cresolphtalein, creating a 

complex which absorbs at a wavelength of 575nm285. This was protected from light by wrapping 

in tin foil, and then left for 10 minutes at room temperature. The well-plate was then taken to 

the plate reader, and absorbance measured at 575nm. All wells had the background subtracted 

by removing the result from the blank well, and a standard curve was created from the standard 

concentration wells. To calculate calcium concentration for each sample, the calcium 

concentration was divided by 50 to get calcium per microlitre. 

 Isolation and Measurements 
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As a rough estimate of cell number per well for each donor, DNA was isolated to allow 

comparison of osteogenesis relative to cell number. For this, media was removed and samples 

were washed twice with PBS. To each well 500 μL of triton buffer was added, and then a pipette 

was used to detach cells and debris from the well. The solution was then pipetted into a 1.5 ml 

tube, and then freeze thawed at -20°C and then room temperature three times, for 5 minutes 

per freeze. Once thawed again, the sample was centrifuged at 300 g for 5 minutes, and the 

supernatant taken to be measured. DNA was then measured by using the Nanodrop, to detect 

double-stranded DNA, using triton buffer as the blank (Section 2.5.1).  

 

 Chondrogenic Induction  

For chondrogenic cultures, with 6 repeats per donor, passage 3 cells were trypsinized, 

neutralised with DMEM with 10% FCS and counted (Sections 2.5.1-2.5.3). Cells were pelleted by 

centrifuging for 300 g for 10 minutes, and then resuspended in 0. 5 ml DMEM. In quadruplicate, 

2.5x105 MSCs were added to sterile screw-top tubes. These were then centrifuged at 500 g for 

5 minutes to re-pellet the cells, the supernatant removed, and then cells resuspended in either 

0. 5 ml StemMACS™ ChondroDIFF media (to encourage MSC differentiation into chondrogenic 

cell lineages), or SM as a negative (expansion) control. Cells were again pelleted by centrifuging 

at 500 g for 5 minutes. Leaving the cells in a pellet, the screw tops of tubes were loosened by a 

half-turn to allow gas-exchange, then placed into incubation at the same conditions as cell 

culture (Section 2.4.6). Media was half-changed twice per week being careful not to disturb 

pellets. After 21 days, pellets were removed from culture, and then washed twice in PBS and 

images of each pellet taken alongside a ruler, before being used for either toludine blue staining 

or GAG assay. These methods are standard practice for ISCT MSC identification72. 

 Measuring Pellet Diameter 

From images captured, pellet diameter was calculated to determine pellet growth, which is an 

indirect measure of chondrogenesis. Images were loaded into ImageJ, and the ruler in pellet 

images used to apply a scale within the program using the ‘set scale’ function. Next, the line tool 

was used to draw the pellet diameter, in the thinnest region of the pellet as they are not truly 

spherical. This distance was then measured94. 

 Glycosaminoglycan Assay 

To quantify differences in chondrogenesis, sGAG created per pellet was measured. To each 

pellet, 100 μl papain buffer was added and lids were securely tightened. This was left for 24 
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hours at 65°C in order to digest proteins. Contents were then thoroughly mixed, and then 

centrifuged at 2500 g for 5 minutes and frozen at -20°C including the supernatant.  

GAG assay was then performed using the Blyscan sulphated glycosaminoglycan assay kit. This 

kit utilises the dye 1,9-dimethyl-methylene blue, which has an innate dark blue colour. This 

cationic dye specifically binds sulphated GAGs (sGAGs), and in the process of this stain, samples 

are placed in excess dye for maximal binding, excess dye removed, and then a dissociation 

reagent used to release any dye bound. This dye can be measured by absorbance between 625-

675nm to measure how much dye was released in comparisons to standards286. In tubes, 

standards of 0, 2, 3, 4 and 5 μg were created from the reference standard of 100 μg/ml of bovine 

tracheal chondroitin-4-sulphate, diluted in dH2O. For test wells, 10 μl of test sample was used, 

and made up to 100 μl using dH2O. Both samples and standards were run in duplicates. To each 

tube,  1 ml of Blyscan reagent was added, and then tubes were left on a mechanical shaker at 

room temperature for 30 minutes. After this, samples were centrifuged at 14000 g for 10 

minutes. Excess dye was removed by tapping open tubes upside down onto tissue paper, in 

order to avoid the pellet being disturbed. Then, 0. 5 ml of dissociation reagent was added to 

each tube to release dye into solution, and roughly vortexed until dissolved. These were then 

centrifuged for 5 minutes at 14000 g to remove bubbles. To a 96 well plate, 200 μl of standards 

or test samples were added per well. The plate was then run through a plate reader to test for 

absorbance at 656nm. To calculate GAG content, a standard curve was calculated, and the 

equation of the line used to establish GAG content per well. To estimate GAG produced per 

pellet, this was multiplied by the dilution factor to attain GAG per 100 μl, the same of buffer the 

pellet was dissolved in.  

 

 Adipogenesis Induction  

For adipogenic differentiation, passage 3 cells were trypsinized, neutralised with DMEM with 

10% FCS and counted before being centrifuged at 300 g for 10 minutes. Supernatant was 

removed, and MSCs were resuspended in 0. 5 ml of DMEM 10% FCS. In triplicate per experiment, 

cultures to be tested for Nile Red/DAPI staining were plated at 4x104 MSCs per well in a 48-well 

plate, and made up to 0. 5 ml with StemMACS™ AdipoDIFF media (to encourage MSC 

differentiation into adipogenic lineages), or StemMACS for expansion (negative) controls. For Oil 

Red cultures, 5x104 MSCs were added per well to a 24-well plate, and made up to  1 ml with 

AdipoDIFF media, or StemMACS for expansion (negative) controls. For both Nile Red and Oil Red 

experiments, cells were cultured for 21 days, with a half media change twice per week. Media 

was then removed from wells and carefully washed twice in PBS. Prior to staining, images were 
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captured under EVOS microscope(Section 2.7.3) and then samples stained as described below 

(Section 4.2.9.2-4.9.3). These methods are standard practice for ISCT MSC identification. 

 Nile Red/DAPI Staining 

PBS was removed from wells, and 10% formalin added to each well for 30 minutes to fix cells. A 

0.2% solution of Saponin was created, and then Nile Red and DAPI added to a working 

concentration of 1μg/ml. Formalin was removed from the wells, and then the wells were washed 

twice in PBS. A background read was performed by adding 200 μl of PBS and then reading on 

the plate reader at 335nm for DAPI and 485nm for Nile Red. PBS was removed and 200 μl of 

0.2% saponin 1μg/ml DAPI/Nile Red was added per well for 15 minutes in the dark under foil, 

after which the solution was removed and the wells washed with PBS. This was again taken to 

the plate reader, and read at the same wavelengths as before. Following this, fluorescent images 

were taken under EVOS microscope.  

 Oil Red Staining 

PBS was removed from wells, and cells were fixed in 10% formalin for 10 minutes. Oil red dye 

(0.5% W/V in propan-2-ol diluted 2:3 in PBS) was heated to 30°C for 30 minutes, and then filtered 

through a 0.8μm filter. Formalin was removed from wells and washed twice with PBS.  To each 

well,  1 ml Oil Red solution was added, and left to stain for 10 minutes. Stained cells were then 

washed twice with PBS. Once dried, images were again taken under EVOS microscope.  

 Quantifying Oil Red O and Unstained Adipocyte Area of Total Area 

Similar to BA/TA measurements, ImageJ was used to quantify adipocyte area of both Oil Red O 

and unstained adipocytes, to investigate relative capacity of MSCs to form adipocytes. This 

method was developed for this work considering Nile Red O did not provide reliable results. 

Firstly, for Oil Red O, images were loaded into ImageJ. To this, a colour threshold was applied 

using the Image>Adjust>Colour Threshold 

tool. Manually, the red region was selected 

and brightness chosen that best covered all 

adipocytes. The intrinsic black and white 

threshold was then applied to colour 

Figure 4.2.1 ImageJ Selection of Adipocytes. A 

Oil Red O colour thresholding for adipocytes. B 

Example of selection of unstained adipocyte from 

other cell types. Both examples are taken from 

talar samples. 
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adipocytes black, and everything else white. Analyse>Analyse particles tool was then used to 

measure percentage of total area, giving the output. For unstained adipocyte area of total area 

measurements, again, ImageJ was used. Images were converted into 8-bit, and then a threshold 

manually applied to select adipocytes, which were brighter than normal cells due to their less 

flat structure. To normalise these results to DAPI, the percentage area covered was divided by 

DAPI staining for matched cultures used in Nile Red/DAPI staining (Section 4.2.10.2). Images of 

the process are given in Fig. 4.2.1. This was repeated for 5 images each from each donor for both 

Oil red O and unstained images. 

 

 

To allow relative comparison between propensities for MSCs to go down different lineages, for 

example to see if increased adipogenesis correlates with reduced osteogenic capacity, 

quantitative measures of adipogenesis (Oil red area of total area normalised to matched well 

DNA content), chondrogenesis (total sGAG per pellet) and osteogenesis (calcium concentration 

normalised to DNA) were calculated as a percentage of the highest donor value for all other 

donors in the same bone. For example, the donor in talus with the highest GAG deposition was 

used to measure the percentage of itself (100%) and the other two donors by (Donor 1/Donor 

2*100). This was performed for all lineages for each bone, and then compared against each 

other. Linear regression was then run to visualise correlations. 

 

Statistics were performed as described in Section 2.9.2, and Table 4.2.4 demonstrates specific 

tests in this chapter. 

 

Figure Test Chosen Groups 

4.3.5 Linear Regression 3 

4.3.6-8 Kruskal-Wallis with Dunn’s multiple comparisons 3 

4.3.13 Kruskal-Wallis with Dunn’s multiple comparisons 3-6 

4.3.16 Kruskal-Wallis with Dunn’s multiple comparisons 3-6 

4.3.18,19 Kruskal-Wallis with Dunn’s multiple comparisons 6 

 

Table 4.4 Choice of Statistical Test for Each Dataset 
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Cells isolated from bone were first seeded on tissue culture flasks and passaged to generate 

sufficient cell numbers for experiments to identify MSCs presence. During culture, cell behaviour 

was monitored. As shown in Figure 4.3.1, talus and tibia both had plastic-adherent cells with a 

fibroblast-like shape (Figure 4.3.1i), which MSCs usually present in culture. Interestingly, whilst 

MSC behaviour was relatively similar between talus and tibia, there were some small differences 

between cellular behaviour. At day zero, cells were still attaching as such were difficult to 

identify, as well as small bone fragments were remaining despite filtration (Figure 4.3.1i). Once 

cells had adhered, these bone pieces were removed by washes and cells were easier to identify. 

At day 2, these cells showed a stellar shape with small extensions. By day 8, the talar cells 

remained more rounded and separated, whereas tibia cells seemed to have adopted a more 

fibroblastic morphology with longer projections. By day 10, cultures approached confluency on 

the plate. Talar cells again seemed to stay more rounded, but started to show some alignment 

and were congregating together. Tibial cells became flattened, and formed aligned colonies or 

sheets. These changes in behaviour were then further monitored over the first three passages 

to check for further changes over time. 

 

 

 

 

 

 

 

 

 

Figure 4.3.1 MSCs 2D in culture following isolation from bone.  Cells isolated from talus and 

tibia were cultured on plastic in StemMACS media. Images were captured at 200x. i – bone 

fragments left over from digestion. ii – Examples of plastic-adherent MSCs. 
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Once confluent, cells were split and passaged to generate larger numbers as well as reach a 

passage which is comparable to existing research. MSCs are usually identified by flow cytometry 

at passage 2, and passage 3 for differentiation capacity91. During culture, images were again 

taken to assess changes to cells throughout culture, with day 2 of each passage chosen to see 

individual cell effects rather than colony effects. Again, overall, talar and tibial cells did not show 

particularly different behaviour (Fig. 4.3.2). However, talar cells showed slightly more spreading 

out, and less spindle-shaped cells. Over time, cells from both bones produced created larger 

projections and thinner morphologies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.2 Changes to Talar and Tibial Plastic-Adherent Cell Morphology During P0-P3 Culture. 

Images were taken at 200x magnification. P denotes passage number of cells. P0 denotes cells 

which were cultured straight after isolation. 



145 

The main benefit of enzymatically extracting cells is supposed to be the larger cell populations 

retrieved than processes such as bone marrow washes, it was pertinent to see if all cells were 

being retrieved72. To test if this is true, bone pieces from one donor after enzymatic extraction 

of cells was cultured to see if cells would migrate onto the plastic. Digested bone from both talus 

and tibia showed adherent cells at 7 days (Fig. 4.3.3), entirely focused near the bone fragments. 

After 24 days cells reached around 40% confluence, suggesting that whilst some cells remain (i), 

there were only few. More cells were visible in tibia compared to talus, suggesting that more 

cells remained within the bone, with some macrophages (ii) and visible bone fragments (iii/iv). 

This provided sufficient evidence that only a minority of cells remained in bone, and therefore 

the next work was completed on extracted cells Next, the potential for MSC identity of these 

cells was investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3 Cell Egression from Enzymatically Treated Bone. Images were taken at 200x 

magnification. i – MSC on plastic, ii – macrophage, iii – large bone fragment iv – small bone 

fragments 
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To better understand the nature of these extracted cells, these were investigated for their 

relative number found in IC, talus and distal tibia, as well as their surface phenotype 

investigated, to start identifying if these were indeed MSCs, and if there was a potential for 

increased numbers in talocrural OA as found in hip101.  

 

To investigate relative potential MSC presence, a CFU-F assay was performed on 3 donors with 

3 replicates. By seeding freshly isolated cells by estimated cell number in multiple 

concentrations, total MSC frequency by cell number can be predicted (Section 4.2.4). This is 

shown in Figure 3.4.3. Talus, tibia and IC all presented positive methylene blue staining, showing 

that plastic-adherent, self-replicating cells were present, and demonstrated higher colony 

counts with increased cell seeding 

density (Fig. 4.3.4A). Total colony 

numbers showed strong positive 

correlation with seeding number 

((Fig. 4.3.4B) r =0.99, 0.96 and 0.78 

respectively (2 significant figures). 

Linear regression showed talus and 

tibia were not significantly different, 

however they were both 

significantly different from IC 

(p<0.0001). As  described in Section 

4.2.4, IC CFUF assays were 

performed on larger tissue culture 

plates with higher initial densities, 

as such colonies appear smaller and 

more frequent in Fig. 4.2.4A. This 

was compensated for in Fig. 4.2.4B. 

These colonies were next used to 

estimate how many plastic-

adherent cells were being isolated 

per sample. 

 

 

Figure 4.3.4 Colony Forming Unit Fibroblast Assay of Plastic-

Adherent Putative MSCs from Talus, Tibia and IC Enzymatic 

Digests. A – Methylene blue staining of plastic-adherent cells at 

different seeding densities. B – Colony counts in relationship to 

seeded cell number. All data points are shown with line of best fit. 

 



147 

The frequency of putative MSCs of total extracted cells can be calculated from CFU-F assay, as 

the colonies produced per seeded cell number estimates the percentage of MSCs in the sample. 

This can then also be used to demonstrate other characteristics (Fig. 4.3.5). Putative MSC 

frequency was taken from the 1x104 cell seeding density group due to there being some overlap 

of colonies in the 2x104 seeded cell density group. Firstly, it was found there was a similar 

frequency of colony-forming cells of total cells in talus and tibia, at just under 0.3%. This was a 

significant 30-fold increase on MSCs isolated from the IC, with around 0.03% (p=0.0048 and 

0.013 respectively) (Fig. 4.3.5A). As now putative MSC frequency was known, this was used to 

calculate MSCs isolated per bone weight (Fig. 4.3.5B) and by per sample (Fig. 4.3.5C). Conversely, 

there was a significant, 4-fold higher putative MSC content per gram in the IC relative to talus 

and tibia (p=0.0015, 0.0016 respectively) likely due to the comparably lower weight and higher 

cellularity of the IC (Fig. 4.3.5B). The overall effect of this was that there were 2-fold more 

putative MSCs overall per talus and tibial sample compared to IC (Fig. 4.3.5C). This showed key 

differences in MSC availability between talar, tibial and IC samples, which has not been 

investigated previously. Next, colony behaviour was investigated to see if there were different 

growth behaviours between MSC source or between OA and non-diseased tissue. 

 

 

Figure 4.3.5 Estimation of Plastic-Adherent Putative MSC Content in Surgically-Retrieved Bone Samples 

of Talus, Tibia and IC by CFU-F Assay (N=3). A MSC frequency per total cell number (%). B MSCs per 

gram of bone. C Total MSC frequency isolated per tissue sample. Graphs show median and range with 

all data points. Significance was tested with Kruskal-Wallis with Dunn’s multiple comparisons test. 

Significance was set at * = p<0.05, ** = p<0.01 
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Whilst understanding MSC content per donor sample informs research, it is also essential to 

investigate proliferation and migration to understand the potential function of these cells287. 

This was investigated by measuring colony area as well as integrated density (Fig. 4.3.6). There 

were slight differences, such as IC having slightly higher colony area (Fig. 4.3.6A) and integrated 

density (Fig. 4.3.6B), suggesting these cells prefer forming more dense colonies compared to 

talar or tibial cells (Fig. 4.3.6A-B). To further understand cell behaviour, growth characteristics 

of these cells was next investigated. 

 

 

 

 

 

 

 

 

 

Growth characteristics of MSCs informs upon their potency, particularly when comparing them 

from different tissues. By measuring the number of seeded cells, time taken to confluency and 

total MSCs isolated after trypsinization at each passage, the rate of the population doubling (i.e., 

their speed of growth) can be estimated (Fig. 4.3.7). Overall, there were no apparent or 

significant differences between talar, tibial and IC MSCs, with relatively steady growth speed 

from passage 0 to passage 3 (Fig. 4.3.7A). IC showed significantly faster growth at P0 (p=0.0429) 

but there were no significant differences at other passages. Whilst growth was relatively linear, 

both talus and IC showed a trend for reduced doubling time at P1 compared to P0 (Fig. 4.3.7B), 

and subsequent increase in doubling time with subsequent passages, except for talus in P3 (Fig. 

4.3.7C-E). This is consistent with previous data from our research group72,219. Overall, these cells 

showed plastic adherence and colony formation, as would be expected of MSCs, and whilst 

there was a significantly higher MSC frequency in talus and tibia, there was not key differences 

in growth or colony behaviour. Next, further steps to show MSC identity were required. 
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Figure 4.3.6 Colony Characteristics of Plastic-Adherent Putative MSCs Isolated from Distal Tibia, Talus and 

IC (N=3, 252, 179, 348 colonies per bone respectively). A Histogram of colony number and area size 

comparing distal tibia, talus and IC. B Integrated density comparisons between Talus, Tibia and IC. Data 

shows median and range with all data points. Data was tested by Kruskal-Wallis and found no significance. 
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Figure 4.3.7 Population Doubling Times  of Plastic-Adherent Putative MSCs from Passage 0 to Passage 

3 from Distal Tibia, Talus and IC (N=3). A Growth rate of MSCs over several passages. B Doubling time 

at Passage 0, based on MSC frequency from CFU-F Assay. C Doubling time at P1. D Doubling time at 

P2. E Doubling time at P3. Data shows median and range with all data points. Friedmann test with Dunn’s 

correction was used to test significance on B. Significance was set at * P<0.05. 

Talus Tibia IC
0

2

4

6

8

10

D
a
y
s
 p

e
r 

P
o
p
u
la

ti
o
n

D
o
u
b
lin

g
 a

t 
P

1

C

Talus Tibia IC
0

2

4

6

8

10

D
a
y
s
 p

e
r 

P
o
p
u
la

ti
o
n

D
o
u
b
lin

g
 a

t 
P

2

D

Talus Tibia IC
0

2

4

6

8

10

D
a
y
s
 p

e
r 

P
o
p
u
la

ti
o
n

D
o
u
b
lin

g
 a

t 
P

3

E

Talus Tibia IC
0

2

4

6

8

10

D
a
y
s
 p

e
r 

P
o
p
u
la

ti
o
n

D
o
u
b
lin

g
 a

t 
P

0

B

✱

0 10 20 30
0

5

10

15

Days Since P0

C
u
m

u
la

ti
ve

P
o
p
u
la

ti
o
n
 D

o
u
b
in

g
s

Talus

Tibia

IC

A



150 

 

As these cells had shown plastic-adherence, and the ability to form colonies, two of the 

requirements for MSC identity had been met. To fully confirm these were MSCs, analysis of their 

surface protein expression was undertaken through flow cytometry. 

Firstly, flow cytometry was performed to collect 1x104 events from each sample, and gates 

applied to identify living cells, as well as positive events. These are demonstrated in Figure 4.3.8. 

Firstly, live cells were identified by FFC and SSC (Fig. 4.3.8A). Events for CD73, CD90 and CD73 

(red) were distinct from isotype controls (purple), showing their presence (Fig. 4.3.8B-D). 

Negative markers overlapped with isotype controls, showing no expression (Fig. 4.3.8E). An 

example of double-positive expression is shown for CD73 and CD90 (Fig. 4.3.8F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.8 Gating Strategy for Characterisation of Surface Phenotype of Cultured Cells Isolated by 

Enzymatic Extraction from Talar, Tibial and IC Bone. Red events denote cellular events, and purple 

the isotype control events. A Gating for live cells based on FSC and SSC. B Gating for CD73 positive 

events. C Gating for CD90 positive events. D Gating for CD105 positive events. E Gating to exclude 

negative markers F Example of double-positive expression of CD73 and CD90. 
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Once grown to passage 2, flow cytometry was undertaken to ensure that these isolated plastic-

adherent cells were indeed MSCs. During culture, the expression profile of MSCs can change 

based on their stage, and passage 2 cells are required for the ISCT standardised definition of an 

MSC, as earlier explained (Section 4.1.2). Isolated, plastic-adherent cells showed positive 

expression for each positive marker of at least 95%, and below 5% for negative markers (Fig. 

4.3.9A). Additionally, 95% percentages or higher of MSCs were double positive for each possible 

combination of CD73, CD90 and CD105, showing that the majority of cultured cells expressed all 

three surface markers (Fig. 4.3.9B-D).  
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Figure 4.3.9 Surface phenotype of isolated cells from talus, tibia and IC after culture to passage 2 by 

flow cytometry (N=3). Negative markers reflect absence of haemopoietic lineage cells. Bar graphs 

represent means and standard deviations (SDs). A Overall surface marker expression. B Proportion 

of MSCs which showed dual-positive expression of CD73 and CD90. C Proportion of MSCs which 

showed dual-positive expression of CD73 and CD105. D Proportion of MSCs which showed dual-

positive expression of CD90 and CD105. Data shows mean and standard error. 
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Isolated, plastic-adherent cells had now shown the majority of requirements for being identified 

as an MSC, however their differentiation capacity still needed to be shown, which was explored 

next. Additional to proving MSC identity, differences in adipogenic, osteogenic and 

chondrogenic differentiation capacity between talus and tibia was also investigated to see if 

endogenous MSCs were a suitable target for repair strategies, in comparison to IC MSCs as a 

positive control. 

MSCs are thought to naturally be capable of osteogenic, chondrogenic, and adipogenic 

differentiation. MSCs were induced into each of these differentiation pathways by use of medias 

which provide the required conditions for differentiation. Adipogenic and osteogenic cultures 

were grown in 2D culture, so the effect of the media on cells was investigated under microscopy. 

Images were captured at day 21, to demonstrate the cells post-differentiation (Fig. 4.3.10). 

Osteogenesis results in calcium deposition, leaving significant amount of acellular material 

which covered cells. Where MSCs were visible, they showed the polygonal morphology 

associated with osteogenic commitment (Fig. 4.3.10i), which were visible underneath acellular 

material (Fig. 4.3.10ii). Adipogenesis 

demonstrated the most striking differences 

between different tissues. The talus 

presented more rounded highly confluent 

cells, but only small amounts of bright, 

circular fat deposits associated with 

adipocytes (Fig. 4.3.10iii). However, in both 

tibia and IC cultures, there was an 

abundance of circular, fully formed 

adipocytes, showing successful adipogenic 

differentiation (Fig. 4.3.9iv,v). To confirm 

successful differentiation, histochemical 

staining of wells was performed to prove 

calcium and adipogenic activity. 

 

Figure 4.3.10 Morphology of Adipogenic and Osteogenic Differentiation Cultures 

at 21 Days of Culture in Osteogenic and Adipogenic Media of Distal Tibia, Talus 

and IC MSC cultures. Images were taken at 200x magnification. i – Polygonal 

cells under acellular material, ii – acellular material deposited during osteogenic 

differentiation, iii – small fat deposit within cells of talar cultures, iv – adipocyte 

within tibial culture, v – large adipocyte within IC culture. 
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Osteogenically induced putative MSC cultures were stained at 14 days for ALP, an early marker 

of osteogenic differentiation. At this point, donors WJ11-13 and IC1-3 were included to see 

donor variances (Fig. 4.3.11). Cultures from distal tibia, talus and IC all presented blue staining 

(Fig. 4.3.11i), showing ALP activity, however in both osteogenic media, as well as the negative 

expansion controls. Overall most cultures showed similar levels of ALP expression, however 

there were some donors that had more cells with low activity (Fig. 4.3.11ii), however this 

seemed to be donor related rather than tissue source related, for example donor 13 compared 

to donor 11. Early deposition of debris was also visible in some cultures (Fig. 4.3.11iii). Markers 

of later stages of osteogenic differentiation were next investigated to confirm successful bone 

differentiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.11 Alkaline Phosphatase (ALP) Activity in Talar, Tibial and IC Cultures 

Initiated by Passage 3 Putative MSCs Grown in either Osteogenic or Expansion 

Media after 14 Days Culture (N=3 for each). i – Positive ALP activity of MSCs. ii – 

MSCs without ALP expression. iii – Acellular debris deposited by MSCs during 

culture. Negative control is StemMACS as an expansion control. 
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After 21 days culture, MSCs were stained with 2% alizarin red to detect calcium deposition. 

Talus, tibia and IC MSCs in osteogenic media all showed positive staining, with expansion 

controls showing a small amount of background staining, however no large deposits of calcium. 

Large deposits of calcium stained a deep red (Fig. 4.3.12i), with controls showing some staining 

in the background, but cells were clearly visible (Fig. 4.3.12ii). However, this did not quantify the 

level of osteogenesis per cell to compare MSCs from different sources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.12 Alizarin Red Staining of Cultures from Distal Tibia, Talus and IC from Putative MSCs 

after 21 Days Growth in Osteogenic or Expansion (negative control) Media (N=3 for each). i – 

Calcium deposition stained with alizarin red. ii – Cells with minor background staining. 
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The amount of calcium deposited was next quantified, using total DNA content to proportion 

results to relative cell number. In all cases, osteogenically differentiated MSCs produced more 

calcium than their expansion counterparts overall, with the talus producing more calcium than 

tibia or IC, although there was no significant differences (Fig. 4.3.13A).  When just looking at 

DNA content, this was highest by 1.1-1.5 fold in each case in the negative expansion control 

relative to the differentiation media for each bone, but more or less similar between each tissue, 

matching results of growth rates (Fig. 4.3.13B). When calcium content was normalised to DNA, 

talar cultures produced near 2-fold that of both tibia and IC cultures, whereas IC and tibia 

cultures were similar (Fig. 4.3.13C). These results show that MSC cultures of talus, tibia and IC 

all successfully underwent osteogenesis, being slightly higher in talus and tibia, and 2 more 

lineages were required to prove MSC identity.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.13 Quantitative Assessment of Calcium Deposition of MSCs from Distal Tibia, Talus 

and IC Cultures after 21 Days Culture of Putative MSCs in Osteogenic or Expansion (negative 

control) Media (N=3 for each with 3 technical replicates). A Total calcium concentration of 

osteogenically cultured MSCs. B DNA Content of cultured MSCs. C Calcium concentration 

normalised to DNA content of matched cultures. Data shows median and range. 
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Adipogenesis of MSCs was investigated after 21 days in culture, firstly by staining for Oil Red O. 

Treated tibial, talar and IC cultures successfully produced mature adipocytes, however this was 

far less in the talus with a few small adipocytes being visible (Fig. 4.3.14). Under 200x 

magnification, talar cells presented ‘horseshoe’ morphology (Fig. 4.3.14i), with small amounts 

of fat globules within the cells at the periphery, suggesting early stages of differentiation. Tibia 

and IC cultures both showed full adipocyte formation, with similar amounts in the two (Fig. 

