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Abstract 

Background 

Cartilage defects can occur in various anatomical locations. Since articular cartilage 

has limited repair capacity, tissue engineering aims to restore it by mimicking its 

mature cell and matrix structure. Chondroitin sulphate (CS) has shown promise due to 

its role in replicating native cartilage extracellular matrix (ECM) and supporting 

chondrocyte function or stem cell chondrogenesis. The aims of this project were to 

develop and optimise strategy for CS purification from bovine articular cartilage, and 

to investigate the effects of CS on chondrocyte phenotype and bovine bone marrow 

stem cell (bBMSCs) chondrogenesis. 

Methods 

Bovine metacarpophalangeal joint cartilage was employed to extract proteoglycans 

by 4M guanidine-HCl and density gradient centrifugation. Alkaline treatment using  

sodium borohydride (NaBH4), released CS from aggrecan core protein. Further 

purification by anion-exchange chromatography and size-exclusion chromatography 

was conducted to separate CS from other molecules. Purified CS was analysed by 

glyco-analyses and proton nuclear magnetic resonance (1H-NMR) to determine the 

sulphation pattern. The effects of different concentrations of CS on chondrocyte 

phenotype  was determined in 2D and 3D agarose cultures systems. This was 

extended to study the effect of CS chains on  the chondrogenesis of bBMSC in 

monolayer, 2% agarose constructs and the TranswellTM system. RT-PCR was 

employed to examine chondrogenic gene marker expression, including col2a1, sox-9 

and acan. Immunohistochemical staining was utilised to evaluate ECM composition. 

Results 

CS was isolated from bovine cartilage with purity of 96.47±1.90% (chondroitinase 

ABC digestion method) and 87% (carbazole reaction) where CS-4 was the 

predominant constituent, comprising 78.3% of purified CS. Purified CS facilitated 

chondrocyte sox-9 gene expression significantly (10-fold, p<0.001) on 0.1μg/cm2 CS-

coated substrate. Chondrogenesis of  bBMSCs was improved with the addition of 

100μg/ml CS in chondrogenic medium by enhancing ECM deposition and the 

expression of sox-9 on both monolayer (2.2-fold, p<0.05) and the TranswellTM system 

(3.7-fold, p<0.001). 

Conclusion 

This thesis optimised a methodology to purify high-quality CS (predominantly CS-4) 

from bovine cartilage and demonstrated its role in enhancing ECM deposition and 

sox-9 expression in chondrocytes and BMSCs. The findings highlight CS as a 

promising biochemical cue for cartilage tissue engineering and regenerative medicine. 
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1.1 Tissue Engineering Approaches for Articular Cartilage Repair 

Articular cartilage damage is a significant cause for osteoarthritis (OA) and a major 

clinical problem, bringing a huge economic burden to society. Since cartilage is an 

avascular tissue with limited self-repairing capacity, injuries often progress to joint 

degeneration if left untreated. Tissue engineering offers innovative approaches to 

regenerate or repair damaged cartilage by combining cells, signalling factors and 

biomaterials (Chung and Burdick, 2008). 

1.2 Articular Chondral Defect 

Articular chondral defects such as osteochondral dissecans can often lead to early 

onset of post-traumatic osteoarthritis (PTOA) and early treatment intervention using 

autologous chondrocyte implantation (ACI) has in part been successful in treating 

such disorders so preventing or further delaying PTOA (Section 1.3). The procedure 

involves implantation of chondrocytes into a cartilage defect, chondrocytes are 

harvested from a low-weight-bearing region of the patient’s own joint followed by in 

vitro expansion. This tissue-engineering strategy has been applied in clinics for 

several decades, with two great advantages: autologous chondrocytes are used to 

reduce the immune or infection complications, and the process of in vitro chondrocyte 

culture minimises the defects of donor sites (Minas et al., 2014). However, this 

method fails to guide the synthesis and organisation of the matrix after implantation 

which is thought to be one of the primary reasons for unsatisfying outcomes. Matrix-

induced autologous chondrocyte implantation (MACI) inherits the benefits of ACI but 

involves seeding chondrocytes onto collagen membranes (Marlovits et al., 2012) to 

offer better structural support for cellular growth. Nevertheless, little improved 

efficacy is observed among the patients after MACI than those after ACI (Zeifang et 

al., 2010), so more clinical trials and basic research are necessary to identify their 

performance. HA-based scaffolds are also demonstrated to maintain the phenotype of 

chondrocytes and promote the synthesis of collagen with many studies reporting 

hyaline-like cartilage deposition examined a year after implantation (Grigolo et al., 

2002); however, this HA-based method needs a longer recovery time before extensive 

weight-bearing. Although the scaffold-based ACI approach for cartilage repair is 
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approved by some European countries and the Food and Drug Administration (FDA) 

in US, comparative studies with long-term follow up are still needed to understand the 

benefits and drawbacks (Makris et al., 2015). More effort is also required to explore 

the utilisation of various scaffold materials and seeding cells, as well as the optimal 

ratio of them. 

Recent studies demonstrate that utilising mesenchymal stem cells (MSCs) (refer to 

Section 1.4.2) and induced pluripotent stem cells (iPSCs) for cartilage regeneration 

shows promise (Wang et al., 2024, Chang et al., 2020). Advances in stem cell biology 

and differentiation protocols are key to developing effective treatments. Engineering 

biocompatible scaffolds that mimic the native ECM and support chondrocyte growth 

and differentiation is a critical area of research. Integrated with this are innovations in 

3D printing and nanotechnology which aim to enhance scaffold design to produce 

hyaline-like cartilage for transplantation. 

1.3 Post-traumatic Osteoarthritis (PTOA) 

PTOA is a form of secondary OA that develops after joint injury, such as ligament 

tears, meniscal damage, or direct cartilage trauma, which is a top cause of disability 

globally (Dilley et al., 2023). Unlike primary OA, PTOA often affects younger, active 

individuals and progresses more rapidly. PTOA mainly remains asymptomatic after 

injury, however, the biomechanical effects occur immediately after the injury on the 

whole joint, including meniscus, ligament, synovial tissue, cartilage and subchondral 

bone  (Olson et al., 2012).  

Injury to articular cartilage results in compromised structural integrity and mechanical 

functionality of cartilage. The dysregulation manifests as an imbalance in ECM 

homeostasis, leading to progressive degradation of collagen fibres and proteoglycans 

(PGs), which are critical for maintaining the load-bearing capacity and resilience of 

cartilage. This process underpins conditions such as primary osteoarthritis (OA) and 

secondary PTOA.  

The development and progression of OA involves many inflammatory molecules, 

cytokines and signalling pathways. Matrix degradation products from fibronectin, 
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decorin or collagen bind to integrin and toll like receptors (TLR), initiating 

intracellular signalling pathways via nuclear factor-κB (NF-κB), to upregulate the 

expression of proinflammatory cytokines such as interleukin-1 (IL-1), -6, -8 and 

matrix metalloproteinases (MMPs). A disintegrin and metalloproteinase with 

thrombospondin motif (ADAMTS), further destroying the ECM (Loeser, 2014). 

Fibronectin fragments (FN-f) can be produced by transitory or long-term overloading; 

therefore, they are recognised as important mediators of cartilage ECM damage 

(Hwang et al., 2015). Integrins and TLRs can also bind with FN-fs, leading to the 

activation of NF-κB and downstream cascades, boosting the production and activity 

of MMPs, nitric oxide (NO) and prostaglandin E2 (PGE2) (Kim et al., 2006). 

Moreover, FN-fs are demonstrated to augment the formation of cartilage oligomeric 

matrix protein (COMP) (a marker for ECM turnover) and the degradation of collagen-

binding molecules (Johnson et al., 2004). 

Non-physiological or immoderate loads also have an influence on cartilage 

metabolism, which results in disruption to the balance of anabolism against 

catabolism, with activated enzyme activity leading to the degradation of structural 

components. Excessive load is defined by several important factors, including the 

frequency of the force applied, the peak stress and the duration of the loading period 

(Sauerland et al., 2003). If one or more factors exceed the normal range, cartilage 

damage occurs. At the onset of damage, the content of PGs distinctly declines whilst 

collagen synthesis elevates, but there is a shift from collagen type Ⅱ to collagen type Ⅰ 

expression (Lahm et al., 2010). Collagen type Ⅰ is mainly situated in the subchondral 

bone and it cannot interact with PGs well, which consequently undermines the 

resilience of cartilage and its ECM structure when collagen type I levels increase 

(Poole et al., 2002, Martel-Pelletier et al., 2008). A few studies have discovered the 

thickness of cartilage increases following overloading compared to physiological 

loading as a result of the hyperproliferation of chondrocytes that produce more PGs to 

compensate – but this makes cartilage more susceptible to compression forces and 

internal damage (Henao-Murillo et al., 2021). When sustained non-physiological load 

is applied, levels of collagen synthesis decrease. Even though this trend cannot be 

examined or detected at an early stage (Figure 1.1B), the fibrillation of cartilage and 

visible fissures appear afterwards (Nam et al., 2011). Both the articular cartilage and 



18 

 

the subchondral bone can be degraded over a period of years as shown in figure 1.1C 

and 1.1D.  
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Figure 1.1 Schematic illustration of the development of OA. The healthy cartilage (A) can withstand the load and provide smooth surface that 

allows the joint surfaces to move interrupted over one another. Due to certain factors including aging, obesity and injury, the cartilage damage 

and minimum disruption happens (B). The cartilage starts to break down with the release of enzymes from chondrocytes (C). Joint-space 

narrows and the gaps in the cartilage can expand until they reach the bone (D). The exposure of the underlying subchondral bone results in 

sclerosis, followed by reactive remodelling changes that lead to the formation of osteophytes. The joint space is progressively reduced over time 

and considerable amount of cartilage is lost, bringing worse and worse pain and stiffness to the patients.
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1.4 Cells  

Natural healing or tissue engineered options for healing of articular cartilage requires 

understanding of chondrocytes, chondroprogenitors and bone marrow derived 

mesenchymal stem cells in the next few sections these cell types will be discussed. 