4.3.14ii). None of the negative expansion controls showed any positive staining. To further 

understand the level of fat synthesis, particularly within the talus where incomplete 

differentiation was occurring, Nile Red normalised to DAPI staining was performed288. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.14 Oil Red O Staining of Talar, Tibial and IC Cultures After 21 Days Culture in 

Adipogenic Medium or Negative Expansion Control of Putative MSCs (N=3 for each). i – 

‘Horseshoe’, incompletely differentiated cell showing some fatty deposits. ii – Mature 

adipocyte. First 3 columns are taken at 40x magnification, fourth column taken at 200x 

magnification (Representative images of each donor). 
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Nile Red fluorescently stains intracellular lipids yellow, allowing specific staining of cells with fat 

globules within them. Again, talus, tibia and IC MSCs all showed positive staining, with no 

staining in the negative controls. Talar MSCs retained these ‘horseshoe’ fat presentation, with 

few fully formed adipocytes (Fig. 4.3.15i), which retained similar morphology to cells from the 

negative expansion control (Fig. 4.3.15ii). Tibial and IC MSCs presented similar amounts of fully 

formed adipocytes, but also had evidence of partially early-stage adipocytes, suggesting the 

talar MSCs are somehow slower at adipocyte formation (Fig. 4.3.15iii). Whilst this proves that 

these isolated plastic-adherent putative MSCs can undergo adipogenesis, quantification was 

needed to investigate differences between tissues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.15 Nile Red Staining of Talar, Tibial and IC Cultures After 21 Days Culture in Adipogenic 

Medium or Negative Expansion Control of Putative MSCs. i – ‘Horseshoe’, incompletely differentiated 

cell showing some fatty deposits. ii – Cell from negative control. iii – Fully formed adipocyte. First 3 

columns are taken at 40x magnification, fourth column taken at 200x magnification (images taken from 

best representative images). 
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To quantify the level of adipogenesis, adipocyte content in relationship to DAPI staining was next 

performed (Fig. 4.3.16). In accordance with standard practice, absorbance of Nile Red in 

proportion to DAPI was performed. DAPI absorbance showed similar increase in absorbance in 

each condition, with WJ13 in most cases showing the least increase in absorbance. Overall, talar 

cultures grown in adipogenic media had the least growth (Fig. 4.3.16A). Nile Red increase on 

absorbance normalised to DAPI absorbance increase did not produce results representative of 

what was seen by staining (Fig. 4.3.16B in comparison to Fig. 4.3.14-15). This may have reflected 

technical issues such as poor dye quality, or excessive background staining. As such, 

quantification of Oil Red area was performed, which demonstrated the low staining found in 

negative controls. Importantly, this showed that talar cultures had far less staining than tibia or 

IC (Fig. 4.3.14C). This method was additionally performed on unstained adipocytes to ensure 

reproducibility, which showed similar results, although area was around 0.5-fold that of Oil Red 

O image analyses, likely due to the specificity of a red colour filter over selecting for adipocytes 

by greyscale thresholding (Fig. 4.3.14D). To match this to relative cell content, these results were 

then normalised to the matched cultures stained with DAPI in Fig 4.3.14A. Firstly, normalised Oil 

red O staining showed a significant 10-fold reduction in area, relative to tibia and IC (p=0.0075, 

p=0.0415 respectively), with no difference between tibia and IC (Fig. 4.3.14E). This was again 

repeated on unstained adipocyte area, which were normalised to DAPI, and showed the same 

significant differences, although again each value was 0.5-fold that received by Oil red O area 

analysis. This was a 5-fold reduction and 6-fold reduction in talus compared to tibia and IC 

respectively ( Fig 4.3.14F p= 0.0255, 0.0082). In summary, adipogenesis and osteogenesis are 

occurring in putative MSCs from the three bones, with key differences in trilineage potential 

behaviour between each source. To prove these cells as MSCs however, chondrogenic capability 

still needed to be tested. 
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Figure 4.3.16 Quantification of Adipogenesis by Putative MSCs from Distal Tibia, Talus and IC after 21 

Days Culture in Adipogenic Medium or Expansion Media as Negative Control (N=3). A – DAPI Absorbance 

Increase Against Background (% increase). B – Nile Red absorbance increase against background 

normalised to DAPI of donor-matched cultures. C - Oil red O area of total area. D – Unstained adipocyte 

area of total area. E – Oil red O area of total area normalised to DAPI of donor-matched cultures. F – 

Unstained adipocyte area of total area normalised to DAPI staining of donor-matched cultures. C-F do not 

show expansion controls due there being no fat detected. Normalisation of B, E and F was performed by 

dividing the original value by the donor-matched DAPI increase on background value. For C-F, 5 images at 

x10 magnification were analysed from each technical replicate. Data shows median and range with all data 

points A Kruskall-Wallis test with Dunn’s multiple comparisons test was used to test for significance. * = 

p<0.05, ** = p<0.01. 
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For chondrogenesis, putative MSCs were 

pelleted using centrifugal force to create 

a 3D physical environment, required for 

cartilage formation. Chondrogenic pellets 

formed over 21 days should slowly 

expand as ECM, including GAGs, is 

deposited. Pellets formed showed a 

white sheen (Fig. 4.3.17) similar to that of 

fresh cartilage, such as that seen in 

cartilage of the non-diseased human 

control tissue (Fig. 3.4.1). Pellets from 

treated MSCs showed far larger pellets in 

talus and tibia than negative expansion 

controls, as well all as also being larger 

than IC pellets.  

 

 

 

 

The size of the pellets was next investigated on the assumption that pellets which produced 

more GAGs would be larger. Talar and tibial cultures were approximately the same size, varying 

from 1.1 mm to 2.4 mm, with strong correlation between the donor and pellet size from both 

bones. IC pellets were around 2-fold smaller, and had strong correlation between the tested 

MSCs and control MSCs by donor. Tibia and talar negative control cultures were the smallest, 

and were of approximately the same size. To ensure that these cultures contained chondrogenic 

cells, GAG content was tested for by quantitative assay. 
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Figure 4.3.17 Chondrogenic Pellets After 21 Days of 

Talar, Tibial or IC Putative MSC Culture in Chondrogenic 

Media or Negative Control in Expansion Media. Images 

were taken without magnification. Scale bar is 2 mm. 

Figure 4.3.18 Diameter of Putative MSC pellets from Talus, Tibia and IC After 21 Day Culture in 

Chondrogenic Medium or Negative Control Expansion Media (N=3, average of technical replicates). The 

shortest edge-edge diameter per pellet was taken. Lines represent paired donor samples. 
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Pellets were enzymatically degraded using papain, which cleaves peptide bonds, releasing GAGs 

from the matrix. The resulting mix was used for a colorimetric assay to prove GAG synthesis and 

quantify differences between the origin tissues (Fig. 4.3.19). Negative controls showed negligible 

levels of GAG synthesis. Talar and tibial cultures both showed around 2-fold higher GAG 

synthesis that IC, however this was only significant in the talus (p=0.012). GAG was identified in 

talus, tibia and IC, meaning that the ISCT criteria for MSCs had been met, proving that MSCs are 

present in both talar and tibial bone, for the first time. Additionally, MSCs had shown key 

differences between capacity for different lineages, such as the IC being more adipogenic and 

less chondrogenic, as such correlations between different lineages were investigated. 

 

 

 

 

 

 

To investigate if higher differentiation capacity in each lineage was related to other lineages, 

relative differentiation capacity was compared. To measure this, for each lineage, the average 

of technical replicates for each donor was calculated, and then converted to percentage of the 

highest mean donor value (therefore, each graph has one donor at 100% for each lineage 

capacity)(Fig. 4.2.20). This was performed using GAG per pellet for chondrogenesis, calcium 

deposition per DNA for osteogenesis, and normalised Oil red O area for adipogenesis. The 

percentages were then used to identify patterns in differentiation capacity (Fig. 4.3.20). Dotted 

lines show lines of best fit. Generally, donor values are similar, as such it is hard to draw any 

trends. Osteogenesis and chondrogenesis showed little correlation, with relative osteogenesis 

always being high (Fig. 4.3.20A-C). Osteogenesis and adipogenesis showed a negative 

relationship for talus and IC, but not tibia, potentially affected by the one donor who had the 

highest differentiation capacity for both in tibia (Fig. 4.3.20D-F). This matches existing data 

showing osteogenesis and adipogenesis have a negative relationship for IC and talus289,290. Lastly, 

chondrogenesis and adipogenesis seemed to show little trends, and appeared to be more 

affected by donor quality. 
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Figure 4.3.19 GAG Concentration of Talar, Tibial and IC Cultures After 21 Day Growth in Chondrogenic 

Medium or Negative Control Expansion Media (N=3 with 3 technical replicates). Lines show donor sample 

pairs. A Kruskall-Wallis test with Dunn’s Multiple comparisons test was used. Technical replicates were 

averaged to only represent biological replicates. Significance was set at * p<0.05 
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Talus, tibia and IC resident MSCs seem to have specific differentiation, with the talus showing 

the least adipogenesis, and both OA tibia and talus showing highest osteogenesis and slightly 

higher chondrogenesis to IC. This matches with results of chapter 3, where CD271+ MSCs 

associated with bone-forming cells, and may be an effect of OA. These results suit the relative 

roles in the body, and suggests that talocrural MSCs are suitable for regenerative therapies for 

cartilage, however there needs to be inhibition of osteogenesis in the case of cartilage repair.  

Figure 4.3.20 Relationships of Relative Differentiation Capacity for Adipogenesis, Chondrogenesis and 

Osteogenesis in Tibia, Talus and IC. The highest donor value of each quantitative measure of 

differentiation capacity was used to calculate relative differentiation capacity of maximum (highest). For 

chondrogenesis, GAG per pellet was use, for osteogenesis, calcium concentration per DNA was used. For 

adipogenesis, Oil red O area of total area normalised to DAPI was used. A-C compare osteogenesis to 

chondrogenesis in Talus, Tibia and IC respectively.. D-F compare osteogenesis to adipogenesis in Talus, 

Tibia and IC respectively. G-I compare chondrogenesis to adipogenesis in Talus, Tibia and IC respectively. 

Trend lines were calculated by linear regression. 
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Regenerative therapies of ankle OA, and in particular osteochondral lesions of the talus, such as 

microfracture, rely upon endogenous cells for repair243. However, the quality, quantity, and 

identity of these endogenous cells, such as MSCs, is still poorly understood. In microfracture, 

this is thought to mostly be from MSCs from subchondral bone, whereas other treatments such 

as joint-distraction more likely rely upon synovial fluid MSCs, as there would be limited access 

for bone MSCs to enter the cartilage repair site291. As such, it is critical the actual regenerative 

cells required for the specific treatment are understood.  

In this chapter, it has been proven for the first time that subchondral bone MSCs are indeed 

present in both OA talus and tibia. Isolated OA talar and tibial cells presented typical MSC surface 

phenotype, trilineage differentiation capacity, and plastic adherence, the main criteria forth set 

by the ISCT91. Similar to MSCs from hip or knee, MSCs in the talus and tibia were found in higher 

frequency than the IC219,220. These MSCs showed similar growth, colony characteristics and 

surface marker expression to well-characterised IC MSCs. Both distal tibial and talar MSCs 

showed enhanced chondrogenesis compared to the IC, suggesting greater ability to form 

cartilage. Talar cells showed increased osteogenesis and significantly reduced adipogenesis to 

the IC, whereas the tibia did not. As found in previous work in MSCs from rat, osteogenesis and 

adipogenesis showed a negative relationship in talus and IC289,290. These resident MSCs show 

strong capability for chondrogenic differentiation, and may be a good target for regenerative 

therapies for cartilage repair, but there needs to be direction away from osteogenesis and 

towards chondrogenesis. 

 

During basic culture, MSCs from talus and tibia were investigated for changes over the first few 

days of culture, and the effect of change from bone to plastic, to investigate if the different cells 

sources had different responses to change in environment and more or less resistance to 

forming a fibroblastic structure. This would inform on their relative differentiation capacity 

based on shape. Isolated cells showed typical MSC morphology, with only very minor differences 

in cell structure, such as talar cells being more rounded, and slightly less dense, however still 

keeping the associated spindle shape292. Highly dense colonies of MSCs are thought to have 

reduced differentiation capacity, as well as MSCs cultured in 3D are shown to have a 3D shape, 

suggesting talar cells seem to slightly resist these structural changes, which may potentially link 

with their slightly increased osteogenic and chondrogenic capability as found in this 

study87,180,273,293. Whilst there is still relatively little literature on the effect of cell shape on their 

characteristics, McCorry et al. showed in 3D culture that when initiating MSCs were of a rounder 

morphology and less densely packed,  there was enhanced GAG synthesis and retention within 

the cartilage matrix273. However, our own group has shown these rounded cells are associated 
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with osteogenic differentiation, which is particularly relevant considering the study also utilised 

OA bone MSCs but from this hip, and showed that in uncultured CD271+ CD56+ MSCs, there was 

100-fold increased expression in osteopontin, osteocalcin and chondroadherin, all three related 

to osteogenesis and the last also involved in chondrogenesis. This morphological difference of 

talar MSCs presenting a rounder morphology during early culture may be  related to their in vivo 

role in OA, for osteogenic and chondrogenic differentiation, matched by the increased 

osteogenic and chondrogenic capability in comparison to IC cultures. However, these are visual 

observations and need to be qualified by further methods, such as holographic imaging The 

importance of MSC cell shape changes has been highlighted in other fields from differentiation, 

with cell structure offering insight in MSC aging and tumorigenesis, highlighting the need for 

further understanding of MSC morphology relationship to behaviour273,293-295. 

Over several passages, MSCs from both tibia and talus showed similar behaviour, gradually 

showing more dense colonies and a more spindle-like morphology. This is expected of MSCs 

grown on plastic and is the typical morphology associated with MSC 2D culture, and may affect 

their differentiation capacity296. Another possibility is the reversion from an early stage of 

differentiation, as MSCs structure has been linked to differentiation, however as mentioned 

before, these rounded cells are linked to osteogenesis in freshly isolated cells85. Current work 

into MSC morphology mostly characterises MSCs as three types; spindle-shaped, star shaped, 

and large flattened cells, with none of these specifically describing the rounded morphology 

found in early culture of talar or tibial MSC297. The latter two morphologies have been associated 

with reduced differentiation capacity, or MSCs of early osteogenic lineage292,298. This rounded 

MSC has however been seen in OA, and was part of a CD56+ subset associated strongly with 

osteogenesis and mildly with chondrogenesis, as such is not unique to talar MSCs. Whilst not 

shown, some cells did present with these other structures, however they did not persist past 

the first passage, which is consistent with existing work292. Talar and tibial cells retain the more 

trilineage-capable cell morphologies, as such should retain high levels of differentiation capacity 

as was found in this work considering the elevated chondrogenic and osteogenic capabilities. 

When assessing if the entirety of MSCs were being enzymatically extracted using collagenase, 

an egression assay was used, finding that some MSCs were retained, however as these took at 

least 24 days to reach 40% confluency, the MSCs remaining in bone was likely incredibly low. 

Enhancements of this method such as using an additional trypsin step on the remnant bone 

pieces could be used to increase the amount of MSCs released, allowing more MSCs to be 

obtained following enzymatic degradation of collagen. More cells egressed from the tibia 

compared to the talus in the two donors tested, likely relating to the samples being larger (Table 

3.3.1) and that the BV/TV was lower in tibia than talus. Bone was macerated and collagenase 
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was applied based on sample total weight, and whilst this may be affected by mineralisation or 

other factors, the overall weight is less likely to affect MSC release. Therefore, it is more likely 

to relate to bone structure. Tibial bone was found to have a lower BV/TV and BA/TA (Fig 

3.3.3/3.3.4) than talar bone, resulting in a higher surface area. As CD271+ MSCs were located 

mostly at the bone-lining in vivo (Fig. 3.3.10), this higher surface area may have made enzymatic 

extraction less able to release all MSCs.  

The egression assay technique itself present a method to collect more MSCs from digested bone 

fragments, which is particularly valuable in rare samples, which can be used as P0 cells for later 

experiments and can be used synergistically with enzymatic extraction.  

Colony counts of MSCs demonstrated similar MSC colony numbers in talus and tibia, and far less 

in IC, showing both that MSCs were isolated, and at higher frequencies than IC. It has been 

shown previously, particularly in OA, that this is expected. Campbell et al. presented a 4.3-fold 

increase in MSCs in areas of bone marrow lesions compared to healthier regions of tissue101. 

This 30 to 300-fold higher MSCs per cell number in talus or tibia compared to IC. This is mostly 

due to IC being a key region of bone marrow for blood cell formation, as such there is very high 

cellularity with densely packed cells. In bone there is no haematopoiesis, and therefore this 

explains this increased MSC number found. Whilst there may be an additional affect of OA 

increasing MSC number, evidenced by CD271+ cells being associated with regions of tissue 

damage (Fig. 3.3.15), the lack of healthy control means this cannot be directly tested, but has 

been shown by other studies101. Their high presence in talar and tibia does however indicate 

that targeting these endogenous, tripotential MSCs for regenerative therapies is viable. Relating 

this to total MSCs released from the sample, there were significantly more MSCs per gram of IC 

bone than talus or tibia. This is likely due to the high cellularity of the IC compared to load-

bearing joints such as the talus or tibia, shown to be around 5-fold higher by bone-marrow 

aspiration299. However, per sample, it was shown that MSCs isolated were similar, which relates 

to how small IC samples are. 

Colony characteristics may shed light on the function of resident MSCs, such as lower growth 

speed being associated with older donors which in turn is linked with reduced differentiation 

capacity287. MSCs from all three sources showed extremely similar colony area and integrated 

density, both by median and overall spread. Area simply refers to the size of the colony, whereas 

integrated density accounts for the number of cells in the colony, by measuring the colour 

intensity287. The OA state does not seem to alter MSC  proliferation or colony structure. Aging is 

known to affect colony structure and density, and as donors are of similar ages, this is not a 

confounding factor in this results287. In the previous chapter, OA talar and tibial 271+ MSCs were 

associated with osteogenic cells, and so likely play a tissue-resident osteogenic role, whereas IC 
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MSCs are not involved in differentiation or much proliferation. As such it is interesting that there 

is so little difference in colony structure, as CD271+ MSC localisation would suggest a key focus 

on bone formation, compared to the IC role as a ‘stem cell niche’. Previous work has shown up 

to ‘four’ main groups of colony structure, however the majority has just shown colony structure 

reflects MSCs aging, and therefore it may simply be that colony area and integrated density do 

not reflect differentiation capacity279,287. 

Growth characteristics of cells both inform future experiments but also provide insight into their 

potential roles within the tissue. Talar and tibial cells showed similar population doubling speed 

to IC MSCs. The fact that doubling time reduced in the second passage (P1) compared to the first 

(P0) makes sense, as MSCs need to attach to plastic and the large amounts of bone debris or 

non-adherent hematopoietic cells remaining will inhibit growth during P0. As these are then 

removed from P1 onwards, as shown by flow cytometry, doubling rate then for the most part 

being lowest in passage 2 and then slowing by passage 3, particularly in the IC, matches existing 

work. As culture continues into later passages, PD time increase due to the accumulation of 

senescent cells300. However the fact that this was not consistent nor significant also matches up 

with work into short culture periods296,301. 

To confirm MSC presence by surface phenotype, flow cytometry was completed. According to 

the ISCT criteria, MSCs were successfully isolated, cultured and presented the MSC surface 

phenotype in both the talus and tibia, with a frequency of over 90% by passage 2. In general, it 

is accepted that over 95% of all MSCs express CD73, CD90 and CD105, and less than 2% express 

CD14, CD34 or CD45, however it has been shown that some CD34+/CD45+ MSCs can arise during 

culture, which explains the remaining negative marker expression302. Additionally, expression of 

CD73 is linked to the reparative function of MSCs, it has been shown some MSCs which lack 

CD73 are early-stage progenitors with the flattened morphology MSCs which have already 

entered early stages of differentiation, which may have been present in the sample, and why 

CD73 was sometimes the least expressed277,292. Over 95% of MSCs were double positive for each 

marker, making it highly likely the majority of cells were triple-positive for positive markers. 

For osteogenic differentiation, ALP was positively stained for in all samples at 14 days, including 

expansion controls. Positive ALP staining in unstimulated controls has been reported numerous 

times, and so is typical303,304. ALP has been linked with differentiation capacity of multi-lineage 

capable MSCs, so its expression in control cultures may suggest a level of differentiation 

capacity282. To further investigate osteogenic changes, alizarin red staining was performed as 

well. Talus tibia and IC  all showed positive alizarin red staining, with no clear difference between 

the three tissue sources. Lastly, calcium quantification demonstrated calcium deposition in all 

tissue, proving capacity for osteogenic differentiation of talar, tibial and IC MSCs. This was 
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highest in the talus, slightly lower in the tibia, but both being 1-1.5 fold higher than IC5. This is, 

to my knowledge at the time of writing, a novel finding. The higher osteogenic potential may be 

related to the joint structure, as the bone undergoes much higher forces than the IC as earlier 

mentioned, as such needs to be more responsive for bone formation when repeated stress5. 

This may also related to the OA state of the tissue, with the association of MSCs with newly-

embedded osteocytes and new bone formation (Fig. 3.3.14-16), however the lack of healthy 

controls means this cannot be directly tested. Additionally, this behaviour likely relates to the 

higher adipogenicity seen in tibia and IC than talus, due to the differences in load, bone structure 

and size of the bones. This is firstly demonstrated by the higher BV/TV seen in talus, but further 

described in the next Section to better describe the link between adipogenesis and osteogenesis.  

For adipogenic lineage, first Oil Red O staining was performed to prove adipocyte formation. As 

in culture images, talar MSCs showed limited adipocyte formation compared to tibia or IC, again 

suggesting this limited ability for fat formation. Nile red staining showed the same trend, with 

visibility of ‘horseshoe’ cells, suggesting talar MSCs were beginning differentiation and 

undergoing some of the ladening of fat around the nucleus, but not completing it, which has 

been described previously288. Both Nile red and Oil red O stains showed similar trends, 

cementing the fact that tibia and IC are more able to undergo adipogenesis. Attempts to quantify 

Nile red staining were unsuccessful, as despite the clear differences between bones showed by 

images, Nile red data showed similar levels of staining in every sample, even controls. Whilst 

data was not shown, serial dilutions of Nile red was performed and background staining was still 

visible. Subtraction of the background staining also did not show improvements, and performing 

a scan of absorbance over a series of relevant wavelengths of light did not identify a better target 

than the one previously chosen from the literature. Other options to improve this staining would 

have included attempting different staining time, however as Oil red O area of total area showed 

results consistent with what was visible from histology, time was not invested in optimising the 

Nile Red stain. Analysis by Oil red O area and unstained adipocyte area of total area both 

obtained similar results, which reflected the data seen in the images, as such were chosen for 

adipogenesis quantification. The slightly lower results in unstained adipocytes reflects the 

difficulty of selecting adipocytes within ImageJ by thresholding, and so parts of the cell were 

excluded. From Oil red O normalised to DAPI staining for cell number estimation, it was seen 

that the talus had around 5-fold lower adipocyte area of total area. This stark difference is likely 

related again to the structure of the bone. As the talus generally undergoes higher loads 

throughout the whole bone than tibia, and fat deposits are linked with worse impact-loading 

properties, this makes it likely resident MSCs of the talus will be more primed towards bone 

synthesis than adipogenesis, as seen in the osteogenesis work5,305. This is also shown by the 
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higher BV/TV found in talus than tibia (Fig. 3.4.2), as well as the fact that higher cyclic loads 

direct MSCs towards osteogenesis306. 

The last differentiation method required to prove MSC behaviour was the ability to synthesise 

cartilage. Talar and tibial pellets were far larger than IC or negative controls, either suggesting 

higher GAG synthesis, protein deposition such as collagen 2, or increased cell proliferation. 

Proliferation is unlikely, based on the expansion controls being smaller than pellets treated with 

chondrogenic media, as StemMACS would have encouraged far more than ChondroDIFF. 

However to prove this, DNA quantification would’ve been required, which was not performed 

due to requiring extra pellets, which means more cells, which would require expansion past P3. 

Quantification of diameter confirmed this, with the slightly higher size of expansion control IC 

pellets to talar and tibial control pellets possibly being due to higher cell counts, based on later 

GAG quantification showing no GAG content, which is consistent with the IC having the highest 

growth rate at P3 compared to talus or tibia (Fig. 4.3.7). Whilst overall there were no significant 

differences, quantification of pellet GAG showed that the talar and tibial cultures produced 

slightly higher GAGs than IC cultures, and the expansion controls had minimal GAG synthesis. If 

there is a difference, talar and tibial MSCs would be more chondrogenic again due to the 

environment, as there is some evidence of cartilage repair with the extended tidemark in some 

samples (Fig. 3.3.6viii). As talar, tibial and IC were not precisely age-matched, the fact that talar 

and tibial MSCs show increased osteogenic and chondrogenic differentiation capability relative 

to the younger donors’ IC MSCs furthers the argument that talocrural MSCs have a greater ability 

to initiate osteochondral joint repair, considering that aging of MSCs has been shown to reduce 

chondrogenic potential234. As such, talar and tibial MSCs provide a suitable target  for 

endogenous repair with increased differentiation properties, confirming that chondrogenesis 

may be induced using appropriate differentiation conditions. 

Lastly the relationships between different differentiation pathways were investigated to see if 

MSC differentiation capacity could be predicted based of specific lineages. As found in previous 

work, this study showed a negative relationship between adipogenesis and osteogenesis, which 

has been explained by some key proteins, such as BMP-2, having specific effects (adipogenesis 

at low concentrations, osteogenesis at high concentrations) based on their concentration. This 

was also explained by the fact that fat deposition reduces impact properties of bone, and so an 

inverse relationship is beneficial289,290,307,308. However, as there were only 3 donors, strong trends 

were not observed and it hard to truly draw any conclusions from these results as there is not 

consistent variance in differentiation capacity. Chondrogenicity and osteogenicity, as well as 

adipogenicity and chondrogenicity pairings seemed to be unrelated, and no relationship 

between these pairs has previously been reported in the literature, and so is expected.  
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Overall this chapter confirms that MSCs are indeed present within subchondral bone of OA talus 

and tibia with joint-specific differentiation behaviour, but similar growth and colony 

characteristics. Confirming positive CD271+ staining in the third chapter could be marking MSCs, 

MSCs were successfully isolated from OA bone. MSCs showed the standard characteristics 

expected of MSCs, as set by forth by the ISCT. Linking in with accelerated bone formation in the 

third chapter, talus and tibia both expressed osteogenic differentiation capacity, however this 

was only higher in the talus, and not the distal tibia, compared to the IC control. Elevated 

chondrogenic potential was found in both distal tibia and talus compared to the IC, highlighting 

their potential as an endogenous repair source for cartilage regeneration in OA, supporting the 

basis of microfracture to restore cartilage by releasing MSCs. Interestingly the talus displayed 

extremely diminished adipogenic potential compared to tibia and IC, which may also be of 

benefit to repair strategies and has been indicated as an issue in treatments other degenerative 

changes, particularly in bone marrow during aging307. Bone marrow ankle MSCs have only 

previously been isolated by Li et al. through bone marrow aspiration275. This chapter provides 

many novel results to the field of regenerative therapies for the ankle and will hopefully inform 

further treatment development. In line with this, the next step of investigation was to develop 

methods of enhancing endogenous repair to identify strategies which enhance ankle MSC 

chondrogenesis at the expense of osteogenesis, using clinically approved biological stimulants. 
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Barriers to successful regenerative therapies of cartilage remain, in that despite being able to 

synthesise cartilage simply by releasing MSCs from bone by microfracture, the tissue formed 

often fails and forms fibrocartilage155. The reasons why this occurs and methods for correcting 

or avoiding this are still being developed. Chapter 3 of this work showed a sclerotic response in 

bone, associating with cartilage defects. MSCs were shown to localise to these regions, however 

localising with early osteocytes and other cells involved in bone turnover, suggesting a sclerotic 

response rather than the cartilage reparative response for which they are utilised for in 

regenerative therapies. Chapter 4 showed MSCs isolated from OA talocrural tissue were shown 

to be capable of chondrogenesis as well as osteogenesis and adipogenesis, with a potential 

favouring of osteogenesis based on their morphology. This evidence suggests that whilst there 

is an intrinsic signal within the body that’s promoting sclerotic bone growth, bone resident MSCs 

are capable of cartilage repair given the correct signals. Existing research has shown that many 

factors are responsible for cartilage repair, including biological signals (or growth factors), 

biomechanics, material and cell source, but also other interacting cells.  This presents an 

extremely complex barrier to directing MSC differentiation, and any of which may explain why 

microfracture does not always provide a long-term solution. Improving treatments using 

scaffolds or biological stimulants has shown great potential, but also limitations, and there is 

likely a need for a multifaceted process. This chapter will explore the ability of biological 

stimulants to modify MSC differentiation by preconditioning in 2D with biomechanics and 

materials being investigated in the next chapter.  

One of the four key parts of cellular differentiation and tissue repair mentioned is biological 

signals. There are many different signalling pathways and thousands of molecules involved, as 

such this work will focus on that relevant to cartilage, bone and fat differentiation. As mentioned 

at the beginning of this Section, one of the apparent facts is that in vivo, these MSCs are 

undergoing bone differentiation and present a sclerotic phenotype in OA bone. Managing these 

different factors will be critical for directing differentiation in vivo away from bone and towards 

chondrogenesis, to enable sustained cartilage repair.  

In OA, MSCs are exposed to an altered mechanical environment,  which as seen in chapter 3, 

seem to be driving MSCs towards bone synthesis. To mitigate this, a method of directing MSCs 

towards cartilage formation and away from bone is needed. Ideally, this should occur prior to 

sclerotic bone being formed which provides an altered mechanical environment and many new 

osteogenic cells being present which would provide further osteogenic signals85,220. 

Chondrogenesis presents a particular challenge as it requires an extended period to occur, with 

some chondrogenic genes such as collagen type 2 not being expressed until at least at 7 days, 
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and only high expression after 14 days of differentiation309. The introduction of biological 

stimulants such as platelet rich plasma into the body will only last until they are degraded or 

absorbed, which will likely not be long enough to maintain signals for the 14 days required, 

however would give recruited endogenous MSCs a head-start towards chondrogenic induction. 

Potential intervention can be modelled through MSC preconditioning, a short period of 

specialised culture before movement of MSCs into the repair environment, to prime MSCs for 

chondrogenic differentiation. This requires a significant understanding of biological signalling to 

ensure that MSCs are pre-disposed to the required differentiation lineage, and not other 

lineages.  

Great amounts of work into biological signalling of MSCs and their differentiation has already 

been undertaken, and relevant pathways involved for differentiation are well understood, but 

not yet fully characterised. Quantitative Polymerase Chain Reaction (qPCR) provides a 

particularly useful tool for understanding the pathways being activated, by enabling the 

researcher to measure the expression of different proteins, described in Section 2.6.1.  