1.4.1 Chondrocyte 

Chondrocytes are a highly specialised and differentiated cell found exclusively in 

cartilage. They derive from foetal pluripotent mesenchymal stem cells that grow and 

form densely aggregated chondrogenic progenitor cells in the presence of diverse 

chondrogenic growth factors and signals (chondrification). When the progenitor cells 

are exposed to these molecules and/or other stimuli, mature chondrocytes arise. 

Although chondrocytes normally take up a relatively small percentage of cartilage 

mass (approximately 1-10% of total tissue volume) (Bhosale and Richardson, 2008), 

chondrocytes are the sole cell type existing in healthy cartilage tissue and are 

responsible for the homeostasis of the tissue i.e. production and destruction of the 

ECM. Chondrocytes are embedded in the matrix that they secrete, with the matrix 

exhibiting a concentric arrangement around the chondrocytes since the matrix is 

secreted in a successive manner. Each chondrocyte is situated in an oblong cavity 

surrounded by the ECM, called lacunae, which is built by a single cell. However, 

when undergoing mitotic division, up to eight cells can be found in a lacuna (Sapra., 

2021). On account of the avascular character of cartilage, chondrocytes metabolise 

under low oxygen tension where they produce energy through anaerobic glycolysis 

and lactic acid is generated (Gale et al., 2019). 

Following cell division, the phenotype of chondrocytes begins to change, and the cells 

turn into hypertrophic chondrocytes, referred to as a terminally differentiated status. 

As hypertrophy starts, the chondrocytes enlarge, up to 20-fold in size (Hallett et al., 

2021), and synthesise collagen type Ⅹ instead of collagen type Ⅱ (Wu et al., 2021) 

(Figure 1.2). Finally, they transition into an osteo-lineage and express bone matrix 

components (Tsang et al., 2015), which is the process of endochondral ossification.
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Figure 1.2 The fate of MSCs to chondrocytes. Pluripotent mesenchymal stem cells condense and multiply into chondro-progenitor cells, which 

subsequently develop into chondrocytes (primarily in foetal period). Chondrocyte is the sole kind of cell in cartilage and secrete cartilage matrix 

components. Following numerous cell divisions, the phenotype of chondrocytes is further differentiated into osteoblasts/cytes (mainly in 

adulthood) (Adapted from Gillis (2019)).
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1.4.1.1 Chondrocyte Behaviour and Phenotypic Plasticity 

Chondrocytes are essential for maintaining the articular cartilage tissue's structural 

and functional integrity through their synthesis and turnover of ECM components. 

The study of chondrocyte behaviour and phenotypic plasticity has gained significant 

attention due to its implications for cartilage development, repair and disease 

(Tallheden et al., 2003). Phenotypic plasticity refers to the ability of chondrocytes to 

change their phenotype in response to environmental cues, including hypertrophy, 

dedifferentiation, trans-differentiation, which has profound implications for cartilage 

biology and is crucial for cartilage development, repair, and adaptation to pathological 

conditions (Sommer, 2020). Chondrocytes exhibit remarkable phenotypic plasticity, 

allowing them to adapt to various physiological and pathological conditions by 

altering their phenotype. Their cellular behaviours include proliferation, matrix 

synthesis, response to mechanical stimuli, etc. (Zheng et al., 2021). 

In the growth plate during development, chondrocytes undergo proliferation, 

contributing to the longitudinal growth of bones. The regulation of chondrocyte 

proliferation is controlled by signalling pathways such as the Indian hedgehog 

(Ihh)/parathyroid hormone-related protein (PTHrP) axis and fibroblast growth factor 

(FGF) signalling (Minina et al., 2002). Chondrocytes are responsible for producing 

the ECM components, primarily type II collagen and aggrecan, which provide the 

structural framework and mechanical properties of cartilage. The anabolic activity of 

chondrocytes is influenced by growth factors such as TGF-β and IGF-1 (Wu et al., 

2024a). During growth plate development, hypertrophic chondrocytes orchestrate the 

calcification of cartilage and its subsequent vascular invasion, leading to bone 

formation, which is termed as endochondral ossification, where chondrocytes undergo 

hypertrophy, characterised by increased cell size and the expression of type X 

collagen and MMPs (Sun and Beier, 2014). Hypertrophic chondrocytes facilitate 

cartilage calcification and subsequent replacement by bone. 

Chondrocytes are highly responsive to mechanical loading, which is crucial for 

maintaining cartilage health. They transduce mechanical stimuli through integrins 

(e.g., integrin α5β1), mechanosensitive ion channels, and primary cilia, triggering 

cytoskeletal rearrangements and downstream biochemical events (Loeser, 2014, 
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Dieterle et al., 2021). Moderate, cyclic mechanical loading promotes anabolic activity 

by stimulating ECM synthesis, enhancing cartilage strength and resilience, and even 

exerting anti-inflammatory effects via HDAC6-dependent pathways associated with 

primary cilia elongation (Jia et al., 2023). In contrast, excessive or abnormal 

loading—whether due to injury, obesity, or other factors—can induce catabolic 

responses that upregulate matrix-degrading enzymes such as MMPs and aggrecanases, 

ultimately leading to ECM degradation and chondrocyte apoptosis (Charlier et al., 

2019). Additionally, in response to injury or in-vitro culture conditions, chondrocytes 

can dedifferentiate, losing their cartilage-specific phenotype in favor of a fibroblast-

like morphology characterized by reduced synthesis of type II collagen and aggrecan 

with a concomitant increase in type I collagen production (Wang et al., 2022a). Under 

certain pathological conditions, such as osteoarthritis, chondrocytes may also 

transdifferentiate into other cell types or acquire a hypertrophic-like phenotype, 

further contributing to cartilage degradation and disease progression (Wang et al., 

2022a).  

1.4.1.2 Regulation of Chondrocyte Activity 

Chondrocytes play a pivotal role in maintaining the structure and function of cartilage 

tissue through their ability to synthesise and degrade ECM components. The 

regulation of chondrocyte activity is crucial for cartilage development, repair, and 

disease progression since they are responsible for synthesising and remodelling key 

ECM components, such as type II collagen and PGs, which are essential for cartilage's 

load-bearing and shock-absorbing properties. The regulation of chondrocyte activity 

is a highly dynamic process influenced by a combination of mechanical, biochemical, 

and environmental cues, ensuring cartilage homeostasis under normal physiological 

conditions and driving cartilage degeneration in pathological states. 

Biochemical signals from the local joint environment tightly regulate chondrocyte 

activity. Growth factors, such as TGF-β and IGF-1, stimulate ECM synthesis and 

promote cartilage repair (Goldring et al., 2008). Conversely, inflammatory cytokines, 

like IL-1β and TNF-α, trigger catabolic pathways, increasing the production of MMPs 

and pro-inflammatory mediators (Chadda and Puthucheary, 2024). The balance 

between anabolic and catabolic signals is critical for maintaining cartilage 
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homeostasis (figure 1.3), and its disruption leads to pathological conditions such as 

OA (Mueller and Tuan, 2011). The molecular marker crosstalk network of diverse 

signalling pathways, amongst TGF-β/Smad, Wnt/β-catenin, RANK/RANKL/OPG 

and MAPK pathways, is the basis of OA development and they can also become the 

treatment targets of OA drug (Zhou et al., 2020). 

 

Figure 1.3 Regulation of cartilage health by biochemical signals. In healthy 

articular cartilage, regulatory proteins, e.g. TGF-β and IGF-1, involved in 

chondrocyte metabolism primarily promote anabolic activities. Chondrocytes 

typically remain in a quiescent state with minimal turnover, maintaining a stable 

balance between anabolic and catabolic processes. However, during the onset of OA, 

this equilibrium is disrupted by an increase in pro-inflammatory cytokines, such as 1β 

and TNF-α (Segarra-Queralt et al., 2022). 

The unique avascular, aneural, and hypoxic environment of articular cartilage 

influences chondrocyte behaviours. Hypoxia-inducible factor-1 alpha (HIF-1α) plays 

a pivotal role in adapting chondrocytes to low oxygen levels by promoting the 

synthesis of ECM components and inhibiting apoptosis (Guo et al., 2022). As for 

nutrient availability mediated by synovial fluid diffusion, it also affects chondrocyte 

metabolism and ECM production (An et al., 2022). Due to being located deeper in 

cartilage, chondrocytes are more susceptible to oxygen and glucose deprivation 

compared to the cells in other anatomical locations, which can lead to reduced ECM 

production and low self-repair (Housmans et al., 2022).  
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Aging is also a vital factor for cartilage health and chondrocyte behaviours, which is 

highly related to primary OA. With aging, chondrocytes exhibit reduced anabolic 

activity and increased senescence, impairing their ability to maintain the ECM of 

collagen and PGs (Li et al., 2013c). This dysregulation is characterised by a shift 

toward a catabolic phenotype, exacerbating cartilage degeneration and predisposing 

joints to OA (Jørgensen et al., 2017). Additionally, environmental and biochemical 

factors such as chronic low-grade inflammation further disrupt the balance between 

anabolic and catabolic processes in aged cartilage. In disordered cartilage, the 

dysregulation of chondrocyte activity plays a central role in cartilage degradation, 

where pro-inflammatory cytokines like IL-1β and TNF-α promote catabolic pathways 

in chondrocytes, leading to increased production of MMPs and aggrecanases that 

degrade the ECM (Segarra-Queralt et al., 2022). Understanding the regulatory 

mechanisms of chondrocytes is crucial for developing therapeutic strategies to halt or 

reverse chondral disorder progression. 

1.4.2 Bone Marrow Mesenchymal Stem Cells 

1.4.2.1 BMSCs Classification and Characterisation 

Bone marrow stem cells (BMSCs) are a heterogeneous population of cells with 

remarkable potential for self-renewal and differentiation, playing a crucial role in 

tissue regeneration and repair. These stem cells are broadly categorised into 

hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs), each with 

distinct characteristics and functions. The classification and characterization of 

BMSCs are fundamental for understanding their biology and therapeutic potential 

(Bonnet, 2003).  

MSCs can proliferate extensively while maintaining their multipotency. MSCs can 

differentiate into cells of mesodermal origin, such as bone, cartilage, and fat cells 

(Kuroda et al., 2011). They typically express markers such as CD73, CD90, and 

CD105, and lack hematopoietic markers like CD34 and CD45 (Ghazanfari et al., 

2017). The surface markers of MSCs are often used to authenticate and classify the 

stem cells harvested from bone marrow in the lab, via fluorescence-activated cell 

sorting (FACS) (Zheng et al., 2018). Colony-forming assays are also used to evaluate 
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the clonogenic potential of BMSCs by assessing their ability to form colonies in vitro, 

where fibroblast colony-forming unit (CFU-F) assays are specifically used for MSCs 

(Robey et al., 2014). Differentiation assays are also performed to test the 

multipotency of BMSCs (Robey et al., 2014) into osteoblasts, chondrocytes, and 

adipocytes, which is the strategy we employed to authenticate MSCs primarily 

isolated in current study.. Besides, the plastic-adherent ability of MSCs is also 

commonly applied to the isolation of them. 

The classification and characterisation of BMSCs have significant implications for 

both basic research and clinical applications. Understanding the properties of MSCs is 

essential for developing stem cell-based therapies for a range of conditions of tissue 

engineering, which highlights their significance in regenerative medicine and offering 

insights into future research directions (Kwon et al., 2018). 

1.4.2.2 Application of BMSCs in Cartilage Regeneration 

Cartilage injuries and degenerative diseases, including OA, present significant clinical 

challenges due to the limited self-repair capacity of cartilage tissue. In recent years, 

the application of BMSCs in cartilage regeneration has emerged as a promising 

therapeutic strategy, owing to the unique properties of these cells to enhance tissue 

repair and restore function. Embryonic stem cell (ESC) was a prevalent option for 

tissue engineering and regeneration but fewer researchers are using ESCs at present 

because of their potential risk of tumorigenicity and teratoma (Ben-David and 

Benvenisty, 2011). The immune exemption characteristic and lower adverse effects 

also indicate the superiority of MSCs compared to other stem cells.  Under the 

influence of specific growth factors and mechanical stimuli, BMSCs can differentiate 

into chondrocytes producing ECM components (Harrell et al., 2019). 

Apart from the capacity of BMSCs to differentiate into chondrocytes stimulated by 

diverse growth factors, BMSCs also can release trophic factors that enhance the 

regenerative capacity of resident chondrocytes, stimulate ECM synthesis, and 

modulate immune responses to create a pro-repair environment (Qing et al., 2011). 

BMSCs were reported to downregulate the growth of T lymphocytes and suppress the 

synthesis of PGE2 and other pro-inflammatory molecules (Bouffi et al., 2010). 

BMSCs produce exosomes that are engaged in regulatory B cell-mediated IL-10 
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secretion to enhance joint cartilage lesion repair (Wu et al., 2022). The extracellular 

vesicles (EVs) from human BMSCs were also reported to inhibit inflammation-related 

genes expression, especially IL-1β, and promote expression of chondrogenic genes, 

such as COL2A1, restraining early OA development and cartilage damage (Liu et al., 

2018). BMSCs possess immunomodulatory properties that can reduce inflammation 

and prevent further cartilage damage, which is particularly beneficial in inflammatory 

joint diseases (Kwon et al., 2022). 

The various application approaches of BMSCs explored in the last decades for 

cartilage regeneration make their clinical treatment feasible. BMSCs can be directly 

injected into the affected joint, where they migrate to the site of injury and contribute 

to tissue repair through differentiation and paracrine signalling. A randomised, 

double-blinded controlled study has demonstrated efficacy of BMSC use in 

alleviating joint pain and discomfort to improve joint mobility (Gupta et al., 2016). 

Treatment of OA using autologous BMSCs injections together with dexamethasone 

was confirmed by MRI to repair and promote growth of knee cartilage and meniscus 

(Iijima et al., 2018); range of motion and pain scores were also improved after 3 

months of injections (Iijima et al., 2018). BMSCs can be genetically modified to 

overexpress specific growth factors, anti-inflammatory cytokines or specific proteins, 

enhancing their regenerative potential and providing a targeted therapeutic approach 

for cartilage repair. Chen et al. (2016) discovered chondromodulin-1 (Chm-1) was a 

chondrogenic phenotype-related gene and it is expressed at a high level in 

chondrocytes; hence, they employed an adenovirus to transduce BMSCs with Chm-1 

before these modified BMSCs, constitutively expressing Chm-1, were applied to 

engineer cartilage in vivo. Genetically modified human BMSCs were found to 

promote a good chondrogenic phenotype by histological assays in the engineered 

cartilage. Upregulated expression of TGF-β by recombinant adeno-associated viral 

vector-mediated gene transfer was also reported to promote the chondrogenesis of 

primary BMSCs with increased production of cartilage matrix via SOX-9 pathway 

(Frisch et al., 2014). 

BMSCs are combined with biocompatible scaffolds and growth factors that mimic the 

native ECM, providing structural support and enhancing cell viability and 

differentiation. These scaffolds can be implanted into cartilage defects to promote 
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regeneration; for example, BMSCs have been encapsulated into silk fibroin/chitosan 

scaffolds supplemented with nerve growth factor to repair articular cartilage defects in 

rabbit knees, with the constructs promoting chondrogenic repair in cartilage lesion 

sites (Zhang et al., 2024). Lu et al. (2018) modified self-assembling peptide (SAP) 

RADA16-I (RAD, Ac-(RADA)4-NH2) with the addition of functional peptide 

sequence PFS (PFSSTKT). Then BMSCs were embedded into the SAP/PFS scaffold 

for in-vitro culture and implanted them into rabbit knee cartilage defect, the composite 

hydrogel scaffold enhanced the recruitment of MSCs with CD29+/CD90+ double 

positive markers after 7 days and increased the cartilage-associated gene markers, 

including acan and col2a1. The results of micro-CT and MRI confirmed the cartilage 

defects have been fully repaired by the tissue similar to surrounding native cartilage 

after 3 months post-surgery. 

1.5 Articular Cartilage 

An understanding of articular cartilage structure and function is central to design of 

tissue engineered intervention.  The following sections review the current literature in 

this area. 

1.5.1 Articular Cartilage and its Features 

Articular cartilage (AC) refers to a very thin connective tissue layer (typically 2-4mm 

thick in humans) covering the end of bones of diarthrodial articulation (Guo et al., 

2024), and is a specialised type of hyaline cartilage. The principal function of articular 

cartilage is to provide a lubricated and smooth surface for joint articulation, as well as 

to increase the transmission of load to underlying subchondral bone with a low-

friction coefficient. Mature articular cartilage does not have nerves, lymphatics or 

blood vessels, but unlike other cartilage tissues which depend on nutrient diffusion 

from the outer perichondrium, articular cartilage relies on nourishment from synovial 

fluid in the joint capsule that is continuous with the periosteum of joint bones and 

surrounds the articulating surfaces. AC receives nutrition from synovial fluid by either 

diffusion that is a slow process, or via convection which is a more effective way. The 

latter method provides a theoretical foundation for the finding that moderate 
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compression and movement of joints facilitates the production of synovial fluid as 

well as the nourishment of chondrocytes – the only cell type in AC (Eckstein et al., 

2006). 