To direct differentiation of MSCs, understanding the biological signalling pathways specific to 

each lineage and the proteins they induce are critical. Of key note for osteogenic pathways in 

MSC differentiation are the Runt-Related Transcription Factor 2 (RUNX2)  pathway and the 

alkaline phosphatase (ALP) pathway308. RUNX2 has been shown to be critical to osteoblast 

differentiation of MSCs310. The RUNX pathway works through the formation of a heterodimer of 

one of the RUNX proteins forming a heterodimer with the core binding factor β, after which the 

dimeric transcription factor will translocate to the nucleus, and bind the Runt sequence, 

beginning transcription of relevant proteins. Of this pathway, RUNX1 is important for 

chondrogenic cartilage matrix synthesis and haemopoietic stem cell differentiation311,312, RUNX2 

is key in differentiation into osteoblasts and chondrogenic cells313, and RUNX3 is needed for 

epithelial, neural and chondrogenic differentiation313-315. The ALP pathway is critical for 

differentiation of BONE MARROW MSCs into osteoblasts, and are an essential part of bone 

mineralisation, with MSC-specific knockouts showing hypophosphatasia, showing the criticality 

in MSCs specifically. ALP is involved in the phosphorylation of GSK3β by binding LRP6, altering 

the WNT/β-Catenin pathway and enabling lineage switching into osteoblasts. Therefore, these 

are critical genes for examining osteogenic differentiation of MSCs, and potential of treatments 

for directing differentiation from this sclerotic phenotype noticed. As additional gene involved 

in osteogenesis is VEGF, which indirectly mediates ossification by angiogenesis, or blood vessel 

formation, as such is also commonly expressed in MSCs316. 
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Whilst critical for osteogenesis, ALP has also been cited as a marker for general differentiation, 

with aged cells showing low expression not being able to differentiate282,283,317. Increased 

expression of ALP suggests a greater capacity and inclination for MSCs to differentiate, and so 

whilst foremost marks osteogenesis, may also describe differentiation capacity, as seen in 

Chapter 4, with ALP expressing cells still undergoing chondrogenesis. 

For chondrogenesis, critical pathways include the Transforming Growth Factor Beta(TGFβ) and 

SRY-Box Transcription Factor 9 (SOX9) pathways, as well as expression of Collagen 2 (COL2A), 

Aggrecan (ACAN) and Cartilage Oligomeric Protein (COMP), all of which being driven by the SOX9 

pathaway318-320. The SOX9 pathway is considered the master pathway for chondrogenesis, being 

the primary regulator of chondrogenic differentiation and maintaining cartilage and preventing 

transition to bone. TGF-β is also critical in this process, but is closer linked to maintaining 

cartilage over initiating chondrogenesis319. This is also critically involved in many other processes 

such as the cell cycle and apoptosis321. In terms of articular cartilage in MSCs TGFβ3 prevents 

terminal differentiation of chondrocytes from MSCs to prevent movement towards bone319. This 

could potentially provide reasons for why microfracture eventually leads to fibrocartilage 

formation, as terminal differentiation was occurring.  

The last pathway, adipogenesis, was determined by the previous chapter to be less important in 

the talus, considering the reduced level of adipocyte differentiation, but is still important in 

terms of the tibia, as fat formation within a region where cartilage regeneration is being 

attempted would disrupt any growth. For MSCs, the key signalling pathway is the Peroxisome 

Proliferator Activator receptor gamma (PPARγ) pathway, which allows formation of adipocytes 

from pre-adipocytes. A knockout of PPARγ prevents any adipocyte formation, whereas knockout 

of other pathways does not prevent adipogenic differentiation by PPARγ322. Secondly is FABP4, 

which allows the maturation of these adipocytes. As such, both of these are excellent gene 

targets for identifying fat formation.  

When testing gene expression of MSCs, there is still need for additional markers outside for key 

differentiation pathways. Firstly, a “housekeeping” gene is required. This is defined as a gene 

which is expressed at the same level despite the conditions it is placed in. As such for this work, 

it was important that the different conditions wouldn’t have an effect, as such HPRT-1 was 

chosen, as it is used in the majority of similar studies219,291,323. Additionally, to ensure there was 

remaining MSCs, CD90 was measured (as in Flow cytometry work, Figures 4.1.9-10) as a surface 

marker of MSCs which had already shown CD90 expression and lack of negative markers which 

would indicate other cells present. Lastly, as uncultured MSCs were used, CD45 was also 

assessed, as a key surface marker of immune cells.   
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Overall, there is strong literature upon the general process of MSC differentiation, if not to a 

point where it can be directly controlled. The previous paragraphs show key genes required for 

MSC differentiation, and potential targets to investigate the lineages being induced by different 

stimuli. Next was to determine how best to direct MSCs away from this apparent bone-directed 

differentiation as seen in the previous chapter, towards a chondrogenic, reparative phenotype. 

As there is potential for these MSCs to already be directed towards bone synthesis, 

preconditioning was chosen to shift this to a chondrogenic phenotype. This has recently become 

a common technique in MSC treatment, with extensive literature320,323-325. Key strategies have 

included hypoxia, pharmacological agents and mechanical conditions. Hypoxia is used as 

resident MSCs inside niches are kept at 1-5% O2 before being exposed to higher conditions in 

the general culture environment (20% O2)326. Preconditioning of MSCs in hypoxia has shown 

increases in both proliferation, motility and differentiation capacity, however the latter only 

when in their micro-environment of umbilical cord MSCs323,325. Pharmacological agents for 

chondrogenic preconditioning employed most recently include both Platelet Rich Plasma (PRP) 

(or its derivative, platelet lysate (PL) and Kartogenin (K))134,141,142,194,324. To isolate PRP, blood is 

taken from the patient with an anti-coagulation agent added to prevent clotting. This is then 

centrifuged once to separate the blood into three layers, the upper (lightest) layer with mostly 

platelets and white blood cells, a second layer called the buffy coat, that is rich in white blood 

cells, and a bottom layer (heaviest) which is mostly red blood cells. Either the first or first and 

second layers are transferred to a new tube, and then this mix is centrifuged again to 

concentrate platelets and white blood cells, with any remaining plasma above (termed platelet-

poor plasma) removed. Pellets are then homogenized in ~ 5 ml of plasma to create PRP. This is 

demonstrated in Figure 5.1.1. For use in the lab, this undergoes 3 rounds of freeze-thawing to 

lyse the platelets, and release any growth factors 

within. This enables long term storage as well as 

potentially increased growth factor content, 

however this was only shown for VEGF, TGFβ1, 

PGDF-AB and bFGF136. Preparation of both PRP and 

PL is not always consistent, as some preparations 

use different centrifugation steps or different 

amounts of plasma to mix the pellet in, and for PL 

there is different freeze-thawing temperatures. As 

such it is essential that when using PRP or PL that 

the composition that shows the best benefits for 

the researchers aim is chosen, and that there is 

sufficient volume for the entirety of the 

Figure 5.1.1 Extraction of PRP from human 

blood. An anti-clotting agent including EDTA is 

added to blood to prevent clotting. 
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experiment136. PL preconditioning of MSCs has previously shown enhanced chondrogenesis of 

synovial fluid MSCs from the hip in pellet culture, as well as, as well as significantly enhancing 

chondrogenic potential of MSCs by 1-3-fold during 3D treatment after 

preconditioning138,140,327,328.  

The second stimulant mentioned was K. This is a small heterocyclic molecule shown to increase 

chondrogenesis by binding Filamin A, a protein which usually binds to actin. This displaces CBFβ 

from its cytoplasmic binding site, allowing it to move to the nucleus and begin the RUNX1 

pathway, which as earlier mentioned directs MSCs towards chondrogenesis. As this is specific, 

there is potential for RUNX2, which has been implicated as a driving factor of OA, being 

downregulated, leading to reduced osteogenic differentiation141,329.  As such this drug shows 

potential for both inhibiting osteogenesis and promoting chondrogenesis, the exact aim of this 

research. K preconditioning has shown significantly reduced expression of osteogenic-related 

genes (Collagen X and MMP13), as well as increased SOX9, aggrecan and collagen 2 compared 

to TGFβ treated cells324. Additionally, a second study found that 10µM K also increased 

proliferation 2-fold relative to standard 10% FBS MEM medium whilst also increasing 

chondrogenic potential by collagen 2 and aggrecan deposition in an osteochondral explant 

relative to human bone marrow MSCs without K330.  

Additional to stimulants used, it was also important to conduct experiments in media devoid of 

any xenogeneic materials, including FBS, to mimic cell environments and be closer to in vivo 

conditions. Typical in vitro growth serum includes FBS, which is derived from its namesake, 

bovine foetuses. Research has already shown that the use of human serum (HS) instead of FBS 

increases proliferation, although evidence suggests it does not affect surface marker expression 

or differentiation capacity331,332. Stimulants PL and K were added to media containing HS, and 

media with HS alone was used as a control. ChondroDIFF® (C) was used as a positive control to 

study MSC chondrogenic progression. 

This chapter aims to develop a method of preconditioning MSCs for chondrogenic differentiation 

in 2D, and investigate the effects, if any, of K, PL and hypoxia upon MSC behaviour. Osteogenic 

and adipogenic gene expression were additionally measured to observe and reciprocal 

relationships to chondrogenesis. It was expected that MSCs would have elevated expression of 

chondrogenic genes and reduced expression of osteogenic genes under hypoxia, K and 

ChondroDIFF (C) pre-treatment, whilst PL-treated MSCs would show less specific increases that 

may be further enhanced by 3D treatment.  
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 Specifically, this chapter will: 

• Develop a novel methodology for 2D preconditioning of MSCs towards chondrogenesis 

and test if histological methods show reliable results compared to gene expression 

• Investigate changes to MSCs behaviour during culture after 2D treatment with 

stimulants including K, PL and Hypoxia 

Objectives: 

• Develop methods to stimulate MSCs in 2D for preconditioning and investigate changes 

to morphology, ALP-expression and gene expression levels 

• Test the effectiveness of controls, using 10% HS in DMEM as an unstimulated control, C 

as a positive chondrogenic control, and SM as a negative control for chondrogenic 

preconditioning in 2D 

• Elucidate the effects of 10µM K, 50µM K, 10% PL, and hypoxia upon MSC differentiation 

capacity by ALP staining 

• Investigate the changes to the expression of osteogenic, adipogenic and chondrogenic 

critical genes after preconditioning using qPCR 

 

 

For method development, uncultured IC MSCs from patients undergoing orthopaedic surgery 

for metal removal following previous fracture were used, who were otherwise healthy with 

informed consent and ethical approval. Samples used in this chapter are in Table 5.2.1. These 

samples were from prior work as such were revived from frozen as explained in 2.5.6. 

 

Donor Donor Age Sex 

GCBM011 28 M 

BM140207 19 M 

TRBM010 44 F 

BM213 50 F 

BM313 42 M 

RC071 35 F 

Average 28 1:1 

Table 5.1 Donor Information for MSCs used in Preconditioning Experiments 
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 Pooled Human Serum 

HS was collected and pooled to create a large volume of serum with identical properties, as 

performed elsewhere332. Blood was collected from patients undergoing orthopaedic surgery for 

metal removal following prior fracture who were otherwise healthy, with informed consent and 

ethical approval. Blood was allowed to clot for 30 minutes, and then centrifuged at 15 minutes 

at 400 G to separate the serum from blood cells, and then serum collected. Table 5.2.2 shows 

donor information. 

 

 

 

 

 

 

 

 

 

 

 

To assess if preconditioning of MSCs with chosen conditions was beneficial for chondrogenesis, 

IC MSCs were treated with chosen biological stimulants and tested. This was performed in a 6-

well plate due to the ease of imaging and for performing replicates, as well as allowing sufficient 

cell growth for 14-day experiments and follow up assays. Basal media chosen was low glucose 

DMEM to mimic the environment of native chondrocytes, with 10% human serum (HS). 

ChondroDIFF® (C) was chosen as a positive control as used in chapter 4 for chondrogenesis. SM 

was used as a negative control, as it is used to ensure MSCs do not spontaneously differentiate 

during culture. K and PL were used as test biological stimulants as discussed in the introduction, 

for their reported ability to increase chondrogenesis, and K’s ability to supress 

osteogenesis141,143,327 (Section 5.1). PL and K were both prepared in DMEM with 10% HS. Lastly, 

hypoxia was considered as resident chondrocytes are in low oxygen conditions, at around 2% 

oxygen concentration, compared to the 5% oxygen concentration used in the laboratory325. 

 

Donor Donor Age Sex 

HCOA1 46 M 

HCOA2 49 M 

HCOA3 27 F 

HCOA5 23 F 

HCOA7 40 M 

HCOA8 35 F 

HCOA9 42 F 

Average 37 3M:4F 

Table 5.2 Donor Information for Pooled Human Serum 
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These MSCs were fed with basal media. Each media also contained 1% P/S to prevent infection. 

Media are given in Table 5.3, and the general experimental process is outlined in Figure 5.2.1. 

 

 

 

 

 

 

 

 

 

 

Frozen, uncultured MSCs extracted from human IC samples were revived (as in Section 2.4.8) 

into 1 5 ml of pre-warmed DMEM with 10% FBS. MSCs were seeded in triplicate wells for each 

condition, with 5x105 cells per well. This was counted as in Section 2.5.2. To each well,  2 ml of 

StemMACS media was added before thawed cell suspension was added, and left for 48 hours 

for MSCs to adhere. Media was then removed, wells washed with PBS, and respective media 

added (Given in Table 5.3). Wells were cultured for 14 days in  3 ml of respective media, with a 

half change twice a week. Subsequently, 1 well was used for qPCR to investigate changes in gene 

expression (Sections 5.2.9-5.2.116), and the other two wells were stained with alkaline 

phosphatase followed by toluidine blue to investigate changes in ALP expression and estimate 

differentiation potential (Sections 5.2.6-5.2.8).  Hypoxia culture is explained Section 5.2.4. 

 

 

Media Shorthand Control 

Low Glucose DMEM with 1% P/S Basal Media Test 

10% PL in basal media with 10% HS PL Test 

10 μM K in basal media with 10% HS 10 μM K Test 

50 μM K in basal media with 10% HS 50 μM K Test 

10% HS in basal media (1% P/S) 10% HS Basal media control 

ChondroDIFF (1% P/S) C Positive Control 

StemMACS(1% P/S) SM Negative Control 

Figure 5.2.1 Preconditioning methodology including revival, adherence, culture and testing steps. 

Table 5.3 Culture Condition Shorthand and Media Composition 
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Hypoxia was used to mimic in vivo conditions in cartilage. Hypoxia creates a key challenge to 

maintain the low oxygen environment throughout the whole experiment. Whilst key technology 

exists, access to a full hypoxic station was not possible for this project. Hypoxic culture was 

performed using an incubator which maintained oxygen concentration at 2% and other 

conditions the same as normal (37°C, 5% CO2), as used in similar work333. Cultures were briefly 

removed from hypoxia for media changes (twice per week) and images captured (once per 

week). Media was prepared prior to media changes to minimise the time spent. The hypoxic 

incubator was not opened outside of media changes and imaging as this would briefly change 

internal conditions. Ideally, use of a hypoxic tissue culture hood would have been available to 

maintain hypoxia during media changes to maintain a constant hypoxia environment, but this 

was unavailable. Following 14 days in culture, cultures were tested, with cultures fixed or lysed 

before normoxia of cultures. 

 

Live cells imaging and well-plate scans were performed as described earlier (Section 2.7.3). 

 

Alkaline phosphatase staining was performed as earlier described (Section 4.2.7.2). This was 

chosen as ALP is routinely used for assessing osteogenic differentiation capacity of MSCs (Fig. 

4.3.11). High basal level ALP staining has also however been associated with MSCs with higher 

differentiation capacity, without addition of differentiation medium (Section 2.3.2). This is a 

method designed by another group that was tested here to develop a method of investigating 

differentiation early on, whereas this group used it to investigate general differentiation 

capacity282. This was additionally followed up with colony analyses to understand differences 

between conditions, and toluidine blue analysis to examine whole colony structure, where 

feasible. ALP staining of hypoxic treated cells detached from the plate, as such images are not 

shown. As hypoxia did not show benefit by qPCR, it was not repeated. 

 

Toluidine blue was used to stain whole colonies, as it stains the background of all cells blue. This 

was used over methylene blue due to the fixation method. Toluidine blue is used as a standard 

method for cell colony area analyses334. MSCs were stained with toluidine blue after ALP, by 

adding  1 ml of 0.1% toluidine blue in dH2O for one hour. This was then washed 3 times in dH2O, 

until washes were clear.  
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Analysis of cell size was investigated based on previous chapter work showing key changes in 

MSC morphology, potentially relating to osteogenic precommitment85. A rudimentary analysis 

of cell size and shape was performed, as elsewhere335. From each culture, 3 images were 

captured at random and analysed. Scale was set using the set scale function from the scale bar 

on each image. In each image, 5 cells were chosen to be measured, for 15 replicates per donor. 

Manually, the line function was used to draw a line between the longest edge-to-edge distance 

of the cell, and this was defined as cell length. Another line was draw perpendicular to this 

between the edges of the cells, and defined as the cell width.  

 

Colony area analysis and integrated density was performed as earlier (Section 4.2.4-4.2.5), for 

both ALP and for toluidine blue stains. Area and integrated density were measured, however as 

seeded cell number was unknown, and PL colonies merged, colony number was not recorded. 

To further investigate ALP activity as a proportion of total cell number, toluidine blue area as 

well as integrated density was divided by the respective ALP value for each donor and multiplied 

by 100 to calculate ALP positive area of total area (or integrated density).  

 

Gene Full Name Function 

ALP Alkaline Phosphatase Osteogenesis 

RUNX2 Runt-Related Transcription Factor 2 Osteogenesis 

FABP4 Fatty Acid Binding Protein 4 Adipogenesis 

PPARG Peroxisome Proliferator Activator Receptor γ Adipogenesis 

SOX9 SRY Box 9 Chondrogenesis 

HPRT Hypoxanthine Phosphoribosyltransferase-1 Housekeeping Gene 

COL2A1 Collagen 2α1 Chondrogenesis 

Table 5.4 Genes Measured by qPCR of Preconditioned Samples 



181 

 

Methods are given in Sections 2.6.1-2.6.5. Genes assayed in this chapter are given in Table 5.4. 

 

 

Chapter 4 showed that talar and tibial MSCs have elevated chondrogenic potential to IC MSCs, 

however chapter 3 results suggested that MSCs were directed within the body to differentiate 

towards osteogenesis. In this chapter, experiments were undertaken to develop a method of 

investigating MSC differentiation to see if talocrural bone marrow MSCs could be directed into 

chondrogenesis instead, and the possibility of reducing osteogenesis, using IC cells as a model 

for experimental design. IC MSCs are often chosen for expansion ex-vivo and transplantation, 

and this chapter will also inform on the effects of PL, K, hypoxia, and HS in 2D culture. 

MSCs were images through culture to study growth behaviour, with Fig.5.3.1 showing MSCs at 

day 7. Whilst originally thought 2D culture method of the same MSCs would not present 

changes, there were some visibly clear differences. Controls 10% HS and SM both showed dense 

colony formation with typical fibroblast-like MSC shape (i), with the same seen in 10 μM K, PL 

and hypoxic cultures, whereas 50 μM K cultures showed loose colonies and poor growth (ii). 

ACAN Aggrecan Chondrogenesis 

COMP Cartilage Oligomatrix Protein Chondrogenesis 

VEGFA Vascular Endothelial Growth Factor α Angiogenesis 

PTPRC (CD45) Protein Tyrosine Phosphatase, Receptor Type C Immune Cell Marker (Regulates 

cell growth and differentiation) 

THY-1 (CD90) Cluster of Differentiation 90 Marks some stem cells 

Figure 5.3.1 Effects of Different Biological Stimulants upon Cellular Morphology After 7 Days 

Preconditioning. i Dense MSC colony, ii Sparse colony structure, iii multi-layer MSC nodule-like 

formation, iv MSC pre-nodule formation v– Loose colony-edge. vi – tight colony-edge. Images 

captured at 10x magnification, colony edge is GCBM011. Scale bar is 200μM 
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MSCs treated with C showed rounded cells, and rare colonies with nodule-like formation, 

forming a round multi-cell layer structure (iii). 10µM K preconditioned MSC cultures additionally 

showed early evidence of nodule formation with multi-cell layer regions, seen in other work of 

chondrogenesis (iv)336. Colony boundaries were loose in 10% HS, SM and 50 μM K cultures (v), 

but tight in C, 10 μM K, PL and hypoxic cultures(vi). These results support 10µM K for 

preconditioning, showing MSCs most closely mimicking C-preconditioned cultures. To further 

understand potential differences biological stimulants, MSC cell size was next quantified.  

MSC shape varies depending on the length of culture, as well as culture medium and the serum 

chosen. MSC shape shows links with differentiation precommitment, as such quantifying 

changes can provide some information on the effects of different biological stimulants and 

media. Firstly, images were captured under higher resolution to investigate the cells themselves 

(Fig. 5.3.2A). Of controls, SM showed elongated fibroblast-like structure and were relatively thin 

(i) compared to C treated MSCs which were far rounder (ii). Other treatments were somewhere 

between the two, however MSCs treated with 50µM K were much flatter with multiple 

projections (iii). Quantification MSC circularity (Fig. 5.3.2B) showed C-treated MSCs were the 

most round, being significantly more so than each other condition (p<0.02). Controls SM and 

10% HS showed the least round MSCs, representing the fibroblast-like shape seen. Of 

treatments, 10 μM K and PL preconditioned MSCs were around 2-fold more round than than 50 

μM K or hypoxic cultures, significantly more so for PL MSCs (p=0.0152 for both). Hypoxic and 50 

μM K treated MSCs mimicked the negative control, SM (Fig. 5.3.2B). Overall, MSCs 

preconditioned with PL or 10µM K retained the most similar morphology to C. After culture had 

finished, differentiation capacity was analysed. 

Figure 5.3.2 The Effect of Different Biological Stimulants Upon MSC Circularity after 7-day culture. A 

MSC morphology under higher magnification. i Thinner, more fibroblast-like morphology –. ii –rounded 

MSC morphology B MSC circularity. Circularity was calculated from height and length measurements 5 

MSCs of 5 images for 15 replicates, of 3 donors. Technical replicates are shown. Median and interquartile 

range with all data points is presented. A Friedmann test of biological replicates identified no significant 

differences. Significance was set at * p<0.05. C was significantly greater than each other condition 

(p<0.02). 
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After 14 days, samples were removed from preconditioning culture and investigated for 

differentiation capacity. Firstly, MSCs were stained for ALP, as a rough estimate of 

differentiation potential, based on findings of similar literature showing ALP is critical to 

differentiation of MSCs (Fig. 5.3.3)282. Hypoxic-treated colonies lifted off the plate during 

staining, and so are not included. All cultures stained positively for alkaline phosphatase. C-

treated MSCs presented many small colonies, whereas other treatments showed high ALP 

expression and many colonies, with almost full confluency in PL-treated cells. All conditions 

expressed ALP, showing they retained the osteogenic marker. However, comparison to the 

colony as a whole is required to understand how many cells are or are not expressing ALP. As 

such, plates were next examined under a microscope to better see the proportion of cells 

producing ALP. 
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Figure 5.3.3 Changes in ALP Expression by IC MSC Colonies after 14 Day Preconditioning 

with Different Stimulants as a Comparator for Differentiation Capacity. Representative images 

from 2 donors are shown. * - 50μM K shows donors are BM213, BM313 respectively. 
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Microscopy images of ALP staining mostly showed similar cell structures to what was seen at 

day 7 (Fig. 5.3.2), with 10% HS, SM and hypoxia treated colonies being dense with thin, long 

cells, and C or 10µM K treated MSCs showing slightly rounder cells (Fig. 5.3.4). PL-treated cells 

showed more rounded cells at this stage, and 50µM K treated MSCs again showed the flattened, 

spread out structure. Of the treatments, C, 10µM K and PL treated MSCs showed the darkest 

staining visible in most cells, suggesting higher ALP expression. SM-treated cells and hypoxic 

treated cells had the least staining, potentially suggesting these treatments are inhibiting ALP 

expression. The next step was to quantify overall colony structure and integrated density to 

investigate relative ALP expression per colony. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.4 ALP Staining of MSCs after Preconditioning in Various Biological Stimulants Under 

Microscope (N=3). i – fibroblastic MSC morphology.  ii – rounded morphology MSCs. iii – 

Flattened, spread out MSC morphology. Images were taken at x100 magnification. * For 50μM 

K the three donors are BM213, BM313 and RC071 respectively. 
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Integrated density was utilised earlier in this work to investigate MSC colonies stained by 

methylene blue (Fig. 4.3.7). In this case, relative ALP-positive density should reflect the intensity 

of ALP staining in each colony. This was performed on scans of the 6-well plates (Fig. 5.3.3). Of 

controls, SM showed the lowest integrated density, reflecting its typical role to prevent 

spontaneous MSC differentiation in culture. MSCs treated with 10% HS had the highest 

integrated density, around 50-fold higher on average than SM treated MSCs and was 

significantly greater than C colonies (p=0.04). Treatments 10µM and 50µM K treated MSCs had 

around 10-fold higher integrated density than C-treated MSCs. PL-treated colonies were of 

similar integrated density to C. These results suggest that 10% HS and K treated MSCs greatly 

express ALP, and may be slightly more osteogenic than PL. To detect differences in all MSCs and 

not just ALP positive cells, MSCs were subsequently stained with Toluidine Blue to see the effect 

on colonies overall. 
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Figure 5.3.5 Comparison of ALP-Positive MSC Integrated Density Between IC MSCs Treated 

with Different Stimuli. Median, interquartile range and range is shown with all datapoints.  Data 

shows each individual colony measured from 3 donors, with median and interquartile range. 

Data was compared using the non-parametric unpaired Kruskall-Wallis test with Dunn’s 

multiple comparisons test on biological replicates. *p>0.05. 
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To fully visualise colonies, toluidine blue was used to stain ALP-stained colonies (Fig. 5.3.6). 

Colonies were now more visible, and showed that other than C treated cultures, most conditions 

were fully confluent, with overlapping colonies. Again, C-treated MSC colonies were smaller with 

many spread out colonies. Colonies treated with 50µM K and SM were slightly more spread out 

and less confluent than other conditions, suggesting slower growth rates.  PL and 10% HS treated 

colonies were the most confluent, suggesting the highest growth rates. The far higher SM 

staining compared to ALP suggests a reduced tendency for differentiation. Overall colony area 

and density was next quantified to investigate the effects of different treatments on MSC colony 

structure. 
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Figure 5.3.6 Toluidine Blue Staining of ALP-Stained  IC MSC Colonies after 

14 Day Stimulation with Various Biological Stimulants. For each condition 2 

donors are shown. * - 50μM K images are from donors are BM213, BM313. 
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Changes in colony structure demonstrate the effect on MSCs of utilised conditions. Larger 

colonies suggest high proliferation, whereas dense colonies suggest reduced motility, both of 

which will affect the quality of tissue formed. Results will have been affected by the extent of 

merged colonies, but integrated density will still reveal, to an extent, relative differences in MSC 

number between colonies. Generally, colony area was similar in 10% HS and C controls, and 

remained similar in PL-treated MSCs also. SM colony area was higher, but 10 μM K and 10% PL 

colonies were the largest by 50-fold of 10% HS controls (Fig. 5.3.7A). This will likely have been 

affected by colony overlapping however, and so the true increase is likely less. Integrated density 

was similar in each control, as well as 50 μM K-treated MSCs. Similar to colony area, integrated 

density was higher in 10 μM K treated samples, but highest again in PL-treated cultures, being 

8-fold higher than controls (Fig. 5.3.7B). To directly compare ALP expressing MSCs as a portion 

of total and colony size between each treatment, ALP area as a proportion of Toluidine Blue area 

was measured as a final comparison.  

 

 

 

 

 

 

 

 

 

 

Figure 5.3.7 Quantification of Toluidine Blue Stained MSC Colonies Between IC MSCs 

Treated with Different Stimuli. A MSC Colony Area of after 14-day culture with different 

treatments. B Integrated density of MSCs after 14-day culture with different treatments. 

Median and interquartile range is shown with all datapoints. Data shows each individual colony 

measured from 3 donors. 
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By measuring ALP area as a proportion of total colony area by toluidine blue staining, a more 

accurate measure of relative differentiation capacity estimation could be established, by directly 

comparing ALP+ MSCs of total MSCs. As in ALP-only integrated density (Fig. 5.3.5), SM treated 

colonies had the lowest ALP+ proportion, being significantly lower than all other treatments 

except 50µM K (Fig. 5.3.8). Most treatments had around 60% ALP area of total colony area, 

including DM, 50µM and 10% PL treated cultures. The highest average ALP expression was by 

10µM K treated MSCs at around 75.6%, followed by C-treated MSCs at 64.6%. This method 

appeared to show the results expected, as well as positive results for the biological stimulants 

of interest by cell structure, colony area and ALP expression. However, as this is a new method, 

further validation was required to see if these results were accurate. As such, the relative 

changes in gene expression was next investigated. 
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Figure 5.3.8 Assessment of ALP Colony Area of Toluidine Blue Area to Estimate Relative 

Differentiation Potential of MSCs after Preconditioning in Different Media. Data points show whole 

well results for each donor and interquartile range. As 50μM K was only performed on 3 donors 

there is only 3 results. Data shows median and interquartile range with all data points. 
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By investigating relative gene expression, the effects of the different treatments upon MSCs 

grown in 2D culture could be quantified down to the signalling level for genes specific to MSC 

lineage-switching. As such, this is the only method of testing if chondrogenesis can be 

upregulated and osteogenesis downregulated in 2D cultures. As a first step, RNA needs to be 

isolated from cultures to be converted into cDNA for analysis. Relative RNA yield shows that 

MSCs remained transcriptionally active, and so is demonstrated first.  