1.5.2 Major Constituents of Articular Cartilage Extracellular Matrix   

The ECM is a complex 3-dimensional network of extracellular molecules and 

inorganic minerals. It supports the chondrocytes embedded within it both structurally 

and biochemically so that cells can perform their normal physiological role, based on 

the expression and proportion of these components in the tissue. In cartilage, the ECM 

does not only segregate it from other tissues, but also contributes a paramount role in 

cell communication, cell adhesion and dynamic cellular behaviours (Gao et al., 2014). 

In addition, Cai and colleagues (2020) also found that the stiffness and elasticity of 

the ECM has the potential to guide the cross-talk between chondrocytes in cartilage 

via regulating the expression of fibronectin and transmembrane receptor connexin 

(Cx43); this is meaningful as it demonstrates the importance of the ECM constituents 

and corresponding stiffness in regulating the processes of cartilage healing, fibrosis, 

cell migration and gene expression. 

1.5.2.1 Water 

Water accounts for as much as 80% of cartilage mass; a small volume exists in the 

chondrocytes as cytoplasm to ensure basic metabolism, a third is resident amongst the 

collagen fibrils, while the remaining other half is present in the pore space of the 

ECM (Maroudas et al., 1991). Water performs as a solvent to dissolve inorganic ions 

and active molecules, as well as a reactor to initiate and control various biochemical 

reactions. Water is critical to achieve the viscoelastic properties of cartilage; the water 

flows through the cartilage ECM enabling the tissue to withstand compressive loads 

(Yamabe et al., 2017), where the interstitial water is pressurised to support most of the 

applied load. The biphasic behaviour and osmotic pressure will be further introduced 

in following sections. 
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1.5.2.2 Collagen 

The most abundant collagen in articular cartilage is type Ⅱ, a fibril-forming collagen 

which can be visualised as rod-like fibrils under an electron microscope. It is a 

fibrillar collagen synthesised by chondrocytes in articular cartilage, which forms the 

structural backbone of cartilage, providing tensile strength and structural integrity. 

The molecular structure of type II collagen is characterised by a triple helix, 

consisting of three alpha-1 (II) chains. This helical structure allows it to form strong, 

rope-like fibrils that are crucial for the mechanical properties of cartilage. AC 

comprises type II collagen accounting for approximately 90-95% of the total collagen 

content, making it the predominant collagen type (Miosge et al., 2004). The collagen 

fibrils form a dense network that provides tensile strength and contributes to the 

tissue's ability to resist shear forces (Zeng et al., 2019). This network also helps 

maintain the shape and resilience of the cartilage, which is essential for counteracting 

the swelling forces in cartilage to achieve its load-bearing function (Zimmerman et al., 

2021), a phenomenon referred to as the Donnan effect. 

Type II collagen forms heterotypic fibril through interactions with  type IX  (Kadler et 

al., 2008) and Type Ⅺ. Collagen type IX is a non-fibrillar collagen predominantly 

found in cartilage, where it associates with the surface of type II collagen fibrils. It is 

composed of three alpha chains: alpha-1 (IX), alpha-2 (IX), and alpha-3 (IX) (Sun et 

al., 2020). This collagen type plays a critical role in the ECM by stabilising the 

collagen fibril network and facilitating interactions between collagen fibres and other 

matrix components (Diab et al., 1996). Type IX collagen acts as a bridge between 

collagen fibrils and proteoglycans, contributing to the tensile strength and resilience 

of cartilage (He and Karsdal, 2016), which is essential for maintaining the structural 

integrity of cartilage and ensuring its ability to withstand mechanical stress. Type XI 

collagen is also essential for regulating the fibril size and spacing of type II collagen 

fibrils and maintaining the structural organisation of the ECM (Sophia Fox et al., 

2009). Hence, the interaction between type II, type Ⅸ and type XI collagen plays a 

significant role in ensuring the proper formation and function of cartilage. This 

heterotypic network contributes to the tissue's mechanical strength, load distribution, 

and resistance to compressive and tensile forces (Alcaide-Ruggiero et al., 2021). 
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1.5.2.3 Proteoglycans and Glycosaminoglycans 

Proteoglycans (PGs) are essential components of the cartilage ECM, contributing to 

its biomechanical properties and resilience (Alcaide-Ruggiero et al., 2023). These 

macromolecules consist of a core protein to which multiple glycosaminoglycan (GAG) 

chains are covalently attached. The most abundant PG in cartilage is aggrecan, which 

plays a crucial role in maintaining cartilage hydration and mechanical integrity 

(Knudson and Knudson, 2001). Further introduction about PGs in articular cartilage 

will be given in section 1.6. 

GAGs are long, linear polysaccharides composed of repeating disaccharide units, 

which carry negative charges due to sulphate and carboxyl groups (Perez et al., 2023). 

Major GAGs in cartilage include chondroitin sulphate (CS) and keratan sulphate (KS). 

These GAGs attract and retain water within the matrix, creating an osmotic swelling 

pressure that allows cartilage to resist compressive forces (Zimmerman et al., 2021). 

Section 1.7 will give more introduction about GAGs in articular cartilage. 

The interaction between aggrecan and hyaluronic acid, facilitated by link proteins, 

forms large proteoglycan aggregates that enhance cartilage's ability to absorb 

mechanical loads. This water-retaining capacity is vital for cartilage’s viscoelastic 

behaviour, enabling it to distribute compressive forces efficiently (Bayliss et al., 2000). 

Any imbalance in PG composition or degradation of GAGs, as seen in OA, leads to a 

loss of hydration and reduced mechanical performance, ultimately contributing to 

cartilage degeneration (Gauci et al., 2017). 

1.5.3 Structural and Biochemical Composition of Articular Cartilage 

The sparsely distributed chondrocytes are surrounded by the dense matrix mainly 

consisting of water, collagen and proteoglycans (PGs). Together with collagen fibrils, 

mainly collagen type Ⅱ throughout articular cartilage tissue along with collagen type 

Ⅵ, Ⅸ and Ⅺ, chondrocytes are organised into multiple zones in AC without 

anatomical boundary—the superficial zone, the middle zone, the deep zone and the 

calcified zone, each with specific cellular arrangements and ECM compositions 
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tailored to its mechanical demands. In different zones, chondrocytes exhibit diverse 

morphology and behaviours, and diverse collagen fibril alignment. 

The superficial zone represents 10%-20% of cartilage volume, and it is the outermost 

layer and plays a critical role in the mechanical strength of cartilage by withstanding 

mechanical forces experienced at the joint surface, including shear stress and tensile 

forces, whilst providing protection and maintenance for deeper zones (Poole et al., 

2001). This zone is primarily composed of type Ⅱ collagen with the presence of minor 

collagens, particularly types Ⅸ and Ⅺ that interact with type Ⅱ collagen to stabilise 

the fibrillar network, and type Ⅵ collagen aiding in cell-matrix communication. The 

type Ⅱ collagen fibrils in the superficial layer are small in diameter and organised 

parallel to the articular surface, and they are packed tightly with flattened 

chondrocytes embedded within (Figure 1.4 SZ) (Killen and Charalambous, 2020). 

Type Ⅺ collagen integrates into type Ⅱ collagen fibrils, controlling the diameter and 

ensuring uniform fibril size (Alcaide-Ruggiero et al., 2021). Type Ⅵ collagen are 

present in the pericellular matrix of chondrocytes in cartilage and provide additional 

support in cell-matrix interactions (Pullig et al., 1999). Furthermore, lubricin, also 

known as superficial-zone protein, is primarily found in the cartilage surface and 

topmost layer, contributing to reducing friction and wear at the joint surface (Jay and 

Waller, 2014).   

In the underlying layer referred to as the middle zone, chondrocytes are less abundant 

and more spherical in shape. This zone takes up 40%-60% of the cartilage depth, 

containing obliquely arranged thicker and larger collagen type Ⅱ fibrils, where type 

Ⅺ collagen regulates type Ⅱ collagen fibrillogenesis (Sophia Fox et al., 2009). Type 

Ⅸ collagen is discovered in this zone as a cross-linker between type Ⅱ collagen and 

other molecules to maintain cartilage integrity (Diab et al., 1996). Cartilage 

oligomeric matrix protein is expressed to stabilise matrix components (Posey et al., 

2018). As for the deep zone, representing the other 30% of cartilage volume, it is 

characterised by the highest PG concentration, the lowest water content, and the 

thickest collagen type Ⅱ fibrils that are aligned perpendicular to the joint surface, so 

this zone consequently offers the greatest resistance to compressive forces. 

Chondrocytes are typically aligned parallel to the collagen type Ⅱ fibrils yet 

perpendicular to the cartilage surface, and in columnar orientation (Wang et al., 
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2022b). The calcified zone is continuous with the deep zone, where chondrocytes are 

extremely rare and are hypertrophic in the calcified zone. The ECM consists of 

network-forming collagen, type Ⅹ collagen, which is mainly expressed in 

hypertrophic chondrocytes and anchor to subchondral bone to facilitate endochondral 

ossification (Shen, 2005). The main function of the calcified zone is to secure 

cartilage to the underlying bone, which it does by anchoring the collagen fibrils in the 

deep zone of cartilage to the subchondral bone. Moreover, it also participates in 

providing resistance to compressive forces. 