As a reminder, this experiment was run twice, with hypoxia being removed in the second run as 

using the hypoxic incubator was impractical and cells lifted in ALP stains. Instead, 50 μM K was 

added as a condition. This means there are 3 cultures from 50 μM K and Hypoxia, and 6 for the 

remaining conditions. The total amount of RNA isolated is shown in Figure 5.3.9. Cultures from 

all stimulants remained transcriptionally active, with similar RNA being retrieved from each 

culture. The 50µM K sample had 1.3-1.5-fold RNA of other conditions. This RNA was next taken 

to be investigated for differences in gene expression, starting with chondrogenesis, as the main 

target of this work is to develop potential candidates for cartilage repair therapies.  
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Figure 5.3.9 Estimation of Isolated RNA Concentration Following Preconditioning in Various 

Biological Stimuli (N=3). Box plots show median and interquartile range. 
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First, qPCR was used to investigate chondrogenic gene expression(Fig. 5.4.10). Overall, no single 

condition created the highest increase in chondrogenic expression for every transcript chosen 

(Fig. 5.4.10A). As expected, C showed the highest expression of COMP, SOX9 and COL2A1, by 4-

fold, 2.2-fold, and 0.5-fold increases respectively of SM, the negative control, with 10% HS 

between the two. However, C showed no apparent increase in ACAN expression, whereas 10µM 

K showed a 2.5-fold increase, and was the only treatment to increase compared to SM. COMP, 

COL2A1 and SOX9 expression was similar in 10% HS, and all three treatment groups. Neither 

hypoxia nor 10% PL showed increased expression in any gene on the negative control. Hypoxia 

also showed an 8-fold decrease in COMP compared to the negative control.  

For donor specific trends in COMP, C-treated MSCs showed a stable increase in COMP, of 4.5-

fold the housekeeping gene for all donors (Fig. 5.4.10B). Donor GCBM11 showed increased in 

COMP expression by each biological stimulant, likely due to the 28-year old donor having highly 

chondrogenic MSCs. For the other 5 donors, there was a consistently lower expression in all test 

conditions of around 5-fold, other than the 8-fold reduction seen in hypoxic treated MSCs.  

For the most part, ACAN expression was identical in all treatment medias with stable behaviour 

between each donor, suggesting that all controls did not affect its expression (Fig. 5.4.10). 

However, in all 6 donors there was an increase in 10µM K compared to the positive control with 

a 2.5-fold increase on the negative control.  

Expression differences in COL2A1 were again stable between each donor, with expression 

increasing in 5 of 6 donors in C-treated MSCs relative to SM-treated MSCs, averaging a 4-fold 

increase (Fig. 5.4.10D). MSCs treated with 10µM K showed only a 1.1-fold increase on SM-

treated cells. 

Lastly, SOX9 expression showed increased expression in the highly chondrogenic donor in 10 μM 

K. However, there was no clear trends in other conditions or donors for SOX9 expression. As 

such it seems apparent that SOX9 was not greatly altered in 2D conditioning (Fig. 5.4.10E).  

Overall results confirm that C is the most effective at enhancing chondrogenic gene expression 

in 2D, however 10µM K does increase ACAN, a major component of cartilage, where C did not 

show an increase. Additionally, PL showed similar chondrogenic response to the positive control 

in 3 of 4 genes, as such does show efficacy. As it was hoped these biological stimulants could 

also supress sclerosis seen in the OA environment, osteogenic gene expression was next 

investigated. 
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Figure 5.3.10 Expression of Genes Related to Chondrogenesis in IC MSCs after 14 Day Preconditioning in 

Various Stimulants (N=6, 50μM K and Hypoxia N=3). A Comparison of overall expression of COMP, ACAN, 

COL2A1 and SOX9. B Paired donor gene expression response of COMP by different biological stimulants. 

C Paired donor gene expression response of ACAN by different Biological Stimulants. D Paired donor gene 

expression response of COL2A1 by different biological stimulants. E Paired donor gene expression 

response of SOX9 by different biological stimulants. LD on A means Low detection, in that less than 3 

donors had recordable levels of expression. Error bars on A are mean ± standard error. On B-E, lines 

connect individual donor results between each condition. Data was analysed by the non-parametric 

Kruskall-Wallis test with Dunn’s multiple comparisons test. * p<0.05. 
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The potential for suppression of osteogenic gene expression was investigated next. ALP, RUNX2 

and VEGFA have all shown to be key links in osteogenesis and so were measured by qPCR. (Fig. 

5.3.11). Again, there were no significant differences of assessed transcripts. Of controls, as 

expected, SM cultures most greatly supressed ALP, RUNX2, and VEGF, as it is designed to reduce 

differentiation. The most expression of ALP, RUNX2 and VEGF in the controls was in 10% HS 

cultures, with C-treated cultures being slightly below 10% HS, both around 2-fold of SM-treated 

cultures for each. Interestingly, 10 μM K preconditioned MSCs had the highest ALP, RUNX2 and 

VEGFA  expression, by 2-fold or more of C, meaning RUNX2 or other osteogenic genes were not 

supressed, at least in 2D conditions, at this concentration. However, 50 μM K successfully 

supressed RUNX2 relative to other cultures, and so may be more effective at this concentration. 

However, VEGFA and ALP were at similar levels to 10% HS. PL cultures showed similar ALP and 

RUNX2 behaviour to 10% HS, which considering their similar components makes sense, although 

VEGFA expression was lower. Lastly, hypoxia showed higher expression of RUNX2 and ALP 

relative to 10% HS, and similar VEGFA, suggesting an osteogenic response (Fig. 5.3.11A).  

Generally, donor trends were clear for all 3 genes, with SM supressing expression of all 3 genes 

relative to C, 10 μM K cultures showing higher expression of RUNX2 relative to C cultures, 

whereas 50 μM K cultures had lower expression than C (Fig. 5.3.11A-C). Overall, it seems that 

10 μM K is unable to supress RUNX2 in 2D, and no treatment supressed RUNX2 as much as SM, 

and so further work in 3D is required to see if RUNX2 can be supressed. Whilst 50 μM could 

supressed RUNX2, it also supressed chondrogenic gene expression. As another key lineage of 

MSCs, changes to adipogenic gene expression was next investigated. 
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Whilst increased adipogenesis was not seen in the histology of resident talocrural BM MSCs, 

elevated adipogenic protein synthesis would inhibit healthy repair of both bone and cartilage, 

as such understanding if different biological stimulants affect these was important. As such, 

FABP4 and PPARG were measured (Fig. 5.3.12) Of controls, 10% HS, SM and C all had similar 

FABP4 expression, and only SM suppressed PPARG relative to C and 10% HS. 10 μM KGN 

increased FABP4 expression but not PPARG relative to 10% HS and C, but kept similar PPARG 

expression. 10% PL and Hypoxia both showed the lowest FABP4 and PPARG expression (Fig. 
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Figure 5.3.11 Expression of Genes Related to Osteogenesis in IC MSCs after 14 Day Preconditioning 

in Various Stimulants (N=6, 50μM K and Hypoxia N=3). A Comparison of overall expression of ALP 

and RUNX2. B Paired donor gene expression response of ALP by different biological stimulants. C 

Paired donor gene expression response of RUNX2 by different biological stimulants. D Paired donor 

gene expression response of VEGFA by different biological stimulants. Mean ± standard error is shown 

for A. On B-D, lines connect individual donor results between each condition. 
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5.3.12A). Donor trends were similar for both FABP4 and PPARG, with only one exception being 

one donor treated with C showed FABP4 suppression, not matched in other cultures (Fig. 

5.3.12B). For PPARG, the general trend per donor was very consistent, with a sustained 

reduction in expression in SM compared to 10% HS and C, with 10% HS and C treated cells 

showing similar levels of expression per donor. PL showed significant reduction of PPARG 

expression compared to 10% HS control and 10 μM K cultures, and SM had significantly reduced 

expression to 10% HS as well, suggesting both can reduce expression of PPARG (Fig. 5.3.12C). It 

seems no stimulant had a major effect on adipogenic gene expression, other than PL supressing 

PPARG. 
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Figure 5.3.12 Expression of Genes Related to Osteogenesis in IC MSCs after 14 Day Preconditioning 

in Various Stimulants (N=6, 50μM K and Hypoxia N=3). A Comparison of overall expression of ALP 

and RUNX2. B Paired donor gene expression response of ALP by different biological stimulants. C 

Paired donor gene expression response of RUNX2 by different biological stimulants. Mean ± standard 

error is shown for A. On B-C,  lines connect individual donor results between each condition. 
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All three biological stimulants caused growth in cultures with active transcriptional activity, and 

therefore support cellular activity. To summarise, controls showed expected behaviour, with 

SM-preconditioned cultures showing suppression of most genes measured relative to other 

controls, and C-preconditioned cultures induced higher expression of  chondrogenic genes 

COMP, COL2A1 and SOX9. Basal media 10% HS presented a middle ground of expression of each 

gene without major biological stimulants. Of treatment conditions, only 10 μM K elucidated any 

increase in chondrogenic gene expression, and only for K, however it did not supress RUNX2 in 

preconditioning. Whilst 50 μM K supressed RUNX2, there was also suppression of chondrogenic 

genes and poor growth rates as seen earlier in the chapter. Both 10 μM K and PL supported IC 

MSC growth with larger and more dense colonies, and either had similar chondrogenic gene 

expression or increase relative to C, and so were taken further into 3D conditions to see any 

effects that may be elucidated in 3D. Hypoxia mostly supressed chondrogenic gene expression 

and elevated osteogenic genes, which is not beneficial to cartilage repair, and therefore was not 

taken further.  
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This chapter aimed to develop a method of preconditioning MSCs, and to see the effects upon 

MSCs proliferation, cell shape, and differentiation marker ALP, to test if it was effective. The 

previous chapter showed that talar and tibial MSCs are more capable of chondrogenesis than IC 

MSCs, however also show increased calcium deposition. This follows on from results of Chapter 

3, which showed CD271+ resident MSCs were correlated with more damaged regions of cartilage 

bone, as well as with bone sclerosis and newly embedded osteocytes. This suggests resident 

MSCs are focusing on bone synthesis instead of cartilage repair, leading to large changes in tissue 

biomechanics. This chapter has developed methods of preconditioning MSCs towards a 

chondrogenic phenotype, using xeno-free, clinically applicable biological stimulants, K and PL.  

This chapter has shown that both K and PL show evidence of being able to enhance chondrogenic 

capability by preconditioning, being compared with a positive control for the first time, C. Both 

10 μM K and P induced rounder MSC phenotype associated with chondrogenesis, but not to the 

same extent as C. Unexpectedly, 10 μM K did not supress ALP activity after 14 day 2D culture, 

as a stimulant cited for its ability to supressing osteogenesis, which has not been shown 

before141. However, neither C nor 10% PL supressed ALP area of total colony area relative to SM 

either. Both 10 μM K and PL were shown to support MSC proliferation to a far greater extent 

than the control C, but also SM. All conditions retained transcriptional activity of MSCs, however 

C showed the greatest increase in chondrogenic gene expression for COMP, COL2 and SOX9, 

which as media for in vitro chondrogenesis is expected. ACAN expression was only increased in 

the 10 μM K preconditioning MSCs. However, other markers of chondrogenesis did not increase 

in this condition relative to the negative control, SM. Osteogenic genes were only suppressed 

by 50 μM K preconditioning, and adipogenic gene expression was elevated in each condition 

relative to the basal media, which has not been shown before. K showed the most effect in 

preconditioning as a xeno-free medium to enhance chondrogenesis, with strong proliferation 

not seen in C, however, did not supress osteogenesis. PL showed rapid proliferation without loss 

of chondrogenic gene expression, which is also of benefit to preconditioning. In general, there 

were no significant differences between treatments, however K and PL both showed benefits by 

preconditioning and so were taken forward for 3D treatments. 

The effect of colony structure upon differentiation capacity is not well explored in the literature, 

and so the importance of different colony boundaries is unknown. However, the chondrogenic 

nodule formation has been visualised previously, and has been positively stained for Alcian blue, 

which stains sulphated GAGs180. This process starts by MSCs moving from a single-layer structure 

to a multi-layer cell structure, which was seen in both C and 10µM K treated samples. This 

demonstrates that MSCs were beginning early chondrogenic differentiation in vitro on a 2D 



197 

surface, in both C-treated and 10µM K treated samples. This supports preconditioning for 

initiating the differentiation process. This greatly supports 10 μM K preconditioning for MSC 

chondrogenesis, and that C is an effective positive control.  

MSC structure has been tightly linked with their differentiation capacity in the literature as 

already discussed in previous chapters273,337. MSC shape effects differentiation through the 

cytoskeleton, activating intracellular signalling180. Freshly isolated cells present a circular 

morphology when first seeded, but typically become fibroblast-like, as demonstrated in Chapter 

4 (Fig. 4.4.2). This structure however has been associated with all 3 lineages, osteogenesis, 

chondrogenesis and adipogenesis, but was observed in the positive control, C, PL and 10µM K 

treated MSCs in this work (Fig. 5.4.1-2)273. Therefore, in this example, it seems more likely to be 

related to chondrogenesis. Remaining conditions demonstrated a more fibroblastic shape, 

confirmed by MSC circularity measurements, typical of cultured MSCs. 

Whilst ALP staining is used as an early marker of osteogenic differentiation in MSC classification, 

as performed in Chapter 4 (Fig. 4.3.11), this does not demonstrate osteogenic commitment and 

is also associated with general differentiation capacity as well282. As earlier mentioned, non-

tissue specific ALP production has been linked in multiple studies with increased differentiation 

capacity of MSCs, into bone, fat, and cartilage282,283. As ALP was expressed in each treatment, 

MSCs remained capable of differentiation. SM showed the most suppression by ALP of total 

colony area, showing that the media supresses differentiation as it is intended to. 10% HS and C 

treatment showed similar ALP of total area to total area as each treatment condition, with 10% 

PL being slightly lower. This suggests that in each condition MSCs remains capable of 

differentiation, but without major reduction in the osteogenic marker ALP. This has been shown 

previously, with HS showing increased differentiation potential and proliferation in 2D 

culture331,332. K has been shown to enhance chondrogenesis in both 2D and 3D culture, whereas 

PL has been shown to contribute to all three lineages in 2D and 3D136,141,328.  

Looking at colony structure after toluidine blue staining, PL and 10µM K showed the largest 

colony areas. However, these cultures were highly proliferative, and so there was merging of 

colonies, and so is it likely individual colonies were smaller. C showed the smallest colonies, 

showing there was low amounts of proliferation. As PL has both growth factors from HS and PL, 

this would likely account for the rapid proliferation and large colony size. As both 10µM K and 

PL showed high proliferation, and similar MSC morphology to C-treated MSCs, preconditioning 

in these conditions may enhance chondrogenic ability whilst also allowing the rapid MSC 

proliferation required. Integrated density was similar in every condition except from PL-treated 

MSCs, suggesting that not only is the colony area larger as just mentioned, it is also more dense. 

This however may be related to containing both PL and HS, and therefore many growth factors. 
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Gene expression of cartilage genes was investigated to see if preconditioning could induce a 

prechondrogenic state in MSCs. As this was a 2D methodology, there was not expectation that 

these markers would be elevated as chondrogenesis usually requiring a 3D environment. 

Previous work has shown COMP and ACAN being  increased in 2D MSC culture however 219. Gene 

expression results confirmed that positive control C was the most chondrogenic, with elevated 

COMP, COL2A1 and SOX9 expression. For the most part there were little differences between 

the negative controls and the test conditions, with no significant differences. Interestingly, 

10µM K did lead to a marked increase in ACAN, not seen in C-treated MSCs. This may be through 

a specific pathway K is able to act through, which C does not. Another study of K-preconditioning 

in 2D has been completed, and also found increased ACAN activity, but also increased COL2A1 

or SOX9 expression. However, these genes were measured after additional 3D culture, which 

shows hope for K-treatment in 3D324.  

Osteogenic gene expression was used to see if the osteogenic traits seen in OA MSCs from talus 

and tibia could be suppressed by preconditioning, to revert the behaviour seen in Chapter 4. ALP 

gene expression results were very similar to what was seen in ALP area of total area, validating 

this method at least in terms of estimating ALP expression. Interestingly, RUNX2 was elevated 

in 10µM K treated samples relative to controls. Whilst the literature states that RUNX2 should 

be supressed by 10 μM K, this is from treatment in 3D, as such K may not be able to supress 

RUNX2 in 2D at this concentration141. Whilst 50 μM K was able to supress RUNX2, it also induced 

a morphology suggestive of senescence, as well as poor proliferation, and appeared to supress 

chondrogenic gene expression. As such this suppression comes at a cost to the target of cartilage 

repair. MSCs were also investigated for VEGFa expression, as it has been shown to be related to 

osteogenic activity of MSCs. This was unchanged in all conditions bar one donor after 10µM K 

treatment which showed a marked increase . This appears to be a donor specific response, or 

an anomaly. To understand this further, analysis in 3D work was required to see if this continued. 

Overall, it was unclear if any drug was able to supress bone formation whilst retaining 

chondrogenesis by commonly assessed markers of osteogenic differentiation303,313,318,329.  

Adipogenic gene expression was again lowest in SM and hypoxia. This is as expected, as SM 

inhibits differentiation, and hypoxia has previously been shown to downregulated adipogenesis, 

specifically in MSCs333. Interestingly, 10µM K and C increased PPARG expression relative to the 

other controls. This is potentially related to cytoskeletal differences as mentioned earlier, as the 

cytoskeletal arrangement may also be preferable for adipogenesis. As such, seeing if this persists 

in 3D culture is important to see if this may be a complication337. PL-treated MSCs did not 

increase adipogenic gene expression relative to negative controls, and so may be more suitable 

in the case that adipogenesis does initiate in 10µM K treated samples.   
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MSCs from some donors showed more specific responses to different treatment conditions. 

Older donors (RC071) seemed to have high adipogenic and angiogenic expression, whereas 

younger donors, in particular GCBM, showed a stronger chondrogenic gene response. This 

matches existing literature that younger MSCs are more able to form cartilage, however also 

advocates attempting regenerative treatment either at early stages or prior to when OA is 

thought to be onset, such as to small cartilage lesions from sports injuries317. However, as shown 

in chapter 4, MSCs from donors of all ages were able to synthesise cartilage, and as talocrural 

MSCs had an apparent higher chondrogenicity, this may not be as true in MSCs from this site. 

Additionally, the extent of OA progression will have likely played a role, particularly based on 

the early-osteogenic behaviour seen in freshly seeded MSCs in Chapter 4. As these talocrural 

samples were so rare however, this chapter was only performed on IC cells, with ankle MSCs 

only being used once the preconditioning and 3D culture method was optimised.  

In conclusion, controls C, SM and 10% HS all performed as anticipated, with C showing increased 

chondrogenic marker expression, SM showing suppression of both ALP activity and gene 

expression from each lineage, and 10% HS a middle ground as the basal media. ALP staining of 

total colony area showed similar results to ALP gene expression, therefore is a valid, cheaper 

method for investigating relative number of MSCs capable of osteogenic differentiation. 

Preconditioning showed elevated chondrogenic markers and therefore appears beneficial for 

initiating chondrogenesis whilst expanding low numbers of MSCs, however osteogenicity was 

not supressed by any condition. Treatment 10 μM K showed increased ACAN expression, whilst 

both PL and 10 μM K conditions did not supress remaining chondrogenic markers relative to 

basal media whilst greatly increasing proliferation, and so are suitable xeno-free biological 

stimulants for attempting to drive chondrogenesis. Whilst C did enhance chondrogenesis, the 

lack of proliferation made it unsuitable for treatments. The next step was to investigate the 

ability of these biological stimulants in 3D conditions, to see if chondrogenesis was increased 

further and if osteogenesis could be supressed, and then the model applied on talocrural cells 

to see if K or PL could enhance chondrogenesis in OA samples. Based on results of this chapter, 

PL and K were chosen for preconditioning for their ability to rapidly generate large numbers of 

MSCs, which C could not. For 3D treatments, both PL and K were attempted based on results of 

this chapter and the literature suggesting their benefit, and C was used as a positive control after 

preconditioning.  
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In this work so far, MSCs with chondrogenic potential were for the first time successfully isolated 

from bone of the human talus and tibia isolated from end-stage OA patients. Histology of the 

osteochondral tissue in talus and distal tibia showed in vivo CD271+ MSC presence, however this 

associated with new bone formation and in regions where new bone formation was identified 

including osteoblasts, new osteocytes, and immature collagen, suggesting a link between MSCs 

and bone formation. Compared to IC controls from non-OA patients, these MSCs showed 

increased chondrogenic capacity, and in the talus reduced adipogenic capacity. Despite this 

increased chondrogenicity, there was a favouring of bone formation within the tissue, 

suggesting that MSCs may be pre-disposed towards bone formation in the body, but still retain 

a strong chondrogenic ability with the right stimuli. 

The previous chapter investigated the effectiveness of preconditioning for enabling 

chondrogenic expression of IC MSCs in a 2D environment, comparing K and PL to C, 10% HS 

DMEM and SM. Compared to SM, the expansion control, all conditions increased ALP expression 

and expression of various differentiation markers. Importantly, there was increased colony 

growth seen in 10% HS-treated and PL-treated IC MSC cultures compared to SM without loss of 

expression markers. The positive control, C, was  the most effective for the upregulation of SOX9, 

COL2A1 and COMP genes, however ACAN expression was upregulated most greatly in K-treated 

cultures.  However, none of these increased significantly compared to other groups. As 

chondrogenesis cannot occur without 3D conditions, this was expected. As chondrogenic gene 

expression was similar between 10% PL, 10 μM K and the positive control treated , without any 

significant changes compared to C. PL and K were selected as suitable conditions for 

chondrogenic treatment of MSCs. The next step was to move these preconditioned cells into a 

3D environment, to develop a method using IC MSCs that could also be applied to talar and tibial 

MSCs, and allow assessment of actual chondrogenic behaviour such as GAG production.  

As mentioned in previous chapter, MSC differentiation depends on biological signalling, 

biomechanics, material and cell source, as well as interacting cells. As such, the choice of 3D 

environment needs to match both material and mechanical requirements, as well as allowing 

cell adhesion, interactions and biological signalling. Hundreds of different materials for 

chondrogenic differentiation of MSCs have been investigated, with simple methods of 

chondrogenic inducement, or materials with additional functions such as inhibition of matrix 

degrading enzymes. The most common and successful methods include simple pellet culture as 

used in chapter 4 (Section 4.2.8), as well as specific materials including agarose, alginates, 

chitosan, collagen, fibrin, hyaluronic acid, polyglycolic acid and polycaprolactone, or 

combinations of these. Of these, collagen-based scaffolds are the one most often made to the 
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clinic, such as in the form of Chondro-Gide. Comparatively, alginate, agarose and PCL find far 

less use clinically. This is in part due to the difficulty of getting medical approval, with devices 

that already have medical approval setting a precedent, allowing more rapid approval of devices 

and materials with the same approach. As such, collagen has become a common material, on 

top of its suitable properties and ability for functionalisation. The benefits and examples of these 

are listed in Table 6.1.1.  

 

 

Name Key Benefit Key Pitfall Clinical Example 

Agarose Tuneable mechanical 

properties 

Simple to use 

Suitable for mechanical 

loading, inert 

Doesn’t interact directly with 

cells which can make them 

abnormal 

Cartipatch® 

Alginate Easily gelated, cheap, tuneable 

mechanical properties, can 

encapsulate cells 

Relatively fast degradation 

Does not directly interact with 

MSCs alone 

Cartipatch® 

 

 

Chitosan Similar structure to GAGs 

Enhances collagen type II and 

aggrecan synthesis 

Broken down by intrinsic 

human enzymes. Produces 

good quality neocartilage, may 

inhibit adipogenesis 

Unstable and low porosity, and 

can be difficult to develop 

scaffolds 

None found for 

cartilage repair, used 

in wound healing 

(Chitoseal (Abbot 

Vascular Inc.)) 

Collagen Cells adhere and interact with 

collagen, maintaining their 

phenotype 

Quality varies between 

batches including 

degradability and mechanical 

properties 

MeRG® 

Chondro-Gide® 

NeoCart® 

MaioRegen® 

CaReS® 

CartiMaix® 

Table 6.1 Common Biomaterials Used for Cartilage Synthesis 
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Table 6.1 Common Biomaterials Used for Cartilage Synthesis 

Fibrin Low toxicity and cost, 

promotes adhesion and cell 

migration, regularly used in 

surgery 

Can be broken down by 

cellular enzymes, poor 

biomechanical properties 

BioCartTMII® 

(ProChon Biotech) 

Used to glue most 

other scaffolds into 

the repair site 

Hyaluronic 

Acid 

Maintains hydration, firmness, 

plasticity and viscosity. Low 

toxicity, supports MSC 

migration 

Poor biomechanical strength, 

some evidence its as effective 

as PBS 

Hyalofast® (Anika) 

Chondrotissue® 

(Biotissue) 

BioCartTMII® 

(ProChon Biotech) 

Polyglycoli

c Acid 

Tuneable mechanical 

properties, high Young’s 

modulus, 

Can be combined with other 

materials 

Easy to direct structure 

Rapid degradation, 

degradative products (glycolic 

acid) can cause acidosis 

Chondrotissue® 

(Biotissue) 

Polycaprol

actone 

Good for drug release, 

biodegradable, biocompatible, 

resistant to hydrolysis, good 

mechanical strength 

Amorphous so difficult to use None found for 

cartilage repair 

Data adapted and combined from 338-341 

Material design has become an extremely complex process, and more recently the addition of 

specific proteins has become the forefront. This may aid cell recruitment, motility or 

differentiation, such as addition of RGD peptides or entrapment of chondrogenic factors like 

TGF-β, making a field which requires an understanding of chemistry, biology, engineering and 

medicine. 

This work was designed to identify if endogenous MSCs have the capacity to be recruited to the 

defect from the bone, and then if these MSCs could be directed towards chondrogenesis and 

away from their previous osteogenic behaviour, with the use of stimulants which could be used 

within the human body. Based on this, as well as the above, the following criteria were chosen. 

The scaffold needed to enable diffusion of nutrients into the scaffold. The scaffold needed to 

match the mechanical properties of cartilage to direct a chondrogenic MSC response. The 
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scaffold should be able to work synergistically with existing techniques such as microfracture. 

Lastly, the scaffold should be able to last long enough to initiate repair, but be biodegradable 

within the body when it is no longer required. 

The biomechanical properties of cartilage differ by both joint and by location. Studies are not 

always comparable, as the mechanical properties tested vary by the aim of the project, and the 

available tissue, resulting in different experimental methodology and different units, making 

comparison more difficult. As mentioned, methods for investigating cartilage properties of OA 

talocrural tissue were optimised and attempted in this work (Section 3.2.13-15), however the 

results are not available yet. One study investigating compressive modulus in non-diseased 

tissue found that cartilage of the ankle has the highest compressive modulus of all joints, varying 

between 10.3-20.4 MN/m2 in talus and 8.0-16.1 MN/m2 in distal tibia, compared to 4.2-11.6 

MN/m2 at the femoral head342. This is linked to the composition of human ankle cartilage as 

discussed in Chapter 1, such as the increased superficial cartilage depth13. To use a more 

comparable value, the elastic modulus of articular cartilage is generally cited to be 0.25-0.7 MPa, 

again being slightly higher in the non-diseased human talus and tibia, at 1.06 MPa and 1.19 

MPa15.  However, on the nano-scale, this value is much lower, of around 30-60 kPa343. As this 

project aimed to develop a material which drives MSC chondrogenic differentiation, this lower 

value was aimed for, firstly based off the mechanical properties of cartilage and secondly off the 

existing literature that shows MSCs are more driven towards chondrogenic differentiation in 

softer materials. Xue et al. showed that chondrogenic markers were upregulated on a material 

with an elastic modulus of 1.6 kPa compared to 40 kPa, including SOX9, ACAN and COL2A1344. 

The composite material Fibrin alginate (FA) can provide these properties. Previous literature for 

FA at this concentration and bead size has shown an elastic modulus value matching between 

cartilage properties and the soft material, of around 20 kPa with a 30 mg/ml fibrin to 16 mg/ml 

alginate ratio181. Additionally, the material is simple to sterilise, synthesize, as well as simple to 

break down for follow-up experiments. Lastly, the material is well tolerated biologically and 

breaks down over time without external influence345. FA-based scaffolds however also have 

additional benefits – fibrin has been shown to encourage MSC homing, as well as increasing 

chondrogenic gene expression as well as vasculogenic, myogenic and neurogenic 

lineages181,187,346-348. Calcium alginate can be instantly broken down using EDTA, beneficial for 

experiments that require isolation of cells, as well as have been shown to maintain rounded 

chondrocyte structure and chondrocyte phenotype, which would aid MSCs once 

differentiated349. Additionally, mechanical properties of alginates are controlled by 

temperature, G-content of alginate used, and rate of gelation. Slower gelation means a more 

rigid structure, as such room temperature, alginate and calcium as a the gelling agent were 

chosen for rapid gelation to attain a lower elastic modulus350. 
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This chapter aims to develop methods for investigating the ability of 3D culture to drive MSC 

differentiation towards chondrogenesis, including in FA and by pellet culture. This was 

performed following 2D preconditioned MSCs detailed in the previous chapter, and compares 

pellet culture to a FA biomaterial. Additionally, the ability of biological stimulants with potential 

for clinical use, PL and K were further investigated for their ability to drive chondrogenesis whilst 

downregulating osteogenesis. The method was developed on IC MSCs before testing distal tibial 

and talar MSCs. 

Specifically, this chapter will: 

• Develop a 3D biomaterial and conditions for 3D culture of MSCs for chondrogenic 

differentiation which mimics the clinical scenario 

• Investigate effects of different 3D culture methodologies in combination with K, PL or C 

treatment upon MSC morphology and gene expression in IC, distal tibia and proximal 

talus after preconditioning. 

 

 

Objectives: 

• Design methods of 3D culture and analyse the effect upon MSC chondrogenic capability 

through imaging and biochemical assessment of GAG content 

• Measure changes to MSC behaviour through histology including toludine blue and 

immunohistochemistry, and gene expression 

• Test the effectiveness of 10% PL, or 10µM K/10%HS preconditioning upon MSCs after 

additional 3D culture 

• Test the effectiveness of 50% PL or 50% PL with 10µM K as a treatment in 3D compared 

to C-treated MSCs after 2D preconditioning 

• See if the innate differences in MSC differentiation capacity demonstrated in Chapters 

4 and 5 effects the chondrogenic capability of distal tibia and talar MSCs compared to 

IC MSCs 

• Investigate if K sufficiently reduces osteogenic gene expression through qPCR 
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In this Section, samples from both IC, and OA talus and distal tibia were used. These are listed 

in Tables 6.2.1 and 6.2.2. All MSCs used were from frozen, previously isolated from donor IC, 

distal tibia or talar bone (Section 2.4.2), which were thawed (Section 2.5.7) and then underwent 

minimal manipulation during preconditioning (Section 5.2.3), and then 3D culture. 

 

 

 

 

 

 

Sample ID Donor Age (Years) Donor Sex 

WJ011 58 F 

WJ012 34 F 

WJ013 66 M 

Average 53 33% male 66% Female 

 

Sample ID Donor Age (Years) Donor Sex 

TRBM10 44 F 

GCBM11 28 M 

BM140207 19 M 

RC071 36 F 

GCBM11 28 M 

BM313 42 M 

Average 41.5 33% male 66% Female 

Table 6.2 Distal Tibia and Talus Sample Characteristics Retrieved from Ankle Fusion 

Table 6.3 IC Sample Characteristics Used for Preconditioning with 3D Treatment 



207 

 

The conditions used in Chapter 5 (Section 5.2.2) were utilised to precondition cells before they 

were placed into alginate or pellets for culture in a 3-dimensional environment, to generate 

sufficient cells for 3D cultures. For each donor, uncultured cells were defrosted according to 

Section 2.5.8, and then seeded in four 75cm2 flasks in 7 ml StemMACS. IC, talar and tibial cells 

were seeded at a concentration that would contain 600 MSCs. This was estimated from CFU-Fs 

run for each donor (Fig. 4.3.5). This number of MSCs was chosen such that a total of 3x106 MSCs 

per flask would be generated by the end of preconditioning to provide sufficient cells for 

subsequent assays (Table 6.2.3). Based on results from preconditioning in Chapter 5, 600 MSCs 

per flask were chosen. After 48 hours, StemMACS was removed, cells washed with PBS, and test 

medium added. This was 7 ml of 10µM K in 10% HS DMEM added to two flasks, and 7 ml 10% PL 

in DMEM added to the other two flasks. Media was half-changed every three days for 14 days, 

with images taken every week. At this point, the media was removed, cells were washed with 

PBS and then trypsinized (Section 2.5.3). Cells were then prepared for either 3D culture in pellet 

form, or alginate encapsulation. Pellet culture was performed to generate pellets as before 

(Section 4.2.8.1).  

 

Alginate synthesis methods were adapted from prior studies which had shown success in 

cartilage repair both in vivo and in vitro when combined with stimuli by growth factor or select 

biological stimulants181,351,352. The key focus for this study was creating alginates with 

comparable mechanical qualities to healthy cartilage, and to see what effect this had on the 

quality of repair, leading to the concentrations of reagents chosen. As discussed in the 

introduction, MSC differentiation changes based on the mechanical properties of the material, 

with hard materials prioritising bone and softer materials chondrogenesis353. Therefore, 1.2% 

Calcium alginate was combined with 15 mg/ml fibrin to create a tensile modulus mimicking 

micro-level cartilage properties, of around 30 kPA based on work with similar concentrations, in 

addition to other beneficial properties discussed earlier (Section 6.1)181,343,354.   

Firstly, sodium alginate powder was dissolved in sterile calcium-free PBS, using a magnetic stir 

bar for agitation, and then adjusted to pH 7.4 once dissolved. To sterilise the mix, the solution 

was pasteurised by heating to 70°C for 20 minutes, then cooled to room temperature (RT, 20°C), 

and the process repeated 3 times. This mixture was then stored at 4°C until use. Fibrinogen 

solution was then prepared at a concentration of 30mg/ml using bovine type I-S fibrin in sterile, 

calcium-free PBS, which was then sterilised using a 0.22μm filter, and then stored at -20°C until 

use. A 102 mM solution of calcium chloride was prepared in ddH2O, which was stored at RT, and 
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a separate solution of 50U/ml of thrombin (from bovine plasma) was also prepared in ddH2O, 

stored at -20°C.  

Prior to synthesis, solutions were warmed to 37°C. Alginate was mixed at a 1:1 ratio with 

fibrinogen to create a 1.2% alginate, 15 mg/ml fibrinogen solution, termed fibrinogen alginate 

(FA). Thrombin solution was mixed with calcium chloride to produce a 5U/ml, 2 mM CaCl2 

solution. In a 6-well well-plate,  2 ml CaCl2 thrombin solution was added to every well. Four 

droplets of FA solution were added dropwise using a 19 gauge, 1.5 inch needle from a height of 

5 mm above the solution. This was enough to prevent water tension from holding droplets at 

the surface, but not so much the bead was deformed. This method delivers spherical FA beads 

of same size, and therefore approximately identical mechanical properties350. Care was taken to 

keep beads apart so there was not gelation between two separate beads during gelation and 

crosslinking. Beads were left to gelate and crosslink for 10 minutes. Beads were then washed in 

sterile dPBS 3 times to prevent further gelling. 

 

Whole alginate beads were imaged using an iPhone 7 camera (12 megapixel camera). For higher 

magnifications, such as during cell culture, the EVOS microscope (Section 2.8.3) was used.   

 

Bead diameter was the first method used to start analysing bead properties. Beads were 

synthesised as described (Section 6.3.3), and then left in PBS for 30 minutes before imaging. 

Images of beads were taken alongside a ruler using an iPhone 7 camera, and then loaded into 

ImageJ. The ‘set-scale’ process was used to tell the program pixel width, and then the ‘measure’ 

process used to measure bead diameter ‘x’. Bead diameter was then measured again at a 90° 

angle to the first measurement to take a second, ‘y’ measurement of each bead. 

 

To ensure that spheroids were of similar sphericity in order to have near-identical mechanical 

properties, sphericity was measured, according to standard methods355. To do this, the earlier 

measurements of bead diameter (Section 6.2.8) were taken, and the x diameter was divided by 

y diameter in order to roughly estimate sphericity. The closer to 1, the closer to a true sphere. 
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Swelling ratio denotes the degree to which the scaffold is able to absorb water, from a 

completely dry state, and forms a standard method of hydrogel analysis356. To do this, the 

scaffolds were synthesised in a 6-well plate (Section 6.2.3) without cells, with one bead per well. 

Once washed, beads were removed from solution, and excess water removed carefully using a 

tissue. Samples were then frozen at -20°C for 2 hours before using a Christ Alpha 1-2 LDplus 

freeze-dryer to remove any remaining water. This was performed at -65°C under 0.013 mbar 

pressure for 24 hours. Beads were then weighed individually using a balance. Following this, 

beads were placed back into the well plate, and PBS was added. Bead weight was measured 

every 30 minutes, until the weight became constant. 

 

Degradation rate reflects how quickly a bead will break down, which is important for 

biocompatibility. As such, this was measured according standard practice184. Beads were again 

synthesised in a 6-well plate (Section 6.2.3) without cells, with one bead per well. Once washed, 

beads were immersed in DMEM and left in the incubator to mimic culture conditions. Beads 

were weighed at the initial point, and every day subsequently over 14 days. 

 

Following MSC preconditioning (Section 6.2.2), alginate reagents were prepared as described in 

Section 6.2.3, and both the fibrinogen alginate and calcium chloride were warmed to 37°C in a 

water bath. In sterile conditions, MSCs were trypsinized from their T75cm2 flasks (Section 2.5.3) 

and 10 μl of solution was taken to count cells (Section 2.5.2). MSCs were resuspended in 0. 5 ml 

DMEM, and the relevant amount of volume was used to split MSCs for FA embedding or for 

pellet culture. MSCs for FA culture were spun down and then resuspended in the fibrinogen 

alginate mix. In a 24-well plate,  2 ml of warmed CaCl2 with 5U/ml thrombin was added per well, 

and then fibrinogen alginate cell mix added dropwise from a  5 ml syringe through a 19 gauge, 

1.5 inch needle to the CaCl2 thrombin. For each well, 4 FA beads were synthesised. These were 

allowed to gel for 10 minutes, and then pellets were washed in sterile PBS. Following this, the 

relevant treatment media was given. Due to the complexity of this experiment, sample groups 

and shorthand are listed in Table 6.2.2. Henceforth, preconditioning media will be referred to as 

preconditioning, and the media MSCs in 3D were cultured in is defined as differentiation 

medium.  
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From each preconditioning method and donor (10% PL, low glucose DMEM and 10 μM K, low 

glucose DMEM), 4 pellets and 4 alginate spheroids replicates were made for each differentiation 

culture medium, which included ChondroDIFF (C) as a gold-standard control, as well as 50% PL 

in high glucose DMEM and 50% PL, 10 μM K in high glucose DMEM as test media. The reason 

why 50% PL was chosen was that promising results were seen in pellet culture by a related study 

performed by a colleague, which showed 10% more GAG production and 45% less calcium 

deposition using 50% PL DMEM in non-diseased synovial fluid MSCs compared to FCS treated 

pellets140. For each treatment condition, FA beads were grown together in one well of a 24-well 

plate per donor, with  3 ml media per well, whereas pellets had an individual Eppendorf for each 

technical replicate with  1 ml media per pellet, due to pellets being formed in the tube, and 

would bear unnecessary risk moving them into one well. 

Media was half-changed twice per week to minimise disturbance of scaffolds. A pipette was 

inserted away from the scaffold or bead, and 1. 5 ml of 0. 5 ml aspirated respectively, and fresh 

media added.   

After three weeks, pellets/FA beads were removed from culture and taken for testing. Images 

were taken of all pellets using an iPhone 7 Camera. All culture media was retrieved and frozen 

at -20°C, as some solutions appeared to have released a gelatinous substance which could have 

been extracellular GAG. One pellet/bead per donor was taken for PCR (Section 6.2.12), two were 

taken for GAG estimation(Section 6.2.14), and one was taken for histology (Section 6.2.15-

6.2.18). 

 

 

Preconditioning Media (3 weeks) Differentiation Media (2 Weeks) Shorthand 

10 μM K in 10% HS DMEM 

ChondroDIFF K-C 

10 μM K in 50% PL DMEM K-K 

50% PL in DMEM K-PL 

10% PL in DMEM 

ChondroDIFF PL-C 

10 μM K in 50% PL DMEM PL-K 

50% PL in DMEM PL-PL 

Table 6.4 Preconditioning and Differentiation Media for IC, Talar and Tibial MSCs 
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The XTT assay is a tool used for measuring both cell viability and proliferation used as standard 

practice to investigate cell proliferation or toxicity357. The process works by use of the soluble 

dye sodium-3’-[1-(phenyl carbonyl)-3,4-tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic 

acid hydrate (XTT). Increased cell number means increased activity of mitochondrial 

dehydrogenases in the sample, which can break down XTT to an orange formazan dye, which 

can be directly quantified by multi-well spectrophotometer. This method was used according to 

manufacturers’ instructions to investigate indirect cytotoxicity of FA on MSCs. Firstly, a FA-media 

was produced by synthesising beads as before (Section 6.2.3), and leaving them in DMEM for 48 

hours in the incubator. At the same time, in quadruple replicates, uncultured IC MSCs from 3 

donors were seeded at 250, 500 and 1000 cells per well in microplates, and cultured in  1 ml FA 

media, negative control 10% DMSO in DMEM or positive control SM. These were then cultured 

for 72 hours. XTT mix was then produced by mixing  5 ml of XTT and 0. 1 ml of electron coupling 

agent. Cultures were placed in the spectrophotometer and absorbance read at 550nm prior to 

measure baseline absorbance. Next, 50 μl of XTT mix was added and cultures were incubated 

for 4 hours. Cultures were then again placed into the spectrophotometer to measure 

absorbance at 550nm. Readings were then normalised to the background as an increase on 

background ratio (Final reading / baseline - baseline). 

 

To measure RNA content as before (Section 2.6), as well as prepare cDNA for qPCR, RNA had to 

be extracted from the pellet. To do this, the pellet was compressed between two sterile glass 

slides to mechanically degrade the pellet, and then the pellet was covered with lysis solution. 

This was additionally thoroughly pipetted to further degrade the pellet, and vortexed until the 

pellet was visibly fully broken down. This lysis-cell mix was then purified as described earlier 

(Section 2.6.3) to retrieve the RNA. For RNA content measurement, 5μl of solution was taken 

from each sample condition and measured as before (Section 2.5.2). 

RNA was then reverse transcribed (2.6.4) and pre-amplified as earlier described (Section 2.6.5). 

The retrieved cDNA was frozen at -20°C until use. The Fluidigm chip was loaded with cDNA and 

TaqMan’s as before (Section 5.2.6), using the genes given in Table 6.2.4.  
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Gene Full Name Gene Full Name 

MMP1 Matrix Metalloproteinase 1 PPARd Peroxisome Proliferator Activated Receptor Delta 

COL10A1 Collagen Type 10 α 1 CCR5 C-C Chemokine Motif Receptor 5 

GDF6 Growth Differentiation Factor 6 CCR1 C-C Chemokine Motif Receptor 1 

IGFBP3 Insulin-Like Growth Factor Binding Protein 3 CTGF Connexin Tissue Growth Factor 

TNFRSF11B Tumour Necrosis Factor Receptor Super Family Member 

11B 

MMP3 Matrix Metalloproteinase 3 

VEGFA Vascular Endothelial Growth Factor Alpha PSIP1 Lens epithelium derived growth factor 

CCL5 C-C Motif Chemokine Ligand 5 DIO2 Iodothyronine Deiodinase 

LCN2 Lipocalin-2 Grem1 Gremlin-1 

GDF5 Growth Differentiation Factor 5 MMP2 Matrix Metalloproteinase 2 

TNFa Tumour Necrosis Factor alpha STMN2 Stathmin 2 

NGFR Nerve Growth Factor Receptor IL6 Interleukin 6 

VEGFC Vascular Endothelial Growth Factor C TIMP1 Tissue Inhibitor of Metalloproteinase 3 

IGF1 Insulin-like Growth Factor 1 TGFBR2 Transforming Growth Factor Beta Receptor 2 

PTH1R Parathyroid Hormone 1 Receptor TGFb2 Transforming Growth Factor Beta 2 

SOX9 SRY-Box Transcription Factor 9 TGFB3 Transforming Growth Factor Beta 3 

IL10 Interleukin-10 SFRP4 Secreted Frizzled-Related Protein 4 

MMP14 Matrix Metalloproteinase 14 CYR61 Cysteine-Rich Angiogenic Inducer 61 

S1PR1 Sphingosine-1-Phosphate Receptor 1 IBSP Bone Sialoprotein 

PTGS2 Prostaglandin-Endoperoxide Synthase 2 POSTN Periostin 

SPHK1   Sphingosine Kinase 1 IGF1R Insulin-like Growth Factor 1 Receptor 

COL2A1 Collagen Type 2 α 1 PTHLH Parathyroid Hormone Like Hormone 

CCL19 C-C Motif Chemokine Ligand 19 THBS4 Thrombospondin 4 

TGFB1 Transforming Growth Factor β1 BCL2 B-Cell Lymphoma 2 

CXCL12 C-X-C Motif Chemokine 12 TIMP2 Tissue Inhibitor of Metalloproteinase 2 

ROR2 Tyrosine-Protein Kinase Transmembrane Receptor 2 ANKH Progressive Ankylosis Protein homologue 

TIMP3 Tissue Inhibitor of Metalloproteinase 3 ADAMTS4 A Disintegrin and Metalloproteinase with 

Thrombospondin Motifs 4 

ACAN Aggrecan MMP13 Matrix Metalloproteinase 13 

CCL20 C-C Motif Chemokine Ligand 20 CCL2 C-C motif ligand 2 

ALPL Alkaline Phosphatase COMP Cartilage Oligomatrix Protein 

Wnt10b Wingless-related integration site 10 beta ASPN Asporin 

CCR7 C-C Chemokine Receptor 7 IL1B Interleukin-1B 

ADAMTS5 A Disintegrin and Metalloproteinase with Thrombospondin 

Motifs 5 

HGF Hepatocyte Growth Factor 

SPP1 Osteopontin MMP9 Matrix Metalloproteinase 9 

CCR6 C-C Motif Chemokine Receptor 6 DDR2 Discoidin domain-containing receptor 2 

TGFBR3 Transforming Growth Factor β receptor 3 DIRAS2 GTP-binding Ras-like Protein 2 

COL1A2 Collagen Type 1 α 2 Notch1 Notch Homolog 1 

FABP4 Fatty Acid binding Protein 4 TNFSF11 Tumour Necrosis Factor Ligand Superfamily 11 

PPARG Peroxisome Proliferator Activated Receptor Gamma BMPR1B Bone Morphogenic Protein Receptor 1 beta 

RUNX2 Runt-Related Transcription Factor 2 NOS2 Nitric Oxide Synthase 2 

CXCR1 C-X-C Motif Chemokine Receptor 1 Leptin R Leptin Receptor 

IGF2 Insulin-like Growth Factor 2 SFRP1  Secreted Frizzled-Related Protein 1 

COL1A1 Collagen type 1 alpha 1 SPARC Osteonectin 

ARNTL 

Bmal1 

Aryl Hydrocarbon Receptor Nuclear Translocator-like 

Protein 1 

WISP1 Wnt-1 Inducible Signalling Pathway 1 

BGLAP Bone Gamma-Carboxyglutamate Protein NGF Nerve Growth Factor 

SP7 Osterix SERP 

PAI-1  

Plasminogen Activator Inhibitor 1 

CXCR4 C-X-C Motif Receptor 4 GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase HPRT1 Hypoxanthine Phosphoribosyltransferase-1 

HPRT1 Hypoxanthine Phosphoribosyltransferase-1 
  

 

 

Table 6.5 Genes used for qPCR of 3D Treatments 
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For GAG content, the Blyscan kit was again used for analysis (Section 4.2.8.4). 

 

Pellets were snap-frozen prior to storage and cryo-sectioning. Liquid nitrogen was collected in a 

chamber using appropriate PPE. Tinfoil boats were prepared by creating small buckets of 

appropriate size to hold the pellets with long wings to enable them to be lowered into liquid 

nitrogen without risk to the user. Boats were then filled with Optimal Cutting Temperature 

Medium (OCT) with care to prevent bubbles forming. Pellets for snap freezing were washed in 

500 μl PBS, PBS removed, and pellets place into the OCT. Tinfoil boats were slowly lowered by 

the wings towards but not submerged in the liquid nitrogen until frozen, and then fully 

submerged. These were stored at -80°C. 

 

Snap frozen pellets were sectioned by microtome. The apparatus was cooled to -20°C, and then 

OCT was used to adhere snap-frozen pellets to a cork plate before being attached to the block. 

OCT blocks were trimmed until parallel to the blade with the pellet visible, and 10µm Sections 

were taken, and then adhered to a glass slide. These were then stored at -20°C until  staining.  

 

Toludine Blue is an acidophilic dye which stains GAGs blue, due cartilage being strongly acidic, 

and forms a standard method for investigating GAG synthesis334. Toludine blue was prepared 

0.1% in 50% isopropanol. Sections were fixed in methanol at -20°C for 2 minutes, and then 

stained for 30 minutes using filtered toludine blue at 37°C. Isopropanol was then added by wash 

bottle to decolourise the sample, and then slides dehydrated in 3 cycles of xylene, and then a 

coverslip attached using Acrytol. This is outlined in Table 6.2.5. 

 

Process Step Step Time (minutes:seconds) 

Fixation 1 Fix in -20°C Methanol 2:00 

Toludine Blue 2 Stain with filtered 37°C Toludine Blue 30:00 

Decolourise 3 Wash with isopropanol by wash bottle 0:05 

Clearing 

Coverslip 

4-6 Xylene 3:00 (x3) 

7 Acrytol N/A 

Table 6.6 Toluidine Staining Protocol 
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Biomaterials need to be tested to ensure they are reproducible, as well as can support cell 

growth as in the intended purpose. As such the mechanical properties of the FA beads were first 

assessed to ensure they could provide the mechanical structure as required, that they can 

survive culture for an extended period. 

Firstly, in order for FA structure to maintain similar mechanical properties, each scaffold needs 

to have similar bead size and sphericity. Images were taken after bead synthesis to firstly show 

their similar structure, as well as for subsequent image analysis (Fig. 6.3.1). External to PBS, 

beads were translucent and maintained a rounded, spherical morphology (Fig. 6.3.1A). Within 

PBS, beads were white and spherical and of similar size between each replicate (Fig. 6.3.1.B/C). 

Under high microscopy, beads had smooth curvature and stayed clearly separated without 

crosslinking (Fig. 6.3.1D). The beads were next analysed to see the level of similarity between 

each bead. 

 

 

 

 

 

Images were analysed for differences in bead diameter (Fig. 6.3.2A) as well as sphericity (Fig. 

6.3.2B) to investigate reproducibility of beads synthesised. All beads were between 2.0-2.7 mm 

in diameter at the widest point. Average diameter was 2.31 mm ±0.16 (Mean±SD), with a 

maximum 20% variance from the mean. To assess sphericity of beads, a rough estimate of bead 

roundness was performed by dividing one measurement of diameter to the perpendicular 

diameter. Multiple beads were measured, and the consistency of beads being spherical was 

assessed by the gradient of the line of best fit for all beads. If beads were true spheres, this 

would show a gradient of 1. FA beads showed a gradient of 0.75 and r² value of 0.74. Whilst not 

a true sphere, the high r2 value and a gradient approaching 1 suggests the beads were near 

spherical and of similar size. This means the beads have similar size and shape, and therefore 

mechanical properties. Next, the ability of the scaffold to absorb and retain water was assessed 

by measuring the swelling ratio. 

Figure 6.3.1 Fibrin Alginate Bead Structure After Synthesis. A Bead outside of PBS. B Alginate bead 

submerged in PBS. C Fibrin alginate bead imaged at 40x microscopy. Beads largely showed a 

smooth, spherical structure. 
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Swelling ratio assesses the difference in weight of a scaffold from being completely absent of 

water to its size when fully hydrated. This measures both the porosity of the scaffold, and the 

mechanical strength of the scaffolds (Fig. 6.3.3). This can therefore investigate if fibrin cross-

linking is similar between different beads. FA swelling ratio by mass was a mean 1058%±253.7 

increase on dry weight, with a range of 757-1450. With a standard deviation of around 25% of 

the mean, crosslinking was unlikely to be identical between each bead, however, is within the 

range seen in other studies358. The longevity of beads during culture without cells was next 

investigated to ensure they could provide a vehicle for cell growth over time. 
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Figure 6.3.2 FA Bead Diameter and Sphericity (N=20). A Bins of 0.2 mm were selected to best represent 

the data. A gaussian distribution using the least squares fit method is applied. B Fibrin Alginate Sphericity. 

A perfect circle would have equal X and Y diameter. Linear regression was used to create the line of best 

fit for both true values and perfect sphere values. Bead diameter had an R2 value of 0.74. 

Figure 6.3.3 Characterising the Swelling Ratio of Fibrin Alginate by Weight After Freeze-Drying in PBS 

(N=10). Shows the percentage change between dry weight and final wet weight. Data shows mean ± 

standard deviation.   
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Images of beads were taken consistently during culture without cells to be able to visually assess 

changes to cells (Fig. 6.3.4). Whilst mostly spherical from the start of culture, by day 14 in some 

beads there was a small amount of deformation, however beads mostly maintained their 

spherical structure. To further clarify changes to the beads, weight was analysed during culture 

to investigate changes over time. 

 

 

 

 

 

FA bead weight over time was measured during culture to see if there were changes, which 

would signify any degradation (Fig. 6.3.5). Initially, there was a large increase in weight that then 

fell back down to the same level. Some beads were damaged and broke down, thought to be 

due to mechanical degradation by repeated bead removal and drying before weighing. However, 

some made it to 15 days, maintaining a similar weight over the period. As the scaffolds had the 

potential to allow diffusions of material as seen by swelling assay, as well as the ability to 

maintain structure for prolonged culture, the next step was to investigate if the scaffold had any 

effect on MSC proliferation or cytotoxicity. 
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Figure 6.3.4 Fibrin Alginate Structure During Culture Over 14 Days in DMEM. Fibrin alginate was 

cultured in DMEM without FBS over 2 weeks. i – slight loss in sphericity at day 14. 

Figure 6.3.5 Figure 6.3.1 Change in FA Weight Over Culture (N=5). FA beads were Cultured for 2 

Weeks in DMEM without FBS. 
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The XTT assay measures cellular metabolism, by adding the XTT compound, which is broken 

down by cells to produce a yellow colour measurable by absorbance spectra. The visible changes 

as well as changes in absorbance are shown in Figure 6.3.6. A negative control of 10% DMSO in 

DMEM, a positive control of StemMACS and a test media of DMEM which FA was cultured in for 

48 hours and then filtered, was used. Negative control showed no change in colour from the 

basal media as expected (Fig. 6.3.6A,-). Positive control showed a dose-dependent visible 

increase in colouration with increased cell seeding density (Fig. 6.3.6A, +). FA extract showed a 

strong increase in colouration at all cell concentrations, suggesting a positive effect of FA on 

MSC metabolism (Fig. 6.3.6A, FA). Absorbance showed that both controls were effective, and 

that at 3 donors, the fold change in absorbance was significant between positive and negative 

controls, but only at the highest cell concentration (p=0.003). There was a cell concentration 

dependent absorbance, with the negative control showing no change, whereas the positive 

control doubled as the number of cells seeded did. Comparatively, FA extract treated cells did 

not show a cell concentration dependent response, instead all 3 cell concentrations showed 

around 1.5-fold increase in absorbance after XTT culture, similar to that of the 1000-seeded cell 

concentration of the positive control. This shows that FA has a positive effect upon cell 

metabolism, which would be beneficial for a reparative structure. Now that the scaffold had 

been established as mechanically competent and non-toxic, next was to investigate its ability to 

direct MSCs towards chondrogenesis. 

 

 

 

 

 

 

 

 

Figure 6.3.6 Effect of Fibrin Alginate on MSC Viability by Indirect Toxicity Assay (N=3). A Photo of XTT 

wells following 72 hours in culture with FA extract (FA extract in DMEM with FBS), StemMACS (+), or 

10% DMSO in DMEM as a negative control (-). First row is 250 cells seeded, second row is 500, and 

third row is 1000. B XTT assay results demonstrating relative increase in absorbance of Fibrin Alginate 

culture by a measure of cellular metabolic activity. Data shows median and range with all data points. 
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With two working 3D culture methods – FA and pellet culture, the preconditioning method 

developed in chapter 5 could now be applied and followed by a 3D culture period as planned. 

MSCs were first loaded into the FA beads and images taken to show encapsulation (Fig. 6.3.7). 

Beads retained their spherical structure (Fig. 6.3.7A). Under magnification, the edge of the bead 

remained spherical, and MSCs were visible dispersed throughout the scaffold (Fig. 6.3.7B). At 

high magnification, MSCs were clearly seen dispersed in the scaffold (Fig. 6.3.7Ci). Some MSCs 

were clustered but not in groups larger than three (Fig. 6.3.7Cii). MSCs were rounded in shape, 

expected of MSCs on a material that would suit chondrogenesis, and dispersed, showing 

successful encapsulation. As culture was continued, cultures were monitored to investigate 

changes in MSC morphology in response to conditions used.  

 

 

 

 

 

 

 

Figure 6.3.7 FA Bead and MSC Behaviour after 48 Hour Culture in StemMACS (N=1). A – FA retaining 

spherical structure during culture. B – MSCs in Fibrin Alginate showing cell encapsulation, clustering 

and dispersion. i – Rounded edge of bead. ii – MSCs encapsulated within FA. Taken at 40x 

magnification. C – High magnification of Encapsulated MSCs in Fibrin Alginate, showing round MSC 

morphology. i – Single rounded MSC. ii – Two clustered, rounded MSCs. Taken at 250x magnification. 
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After 7 days, images of MSCs were taken under high microscopy to investigate changes to MSC 

morphology based on the culture medium. At this time-point, all beads remained and were 

spherical, so more pictures of the bead were not taken. MSCs remained dispersed and 

maintained a rounded morphology in all conditions (Fig. 6.3.8). PL-preconditioned cultures 

showed higher clustering, suggesting increased growth rate  relative to MSCs preconditioned in 

K. Of the 3D culture mediums, there were no outright clear differences, however compared to 

prior images there were more MSCs per scaffold. As all MSCs were still growing within the 

culture and maintaining a spherical structure, the scaffold was effectively encouraging both 

growth and expected beneficial phenotypes. Culture was continued until day 14 at which the 

experiment was due to be completed and samples analysed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.8 MSC Appearance in Fibrin Alginate Beads Grown in C, PL or K at 7 Days after 14 

Day Preconditioning in C, PL, or K (N=3). All images were taken at 100x magnification. Conditions 

are further explained in Table 6.2.2. 



220 

After 14 days, many of the scaffolds started to burst, or show MSCs external to the scaffold, in 

all conditions (Fig. 6.3.9). In beads which remained, MSCs could be observed adhered to plastic, 

which was not seen before this timepoint (Fig. 6.3.9Ai). However, MSCs remained within the 

scaffold with a rounded phenotype (Fig. 6.3.9Aii). MSCs were visibly adhered around and directly 

underneath the scaffold (Fig. 6.3.9Bi). MSCs within the scaffold were circular, larger than 

adherent MSCs and clustered together. Some scaffolds had burst and left remnant pieces (Fig. 

6.3.9C,D). In these, MSCs had escaped in larger numbers with visible surrounding debris (Fig. 