 

Figure 1.4 A cross-sectional Haematoxylin and Eosin (H&E) stain and schematic 

diagram of healthy articular cartilage structure. This shows the arrangement of 

chondrocytes, the collagen fibril organisation and matrix composition in the four 

histological zones: superficial zone (SZ), middle zone (MZ), deep zone (DZ), calcified 

zone (CZ) of articular cartilage (Francis et al., 2018). 

Apart from depth-dependent zonal differences in structure and ECM constituents, 

each zone is further categorised into three regions based on the proximity of the 

chondrocytes with the collagen fibril architecture — referred to as the pericellular, 

territorial and interterritorial region — each with specific compositional and 

functional characteristics (Figure 1.5). 
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The pericellular region is most adjacent to chondrocytes as its name implies, where 

PGs (e.g. syndecan), along with some glycoproteins (e.g. fibronectin) and non-

collagenous proteins (e.g. CD44), are major components; ECM molecules in this 

region are important in initiating signal transduction pathways in response to load. 

The territorial region contains abundant collagen fibrils which contribute to cartilage 

resiliency and capability of load bearing. The interterritorial region is the largest one 

and the a forementioned organisation of collagen bundles in each zone is primarily 

determined by this region. Additionally, given the enrichment of PG in this region, the 

interterritorial region contributes most to the biomechanical properties of cartilage 

(Sophia Fox et al., 2009). 

 

Figure 1.5 Schematic for the relative position and composition of three matrix 

regions in articular cartilage—pericellular, territorial and interterritorial region as 

it spans away from the chondrocytes respectively (Lindahl, 2015). The pericellular 

matrix (left), immediately surrounding the chondrocytes, is rich in proteoglycans and 

serves as a biochemical and mechanical interface. The territorial matrix (middle), 

enclosing the collagen fibrils for structural support. The interterritorial matrix (right), 

located further from the chondrocytes, has a more dispersed collagen fibre 

arrangement and contributes to the overall mechanical properties of the cartilage. 
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1.5.4 Mechanical Properties of Articular Cartilage 

The mechanical properties of AC are essential for its function, as they allow the 

cartilage to withstand substantial loads, distribute stress, and provide a low-friction 

surface for joint articulation. Understanding these mechanical properties is crucial for 

comprehending how cartilage performs under physiological conditions and how it 

responds to injury and degenerative diseases such as OA. The collagen and PGs 

provide the cartilage with its characteristic properties: viscoelasticity, compressive 

stiffness, tensile strength, and low frictional resistance.  

One of the defining mechanical features of articular cartilage is viscoelasticity, which 

allows it to exhibit both elastic and viscous behaviour under loading. This property 

enables the cartilage to absorb shock and dissipate energy, protecting the underlying 

bone and maintaining joint function. The interplay between the fluid phase (water and 

soluble ions) and the solid phase (collagen and proteoglycans) within the ECM is key 

to this viscoelastic behaviour (Desrochers et al., 2012). The fluid phase depends on 

the flow of interstitial fluid and the flow of synovial fluid through cartilage. Once 

mechanical loading is applied onto the joints, the interstitial fluid pressure increases 

immediately, resulting in the interstitial fluid escape from the ECM (Sophia Fox et al., 

2009), but the tissue deformation happens in a time-dependent way since the fluid 

cannot flows out through the ECM instantaneously (Eschweiler et al., 2021). When 

the loading is eased, the interstitial fluid flows back to the cartilage. Solid phase 

contributes to the compressive stiffness, enabling cartilage to bear and distribute loads 

across the joint surface. This stiffness is primarily due to the negative electrostatic 

repulsion forces between interstitial fluid and proteoglycan aggregates, where their 

mutual repulsion of negative charges of the glycosaminoglycan chains leads to the PG 

molecules swelling and spreading. With the compression, the PG aggregates are 

pressed closer together, which intensifies the negatively repulsive force and conveys 

the compressive stiffness to the cartilage, thereby the collagen network provides 

additional structural support, ensuring that the cartilage maintains its shape and 

function under load (Sun et al., 2016). 

AC also exhibits a unique biomechanical property known as Donnan pressure, which 

arises due to the presence of negatively charged PGs within the cartilage matrix 

(Zimmerman et al., 2021). These charged molecules attract positively charged 
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counterions, leading to an osmotic pressure difference between the cartilage and 

surrounding fluid (Zeng et al., 2019). This phenomenon plays a crucial role in 

maintaining cartilage hydration, providing resistance to compressive forces, and 

facilitating nutrient exchange. Donnan pressure contributes significantly to the 

functional integrity of articular cartilage, ensuring its ability to withstand mechanical 

loads and support joint mobility. Understanding this mechanism is essential for 

studying cartilage biomechanics and developing treatments for degenerative 

conditions such as osteoarthritis (Eschweiler et al., 2021). 

Tensile strength, provided by the the heterotypic fibrils of type Ⅱ, Ⅸ and Ⅺ collagen, 

is essential for withstanding the tensile forces that occur during joint movement to 

balance Donnan osmotic swelling. The orientation and their intermolecular cross-

linking vary across the depth of the cartilage (Aspden and Hukins, 1989), contributing 

to its ability to resist shear and tensile stresses.  

Low frictional resistance is critical for joint lubrication and smooth movement, the 

coefficient of friction can be as low as 0.001 under physiological pressure (An et al., 

2022). Lubricin, a type of PG, also known as proteoglycan 4, exists in the synovial 

fluid and the surface of AC to antagonise abnormal cellular adhesion and overgrowth 

(Lee et al., 2018), leading to a significant reduce of friction coefficient (Waller et al., 

2013). Furthermore, some molecules, including HA and phospholipids, are regarded 

as lubricants for joint movement (Sorkin et al., 2013, Radin et al., 1970). 

1.6 Proteoglycans 

Proteoglycans (PG) are composed of a core protein to which are covalently attached 

repeating disaccharide units called glycosaminoglycans (GAGs) (Figure 1.6a), the 

total mass of which represents 10-15% of cartilage wet weight (Mankin and Lippiello, 

1971). The disaccharide structure and sulphation pattern determine four classes of 

GAGs: chondroitin sulphate/dermatan sulphate (CS/DS), keratan sulphate (KS), 

heparin/heparan sulphate and HA; the number and composition of GAG chains 

further classify the diverse PG types.  



37 

 

Proteoglycans can link to other PGs, such as HA to form large molecular weight 

aggregates e.g. aggrecan, or attach to proteins, like collagen to support the ECM 

architecture. Non-aggregating PGs, including decorin and fibromodulin, are much 

smaller than aggrecan but maintain important roles in collagen fibrillogenesis and the 

interaction between fibres (Burton-Wurster et al., 2003). Biglycan, another small PG, 

is believed to interact with collagen type Ⅵ in the immediate vicinity of chondrocytes 

as a prerequisite for assembly of collagen type Ⅵ beaded filament (Rajasekaran et al., 

2020), thereby implicating its involvement in mechanotransduction. There is also 

some evidence that biglycan might be a mediator of cartilage ageing (Barreto et al., 

2015).  
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 Figure 1.6 Schematic representation of cartilage ECM networks. PGs composed of 

GAGs and core proteins can be attached to HA via link protein, which exists in the 

intrafibrillar space among collagen fibrils (a) to maintain tissue integrity and 

function mechanical duties. PG chains separate from one another due to charge 

repulsion (b) to increase the available space and maximise biomechanical 

properties(Manzano et al., 2015). 
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1.6.1 Aggrecan 

Aggrecan is the major proteoglycan in cartilage and contains chondroitin sulphate (CS) 

and keratan sulphate (KS) attached to the core protein with a bottlebrush-like shape. 

As one of the members of the lectican family who all have highly conserved globular 

domains while the extended regions are less well conserved (Doege et al., 1991), the 

aggrecan core proteins typically have three globular domains which are abbreviated as 

G1, G2 and G3 from N-terminal to C-terminal, respectively. From G2 to G3, KS and 

CS chains are attached, forming a relatively short KS-enriched region and a longer 

CS-enriched region (Figure 1.7). Although each core protein has the potential to 

interact with tens even hundreds of GAG molecules, these GAGs extend out from the 

core protein separately from each other due to repulsion charge (Figure 1.6b), serving 

as one mechanism of cartilage for withstanding stress and shear forces with the 

interactions with collagen network and other ECM components (Cavalcante et al., 

2005). Furthermore, they enable cartilage hydration since they possess a high affinity 

for water and attraction to cations (Mattson et al., 2017). It is found mainly non-

covalently bind to HA to form large multi-molecular aggregates stabilised by a link 

protein (Figure 1.7). These aggregates are of high hydrophilicity and negative-charged 

density, which are enriched in the interterritorial matrix in cartilage. 
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Figure 1.7 Schematic figure for structure of aggrecan and HA complex. Globular 

domain 1 (G1) of aggrecan links to HA via link protein (LP), KS-rich domain and 2 

CS-rich domains lies between globular domain 2 (G2) and globular domain 3 (G3) 

domains.(Roughley and Mort, 2014).  
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1.6.2 Lubricin 

The maintenance of joint function and cartilage integrity is crucial for mobility and 

overall musculoskeletal health. The low-friction environment in articular cartilage is 

maintained by a complex interaction of structural components within the cartilage 

matrix and synovial fluid. Among these, lubricin, also known as proteoglycan 4 

(PRG4), plays a pivotal role in cartilage lubrication and protection. Structurally, 

lubricin consists of mucin-like domain in the middle with hydrophilic 

oligosaccharides extending out from core protein between two somatomedin B-like 

(SMB) domains in one end and a hemopexin-like (PEX) domain in the other end 

(Figure 1.8 A). These terminal domains interplay with other molecules in cartilage 

ECM or synovial fluid, for example, lubricin synergises and connects with HA in 

synovial fluid to enhance joint lubrication and maintain synovial fluid viscosity to 

ensure smooth articulation. 