6.3.9C,D i). Some MSCs remained within these fragments, as such the fragments were collected 

for analysis (Fig. 6.3.9C,D ii). It was additionally clear that the beads had lost their spherical shape 

by often concave edges (Fig. 6.3.9C, Diii). Beads were subsequently stained for methylene blue 

to investigate cell remnants, and what remained of the beads. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.9 Analysis of Burst FA Cultures (N=3). A/B MSC escape from FA beads. i – Plastic-adhering 

MSC outside of bead. ii – Retained MSC with rounded phenotype within FA. Images taken at 20x 

magnification. C/D Burst FA bead structure. i – Plastic-adhering MSC outside of FA. ii – Retained MSC 

with rounded phenotype with FA. iii – border of burst bead. 
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Methylene blue successfully stained remaining FA beads, which most often attached to the side 

of the wells (Fig. 6.3.10). In wells where there is no stained material, this is due to beads or 

fragments all being removed for analysis as other experiments were prioritised. Interestingly, 

MSCs preconditioned in K and treated in C showed the most adherent cells over the plate, 

suggesting either an unexpectedly high growth rate or higher enzymatic activity. MSCs treated 

in PL in 3D showed the most alginate remnants, suggesting the highest protection of the beads. 

To attempt to understand these changes, and if there was any GAG synthesis, histological 

analysis was undertaken. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.10 Methylene Blue Staining of FA Beads After 14 Days Culture (N=3). Pre-PL – 

Preconditioning PL treatment. Pre-K – Preconditioning K treatment. i – Segmented or reduced-size FA 

beads. ii – Fully burst spheres with MSC growth over the well. iii – Larger, mostly whole FA spheres. 
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Histology of FA beads by toluidine blue was performed to investigate cells presence and if there 

was any GAG deposition (Fig. 6.3.11). Toluidine blue, as a cationic dye, stains proteoglycans in a 

metachromatic manner dependent on the amount. As such, GAG deposition is typically purple, 

and cells and background light blue.  Beads were largely degraded, however there were some 

that retained morphology (Fig. 6.3.11A). Under higher magnification, FA beads stained a dark 

blue as expected (Fig. 6.3.11Bi), with large amounts of visible GAG deposition (Fig. 6.3.11B/Cii). 

This was more-so within regions where there was some erosion (Fig. 6.3.11B/Ciii). This may have 

been driven by MSCs, or considering the vast amounts of GAG, lacunae produced by 

chondrocytes consisting of pericellular matrix such as Collagen VI or IX359. In more degraded 

beads (Fig. 6.3.11D), large amounts of erosion were visible, however there were still also 

significant amounts of GAG deposition (Fig. 6.3.11Bii) within the bead remnants. This shows that 

FA successfully supported chondrogenesis to a strong degree, however the rapid degradation of 

beads needs to be further optimised. As this 3D culture method needed further optimisation, 

pellet culture was next investigated to see differences between treatment conditions in another 

3D model. 

 

 

 

Figure 6.3.11 Toluidine Blue Staining of FA Beads (N=3). A Mildly degraded bead. B Magnified region 

of A to show GAG deposition. C Magnified region of A showing a more degraded region with higher 

cell density. D Largely degraded bead. i – FA, ii – GAG deposition, iii – Spaces within FA. A was taken 

at 50x magnification, B & C were taken at 200x magnification, D was taken at 100x magnification. 
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Pellet culture is commonly used to study MSC chondrogenesis in terms of general differentiation 

capacity, but also for other conditions, due to its simplicity and low cost. At day 14 in IC treated 

MSCs, all culture mediums showed successful pellet formation (Fig. 6.3.12). Interestingly, for all 

conditions differentiated in K, pellets had instead formed a gelatinous ‘pool’ at the bottom of 

the Eppendorf in place of the pellet, which was potentially either a collapsed pellet, or GAG 

being released into solution. As such when media was removed care was taken not to disturb 

this pool. Of the different preconditioning medias, K-preconditioned MSCs generally produced 

larger pellets, but not by a large margin. Of 3D treatments, C-treated MSCs produced noticeably 

larger pellets compared to PL but  were not comparable to K-treated pellets due to the pools 

formed. This was expected with C being the positive control, but to investigate if this size 

increase was related to MSC proliferation or chondrogenic potential, measurement of GAG in 

the pellet was needed. Media was also retrieved for each condition as visible on the right of Fig. 

6.2.12A. Visibly, media from pellets treated with K in 3D conditions was less translucent than 

other conditions, suggesting that GAG was released into the media. Media from C-treated 

conditions were the most translucent compared to PL or K treated conditions, meaning C may 

increase the amount of GAG being retained in the pellet. When K-treated pools were dislodged 

to attempt flash-freezing for histology, small beads were noticeable within the fluid, as seen in 

Fig. 6.2.12B. This either means there was a more solid core, or that the viscous white fluid was 

something moved externally from the pellet. To try and understand if what was being generated 

was cartilage, pellets were snap frozen, cryo-sectioned and stained for toluidine blue. 
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Figure 6.3.12 Pellet and Media from IC MSCs Preconditioned in K or PL for 14 Days Before 3D Culture in 

Pellets in K, PL or C. A Pellets and Media in respective conditions. Each image of the media is from donor 

BM313 as repeats looked similar. B Pellet visible from K cultures after sample disruption. Arrow shows a 

pellet after mixing of samples treated with K in 3D. Scale bars are 3 mm. 
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Toluidine blue, as mentioned earlier, shows GAG deposition within extracellular matrix, based 

on the cationic dye binding proteoglycans. Pellets demonstrated GAG deposition, showing both 

that pellet culture supports chondrogenesis and that this preconditioning method and 3D 

culture treatment system was effective (Fig. 6.3.13). Both examples presented a mostly rounded 

pellet (Fig. 6.3.13A/B), with the background being stained a light blue (i), cells dark blue (ii), and 

GAG deposition purple (iii). This shows the method is suitable for testing GAG production, 

however the small size of the pellets limited how many successful stains could be obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.13 Toluidine Blue Staining of Chondrogenic Pellets Demonstrating GAG Deposition (N=1). A 

Pellet from IC MSCs preconditioned with K and treated with C. B Second pellet Section to demonstrate 

GAG deposition. i – Background staining, ii – cell, iii – GAG deposition. Larger photos are 100x magnification 

with 250µm scale bar (left) and small paired photos (right) are 600x with 50µm scale bar. 
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As in differentiation experiments (Section 4.2.17), pellet diameter was measured, as pellet size 

is associated with GAG production as the same number of starting MSCs is used, although can 

also relate to collagen production or cell proliferation (Fig. 6.3.14). Due to pools formed by 

samples treated with K in 3D, height of the pool was measured instead for these samples, as 

such were not be directly compared to pellets. Preconditioning with K or PL did not have large 

effect upon pellet size, although the largest pellets of K-preconditioned pellets was higher than 

PL preconditioned pellets (Fig. 6.3.14A). Differentiation in C produced 1.8-fold larger pellets than 

those differentiated in PL. These two groups of 3 suggest preconditioning plays a key role (Fig. 

6.3.14B). In 2 of 3 donors, K-differentiated pools were taller after K-preconditioning than PL. Of 

combinations, K-C and PL-C showed up to 3-fold larger pellets than K-PL or PL-PL, although 

donors had specific responses. RC071 showed small pellets in all conditions. GCBM11 responded 

to K-C, being 2-fold larger than all other conditions. Donor BM313 presented large pellets after 

both K-C and PL-C treatment, but not K-PL or PL-PL. This suggests differentiation in PL does not 

greatly increase pellet diameter. To further understand changes to chondrogenic capacity after 

treatment, GAG  content of both pellet and media was performed. 

 

 

 

 

 

 

 

 

 

Figure 6.3.14 Diameter of IC Pellets after 2 Week Preconditioning with K or PL, and 3 Week 3D Culture 

with K, PL or C (N=3). Diameter was defined as the largest edge-to-edge distance (N=3). A Effect of 

preconditioning media upon pellet diameter after both preconditioning and 3D culture with C or PL. There 

are 6 data points due to 3 donors 2 differentiation media B Effect of 3D culture medium on final pellet 

diameter. There are 6 data points as there are 3 donors and 2 preconditioning media. C The effect of 

preconditioning media on pool depth of samples treated with K in 3D (3 donors) D Combined effect of 

preconditioning and 3d culture mediums upon pellet diameter. Data shows median with all data points. 

Lines connect same donor. 
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Pellet GAG content reflects the total amount of GAG produced by MSCs, a critical part of new 

cartilage synthesis as shown earlier in differentiation assays (Section 4.2.19), again reported 

here (Fig. 6.3.15). Pellet sGAG was similar after both K and PL preconditioning (Fig. 6.3.15A). 

Differentiation treatments showed 1.4-fold higher GAG content in K-treated pellets than PL or 

C treated cultures (Fig. 6.3.15B). However, this was not significant (p=0.252). PL and C-

differentiated cultures had similar GAG content within the pellet. K-C and PL-C showed similar 

levels of pellet GAG, with a small 1.1-fold increase in K-K and a large 2-fold increase in PL-K but 

his was not significant (p=0.1324)(Fig. 6.3.15C). As GAG concentration did not match the pellet 

diameter results, collagen production or MSC proliferation may be affected. Overall, K seems to 

be the most effective 3D treatment for GAG within the pellet. As GAG was also seen in media, 

sGAG content of the media was next investigated. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.15 GAG Content of IC MSC Pellets after K or PL Preconditioning for 2 Weeks and Differentiation 

in C, K or PL in Pellets for 3 Weeks (N=3). A Effect of preconditioning medium on pellet GAG content after 

3D treatment (Differentiation medium results are pooled). B Effect of K, PL or C as a 3D treatment medium 

on pellet GAG content (Preconditioning results are pooled). C The effect of preconditioning with K or PL 

and 3D culture medium upon GAGs produced and retained in the pellet. For all graphs, technical replicates 

were averaged to show biological replicates. Graphs shown median ± range with all data points. Lines 

connect same donor. 
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As media of the pellets was visibly different between different cultures, as well as the unusual 

pool shape seen after K-differentiation, GAG in media was additionally measured (Fig. 6.3.16). 

K-preconditioned cultures showed higher GAG content than PL, but not by a clear margin (Fig. 

6.3.16A). C-differentiated cultures had the lowest GAG in media. K and PL-differentiated cultures 

were similar GAG in the media, 1.5-fold-higher than C (Fig. 6.3.16B). Donors presented similar 

overall trends, with K-C and PL-C having 10%-50% less GAG in the media compared to other 

differentiation treatments.  To clarify this, GAG retained in the pellet was compared to the GAG 

within the media to see if there were correlations between how much was retained.  

 

 

 

 

 

 

 

 

 

 

As GAGs were in both the media and pellets, GAG retention in the pellet of total GAG 

was assessed for each condition. GAGs remain in the local extracellular region by 

adhering to cells, which may affect cartilage regeneration (Fig. 6.3.17)360. 

Preconditioning media did not greatly affect GAG retention, but was on average higher 

in PL (Fig. 6.3.17A). Differentiation with K or C led to similar levels of GAG retention in 

Figure 6.3.16 GAG Content of Media from IC MSC Cultures after K or PL Preconditioning for 2 Weeks 

and Differentiation in C, K or PL in Pellets for 3 Weeks (N=3). A Effect of preconditioning medium on 

GAG in media after 3D treatment (Differentiation medium results are pooled). B Effect of K, PL or C as 

a 3D treatment medium on GAGs released into medium (Preconditioning results are pooled). C The 

effect of preconditioning with K or PL and 3D culture medium upon GAGs released into media. For all 

graphs, technical replicates were. Data shows median and range with all data points. Lines connect 

individual donor results. 
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the pellet, falling 5% points in PL differentiated cultures(Fig. 6.3.17B). In combination, K-

K and PL-C led to the highest amount of GAG retained, consistently around 93% of GAGs, 

10-15% higher of remaining treatments including control K-C (Fig. 6.3.17C). Choice of 

both preconditioning and differentiation stimulant affect GAG retention in the pellet, 

but the impact of this depends on how critical it is that GAGs remain in the local ECM.  

Using K with 50% PL appears to be able to revert PLs effect on GAG retention, but only 

after K preconditioning. As K-K produced similar GAG to C, released more GAG into 

media and consistently retained the most sGAG of total sGAG, it would seem K-K is the 

most effective biological stimulant for non-diseased IC MSCs, but it remains to see if the 

same is true in OA MSCs. 

 

 

 

 

 

 

 

 

 

 

This work has shown that each condition can produce GAGs, however a critical part of this 

investigation was to see if biological stimulants could drive chondrogenesis without 

osteogenesis, as such gene expression was next investigated.  

Figure 6.3.17 Ratio of GAGs Retained in the Pellet to Total GAG in IC MSC Cultures, after K or PL 

Preconditioning for 2 Weeks and Differentiation in C, K or PL in Pellets for 3 Weeks (N=3). A Effect 

preconditioning on GAG retention after 3D culture (differentiation medium results are pooled). B Effect of 

differentiation medium on GAG retention (preconditioning medium results are pooled). C Effect on GAG 

retention of IC MSCs. Technical repeats were averaged to show biological replicates. Graphs shown 

median ± range with all data points. Lines connect individual donor results.  
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Gene expression was investigated through qPCR. However, the nature of the pellets and the 

GAGs within them made extraction difficult, and many genes were below detection. 

Unfortunately, the treatment combination which seemed most beneficial, K-K, was not 

available. Pellets treated with PL-PL and PL-C showed the mostly complete dataset and is shown 

first (Fig. 6.3.18). After PL preconditioning, PL differentiated samples compared to C 

differentiated samples showed 6-100-fold reduced expression of all chondrogenic genes 

(TGFβ1,TGFβ3, SOX9, ROR2, IGF1 and SPHK1) (Fig. 6.3.18A), increased expression of each 

osteogenic gene (RUNX2, ALPL and SPP1) other than BGLAP(Fig. 6.3.18B). Additionally, there 

was reduced expression of genes related to other lineages (PPARG, CCL12, CCL20 and VEGFC), 

showing reduced adipogenic and angiogenic activity (Fig. 6.3.18C). PL-differentiated samples 

also showed reduced expression of ECM remodelling factors MMP14, TIMP3, and ADAMTS, but 

not MMP1 (Fig. 6.3.18D). PL showed reduced expression of immunomodulatory related gene, 

S1PR1, compared to C. Remaining genes were inconsistent with no clear trend (Fig. 6.3.18E). 

Overall, C treatment showed elevated chondrogenic genes but increased ECM and remodelling 

proteins. PL-PL showed increased expression of MMPs and other lineages, but  reduced 

chondrogenic expression compared to PL-C, suggesting PL is not suitable for differentiation. 
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Figure 6.3.18 Gene Expression of IC MSCs Preconditioned for 2 Weeks PL and Differentiated in PL or C 

(N=3). A Chondrogenesis-related gene expression changes. B Osteogenesis-related gene expression 

changes. C Stromal-related gene expression changes. D ECM-remodelling related gene expression. E 

Immunomodulatory gene expression change. N=3, where 3 donors are not presented, one or more was 

below detection. Lines demonstrate paired cultures. 
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Next, available comparisons for preconditioning with either K or PL, followed by differentiation 

in C, were investigated (Fig. 6.3.19). Firstly, osteogenic gene expression was successfully 

suppressed by K-preconditioning in 2 of 3 donors for RUNX2, ALPL and SPP1, as the medium is 

intended to so (Fig. 6.3.19A). Of genes related to other factors, K-preconditioning again reduced 

expression in 2 of 3 donors for CXCL12, CCL20 and VEGFC, and the only paired donor for PPARG 

(Fig. 6.3.19B). Whilst results were not obtained for key chondrogenic genes, K did successfully 

show suppression of osteogenic genes, as well as reduced expression of genes relating to other 

differentiation pathways, suggesting preconditioning may have potential to focus differentiation 

away from other lineages. Lastly, a complete dataset for 1 donor on 4 genes in 4 conditions was 

obtained and investigated. 
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In a single donor, gene expression results were obtained for RUNX2, CXCL12, CCL20 and 

VEGF after preconditioning in PL or K and 3D treatment in PL or C. As the most complete 

dataset, this was investigated for differences (Fig. 6.3.20). Positive control K-C 

suppressed all 4 genes 1x104-1x105-fold compared to PL-C, showing that K-

preconditioning supresses expression of these genes. K-PL compared to K-C showed a 

1x103-1x104-fold increase in all 4 genes, suggesting PL induces their expression. PL-PL 

had slightly supressed expression of all 4 genes compared to PL-C, of around 100-fold, 

suggesting PL and C together somehow elevate these genes, as the opposite was seen 

in K-PL and K-C. As PL-PL and K-PL results were similar, it seems PL in 3D reverts the 

suppression of expression seen in K-C. Overall, K-preconditioning showed reduced 

RUNX2 compared to the other treatment groups, suggesting reduced osteogenic 

differentiation. This was also accompanied by other markers of non-chondrogenic 

differentiation, which would be a boon for the ideal treatment. As the experimental 

design worked, with some difficulty with qPCR, next it was investigated if the same 

trends were observed in talar or tibial samples using the same conditions. 
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Earlier chapters had showed key differences in differentiation capacity between talar and tibial 

MSCs compared to IC MSCs, with tibial and talar MSCs showing increased chondrogenic 

potential, and talar MSCs showing significantly less adipogenesis. However, the OA bone they 

were taken from was extremely sclerotic, and so may be naturally predisposed to osteogenic 

differentiation without prolonged in vitro culture used in Chapter 4, which would not suit a 

treatment. This chapter has shown so far that IC MSCs preconditioned in K-K showed the most 

GAG production both in pellet and media, as well as the highest GAG retention, and seems the 

most suitable treatment for non-diseased IC MSCs (Fig. 6.3.15-6.3.17). Additionally, K-

preconditioning also showed reduced markers for other differentiation pathways, which was 

also seen to a lesser extent in PL-PL treated MSCs in comparison to PL-C treated cultures (Fig. 

6.3.18, 6.3.19). Next, these conditions were tested on talar and tibial MSCs using the pellet 

method to see if the same effects were seen in this tissue and could be used for development 

of a treatment. Since FA sphere broke down, potentially due to enzymes produced by cells, it 

was decided that due to time constraints and the rarity of OA talocrural samples, the FA method 

should not be used for talar or tibial MSCs. Following culture, images of pellets were captured 

to visualise of the effect of the conditions on talocrural BONE MARROW MSC chondrogenic 

ability. 
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During culture, pellets increase in size, due to either ECM production and therefore pushing cells 

apart, or cell division. As before, final pellet size was captured for comparison (Fig. 6.3.21). 

Overall, there were no clear differences between preconditioning treatments, as expected from 

earlier results. Of 3D treatments, the positive control, C-treated pellets, were the largest in most 

cases, with little to no visible difference between K or PL treated pellets. WJ11 typically produced 

the largest pellets, with WJ13 typically showing the smallest, suggesting a difference in innate 

chondrogenic capability. Some pellets showed white fragments (i) and deformed pellets (ii), 

which may be related to ECM-degrading proteins being produced. This was more common in PL-

preconditioned and PL treated cultures. Compared to IC, there were none of the pools seen in 

K-treated pellets. This may have been due to the osteogenic precommitment of these minimally-

cultured talocrural cells as seen in the results of Chapter 3 and 4, and so less GAG was produced, 

or these MSCs were able to produce pellets which were mechanically stronger. To test this GAG 

produced by pellets was required. Firstly, to identify if there were any clear differences between 

different treatments, individual pellet sizes for each treatment were investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.21 Talar and Tibial MSC Chondrogenic Pellets After Preconditioning in K or PL, and 3D 

treatment in C, K or PL (N=3). Scale bar is 5mm. Arrows show i – white fragments, ii – deformed pellets. 
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To quantify visible changes in diameter and detect any trends, pellet diameter was measured as 

before (Fig. 6.3.14) for talar and tibial cultures (Fig. 6.3.22). Pellets were mostly the same size 

after both K or PL preconditioning in talus and tibia for each condition, again as expected. Tibial 

pellets were slightly larger than talar pellets, but again only by 0.05 mm (SFig. 8.2.1A). 

Differentiation in C produced the largest pellets in both talus and tibia, being 1.2-1.6 that of K or 

PL treatments (SFig. 8.2.1B). Talar MSC pellets differentiated in K were smaller than PL 

differentiated pellets, but the opposite was true in tibia, with K-differentiated pellets being 

larger. For both preconditioning and differentiation together K-C and PL-C produced the largest 

pellets in both talar and tibial cultures, being 1.4-2-fold larger than K or PL differentiated cultures 

(Fig. 6.3.22A/B). Remaining cultures did not vary between each other, and donor response was 

consistent. Overall, C differentiation was the most effective at increase pellet diameter, however 

large pellets were still formed in every instance (compared to Chapter 4) showing successful 

chondrogenesis. However, unlike non-diseased IC MSCs, K-K treated unexpectedly did not 

produce the pools of GAG. Next, the amount of GAG produced within each pellet was assessed 

to quantify chondrogenic capacity. 

 

 

 

 

Figure 6.3.22 Pellet Diameter of Distal Tibial and Talar MSC Cultures, after K or PL Preconditioning for 2 

Weeks and Differentiation in C, K or PL for 3 Weeks (N=3). A The effect upon talar MSC pellet diameter. B 

The effect upon tibial MSC pellet diameter. For all graphs, technical replicates were averaged and therefore 

only biological replicates are shown. Graphs shown median± range with all data points. Lines connect 

individual donor results. 
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As before (Fig. 6.3.15), pellet sGAG was measured both within the pellet and in the media to 

investigate the level of GAG MSCs were producing, with pellet GAG being shown first (Fig. 

6.3.23). Due to the variation seen, a logarithmic Y axis was used. Preconditioning in K produced 

more GAG in the pellet than PL in both talar and tibial pellets, but more so in talus, consistent 

with earlier results. Talar and tibial pellets contained similar levels of GAG (SFig. 8.2.2A). As in 

IC, pellets differentiated in C contained more GAG, being around 1-5-fold higher than other 

conditions, and similar between talus and tibia (SFig. 8.2.2B). When comparing both 

preconditioning and differentiation media together in the talus, K-C produced more GAG in each 

donor than K-K, whereas K-PL was higher in the least chondrogenic donor than K-C, and similar 

in the other two. PL-preconditioned groups were similar between PL-C/K/PL, except in the most 

chondrogenic donor (WJ011) where PL-C produced around 2-fold GAG (Fig. 6.3.23A). This 

behaviour was similar in the tibia, with K-C producing the most GAG for each condition, however 

K-PL again produced the most GAG for donor WJ011 (Fig. 6.3.23B). Consistent with IC MSCs data, 

K is the more effecting preconditioning treatment compared to PL; however, unlike in IC MSCs, 

the positive control C is generally most effective for differentiation, with little difference 

between K and PL. As GAGs were found in the media of IC cultures, GAG were next measured 

again in talocrural cultures. 

 

 

 

 

 

 

 

 

 

Figure 6.3.23 GAG Content of Pellets from Distal Tibial and Talar MSC Cultures, after K or PL 

Preconditioning for 2 Weeks and Differentiation in C, K or PL for 3 Weeks (N=3). A The effect upon 

GAGs produced and within talar MSC pellets. B The effect upon GAGs produced within tibial MSC 

pellets. For all graphs, technical replicates were averaged and therefore only biological replicates 

are shown. Graphs shown median± range with all data points. Lines connect individual donor results. 

C K PL C K PL

0.1

1

10

100

3D Treatment

s
G

A
G

 i
n

 P
e

ll
e

t

(
g

/p
e

ll
e
t,

 L
o

g
1
0
)

A

C K PL C K PL

0.01

0.1

1

10

100

3D Treatment

s
G

A
G

 i
n

 P
e

ll
e

t

(
g

/p
e

ll
e
t,

 L
o

g
1
0
)

B

WJ013

WJ012

WJ011

Donor

C K PL C K PL

0.0

0.5

1.0

1.5

2.0

2.5

P
e
ll
e
t 

D
ia

m
e
te

r 
(m

m
)

A

C K PL C K PL

0.0

0.5

1.0

1.5

2.0

2.5

P
e
ll
e
t 

D
ia

m
e
te

r 
(m

m
)

B

WJ11

WJ12

WJ13

K PL

K

PL

Preconditioning



237 

GAGs were measured again in media in line with IC work. Potentially, if talocrural MSCs 

were predisposed to osteogenesis, they may be less capable of retaining GAG, either 

through loss of adhesion molecule expression, or the production of ECM degrading 

enzymes (Fig. 6.3.24). K preconditioning showed 2-fold more GAG was release into 

media than PL (SFig. 8.2.3A). More GAG was released in tibia (Fig. 6.3.24B) than talus 

(Fig. 6.3.24A), unlike GAG production in the pellet (Fig. 6.3.23). Consistent with IC MSCs, 

Pellets differentiated in C released the least GAG into media, whereas K and PL 

differentiated pellets released similar levels of GAG compared to eachother in both talus 

and tibia (SFig. 8.2.3B). Donor trends between talus and tibia were consistent for each 

stimulant. K-C-treated cultures released the least GAG into media overall, and PL-C 

showed the most retention in PL-preconditioned groups,  similar to IC cultures (Fig. 

6.3.16C, Fig. 6.3.24C). Donor WJ011 however showed large amounts of GAG in the 

media in every condition suggesting this donor was less able to retain GAGs (Fig. 

6.3.24B). Overall, it appears K-preconditioning increases GAG retention, however only C 

reduced GAG release into media in differentiation. Additionally, some donors may have 

intrinsically lower GAG retention which may need additional consideration.  

 

 

 

 

 

 

 

 

 

Figure 6.3.24 GAG Content of Media from Distal Tibial and Talar MSC Cultures, after K or PL 

Preconditioning for 2 Weeks and Differentiation in C, K or PL in Pellets for 3 Weeks (N=3). A The effect 

upon GAGs produced and released into media by talar MSC pellets. B The effect upon GAGs produced 

and released into media by tibial MSC pellets. Technical replicates were averaged to only show biological 

replicates. Graphs shown median± range with all data points. Lines connect individual donor results. 
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Lastly, GAGs retained in  the pellet of a ratio of total GAG produced was investigated to 

(Fig. 6.3.25), as shown with IC data (Fig. 6.3.17). K preconditioned cultures retained 1.2-

fold more GAG of total GAG than PL. Talar MSC cultures retained more GAG than tibia, 

particularly in PL-preconditioned cultures (SFig. 8.2.4A). Again, C-differentiated pellets 

retained the most GAG, but K-K treatment in talus showed greater retention. By 

differentiation stimulants, generally the talus again retained more GAG than tibia, other 

than the K-C condition. PL-differentiation showed the least retention of GAG (Fig. (SFig. 

8.2.4B). In talus, K-K treatment showed consistently high GAG retention, followed by K-

C and PL-C. PL-C showed near full GAG retention in 2 of donors. As in IC pellets, K-PL and 

PL-PL cultures showed the least GAG retention (Fig. 6.3.25A/B). In tibia, K-C and PL-C 

cultures both showed the highest GAG retention, K-K again showed the next highest 

retention. The talar pellet from donor WJ013 showed little to no GAG retention after K-

K treatment, potentially due to a more osteogenic phenotype. Overall, K-preconditioned 

cultures retained more GAG than PL preconditioned cultures, and differentiation in K 

and C retain the more GAG, as seen in IC, however with more variation by donor in talus 

and tibia. IC showed medians of 85% GAG retention, higher than talus or tibia which 

appeared to be closer to 70%. This likely relates to the OA state. 

 

 

 

 

 

 

 

 

Figure 6.3.25 Ratio of GAGs Retained in the Pellet to Total GAG in Distal Tibial and Talar MSC 

Cultures, after K or PL Preconditioning for 2 Weeks and Differentiation in C, K or PL in Pellets for 3 

Weeks (N=3). A Effect on GAG retention of Talar MSCs. B Effect on GAG retention of Tibial MSC 

cultures. Technical repeats were averaged and only biological replicates are shown. Graphs shown 

median± range with all data points. Lines connect individual donor results. 

K PL K PL

0.0

0.5

1.0

1.5

Preconditioning Treatment

R
a

ti
o

 o
f 

s
G

A
G

 i
n

P
e

ll
e

t 
to

 T
o

ta
l 
s

G
A

G

A

Talus Tibia

C K PL C K PL

0.0

0.5

1.0

1.5

3D Treatment

R
a

ti
o

 o
f 

s
G

A
G

 i
n

P
e

ll
e

t 
to

 T
o

ta
l 
s

G
A

G

B

Talus Tibia

C K PL C K PL

0.0

0.5

1.0

1.5

3D Treatment Medium

R
a

ti
o

 o
f 

s
G

A
G

 i
n

P
e

ll
e

t 
to

 T
o

ta
l 
s

G
A

G

A

C K PL C K PL

0.0

0.5

1.0

1.5

3D Treatment Medium

R
a

ti
o

 o
f 

s
G

A
G

 i
n

P
e

ll
e

t 
to

 T
o

ta
l 
s

G
A

G

B

K

PL

WJ013

WJ012

WJ011

Preconditioning

Donor



239 

 

This chapter investigated the potential of minimally manipulated OA talar and tibial MSCs for 

chondrogenesis, to determine if there is potential for encouraging endogenous repair through 

biological stimulation by both preconditioning and 3D differentiation, without the use of any 

xenogeneic materials or growth factors. This follows on from the previous chapter, which 

showed that whilst the non-clinically applicable C encouraged the most chondrogenic gene 

expression and morphology in 2D, there was not enough proliferation of MSCs to generate 

sufficient numbers to treat cartilage damage. On the other hand, xeno-free PL and K 

preconditioning of IC MSCs had shown similar chondrogenic gene expression, and good ALP 

staining, as well as higher proliferation. In this chapter, 3D differentiation was added as an 

additional step to see the effect on chondrogenesis, and if different biological stimulants in 

preconditioning and differentiation would synergistically enhance chondrogenic differentiation.  

Firstly, FA beads were explored due to their potential for enhancing chondrogenesis seen in the 

literature, and ease of use. Beads showed the capacity to encourage chondrogenesis, with large 

amounts of GAG deposition by histology but required further work to prevent their degradation. 