Lubricin is primarily synthesised by synovial fibroblasts and superficial zone 

chondrocytes. It is heavily glycosylated and able to form a hydrophilic boundary layer 

over the articular cartilage surface (Figure 1.8 B, C and D) to reduce friction in 

articulation, especially under conditions of high shear and low load (Jay and Waller, 

2014). The presence of lubricin prevents the apoptosis of chondrocytes by protecting 

the superficial layer when cartilage is subject to mechanical wear and enzymatic 

degradation (Waller et al., 2013). Roggio et al. (2023) found that lubricin inhibits the 

adhesion of synovial cells, proteins and inflammatory molecules to cartilage surface, 

which mitigates the risk of joint inflammation and cartilage fibrosis.
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Figure 1.8 Structure and localisation of lubricin in articular cartilage. [A] Schematic representation of lubricin’s molecular structure with 

SMB-like, mucin-like domain and PEX-like domains. [B] Schematic illustration of lubricin localisation within the joint and its distribution on 

the surface and in the topmost layer of articular cartilage. [C] and [D] Immunohistochemical staining of lubricin in joint tissue sections 

demonstrating its presence in the superficial zone of articular cartilage.
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1.6.3 Small Leucine-rich Proteoglycans 

Small leucine-rich proteoglycan (SLRP) is a family of PGs characterised by 

harbouring relatively small (36-42kDa) protein core and leucine-rich repeat (LRR) 

domains (Farrán et al., 2018). They are classified into several subfamilies based on 

sequence homology and functional properties, such as decorin, biglycan, fibromodulin 

and lumican, etc. 

Decorin is a critical and abundant SLRP consisting of a CS or dermatan sulphate 

GAG chain at its N-terminus, which involved in collagen fibrillogenesis and ECM 

assembly (Gubbiotti et al., 2016). It binds to collagen type Ⅰ and Ⅱ fibrils, regulating 

their diameter and spacing, which is essential for maintaining the tensile strength of 

cartilage (Chen and Birk, 2013). Additionally, decorin exerts regulatory effects on 

aggrecan aggregation by increasing the adhesion between aggrecans and between 

aggrecan and collagen Ⅱ fibrils, herein, cartilage aggrecan network integrity and its 

biomechanical functions can be modulated by decorin (Han et al., 2019). Decorin has 

also been reported to regulate the activity of MMPs and inhibit excessive ECM 

degradation, studies showing that decorin-null mice exhibit accelerated cartilage 

degradation and increased susceptibility to OA (Chery et al., 2021). 

Biglycan is another important SLRP that plays a role in matrix assembly and cellular 

signalling. It binds to growth factors such as BMPs and TGF-β, influencing cartilage 

development, homeostasis and repair (Wu et al., 2016). Biglycan is also involved in 

inflammatory response regulation, interacting with TLRs to mediate immune 

signalling. Its deficiency can result in abnormal ECM organisation and increased 

susceptibility to cartilage degradation (Roedig et al., 2019). 

Fibromodulin primarily functions in collagen fibril organisation and mechanical 

resilience (Kalamajski et al., 2016). It binds to collagen fibrils, influencing their 

alignment and diameter, which is essential for cartilage biomechanical properties. 

Fibromodulin also regulates MMP activity and immune response, preventing 

excessive collagen degradation (Zhao et al., 2023). Its reduced expression has been 

associated with weakening of cartilage structure and increased degradation in 

osteoarthritic joints (Monfort et al., 2006). Additionally, fibromodulin is involved in 



44 

 

the regulation of oxidative stress within cartilage, reducing reactive oxygen species 

(ROS) levels and protecting chondrocytes from apoptosis (Zeng-Brouwers et al., 

2020). 

Lumican contributes to collagen network stabilisation and hydration in cartilage. It 

regulates the spacing and organisation of collagen fibrils, ensuring optimal load-

bearing capacity (Barreto et al., 2020). Lumican also interacts with cell surface 

receptors, integrin α2β1, to modulate mechanotransduction, chondrocyte behaviour 

and prevent premature matrix breakdown (Brézillon et al., 2013). Its dysregulation 

has been linked to increased ECM degradation and loss of cartilage integrity in OA 

since lumican mediate TLR-4 involved inflammation activation (Barreto et al., 2018).  

1.7 Glycosaminoglycans 

Glycosaminoglycans (GAGs), previously known as mucopolysaccharides, are 

negatively charged polysaccharides composed of repeating disaccharide units. From 

terminology, the ‘glyco-’ and ‘aminoglycan’ describes the two constituents of the 

disaccharides. The ‘glyco-’ refers to the uronic acid (glucuronic acid or iduronic acid) 

or galactose, and the ‘aminoglycan’ means hexosamine, including glucosamine and 

galactosamine. Both the variation of the pairs of monosaccharides and the degree of 

sulphation, determine the major categories of GAGs, including HA, heparin/heparan 

sulphate, chondroitin sulphate/dermatan sulphate, and keratan sulphate (Ghiselli, 

2017). 

The modification of GAGs occurs in and around the Golgi apparatus. The GAGs are 

subject to covalent linkage to anchor proteins/core protein after their sulphation, 

whereby the PGs form. The tetra-saccharide linker between the GAG and PG 

connects to the amino acid residue of the core protein, mainly serine residues. Three 

types of carbohydrate-protein linkages have been discovered in the connective tissue 

PGs so far: (1) an O-glycosidic linkage between xylose and serine hydroxyl groups; 

(2) an O-glycosidic linkage between N-acetyl-galactosamine and the hydroxyl groups 

of serine or threonine; and (3) an N-glycosylamine linkage between N-

acetylglucosamine and the amide group of asparagine. The first linkage type is 
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commonly found in CS, DS, heparin, and HS; the second in skeletal KS-Ⅱ (keratan 

sulphate II); and the third in corneal KS-Ⅰ (keratan sulphate I) (Prydz, 2015). 

1.7.1 Chondroitin Sulphate 

Chondroitin sulphate pertains to a class of glycosaminoglycans with sulphation and 

alternating units of glucuronic acid (GlcA) and N-acetyl galactosamine (GalNAc) 

(Figure 1.9). Each CS heteropolysaccharide can comprise more than one hundred 

monosaccharides that can be sulphated at varying positions and to different extents. 

CS can be O-sulphated at the C2, C4 and C6 positions into isomers (Sugahara et al., 

2003) and they are respectively termed as CS-A (chondroitin-4-sulphate), CS-C 

(Chondroitin-6-sulphate), CS-D (chondroitin-2,6-sulphate), CS-E (chondroitin-4,6-

sulphate) according to their mono- or disulphate positions (refer to figure 1.8). The 

CS-B is a misnomer because its glucuronic acid moiety is epimerised to iduronic acid 

(IdUA) that is sulphated at C2; at the same time, the sulphated C4 of N-acetyl 

galactosamine exists as well. Hence, the CS-B is considered a member of the 

dermatan sulphate group instead.  

CS is widely distributed in the cartilage ECM and exist as a major component of PGs 

primarily aggrecan, which is involved in cell communication to regulate cell 

proliferation, adhesion and cell division (Ogawa et al., 2012). 
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Figure 1.9 The structure of a repeating disaccharide unit in CS molecules. R1, R2 

and R3 are the carbon position where the sulphation always happens. When 

sulphation happens at R1, it is called CS-C, and CS-A when R2 (modified and 

combined from (Bishnoi et al., 2016) and (Hayes et al., 2018a)). 
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In 1980s, Caterson et al. (1983) generated, refined, and partially characterised distinct 

monoclonal antibodies, such as 3B3, 4C3, 6C3, and 7D4, etc, which specifically 

recognise native sulphation patterns in CS and dermatan sulphate (DS) chains. These 

sulphated motifs are divided based on their structure and sulphation position with 

specific features of 4C3, 6C3, 7D4, 3B3(-/+) and 2B6(-/+) shown in figure 1.10. Both 

our laboratory and others have investigated the localisation and biochemical structure 

of some of these sulphation motif epitopes within the oligosaccharide segments of 

CS/DS GAG chains.  All these motifs can be recognised by specific antibodies 

(Caterson, 2012), which have been utilised to detect the stem cell niche (Hayes et al., 

2016) and interfere with foetal joint development (Shu et al., 2013). As interest in 

stem cell-based therapies began to grow, many studies discovered that the precise 

spatio-temporal expression patterns of CS GAG sulphation motifs in various 

cartilage-related biological contexts, including 3B3 involved in chick normal skeletal 

tissue formation and maintenance (Caterson et al., 1990c), and 6C3 and 7D4 

expression significantly increased several months after the onset of musculoskeletal 

diseases (Lin et al., 1998). 
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Figure 1.10 Chondroitin sulphate molecular structure and sulphation position. CS 

links to core protein through an O-glycosidic linkage between xylose and serine 

hydroxyl groups. (A) CS with 3-B-3(-) and 6-C-3 motifs. (B) 7-D-4 and 4-C-3 exposed 

after CS partial digestion by chondroitinase ABC. (C) 3-B-3(+) or 2-B-6 (+) mapped 

by CS complete digestion. (D) 3-B-3(+) or 2-B-6 (+) generated by hyaluronidase 

(HYAL 4) (Hayes et al., 2018b). 
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1.7.2 Keratan Sulphate 

Keratan sulphate (KS) is another notable constituent in cartilage. Compared with CS 

in terms of composition, the KS building block comprises the repeating disaccharide 

units of N-acetyl-β-glucosamine (GlcNAc) and galactose (Gal) rather than uronic acid. 

This structural feature makes KS the only type of GAG that does not have acidic 

residues unless the sulphation provides acidic components to KS (Funderburgh, 2002). 

Although the GlcNAc subunit is the one that is sulphated more often, both of these 

sugar units can be 6-O-sulphated (Pomin et al., 2012). All the KS chains are a mixture 

of non-sulphated (Gal-GlcNAc), mono-sulphated (Gal-GlcNAc6S), and di-sulphated 

(Gal6S-GlcNAc6S) disaccharides (Figure 1.11). According to the different linkage to 

proteins, KS are classified into KS Ⅰ, KS Ⅱ and KS Ⅲ. KS Ⅰ was first found in the 

cornea and is N-linked to asparagine residues, while KS Ⅱ was initially isolated from 

skeletal tissue and is O-linked to serine (Ser) or threonine (Thr) (Brown et al., 1996). 

KS Ⅲ was first isolated from mouse brain tissue (Krusius et al., 1986) and is O-linked 

to a Ser/Thr residue on the core protein via a single mannose as shown in figure 1.11 

(Caterson and Melrose, 2018). KS can be identified by monoclonal antibody 5D4 

through its Gal6S-GlcNAc6S epitope (Bertolotto et al., 1998). 
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Figure 1.11 Schematic diagram of the molecular structure and sulphation of KS Ⅰ, 

KS Ⅱ and KS Ⅲ. The linkages of KS subtypes include N-glycosylamine linkage 

between N-acetylglucosamine and the amide group of asparagine for KS Ⅰ and O-

glycosidic linkage between N-acetyl-galactosamine and the hydroxyl groups of serine 

or threonine for KS Ⅱ and KS Ⅲ. The sulphation occurs to GlacNAc (6S) more often 

when mono-sulphated (Bedini et al., 2019). 
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1.7.3 Advances in Chondroitin Sulphate Research 

1.7.3.1 Advances in Purification of Chondroitin Sulphate 

CS is the most abundant GAG in cartilage where it contributes to compressive load 

bearing properties by attracting cations and water. Furthermore, it has also been 

discovered that CS exerts joint-related healing, including anti-inflammation (Ronca et 

al., 1998, Iovu et al., 2008, Legendre et al., 2008), antioxidation (Ofman et al., 1997, 

Zhu et al., 2018a), and anti-apoptosis (Ju et al., 2015) properties. Recently, scientific 

interest and clinical needs for cartilage repair have focused on CS to behave as a 

beneficial biomaterial for cartilage regeneration (Wang et al., 2007, Uzieliene et al., 

2023). The optimisation and exploration of methods for CS extraction and purification 

date back to the 1950s; cartilage is the most common animal source used and includes 

extraction of CS from cartilage sourced from terrestrial (Sundaresan et al., 2018) and 

marine animals (Sim et al., 2007). CS is most abundant on aggrecan making it a good 

source of material; the first step for isolation of CS is the extraction of PGs, mainly 

aggrecan from various forms of cartilage. The principle of the classic method consists 

of four steps: I. Chemical alkaline hydrolysis of cartilage with concentrated guanidine 

hydrochloride (GuHCl), sodium hydroxide (NaOH), urea; II. Degradation of core 

protein; III. Exclusion of proteins and peptides and recovery of CS; IV. Purification of 

CS (Shi et al., 2014). The first step is regarded as the extraction of PGs, and the last 

two steps are processes of CS purification. 

The methods of PG extraction from cartilage have been explored for more than half a 

century (Hascall and Sajdera, 1969). In the seminal publication by Hascall and 

Sajdera (1969), PGs were extracted from bovine nasal cartilage using 4M GuHCl 

followed by equilibrium centrifugation in caesium chloride (CsCl) under associative 

and/or dissociative conditions. More than 95% of hexuronate was pooled at the 

bottom fraction whilst the PGs recovered from the top fraction accounted for less than 

3% of the weight of protein-polysaccharides.  

Alkaline treatment is applied to cleave the carbohydrate-protein linkage, which  

results from the alkali lability of the bonds linking the hydroxyamino acids, serine and 

threonine (Montreuil, 1980). With the presence of borohydride, a peeling reaction can 
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be prevented by avoiding the cleavage of newly released reducing terminals in 

alkaline treatment (Bienkowski and Conrad, 1984).  

Recently, the philosophy of some methodologies has started to employ enzymes in the 

core proteins digestion before CS purification, which will be further discussed in 

Chapter 6. Proteases such as pronase, papain and trypsin have been used to hydrolyse 

cartilage and proteins (Michelacci and Horton, 1989), followed by chemical 

treatments to release the GAG chains. Vázquez et al. (2018) used alcalase to degrade 

the cartilage followed by two chemical treatments separately, either alkaline treatment 

or hydroalcoholic alkaline treatment, and membrane purification; they reported 

optimal conditions for proteolysis as 52.9ºC at pH 7.31. After the chemical treatments, 

purities of CS were brought up to more than 80% and 90%, respectively as 

determined by 1H-NMR.   

Mechanical energy can also be transferred into chemical energy for the degradation of 

polymers to extract CS. Since it is a solvent-free process, it is believed as the most 

eco-friendly method. Wang and Tang (2009) reported a rapid method for the 

purification of CS. Shark cartilage was mechanically dissociated into powder and then 

mixed with solid alkali reagent, which 3% NaCl solution diffused into, followed by 

being acidified to pH 6.0 to harvest the insoluble parts until the CS products were 

obtained with the purity of more than 95%. Ultrasound has also been used as a 

mechanical force to enhance solvent penetration into tissue samples, during the 

process air bubbles are formed increasing the pressure and temperature further 

enhancing penetration and solubilisation of proteoglycans embedded in tissue samples. 

37kHz ultrasound-assisted extraction and hydroalcoholic alkaline treatment were 

employed to extract CS from squid cartilage at 52ºC for 46 mins compared with 

conventional extraction with 3% NaOH. The final CS products was 82.3% purity with 

23.7% yield (Yang et al., 2021).  

To further purify CS from other glycosaminoglycans, differences in charge density 

and solubility in organic solvent of the various GAGs have been utilised. Such 

methods include electrophoresis, precipitation with quaternary ammonium reagents 

and anion-exchange column chromatography, all based on the different charge density 

of the different GAGs. Quaternary ammonium reagents, including 

cetyltrimethylammonium bromide (CTAB) and cetylpyridinium chloride (CPC), can 
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combine with negatively charged GAG chains forming quaternary ammonium salts 

that are barely soluble in water to precipitate, which can be employed for purification 

of sulphated PGs/GAGs (Cleland and Sherblom, 1977). Column chromatography is 

another highly specific tool to purify CS from PG-GAG complexes with the 

bioactivities and structure of CS protected. Krichen et al. (2018c) enzymatically 

hydrolysed the cartilage from smooth hound with alcalase and precipitated CS with 

0.5% (w/v) CPC solution. The lyophilised precipitate was loaded onto a DEAE-

cellulose anion-exchange resin and eluted with a linear gradient of NaCl from 50mM 

to 2M, which brought the purity of CS up to more than 70%. 

Selective precipitation of CS in organic solvent takes advantage of the solubility of 

CS in organic solvent, and ethanol is the most used solvent with a cheap price and 

little environmental harm. Ethanol precipitation also can be applied after anion-

exchange chromatography for the eluates (Ogawa et al., 2012). Sequential 

precipitation with ethanol was also employed by Volpi (1996), 0.1 to 2.0 volumes of 

ethanol or methanol was added into the GAGs mixture sample and the sample was 

stored at 4 ºC for 24 hours after every 0.1 volume was added. The precipitates were 

harvested separately for further analysis. Methanol failed to separate CS from 

dermatan sulphate so these both were pooled at 0.8 to 1.6 volumes of methanol. 

However, it is reported that 100% CS was isolated with volumes higher than 0.8, 

whilst it is heparan sulphate that was precipitated at about 0.4 volume of ethanol (Kim 

et al., 2021). 

The extraction and purification of CS is the fundamental step for its application into 

future research attempts and clinical translation. It is desirable to obtain purer CS with 

less environmental influences and more convenient procedures so that the known and 

potential functions of CS and its inner mechanisms can be unveiled. 