However, they did successfully allow MSC proliferation and large amounts of GAG staining, and 

cell morphologies associated with chondrogenic growth. In the pellet model, the addition of 3D 

treatments, in this chapter has shown that both PL and K are competent chondrogenic inducers 

of GAG synthesis in 3D conditions. K-C and K-K treatments both showed the highest GAG 

synthesis, largest pellets and mostly the highest GAG retention in talus, tibia and IC. However, 

as K-C contains xenogeneic materials that cannot  be used clinically, the next best results were 

from K-K conditioning of MSCs, which showed the highest GAG production in both pellet and 

media, and highest GAG retention in the pellet in IC, even compared to C. Additionally, K 

preconditioning showed the ability to supress the osteogenic gene RUNX2, as well as other 

stromal and angiogenic genes. In talus and tibia, K-C produced higher GAGs and had similar or 

better retention than K-K, however K-K was the next best option. PL differentiation showed 

reduced chondrogenic gene expression in comparison to C, as well as the highest expression of 

RUNX2 in IC cultures, and so would still enable osteogenic MSC activity. As K differentiation also 

contained PL, it seems that K can prevent RUNX2 expression when combined with PL, but not 

just in preconditioning (K-PL). In talus and tibia, whilst PL differentiation led to higher GAG 

production in the pellet, there was very poor GAG retention, of around 30%, which would 

negatively impact treatment. Some donors did show specific responses to biological stimulants, 

for example poorly chondrogenic IC donor RC071 showed far better GAG retention in K-K than 

K-C, however the opposite was true in talar and tibia cultures for the least chondrogenic donor 

WJ013. This suggests there is a degree of donor-specific response to each treatment, but a 

higher number of donors would be required to understand this. 



240 

Some studies have performed similar work. PL injection has been used for osteochondral lesions 

of the talus, and showed that despite naturally containing TGF-β, a key component which is 

known to be strongly chondrogenic, PL did not enhanced chondrogenic repair361. K and PL have 

both previously been used in preconditioning and pellet culture of MSCs from other sources. K 

has shown commitment of human umbilical cord MSCs towards a pre-cartilaginous stage, 

showing increased expression of FGFR3, however there was not increased expression of 

chondrogenic genes such as collagen 2 as found in the previous chapter324. Micro-pellet culture 

of human IC MSCs has shown K synergistically enhanced chondrogenesis with TGF-β, but not 

with K alone, which may potentially relate to the small pellets they used being less responsive 

to K, or other differences in methods144. PL has been shown to enhance chondrogenesis, 

however with conflicting results, potentially due to PL composition, or timing of application 

which has been shown to direct towards cartilage when used early on but not later, which may 

have affected existing results140,328. This study is novel in that it is the first to directly investigate 

MSCs from OA for preconditioning and 3D culture, showing that OA MSCs seem to be less able 

to retain GAGs than non OA, healthy IC MSCs. Additionally, enhancement of chondrogenesis in 

talocrural MSCs has not been directly investigated, however PL has been added surgically, with 

this study showing PL was inferior to K or C treatment. This is one of only a few studies to use 

preconditioning and pellet culture synergistically, and confirms the same results in that PL 

maintains chondrogenic differentiation capacity and differentiation potential in 

preconditioning, however in pellet culture PL can reduce chondrogenic capability328.  

Firstly, FA was attempted as a 3D hydrogel to encourage chondrogenesis. This is a scaffold which 

has been used successfully in other literature, particularly for treatment with PL181,183. Beads 

were successfully produced and showed rounded morphologies as expected, and whilst there 

was some variation in size and sphericity, this was not so large that beads would be significantly 

different in mechanical properties. The homogeneity of beads would be further improved by 

using a more autonomous method to produce beads rather than by hand, considering the 

possible extent for human error355. However, there will always be some variation in bead 

structure. Swelling ratio is unfortunately not performed the same way in all studies, as such can 

be hard to compare, with one study showing an 8-fold different between the two362. For 

example, the gel may be freeze-dried first, as performed here, to remove all water, as more 

commonly performed362. Otherwise, a swelling ratio may be investigated from air drying the 

bead and then placing in PBS and measuring weight over time362. As such, there was no available 

direct comparisons for swelling ratio. In a similar study by Montalbano et al, where they instead 

used a collagen-fibrin-alginate bead, a swelling ratio of 3300-3800 was found compared to the 

value of around 1000 found in this study. The variability in that study was similar to that 

identified in this study, as such should be an acceptable level.  
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To identify if beads could support long term culture of MSCs, a degradation assay was 

performed. As cultures were planned for 14 days, this was the target length. After initial 

placement of beads into DMEM, there was a large increase in bead mass after 24 hours. The 

reason for this is unknown, but mostly likely due to beads absorbing DMEM after being washed 

in PBS. As this equilibrated over time it fell back to the starting mass weight, as the pure PBS 

retained in the bead may have encouraged diffusion of some components of DMEM but not 

others. As beads were placed back into culture after weighing, there may have been some 

mechanical damage to beads which would also affect weight, which may explain why some 

beads broke down. This was why as time went on, the bead weight was measured less often. 

For future experiments, it may be worth making multiple beads for measurement at the initial 

timepoint after DMEM has had time to diffuse in, and then using individual beads for reading at 

a second timepoint spread over 14 days, to prevent mechanical degradation from being 

removed from wells for multiple weighs. Normalising to well and media weight would not be 

viable, as any degraded bead material would still be in the media. 

When assessing the effect of FA on MSC viability, interestingly there was a substantial increase 

in metabolism, suggesting that not only is FA tolerated by MSCs, but it also encourages their 

proliferation. Whilst alginate themselves do not directly support cell growth due to having no 

bioactive molecules, their combination with other materials, such as fibrin in this study, has been 

shown to increase proliferation363. Additionally, as alginate is a polysaccharide, and there may 

have been some breakdown of the scaffold, this may have had its own effect upon proliferation, 

as alginate is a source of carbon and energy in nature, being broken down into mannuronic acid 

and guluronic acid364. Fibrin hydrogels have been shown to increase MSC survival under stress, 

as well as increases expression of some immunosuppressive and proliferative markers such as 

VEGF, TGFβ and prostaglandin E2, whilst allowing robust MSC attachment and also limiting the 

amount of migration out of fibrin265,266,347. This may be beneficial in the case of MSCs being 

retained in the scaffold, and potentially reduce their apoptosis as often seen in treatments 

where MSCs are injected, whilst improving expression of proliferative factors266. However, the 

extent of this exhibited in this study could have been further elucidated using a lower initial cell 

starting concentration, considering that ratios were the same for all densities in FA extract, 

which may have masked any significant differences in proliferation. 

MSCs successfully grew and survived in FA beads, without altering the spherical structure in the 

first 48 hours, with no MSC migration out of the beads. As these MSCs showed a spherical 

structure associated with MSCs primed towards chondrogenic differentiation, rather than the 

polygonal or elongated structures sought for in pre-osteogenic MSC studies, this suggests FA 

would successfully support chondrogenic differentiation180,337. As this structure was maintained 
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over time, up to at least 7 days, with a visible increase in cell number, this suggests the scaffold 

was allowing cell proliferation whilst encouraging chondrogenic differentiation similar to that 

seen in work by Ichinose et al. 87. As there were few differences between different treatments, 

each individual treatment was not directing differentiation away from this rounded morphology 

and towards other lineages. 

However, after 14 days, MSCs were observed external to the beads and many of them were 

starting to burst, which was not previously observed. Whilst MSCs within the scaffold 

maintained the rounded structure, those that escaped had rapidly moved towards the 

fibroblastic phenotype typical of 2D culture. The bead may have burst for several reasons, such 

as MSC proliferation creating a load that the beads couldn’t sustain, or MSC excretion of ECM 

enzymes which broke down the scaffold. MSCs have been shown to express genes of the 

fibrinolytic cascade, including plasminogen activator, and have been reported to have strong 

fibrinolytic capacity187. Some literature uses inhibitors such as 3000U of aprotinin per ml to 

prevent beads breaking down, by preventing release of fibrin-degrading enzymes which may 

have prevented the bead breaking down347. With more time, this would have been possible, 

however the effect on long-term longevity of the bead would be required to identify if it would 

still be remodelled into native tissue in vivo. Additionally, within the body there would be far 

more ECM degrading enzymes, particularly in OA, and so a scaffold with its own innate ability to 

prevent degradation may also be required, yet whilst still being bioresorbable, presenting a 

particular challenge365. As these scaffolds are currently being designed, this may be viable in 

future, with the scaffold from Gao et al. showing the ability to inhibit MMPs in a model of OA 

human synovial fluid366.  

Methylene blue staining showed that the majority of beads were broken down, and those that 

were still there had vastly decreased in size. It was interesting that PL-treated cultures showed 

the most remaining material, opposite to what was expected, since PL-treatment showed 

increased MSC growth rate in other cultures. As K-treated cultures also had the same 

concentration of PL in 3D, the difference between the two cultures is more striking, but could 

be entirely random. Toluidine blue of these pellets showed large break down of even the least 

degraded beads, with high amounts of GAG deposition within the beads. Additionally, visible 

cells had small regions of space around them, similar to lacunae seen in native cartilage, which 

are associated with production of collagen II, VI, IX and XI, as well as GAGs359. This shows that 

MSCs are being directed towards chondrocyte differentiation in these conditions. Even in heavily 

degraded FA beads, there was still a large amount of visible GAG within the bead, and so 

hopefully in vivo, this bead degradation would be remodelled into the native cartilage. K, PL and 

FA beads have all been successfully used to produce GAGs in the past, with Ma et al. showing 
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increased chondrogenic gene expression including SOX9, aggrecan and type 2 collagen relative 

to pure fibrin, and high GAG content per DNA relative to pure alginate. Lower fibrin content to 

GAG ratio showed generally higher chondrogenic gene expression, which combined with the 

changes in mechanical properties lends itself to the choice of equal fibrin and alginate content, 

which is a lower fibrin content than the work by Ma et al., but this may have contributed to the 

bead breaking down from the weaker mechanical properties181.  

Overall, the FA bead showed a strong ability to support chondrogenesis through MSCs attaining 

a rounded shape and large amounts of GAG deposition, however, did not last long enough for 

the experiment therefore making it impossible to retrieve DNA or quantify GAG deposition. 

Optimising the bead through the addition of enzyme inhibitors may increase the longevity of the 

bead to better allow support of chondrogenesis. Whilst the time required to initiate a reparative 

chondrogenic response in the OA ankle is unknown, considering that some key chondrogenic 

proteins are not expressed until 3 weeks, the bead is likely to need to survive longer than 3 

weeks to enable ECM being produced within the bead to integrate with OA cartilage or 

osteochondral lesions. Immunohistochemistry was attempted on retrieved beads to investigate 

production of chondrogenic proteins; however the beads being damaged already meant that 

the embedding process degraded a large majority of them down prior to staining.  

Chondrogenic pellets were used as another method of 3D culture for chondrogenesis, based off 

standard assays95,101,328. The pellet method also allows for simple mechanical testing for the 

longer term by simply placing the pellet-containing Eppendorf’s in a shaker or rocker, which was 

a consideration for this work, which in theory could have been applied to FA beads as well367. 

During culture of IC MSCs, it was noted that K led to a gelatinous pool rather than a pellet. To 

the author’s knowledge this has not been observed previously, however K has not been used for 

treatment of human MSCs in pellet culture. GAG release into media after K treatment has been 

reported before, but in a micro-pellet model with human bone marrow MSCs. This showed 

minimal GAGs in media, but also did not show GAG produced in the pellet either. This may be 

due to differences in model, or K source144. Due to the semi-liquid nature, histology of the pool 

was attempted by flash-freezing and cryo-sectioning but was not successful. As a small pellet 

was observed within the fluid, it may be that the weight of ECM produced could not be borne 

by the pellet, and as such the pellet broke down, or again cells are remodelling the tissue which 

separated the cells from the pellet. This seems less likely however, considering the size of the 

pellets talocrural MSCs reached in Chapter 4. Interestingly, pellets in this chapter had higher 

GAG content that in chapter 4 (Fig. 4.2.19), with the median of talar and tibial pellets being 2-3-

fold that of standard cultured MSC pellets, even with the same 3D treatment, C. As the same 

talar and tibial donors were used, this shows preconditioning is effective, as seen in the 
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literature197,323,324. Existing work has shown culture of MSCs, as done in Chapter 4, to P3 may 

impair chondrogenic ability by endoplasmic reticulum stress, which may have affected these 

results however368. As typical of biological tissue, there was a consistent but large variation 

between individual donors, with BM313 always showing the largest pellet, and RC071 the 

smallest. Chondrogenic capability varying between donors is well established, being reduced in 

older donors or patients who smoke. However, as patients in this study were between 28 and 

44 in IC, and 34-66 in talus and tibia, this is less likely to have played a role, as differences are 

cited to occur in patients over 70 years old369. Variation due to other lifestyle choices however 

would be expected and may affect the response to different biological stimulants 

downstream234,370. A key concept here is if a biological stimulant was more effective on a certain 

patient group than another. In general, K-preconditioned cultures had larger pellets than PL-

preconditioned pellets, as well as higher pools. This aligns with K being thought to be a key 

chondrogenic inducer, however there is some debate as to TGF-β being more effective, 

particularly with Music et al. finding BONE MARROW MSCs presenting low GAG synthesis144,324. 

In differentiation treatments, RC071 was unresponsive to each biological stimulants, as such it 

is likely MSCs from this donor were more senescent than other donors, whereas C produced 

larger pellets in the other two donors, which would be expected of the positive control.  

For pellet culture, there were many analysis of similar concepts, and so Table 6.4.1 summarises 

results for IC cultures. 

 

  GAG Gene Expression 

 Pellet 

Diameter 

Pellet Media Retention Chondrogenic Osteogenic ECM 

Remodelling  

Stromal 

K-C ++ + - - N/A - - N/A - - 

K-K N/A + ++ +++ N/A N/A N/A N/A 

K-PL - + ++ - N/A - N/A N/A 

PL-C - - - ++ + ++ ++ - 

PL-K N/A ++ + - N/A N/A N/A N/A 

PL-PL - - - + - - - - + 

Simplification of GAG results. – denotes minimal difference. Compared to the middle value, + means increase , -- 

means decrease. Larger increases are denoted by ++ or +++, relative to other differences seen. 

 

Table 6.7 Summary of IC Pellet Chondrogenic Results After Preconditioning and Differentiation  
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Whilst pellet diameter varied greatly, it did not correlate well with GAG content, GAG in the 

pellet or GAG retention, as such may not be worth repeating again for work on minimally 

manipulated MSCs. However, as it did correlate with GAG content in Chapter 4, there is some 

validity in its measure in the case of studying general differentiation capacity in standard 

conditions, as some stimulant conditions lead to far more GAG in the media than C. GAG in the 

pellet was similarly increased in all K-preconditioned cultures, however was most increased in 

PL-K, which was not matched by later results in talus and tibia. This may relate to PL maintaining 

overall expression, and so in IC was beneficial, but in talus and tibia MSC coming from an 

osteogenic environment, this may have meant chondrogenesis was not enhanced139. As this is 

not matched in other PL cultures however, there may be interplay with factors in other medias. 

Since K and C supresses RUNX2, perhaps cell signalling feedback meant chondrogenesis was not 

enhanced. Generally, GAG in the pellet correlated with increased GAG in the media in conditions 

without C, where K-K and K-PL had the most GAG released into media, followed by PL-K and PL-

PL. The most GAG of total GAG was retained in K-K and PL-C, suggesting that K has the best 

ability to produce and retain GAGs in non-OA IC cultures. As this is coupled with the highest GAG 

in media however, this also represents a larger amount of GAG overall, suggesting for non-OA 

tissue, K-K is an effective chondro-inducer, even more so than K-C. A keynote is that for K pools, 

media was removed up until the pool, and the pool considered part of the pellet. As such, this 

may alter the accuracy for GAG retention of K-treated pellets. However, as the beads collapsed, 

it is a point of discussion whether these should be considered ‘media’ or ‘pellet’ GAGs. As PL-K 

did not show the same level of retention however, this suggests K-K can increase retention of 

GAGs. 

Lastly, qPCR was run on the pellets. Due to the nature of chondrogenic pellets being filled with 

ECM and GAG, retrieving RNA is notoriously hard. Some work does this by agitation with pipette, 

as in this study, freeze thawing, or the addition of enzymes such as papain or collagenase371,372-

374. However, despite the method, there is still debate on the accuracy of isolating RNA from 

these pellets372. Of available results, it was seen that PL-C best increased chondrogenic gene 

expression. This matches preconditioning results in that C showed the most upregulation of 

chondrogenic genes COL2 and COMP, whereas K showed the most upregulation of ACAN. As 

such, it is unfortunate K results were not obtained, especially considering the positive results in 

GAG production and retention. Bone gene expression was most greatly reduced by K-C, whereas 

it was higher in K-PL and PL-PL, and highest in PL-C, suggesting K has the ability to supress RUNX2 

as well reported, but also repress other osteogenic genes143,324,330. ECM degrading enzymes 

including MMPs were more expressed in PL-C than PL-PL, meaning PL in differentiation may be 

able to reduce cartilage degradation. ECM degrading proteins like MMPs are often cited as a 

driver of the OA process, but also some stromal components such as VEGF375,376. PL has a 
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chondroprotective effect, reducing apoptosis, and so this result shows this would benefit 

cartilage reparative treatments361. Lastly, stromal gene expression was highest in PL-PL, 

suggesting that it can maintain differentiation potential, as previously reported139. K-C most 

greatly suppressed stromal gene expression, which suggests K preconditioning can direct MSCs 

towards a mostly chondrogenic lineage which is beneficial for cartilage repair treatments, 

matching similar literature, which more reliably showed chondroprogenitor cells through 

expression of surface marker FGFR3324. 

As GAG release from the cell mass is less reported, there is little discussion on the importance 

of its retention. GAG is mostly retained within cartilage by connecting to hyaluronan through 

link proteins, enabling the cartilage as a whole to retain large amounts of water. However, 

expression of cell-surface proteins such as CD44 and RHAMM are thought to be important in 

this too360,377. As the main idea of adding a scaffold to aid microfracture would be eventual 

remodelling of the scaffold into the local tissue, GAG retention would be important in this. 

Overall, in treatment of chondrogenic pellets of healthy IC MSCs, both PL and K showed benefits 

by preconditioning, as well as treatment in PL or K during 3D culture similar results to the 

positive control, if not better, as such both are useful to the field of tissue engineering of 

cartilage. K showed the greatest chondroprotective activity, as well as highest amount of GAG 

expression, similar to previous research. PL also produced large amounts of GAG and was better 

than K in some select biological stimulant combinations, however also had poor GAG retention 

and expression of genes of other lineages, as such may have both positive and negative repair 

behaviours. As both stimulants showed good outcomes, in particular K-K and K-PL combinations, 

both were utilised for talocrural cultures. 

Once designed, the experiment was performed again on talocrural MSCs. Learning from 

previous lessons, FA beads were not attempted again due to rarity of samples and the required 

optimisation, and the same was true of real-time PCR. Ideally, this would be repeated in future 

with optimised methods to better understand protein changes by these biological stimulants to 

OA MSCs. As such, pellet culture was utilised again with a focus on pellet GAG content. Summary 

data is again presented in Table 6.4.2 to simplify comparisons. 

 

 

 

 

 



247 

 

 Talar MSC Cultures  Tibial MSC Culture 

 Pellet 

Diameter 

GAG in 

Pellet 

GAG in 

Media 

GAG 

Retention 

 Pellet 

Diameter 

GAG in 

Pellet 

GAG in 

Media 

GAG  

Retention 

K-C +++ ++ - - - + K-C ++ +++ - - ++ 

K-K - - + ++ K-K - - - + + 

K-PL - + - - - K-PL - - - + - - - 

PL-C ++ - - - +++ PL-C ++ - - - + 

PL-K - - - - + - PL-K + + - - 

PL-PL - - + - - - PL-PL - - - - - - - - - - 

Simplification of GAG results. – denotes minimal difference. Compared to the middle value, + means increase , -- 

means decrease. Larger increases are denoted by ++ or +++, relative to other differences seen. 

 

Pellet diameter was largest in pellets differentiated in C, as seen before. This was more-so after 

K-preconditioning in the talus. Pellets in other conditions remained smaller, as seen in the IC. 

There was visible debris in the media in some cultures, again suggesting GAGs in the media and 

perhaps some pellet degradation. After prior results from Chapter 4 on the differentiation of 

cultured MSCs taken from the ankle (Fig. 4.2.17-4.2.19), it was anticipated that talocrural MSCs 

would have larger pellets than MSCs from the IC. Talus and tibial-treated pellets were of similar 

size to that in Chapter 4 (Fig. 6.3.17), K-treated and PL-treated pellets however were a median 

0.5-fold the size of C-treated pellets. This suggests that again C is more effective on pellet 

diameter for talus and tibia as seen in IC. 

Pellet GAG content was highest in K-C treatments in MSCs from both talus and tibia, and most 

other conditions had similar GAG content, being slightly higher in K-PL in talus and PL-K in tibia, 

again showing C produces the most GAG in the pellet, and that K-preconditioning is more 

effective. GAG in media was elevated in K-K in both talus and tibia, and lowest in K-C and PL-C 

conditions, showing again C encourages the most GAG to be retained. K-C and PL-C generally led 

to the most GAG of total GAG being retained in the pellet, as seen with PL-C in the IC. However, 

again, K-K treatment showed the highest GAG retention. K-PL and PL-K showed the least GAG 

retention. As mentioned before, this may relate to the proteins which retain GAGs, whether 

that’s cell-surface or mediated through hyaluronan link proteins. PL may either not induce 

synthesis of GAG-binding proteins or does not prevent production of enzymes which break down 

GAG-binding proteins. If qPCR had been more successful, identifying changes to GAG linking 

Table 6.8 Summary of Talocrural Pellet Chondrogenic Results 
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proteins or MMPs may have elucidated this reason. Additional biological stimulants which 

enhance GAG retention or reduce their expression may better improve PL-based treatments. 

Between, IC, talus and tibia, K-C led to higher GAGs in the pellet, and less GAGs in the media. 

However, K-K showed less GAGs in the pellet. This suggests there are some differences between 

the healthy and OA tissue that K-C is able to mitigate, but not K-K. As ankle MSCs showed an 

osteogenic response in both Chapter 3 and 4, they may potentially be less able to commit to 

chondrogenic differentiation as discussed in previous work, with a precommitment to 

osteogenic differentiation as shown by Ilas et al.85,317,375. Whilst overall, the positive control, C 

showed the most GAG production in the pellet, least GAG in media and relatively strong GAG 

retention, C is not a viable treatment for clinical use due to containing animal components. Of 

the various clinically-available options, K-K showed the highest GAG synthesis in IC, and 

relatively high GAGs in talus and tibia. Additionally, K-K treatment showed the highest GAG 

retention in the IC, as well as talus and tibia. K-preconditioning largely showed strong results, 

and would be relatively easy to add in vivo. However, as PL showed the largest amounts of GAG 

released into media, and 50% PL was used in K differentiation medium, this may have had either 

synergist effects on GAG production, or led to more GAG release than would’ve happened 

otherwise.  

To see if preconditioning was effective in talus and tibia as well, these were compared to earlier 

results in chapter 4. In K-C conditions, for both tibia and talus, 2 of 3 donors showed higher GAG 

synthesis after treatment with C. This was not true for PL-C. This gives some evidence that 

preconditioning with K may boost GAG synthesis in talar or tibial MSCs. Preconditioning with PL 

or K have both been shown to be effective in the past, however, at least with PL, it has been 

shown the time the biological stimulant was available for and when it was removed was 

important. Rikkers et al. showed that whilst 1% of 5% PL effectively increased GAG synthesis by 

2-fold when used for just preconditioning, however its use in 3D showed 0.1-fold of the GAGs 

seen in the positive control redifferentiation medium328. As 50% PL was used in differentiation 

medium, this may have had an effect. Preconditioning is thought to improve MSC differentiation 

properties through epigenetic modification, by removing methylation from relevant genes, 

allowing their expression, but has also been shown to affect MSC exosomes as well to enhance 

cartilage repair143,378. Preconditioning in other cases has been enhanced by the addition of 

mechanical forces, which could improve upon the positive results seen here197.  

To better understand the pellet ECM structure, to see if GAGs were successfully deposited, both 

histology for toludine blue and immunohistochemistry for relevant proteins was attempted. 

Unfortunately, pellets were again fragile, and due to coronavirus new equipment was used for 

pellet cryo-sectioning or paraffin embedding, as such many pellets were not possible to Section. 
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Toluidine blue worked on a few pellets and were shown. These showed GAG deposition and a 

clear typical pellet structure. Immunohistochemistry was attempted, but this was unsuccessful. 

Proteins were positively identified by DAB staining, but pellets were broken down and the data 

was not of sufficient quality to be presented here. Pellets did show evidence of chondrogenic 

activity by GAG staining. 

In summary, this chapter has shown that FA could be a potential model for cartilage synthesis 

with MSCs demonstrating chondrogenic morphology and GAG deposition, however further 

optimisation is required. Additionally, it was shown that K preconditioning aids of IC, talar and 

tibial MSCs, increasing the size of pellets relative to those cultured in just C as seen in Chapter 

4, however Chapter 4 cells were P3 and therefore potentially have lost some chondrogenic 

capacity368. Additionally, K and PL for differentiation in 3D showed formation of chondrogenic 

pellets and GAG synthesis within the pellet and its release into the media. Of note however, is 

that whilst in IC pellets, the majority of GAGs were retained in the pellet, in the OA talar and 

tibial samples, a large proportion of GAGs were released into the media, suggesting there is a 

lack of link proteins to bind them within the pellet, potentially due to enzymatic activity or lack 

of synthesis, or simply that pellets were smaller and could not retain GAGs. Gene expression in 

IC pellets showed elevated expression of chondrogenic genes in the positive control relative to 

PL. K-treatment successfully inhibited gene expression of osteogenic, stromal, angiogenic and 

cartilage-degrading enzymes. Moving forward, there needs to be optimisation of RNA isolation 

to better be able to understand gene expression changes, particularly in relation to enzymatic 

activity based on the pellet degradation seen in OA talar and tibial MSC chondrogenic pellets. 

Additionally, optimisation of histology would provide better insight into the ability of K and PL 

to generate ‘hyaline-like’ cartilage, or if they encourage a more fibrocartilage-like structure. 

However, K-K showed a clinically relevant treatment option with elevated GAG production, GAG 

retention in the pellet but also increased GAG in the media, and therefore offers a promising 

treatment option with further work, particularly to understand the relative importance of GAG 

retention, but also the effect on chondrogenic gene expression needs to be undertaken.  
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OA has remained one of the long-standing barriers to independency during aging, and therapies 

from many angles have been attempted with limited success. Total joint replacement is still the 

therapy with the best outcomes, offering 20 or more years mobility in other joints, with less 

success in the ankle just to its complexity147. Whilst a plethora of regenerative therapies exist, 

particularly in the ankle, the majority do not show sustained repair for more than 5 years, leaving 

limited options available. This thesis has investigated specific OA behaviour in the ankle to better 

understand the changes, as well as investigated the resident repair-capable regenerative cells, 

MSCs, and their behaviour to further elucidate why repair may be hindered by scar tissue 

formation. Additionally, the effect of various biological stimulants on their behaviour to supress 

osteogenesis and improve chondrogenesis has been investigated to guide development of 

enhanced regenerative therapies, with an aim of adding an injection to the already common 

microfracture practice to better improve treatment outcomes,  using an in vitro model of 

preconditioning and differentiation treatments.  

This thesis confirms existing work that there are large scale bone changes, with relationships to 

cartilage lesions as found in the hip, but yet to be demonstrated in the ankle, with key 

morphological behaviours likely relating to microfracture101,219,225. It additionally identifies MSC 

presence with potential to form bone, cartilage and fat using the ISCT panel utilised in hip and 

knee, but for the first time in distal tibia and talus85,91,101,219. This work expands on existing data 

which shows differences in differentiation capacity based on MSC location, not only between 

bone and cartilage but also by joint85,219,287,299. Additionally, it confirms that MSCs from OA are 

likely to be predisposed to osteogenesis after isolation from OA based on increased calcium 

deposition during osteogenic assays and uncultured MSC morphology85,87. Investigation of 

current biological stimulants being utilised for cartilage repair therapies supported existing 

evidence that K at 10 μM concentration can initiate expression of chondrogenic marker ACAN 

during preconditioning, as well as supress RUNX2 expression in 3D and increase GAG deposition 

and retention in pellet culture, as supposed by other work141,143,144,324. However, whilst this work 

supported PL preconditioning in that it increased cell growth and retained differentiation, it did 

not support PL for chondrogenesis in 3D, rather it appeared to support general differentiation 

capacity, which may explain the variety of published results on chondrogenesis, with some 

showing increases and others decreases, which may be further explained by work which 

suggests platelet concentration can affect chondrogenesis136,140,328. This was partially mitigated 

by K preconditioning, which increased GAG retention. This work additionally supports the use of 

human serum for MSC culture, as found by other literature, showing increased MSC growth rate, 

enhanced differentiation capacity and less fibroblastic-like morphology331,379. 
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This thesis is the first to histologically investigate the effect of OA upon talocrural bone and 

cartilage in explants removed directly from fusion surgery of the talocrural joint, as well as to 

relate these changes to bone-resident cells including MSCs and osteocytes, and overlying 

cartilage changes. Existing work on donor tissue taken post-mortem has investigated donated 

whole tibial and talar bones, demonstrating track and tram lesions, mostly localised on the 

anterior of the cartilage, relating to loss of GAGs  demonstrated by Safranin O staining, with 

associated SBP tidemark duplication205. Additionally, work has previously shown that there is 

increased BV/TV in talus compared to tibia, but also further increasing in OA BV/TV near the 

joint surface in tibia240,380. This work shows for the first time there is an additional increase in 

BV/TV in the talus at the surface, as well as loss in BV/TV away from the joint surface. Whilst this 

disagrees with the work from Harnroongroj et al., who had higher donor numbers, their work 

used lower resolution CT which may have masked some bone changes, and was performed on 

patients who did not yet need operation, as such were not yet at end-stage OA, as such will have 

had more limited bone changes380. This work is the first in the ankle to combine this with 

histological investigation of cartilage damage by OARSI staining, which has been previously 

performed in the knee219. MSCs associated with cartilage damage as well as osteogenic cells, 

which has been previously shown in the hip, therefore suggesting in OA that MSCs are involved 

in the sclerotic response seen in OA85. Therefore in order for cartilage repair to be realised, new 

treatments which suppress bone formation such as K are required. 

This thesis has for the first time proven that MSC presence in the distal tibia and talus of the 

talocrural joint, and characterised them, according to the standard ISCT criteria. This is a 

standard practice which has already shown MSC presence elsewhere, including the knee, hip 

and calcaneus219. MSCs showed typical tri-potentiality into bone, cartilage and fat, with both 

tibia and talus showing increased osteogenesis and slightly increased chondrogenesis, and talus 

showing greatly reduced adipogenesis relative to non-OA IC controls. This work also investigated 

relationships between different differentiation capacities, showing that osteogenesis and 

chondrogenesis have a negative relationship as shown in other work, but less clear trends 

between other combinations290,308. 

This work has also shown MSC preconditioning in 2D has positive effects on MSC 

chondrogenesis, as shown previously, in particular showing that K has some benefits including 

increased ACAN expression, and 3D culture that had been preconditioned showing improved 

GAG synthesis and retention relative to the positive control, particularly in IC 

MSCs143,197,320,323,324,378. However, OA MSCs seemed less responsive. Despite K-preconditioning 

causing talar and tibial pellets to be larger after C differentiation, there was reduced GAG in the 

IC pellets compared to earlier results of Chapter 4 utilising P3 MSCs which had been 
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differentiated towards chondrogenesis (Section 4.3.18-19). As pellets showed little GAG 

retention, this likely relates to the osteogenic behaviour seen by both histology in Chapter 3 and 

uncultured MSC morphology seen in Chapter 4. Therefore, there still needs to be further work 

to investigate Biological Stimulants which may reduce osteogenic behaviour. Removal of PL from 

K-differentiation mediums may better supress osteogenesis, or combination with other 

stimulants such as TGF-β as performed in other work may better improve chondrogenesis144. 

However, it seems that use of preconditioning is key, as the same work showed little to no 

chondrogenic response after K-treatment of micro-pellets alone144.   

Large scale bone and cartilage changes are known to be commonplace in OA, with the altered 

biomechanics leading to perpetuation of disease381. Whilst it is unknown if cartilage or bone 

changes occur first, it is known that both undergo alterations in their structure, leading to the 

cartilage being less able to divert load, and the exposure of the bone surface leading to joint 

pain due to the highly vascularised nature of subchondral bone which is suddenly absorbing 

greater loads, with evidence of neovascularisation within the bone, worsening the situation376. 

Whilst MSCs have been cited to be involved in bone synthesis in the hip, as well as being known 

to be present in the bone and being thought involved in repair, especially for being utilised in 

regenerative therapies, their behaviour in different joints is poorly studied85,243. This work 

furthers the results of Ilas et al. to suggest MSCs are likely related to the bone formation 

response in OA, which is likely driven by load-sensing cells in bone responding to the increased 

loading after cartilage loss to drive a bone formation response85,382. This bone is formed rapidly, 

at therefore is not getting remodelled as required, as shown by picrosirius red staining in this 

study, as well as the worsened biomechanical properties demonstrated in other work249. Whilst 

microfracture has shown some ability to improve this, repeated microfracture leads to necrosis 

of lower bone, as such cannot be used as a consistent treatment30,84. This study has 

demonstrated links between cartilage damage, MSC presence, BV/TV and SBPT, showing that 

the behaviour of all 4 in the OA process is related, and all need to be addressed for suitable 

treatment. MSCs respond to their local environment, according to biological signals received, 

the hardness of material they rest upon, and prior signals as shown by preconditioning altering 

MSC behaviour180,306,331,344,375. Therefore, it is likely that for true joint repair, there needs to be 

methods which allow bone and cartilage to return to their original structure and turnover, which 

likely requires MSCs and potentially other related resident cells to receive a sustained signal to 

reduce osteogenesis and synthesis new cartilage. As the OA process progresses, these bone and 

cartilage changes become more widespread, and so it is likely that treatments will need to target 

early-stage OA, such as being limited to bone marrow lesions as typically seen155. 
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This work has shown the potential of talar and tibial bone resident MSCs to undergo cartilage 

differentiation but also osteogenic differentiation. Biological stimulants for this process mostly 

only include PRP (PL), K or TGF-β, which have been discussed earlier, and are still not routinely 

used for cartilage regenerative therapies despite existing clinical results324,361. There does 

however exist a plethora of scaffolds which have shown positive effects on chondrogenesis, 

indeed as well for talocrural repair. These have shown the ability to supressing osteogenesis and 

recruit resident cells for repair. Some, such as the ChondroGide®, are clinically approved, 

however they still do not show long term success over 5 years in over 50% of patients155,383. 

Whilst studies have shown efficacy in patients under 40, this limits the treatment and doesn’t 

vary greatly from the results of microfracture alone which has shown high success rates in small 

lesions of younger patients155,383. MSCs have shown the ability to repair cartilage to a near 

hyaline-like level for 2 years, however as underlying biomechanical changes have yet to be fixed, 

as well as issues of new cartilage integrating with old cartilage, this repair is not sustained. The 

addition of stimulants in this study, as well as a more thorough investigation of microfracture to 

determine the cells involved, may be able to better improve outcomes and improve our 

understanding of what occurs during microfracture. By combining the use of K with scaffolds 

which have already shown good outcomes by preventing reduce osteogenic or ECM-degrading 

enzyme activity may lead to better treatment outcomes142,366. 

This study utilised a basic method of 3D culture, using centrifugation to compress MSCs into a 

pellet. Whilst a commonly used method in this field that has been used in much of the cited 

literature, a more complex scaffold with additional functions, such as mechanical properties 

which match the chondrogenic response of MSCs and that of nearby cartilage, would show more 

reliable outcomes for response to K or other stimulants. Whilst FA used in this study showed a 

chondrogenic MSC morphology as well as GAG deposition, the scaffold did not last long enough 

for the planned experiment. Whilst a reported benefit of FA is that it is resorbed quickly, it needs 

to be sustained long enough that cartilage repair can begin to a sufficient level that it can be 

integrated with the local environment, as well as since the joint will likely be loaded fairly shortly, 

the scaffold needs a level of rigidity. As such, other scaffolds, particularly with a focus on ones 

which have passed clinical trial, are likely a better model of study for the response in 3D to K, PL 

and other stimulants.  
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This study has added a large amount of novel information on the effects of end-stage OA on the 

structure of the ankle, resident bone MSC behaviour, and their response to novel biological 

stimulants utilised experimentally and clinically within the field, by both preconditioning and in 

3D. Importantly, this study has shown that MSCs are linked with the osteogenic response in OA, 

but despite that retain a strong level of chondrogenesis, greater than non-diseased IC MSCs. 

MSCs responded similarly to biological stimulants K and PL after preconditioning, with K showing 

increased chondrogenic gene expression. With additional 3D culture, K suppressed expression 

of bone-related gene RUNX2, and enhanced both the production of GAGs in both the pellet and 

media, but also increase the retention in the pellet. This retention is likely key to cartilage repair, 

based on the idea that if GAGs are not adhered within the cartilage, they will not aggregate, for 

the critical function of water retention to manage joint loading. This study has created new 

questions to be answered: 

1) Does MSC differentiation potential differ between OA and non-diseased sites, or of 

different stages of the disease, by investigating healthy and OA donor samples 

2) Are MSCs directly related to bone changes by paired immunohistochemistry for 

different osteogenic cell and MSC markers 

3) Does preconditioning present markers of MSCs pre-committed to chondrogenesis  

4) Does K alone better improve the chondrogenic capacity than with PL 

5) What is the effect of K on gene expression of 3D cultured MSCs by qPCR, which could be 

attempted on an alternate scaffold, or an optimise pellet digestion 

6) Would alternate scaffolds such as FA or commercial scaffold better enhance 

chondrogenic repair and inhibit osteogenic gene expression 

This study is limited by the scarcity of samples. With only 3-4 samples per experiment, key 

differences between results may have been masked or enhanced. To advise future work, I would 

therefore recommend that they have a better ability to collect samples, by approaching 

additional surgical sites to recruit more patients to the study. However, as surgery moved 

towards the use of less bone, it would also be important to recruit patients receiving total ankle 

replacement. Additionally, the lack of healthy controls meant it was hard to identify if changes 

were joint or disease specific. However, obtaining MSCs from healthy ankle tissue is unlikely, 

considering the rarity of the tissue, requiring complex ethics, as frozen tissue cannot be used, 

and so would likely have to be from amputation. Therefore, developing non-invasive joint 



256 

imaging methods to investigate OA changes and MSC behaviour after regenerative therapies, or 

development of animal models, would be potential avenues.  

 

 

 

URH utilises the rapid polymerisation of a methyl-methacrylate resin monomer to form 

a hard plastic, which will allow relatively thin Sections of bone to be sectioned and then 

ground down. For the monomer of the embedding resin to be able to permeate the 

bone, the water needs to be fully removed. The monomer also needs to be fully 

dispersed within the tissue before polymerisation. Technovit 7200 VLC resin was used, 

and in OA can show the microarchitecture of bone 384.  

Firstly, the samples were kept in neutral buffered formaldehyde  for 2 days. The NBF 

was removed, and the samples transferred into histology cassettes, which were placed 

into 250ml of 60% ethanol in distilled water for 36 hours and agitated by shaker at 40 

rpm. This was transferred to and repeated for gradual increases of 250ml ethanol 

concentrations including 80%, 96%, 100% and a duplicate of 100%. After this, the 

cassette was transferred to 250ml 30% Technovit 7200 VLC in 100% ethanol (ratio of 

30:70), placed into the dark to prevent monomer polymerisation, and left for 36 hours 

with 40 rpm agitation. This was repeated for 250ml of Technovit:ethanol ratios of 50:50, 

70:30 and a 100% Technovit solution. Once completed, the cassette was placed into 

250ml 100% Technovit solution and pulled into a vacuum. This was left in the dark for 

7-20 days, with agitation at 40 rpm. 

 

To be able to Section the bone, the sample needs to be fully embedded in resin polymer. 

Following infiltration, the sample was orientated within a large embedding mould and 

packing beads applied to reduce resin used. Within a fume hood, Technovit 7200 resin 

was used to cover the sample with some excess. The resin was then cured over 8 hours 

in a Light Polymerisation Unit. The sample was subsequently removed from the device 

and left to cure in daylight.  
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To allow the sample to be sectioned, the sample was adhered to slides. Coarse grinding 

paper (Exakt) was attached to the micro-grinding system (Exakt) and used to roughen 

the slide (Exakt) to be used to aid sample adherence. The slide was cleaned in 100% 

ethanol, and attached to the vacuum adhesive press (Exakt) by engaging the vacuum. 

Technovit 4000 cement (Exakt) was then prepared in a fume hood, using 2. 5 ml of syrup 

1, 1.2 5 ml of syrup 2, and after mixing  5 ml of powder was added. This was mixed, and 

then poured onto the concave surface of the embedded block. This was attached to the 

lower portion of the vacuum press, and the upper portion with the slide attached 

lowered onto the sample with compression until adhered. The slide and sample were 

removed, and the face of the resin block was then ground down using the micro-grinding 

system, with the slide adhered to the vacuum of the system, until the sample was 

exposed. A micrometer was used to confirm that the two sides of the sample block were 

parallel. A second slide was then attached to the vacuum adhesive press. Within the 

fume hood, Technovit 7210 resin was applied thinly to the exposed face of the sample, 

and the sample attached to the lower arm of the press. The upper arm was allowed to 

compress the second slide onto the sample, and left to cure the resin for 10 minutes 

with the device closed.  

 

In order to start producing a Section of sample of suitable thickness, the thinnest Section that 

can be cut by blade is taken first. The sample is first clamped into the bone saw (Exakt). Water 

is set to run down the blade, and the blade is set to oscillate at a speed of 8 units, cutting at a 

thickness of 250um. The sample is allowed to pass through the blade via weighted platform, 

pulling the block down. Once cutting completed the device turned off and Sections taken. 

 

 

 

 

 



258 

 

In Chapter 6, graphs showing the effects of both preconditioning and differentiation only were 

shown, to prevent over complication of the results. These graphs are shown here. 

Firstly, pellet diameter as affected by preconditioning (SFig. 8.3.1A) and by differentiation media 

(SFig. 8.3.1B) is shown.  

Next, GAG per pellet is shown following preconditioning (SFig. 8.3.2A) and differentiation (SFig. 

8.3.2B). 
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Supplementary Figure 8.3 1 Effect of Preconditioning using K or PL and 3D treatment with C, K or PL 

or diameter of chondrogenic pellets produced by talar or tibial MSCs after 14 day culture (N=3). A Effect 

of preconditioning media on talar and tibial MSC chondrogenic pellet diameter. B Effect of 3D treatment 

medium on talar and tibial MSC pellet diameter. Technical replicates were averaged and only biological 

replicates are shown. Graphs shown median± range with all data points. Significance was tested for 

using a non-parametric Friedman test. Significance was set at * p<0.05. 
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Supplementary Figure 8.3 2 GAG Content of Pellets from Distal Tibial and Talar MSC Cultures, after K or 

PL Preconditioning for 2 Weeks and Differentiation in C, K or PL for 3 Weeks (N=3). A The effect of 

preconditioning upon GAGs produced within pellets. B The effect of differentiation media upon GAGs 

produced within pellets. For all graphs, technical replicates were averaged and therefore only biological 

replicates are shown. Graphs shown median± range with all data points. 
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Next, GAG in media per pellet is shown following preconditioning (SFig. 8.3.3A) and 

differentiation (SFig. 8.3.3B). 

Lastly, GAG retained in pellet of total GAG is shown following preconditioning (SFig. 8.3.4A) and 

differentiation (SFig. 8.3.4B). 

 

K PL K PL

0.001

0.01

0.1

1

10

Preconditioning Treatment

s
G

A
G

 i
n

 M
e

d
ia

 p
e

r 
P

e
ll
e

t

(
g

/p
e

ll
e
t,

 L
o

g
1
0
)

A

Talus Tibia

C K PL C K PL

0.001

0.01

0.1

1

10

3D Treatment

s
G

A
G

 i
n

 M
e

d
ia

 p
e

r 
P

e
ll
e

t

(
g

/p
e

ll
e
t,

 L
o

g
1
0
)

B

Talus Tibia

Supplementary Figure 8.3 3 GAG Content of Media from Distal Tibial and Talar MSC Cultures, after K or PL 

Preconditioning for 2 Weeks and Differentiation in C, K or PL in Pellets for 3 Weeks (N=3). A GAG in media 

after preconditioning with K or PL on final GAG content after differentiation. B Effect of K, PL or C as a 3D 

treatment medium on GAGs released into medium. For all graphs, technical replicates were averaged and 

therefore only biological replicates are shown. Graphs shown median± range with all data points. 
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Supplementary Figure 8.3 4 Ratio of GAGs Retained in the Pellet to Total GAGs in Distal Tibia and Talus, 

of Pellets Preconditioned with K or PL for 2 Weeks and then Cultured in 3D Pellets for 3 Weeks (N=3). A 

Effect of K or PL preconditioning upon GAG retention on Talus and Tibial MSC cultures. B Effect of K, PL 

or C differentiation treatment upon GAG retention on Talus and Tibial MSC cultures. For all graphs, technical 

replicates were averaged and therefore only biological replicates are shown. Graphs shown median± range 

with all data points. 
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Target Antibody 

Class 

Fluorophore Clone Manufacturer Catalogue 

Number 

Positive Markers 

CD73 IgG1ĸ R-phycoerythrin (PE) AD2 Miltenyi Biotec 130-095-182 

CD90 IgG1 Peridinin Chlorophyll 

protein (PerCP)-Vio700 

REA897 Miltenyi Biotec 130-114-864 

CD105 IgG1 Fluorescein 

Isothiocyanate (FITC) 

43A4E1 Miltenyi Biotec 130-098-774 

Negative Markers 

CD14 IgG1ĸ VioGreen REA599 Miltenyi Biotec 130-110-525 

CD19 IgG1ĸ VioGreen LT19 Miltenyi Biotec 130-098-226 

CD34  IgG1ĸ VioGreen AC136 Miltenyi Biotec 130-113-183 

CD45 IgG1ĸ VioGreen REA747 Miltenyi Biotec 130-110-638 

HLA-DR IgG1ĸ VioGreen REA805 Miltenyi Biotec 130-111-795 

Isotype Controls 

Mouse  IgG1 R-phycoerythrin (PE) MCA1210 BioRad MCA928PE 

Mouse  IgG1 Peridinin Chlorophyll 

protein (PerCP)-Vio700 

MOPC-21 BD Biosciences 552834 

Mouse  IgG1 Fluorescein 

Isothiocyanate (FITC) 

MCA1210 BioRad MCA928F 

Mouse  IgG1 VioGreen MOPC-21 BD Biosciences 583025 

 

 

 

 

Host 
Species 

Antibody 
Class 

Antibody 
Target 

Clone Manufacturer Dilution Catalogue Number 

Mouse IgG1 ĸ CD271 ME20.4 Invitrogen 1:200 14-9400-82 

Rabbit IgG1 CD56 EPR2566 Abcam 1:300 ab133345 

Rat IgG2a E11 NZ1 Merck 
Millipore 

1:200 14-9381-82 

Supplementary Table 8.1 Antibody Conjugates used for Flow Cytometry 

Supplementary Table 8.2 Antibodies used for Immunohistochemistry 
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Reagent Manufacturer Catalogue Number 

Acetone Fisher Scientific 15927996 

Acrytol Mounting Medium Generon  21730018-1 

Alginic Acid Sodium Salt Sigma A1112-100G 

Alizarin Red Sigma A5533-25G 

AdipoDIFF Miltenyi Biotech 130-091-677 

Antibody diluent  Abcam S080983-2 

Calcium Chloride Sigma C1016-500G 

Calcium kit Sigma MAK022 

ChondroDIFF Miltenyi Biotech 130-091-679 

Citrate Sigma 3861-20ML 

DAPI Sigma 28718-90-3 

DMEM (High Glucose) Gibco/Life Tech  61965-059 

DMEM (Low Glucose) Gibco/Life Tech  21885025 

DMEM ThermoFisher 61965-026 

DMSO Sigma D2660-100ml 

DNase Sigma DN25-10MG 

DPX Sigma 06522-100ML 

Eosin VWR International EM-R03040-74 

Ethanol Fisher Scientific E/065DF/25 

Fast Green Alfa Aesar A16520.06 

Fetal Calf Serum (FCS) Thermo Fisher FCS-SA 

Fibrinogen Type 1  Sigma F8630-1G 

Supplementary Table 8.3 Laboratory Reagents 

https://www.sigmaaldrich.com/catalog/search?term=28718-90-3&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=GB&focus=product
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Supplementary Table 8.3 Laboratory Reagents 

Formaldehyde Sigma F5554-4L 

Glacial Acetic Acid Fisher Scientific 33026 

Haemotoxylin (Mayer's) VWR International EM1.05175.2500 

Hydrochloric Acid Fisher Scientific 10316380 

Isopropanol Fisher Scientific 67-63-0 

Kartogenin Sigma SML0370-5MG 

Methylated Spirits Biostain Ready Reagents GPS1000-K 

Methylene Blue Sigma M4159-25G 

Modified Weigert’s Iron 

Haemotoxylin 

Atom Scientific RRSP72-E, 

RRSP73-E 

Naphthol Sigma 861-10ML 

Neutral Buffered 

Formaldehyde 

Biostain Ready Reagents RRFF4000-G 

Nile Red Sigma 19123-10MG 

OCT VWR International 361603E 

Oil Red O Sigma O0625-25G 

OsteoDIFF Miltenyi Biotech 30-091-678 

Paraffin Sigma 327212 

Phosphate Buffered Saline 

(Calcium Free) 

Sigma 14190-144 

Phosphate Buffered Saline 

(tablets) 

Fisher Scientific 10209252 

Penicillin Streptomycin (PS) Thermo Fisher 15140-22 

Platelet Lysate StemCell Technologies 6960 

Preamplification MasterMix  Fluidigm 100-5580 
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Supplementary Table 8.3 Laboratory Reagents 

Reverse Transcription Master 

Mix 

Fluidigm 100-6298 

Safranin O Merck Life Sciences 1159480025 

Saponin Merck Life Sciences SAE0073-25G 

Scott's Tap Water Leica Biosystems 3802900 

Sodium Hydroxide Pellets Fisher Scientific 424335000 

StemMACS Miltenyi Biotech 130-091-680 

Sterile PBS ThermoFisher D8537-500ml 

Technovit 4000 Cement  Exact 51090 

Technovit 7200 VLC resin Exakt 51000 

Technovit 7210 VLC glue Exakt 51100 

Thrombin Merck Life Sciences T4648-1KU 

Toluidine Blue Sigma 198161 

Trypan Blue (0.4%) Sigma T8154 

Trypsin ThermoFisher 15400054 

Xylene Sigma 534056 

Collagenase Worthington Biochemicals LS004156 

EDTA Fisher Scientific D/0700/53 

Cell Lysis Buffer Cell Signalling Technologies 9803S 

FACS Buffer ThermoFisher A9647, 40-2006-01 

Trypan Blue Sigma  

Triton-X100 Sigma X100 

Nuclease-free water Sigma W4502 

 

 

https://www.sigmaaldrich.com/catalog/product/sial/198161?lang=en&region=GB
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Solution Details 

Acidified Water  5 ml Glacial Acetic Acid in 1L of dH2O 

Collagenase 

(600U/mL) 

Collagenase was prepared at a concentration of 600 units/ml in 1% P/S, 

20% FCS, DMEM mixture. 

EDTA In 1L dH2O, 186g EDTA powder was added and NaOH pellets added to 

allow EDTA to dissolve under agitation,  and adjusted to pH 7.4 using 

HCl 

FACS Buffer 0.5% BSA and 0.1% Sodium Azide in PBS 

Freezing Media 10% DMSO in FCS 

Alginic Acid 2.4% sodium alginate w/v in Calcium Free PBS (sterilised by filter) 

Methylene Blue 1% methylene blue in borate buffer (10mM, pH8.8) 

TE Buffer 10mM, 1 mM EDTA adjusted to pH 8 

Tris-Buffered 

Saline 

24g Tris and 88g NaCl in 1L PBS at pH 7.6 

Fibrinogen 30mg/ml in  calcium free PBS (sterilised by filter) 

Fibrin Alginate 1.2% sodium alginate, 15 mg/ml in calcium free PBS prepared sterile 

Calcium Chloride 102 mM in calcium free PBS 

Thrombin 50U/ml in dH2O 

CaCl2 Thrombin 

Solution 

2 mM CaCl2 with 5U/ml thrombin in dH2O 

Cell culture 

mediums 

All cell culture mediums were prepared with 1% P/S 

Supplementary Table 8.4 Solutions and Buffers 
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Supplementary Table 8.4 Solutions and Buffers 

DMEM For chapter 3-4, DMEM was prepared with 10% FCS. In chapter 5-6, 

DMEM was prepared with 10% HS 

DNase 1 mg/ml in sterile PBS, sterile filtered 

Safranin O 0.1% w/v in dH2O  

Fast Green 0.05% w/v Fast Green in  1 ml water. 0.02% for TRAP stain 

Acetic Acid (1%) 1% V/V glacial acetic acid in dH2O 

Citrate-acetone 

fixative 

2:3 citrate to acetone 

Alizarin Red 40 mM in H2O, 342 mg in 2 5 ml H2O, pH to 4.1 with 10% ammonium 

hydroxide 

Nile Red 1μg/ml 

DAPI 1μg/ml 

Saponin 0.2% in dPBS 

Oil Red O 0.5% W/V in Propan-2-ol diluted 2:3 in PBS 

Toluidine Blue 0.1% in 50% dH2O 50% propan-2-ol for pellet and bead staining. 0.1% 

in dH2O for preconditioning well stains 
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Consumable Manufacturer Catalogue Number 

Cell Strainer (40µm) Corning 431750 

Control Line Fluid (48:48) Fluidigm 89000020 

Control Line Fluid (96:96 for FlexSIX) Fluidigm 89000021 

CoolCell LX Biocision BCS-405 

Coverslip (HiQa 22 x 40) CellPath SAB-2240-03A 

Coverslip (SUPA MEGA WHITE) CellPath SAF-4864-02A 

Cryovials (1.8 mL) Thermo Scientific 366656 

Embedding Mould (Single) 16 mm 

deep 

Exakt 41450 

Envision+ Dual Link System-HRP and 

DAB kit (Dako, Agilent, CA) 

Agilent K4065 

FACS Tubes Corning 35204 

Falcon Tubes (1 5 ml, 50mL) Corning 430790, 430828 

Filters (For syringe (0.22, 0.44 

microns) 

Sigma SLMPL25SS , 

SLHVM33RS 

FlexSIX Gene Expression Interfluidic 

Chip 

Fluidigm 100-6308 

48.48 Dynamic Array™ IFC for Gene 

Expression 

Fluidigm BMK-M-48.48 

Grinding Papers Exakt K320,K500,K800,K1000,

K1200 

Supplementary Table 8.5 Laboratory Consumables 
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Microcentrifuge Tubes Sigma  EP0030123611-500EA 

Needle (19G, 1.5 inches) Fisher Scientific 10234154 

Packing Beads Exakt 51330 

Petri Dishes SLS PET3007 

Pipette Tips (10µL, 20µL, 1000µL) Rainin RT-10F, RT-20F, RT-200F 

RT-1000F 

Picrosirius Red Staining Kit Sigma ab150681 

Polishing Papers Exakt K2500, P2000 

Polymerase Chain Reaction Tube 

Strips and Caps 

Sigma BR781326 

Sample Pots Medfor PJB0250D 

Scalpel Swann Morton 511 

Screw top conical microcentrifuge 

tubes 

Fisher Scientific 12350353 

Single Cell RNA Isolation Kit Norgen Biotek 51800 

Slides, Large Exakt 41510 

Strippete (10mL, 2 5 ml, 50mL) Corning 4051, 4101, 4251 

Super Frost Histology Slide Thermo Scientific 810618 

Syringe Fisher Scientific 15809152 

Tissue Culture flasks (25cm3, 75cm3) Corning 430639, 430825 

Tissue Culture Round Dishes Corning 430196 
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Equipment Manufacturer Catalogue Number/Model 

Attune 2 Laser System Invitrogen Attune 2 

Attune Cytometric Software Invitrogen V2.1.0 

AxioImager 2 Zeiss AxioImager 2 

Balance Mettler Toledo AL54 

BioMark Fluidigm BMKHD-BMKHD 

Bone Cutting Forceps (Double 

Action) - Straight 

Narang Medical 

Limited 
353.01 

Bone Saw Exakt Exakt 310 

Centrifuge 
Eppendorf 

Centrifuge 
5810R 

CKX41/BX45 Microscope Olympus CKX41/BX45 

CO2 Incubator InCuStage Sanyo InCuStage 

Cytation 5 Imaging Plate Reader Agilent Cytation 5 

Dehydration and Infiltration 

system 
Exakt  Exakt 510 

Dental X-Ray Machine Carestream Dental CS2200 

EVOS Microscope ThermoFisher EVOS M5000 

Freeze Dryer SciQuip Christ Alpha 1-2 LDplus 

Freezer (-20°C) 
Scientific 

Laboratory Supplies 
LabCold 

Freezer (-80°C) Panasonic 
VIP Series -86 Ultra Low 

Temperature Upright Freezer 

Supplementary Table 8.6 Details of Equipment Used in Research Methodology 
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Supplementary Table 8.7 Details of Equipment Used in Research Methodology 

Fridge (4°C) Zanussi Electrolux 

Gilson Pipette Gilson P10, P20, P200, P1000 

GX Microscope GT Vision GX 

Haemocytometer Hawksley BS7.48 

Histology Cassettes 
Scientific 

Laboratory Supplies 
HIS0096 

Hot Plate  Stuart Scientific SH3 

HX Loader Fluidigm HX 

Hypoxic Incubator Sanyo MCO-18AiC 

Indentation Rig Made in house N/A 

Infinity 1 Camera Lumenera Infinity 1 

Infinity Image Acquisition 

Software 
Lumenera V6.5.4 

Instron-3365 Rig Instron 3365 

Leica Aperio T2 Leica Biosystem T2 

Light Polymerisation Unit Exakt Exakt 520 

Linear Variable Differential 

Transducer 
ElectroScience 

060-1896-02 

Measuring and Control System 

(Grinder) 
Exakt Exakt AW 110 

Micro Grinding System Exakt Exakt 400 CS 

Micro-CT100 ScanCo Medical mCT 100 

Micrometer Beslands N/A 

Microtome  Leica RM2235 

NanoDrop 1000 ThermoFisher 1000 
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Supplementary Table 8.8 Details of Equipment Used in Research Methodology 

Nikon Eclipse Ti2-E Camera Nikon Ti2-E 

Nuance Multispectral Imaging 

System 
Caliper Lifesciences N/A 

PAP pen Sigma Z377821-1EA 

Precision Adhesive Press Exakt Exakt 402 

Scanner Epson Epson Perfection 3590 Photo 

SkyScan 1278 mCT Bruker 1278 

Tissue Processor  Leica ASP200 

Vacuum Adhesive Press Exakt Exakt 491 

Water Bath  Leica SUB6/HI1210 

 

 

 

Kit Name Manufacturer Product Code 

Blyscan Sulphated GAG Assay Kit Biocolour Life Science 

Assays 

B1000 

Calcium Colorimetric Assay Kit Sigma MAK022 

TRAP kit Sigma 387A-1KT 

XTT Assay Sigma 11465015001 
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Ethical approval for ankle fusion sample work is shown first. Directly below is approval of the 

substantial amendment to allow mCT of tissue. 
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Next, ethics for non-diseased human ankle donor tissue is shown. 
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Lastly, ethical approval for iliac crest tissue is shown. 
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