 

 

 

 



54 

 

Table 1.1 CS purification protocol associated literature summary 

Extraction protocol Origin CS Purity 

achieved (%) 

Reference 

4M GuHCl, density gradient 

centrifugation, pH extraction 

(mainly PG level molecules 

extracted) 

Bovine 

nasal 

cartilage 

95% (including 

PG complex) 

(Hascall and Sajdera, 

1969) 

β-elimination, DEAE-cellulose and 

Sepharose CL6B chromatography 

Hepatocyte 

cell line 

70%-80% 

(predominantly 

HS) 

(Bienkowski and 

Conrad, 1984) 

3M GuHCl, papain digestion, 

ethanol precipitation, gel filtration 

Shark 

cartilage 

84% (Michelacci and 

Horton, 1989) 

Alcalase digestion, alkaline-

alcoholic precipitation, membrane 

purification 

Shark 

cartilage 

81%-97% (Vázquez et al., 2018) 

Mechanical digestion, NaCl 

solution purification 

Shark 

cartilage 

95% (Wang and Tang, 

2009) 

Ultrasound-assisted extraction, 

hydroalcoholic alkaline treatment 

Squid 

cartilage 

82.3% (Yang et al., 2021) 

Alcalase digestion, CPC 

precipitation, DEAE-cellulose 

chromatography 

Smooth 

hound 

cartilage 

70% (Krichen et al., 

2018b) 

Ethanol precipitation Mice 

cartilage 

- (Ogawa et al., 2012) 
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1.7.3.2 Function and Application of Chondroitin Sulphate in Cartilage Biology 

CS has gained substantial interest since it is widely recognised for its crucial role in 

maintaining joint health, but it is still controversy over whether CS plays a positive 

role, despite plenty of clinical studies have discovered that targeted administration of 

CS can more effectively improve joint health by reducing symptoms and adverse 

events (Brito et al., 2023, Ruiz-Romero et al., 2025, Simental-Mendía et al., 2018). 

The joint protective function of CS is mainly explained by the following two 

mechanisms: (1) CS can enhance anabolic metabolism of cartilage as an essential 

constitute of cartilage and synovial fluid; (2) CS elicits anti-inflammatory effects by 

dampening inflammation-induced catabolism. 

CS is a key component of the cartilage ECM and contributes significantly to the 

structural integrity, elasticity, and shock-absorbing properties of cartilage (Section 

1.7.1). Its unique molecular structure allows it to interact with other ECM components, 

such as collagen and HA, to form PGs like aggrecan, which are essential for cartilage 

function (Hardingham and Fosang, 1992). Guan et al. (2022) utilised a monosodium 

iodoacetate-induced knee arthritis rat model and administrated CS (100mg/kg) as a 

dietary supplement regularly for 2 weeks. Histo-morphological evaluation revealed 

that CS supplementation increased chondrocyte proliferation and the secretion of type 

II collagen. 

As an anti-inflammation factor in ECM of AC, CS has shown to inhibit IL-1β induced 

NF-κB nuclear translocation in chondrocytes to enhance chondrocyte proliferation 

and metabolic activity, leading to ECM synthesis, cartilage homeostasis and 

inflammation modulation (Vallières and du Souich, 2010). Cho et al. (2004) also 

reported CS can decrease the IL-6 in serum and relieve joints inflammation and 

oedema after its oral administration to type Ⅱ collagen-induced arthritis mice at 

300mg/kg. These findings were endorsed by Campo et al. (2008) who observed 

similar chondro-protective outcomes in LPS-treated chondrocytes and in an in vivo 

murine collagen-induced OA model. CS also exerts joint protection by inhibiting the 

inflammation-induced expression of MMP and aggrecanases, which cause the 

enzymatic degradation of cartilage ECM in conditions like OA (Jung et al., 2019). 

Hsu et al. (2022) treated chon-001 chondrocyte cell line in a 3D TranswellTM model 

with CS in the culture medium by various concentrations (0, 100, 200, 400, 800, or 
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1600 µg/mL) of CS for 48 h or 72 h. Western blot results demonstrated the increased 

expression of type II collagen and zymographic assays reported the suppression of 

MMP-9 and MMP-2 activities. 

CS has been found to play a critical role in chondrocytes signalling, which heavily 

impacts on OA pathophysiology. Jung et al. (2019) discovered that degradation of CS 

in cartilage can increase NO production, oxidative stress, and expression of MMP-13 

and ADAMTS-5 by TLR2 and TLR4 signalling pathways. By employing inhibitor 

assays, it was found that CS degradation products function as damage-associated 

molecules and can activate pathways downstream of TLRs, including MAP kinases, 

NF-κB, NO and STAT3 signalling. When 5% (w/v) CS was loaded into a hydrogel 

and implanted into a rabbit joint cartilage defect, it was shown to repair 2-4mm 

cartilage defects and integrate with surrounding tissue with a 2-month recovery by 

suppressing Wnt/β-catenin signalling pathway in the later stages (Wu et al., 2024b). 

As described above, CS elicits various responses and can significantly impact  

cartilage metabolism, hence it has been listed as a systematic slow-acting drug for OA, 

which can alleviate pain and improve joint mobility (Zhu et al., 2018b). Oral 

administration of CS at 60.38mg/kg to an OA rabbit model (cranial cruciate ligament 

transection constructed) for 84 days modulated ECM synthesis by promoting the 

expression of gene markers, including aggrecan and collagen type II (Mariné-Casadó 

et al., 2024). In a clinical study where OA patients with disease severity grade of 2–3 

based on Kellgren–Lawrence radiographic scoring were given 1200mg CS dietary 

supplement for 24 months, CS improved knee joint health with qualitative MRI 

results showing reduced synovial thickness in the medial suprapatellar bursa and joint 

swelling (Pelletier et al., 2016). CS has also been suggested to have disease-

modifying effects by slowing the progression of cartilage degradation. Its ability to 

inhibit catabolic enzymes and promote anabolic activities in chondrocytes supports 

this therapeutic potential. Reginster and Veronese (2021a) reviewed the evidence to 

figure out the role of highly purified CS in the treatment of OA, when they found CS 

is safe and effective for OA treatment and delay the course of OA. 

Intra-articular injections of CS or CS-containing formulations are being explored as a 

potential OA treatment through the delivery of high concentrations of CS directly to 

the affected joint, enhancing its therapeutic efficacy in cartilage repair and pain relief. 
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Yang et al. (2024b) developed an injectable CS-containing hydrogel which was 

designed for porcine 7mm-diameter haemophilic articular cartilage defects, and it was 

found to alleviate inflammation and regulate macrophage M2 polarisation via NF-κB 

signalling in. This study demonstrates the effectiveness of a CS-containing hydrogel 

in quick haemostasis, immunomodulation and chondrogenic regeneration.  

CS is often used in combination with other nutraceuticals, such as HA, to achieve 

synergistic effects. This combination therapy is believed to provide enhanced joint 

protection, reduce inflammation, and promote cartilage health more effectively than 

either compound alone (Mariné-Casadó et al., 2024). CS was combined with collagen 

type Ⅱ into a scaffold which encapsulated synovium-derived mesenchymal stem cells 

and used to chondrogenic culture for 3 weeks, found to promote the chondrogenesis 

confirmed by tissue staining and chondrogenic gene markers, including BMP-7 (Yang 

et al., 2023). 

1.7.3.4 Application of Chondroitin Sulphate in Cartilage Engineering 

Cartilage engineering is a rapidly advancing field aimed at developing innovative 

strategies to repair or regenerate damaged cartilage. The application of CS in cartilage 

engineering leverages its unique biochemical properties to support chondrocyte/stem 

cell function and promote cartilage ECM formation (Sharma et al., 2022). CS favours 

chondrocyte proliferation and promotes their differentiation into mature chondrocytes, 

essential for effective cartilage repair (Hsu et al., 2022). It also helps maintain the 

chondrogenic phenotype by preventing dedifferentiation. For example, CS was coated 

onto polycaprolactone (PCL) electrospun nanofibrous scaffolds and films before 

application to induce the chondrogenic differentiation of human dental pulp stem cells 

(hDPSC). The hDPSCs presented a higher proliferation rate in CS-containing films 

and showed better viability and chondrogenic differentiation capacity on CS-

containing scaffolds (Eldeen et al., 2024a). 

The hydrophilic nature of CS helps maintain scaffold hydration, which is essential for 

nutrient diffusion and waste removal (Rasoulianboroujeni et al., 2018). Additionally, 

CS contributes to the mechanical strength of scaffolds, mimicking the natural 

properties of native cartilage. CS was incorporated with agarose to create a porcine 

chondrocyte scaffold, and the presence of CS brought a 4- to 5-fold improvement in 
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mechanical properties compared to agarose gels without CS (Ingavle et al., 2012). CS 

also improved the biocompatibility and cellular viability by providing a more relevant 

and beneficial micro-environment for cellular signalling. CS-containing scaffolds 

closely mimic the native cartilage ECM, facilitating the organisation and deposition of 

new matrix by chondrocytes. This leads to the formation of tissue that closely 

resembles native cartilage in both structure and function. CS was introduced into 

highly porous polymer scaffolds for osteogenesis of a mouse pre-osteoblast cell line 

MC3T3-E1 and maintenance of chondrogenic phenotype in primary rat chondrocytes. 

After a 21-day in vitro culture, it was found that CS stimulates cell adherence, 

survival ability, proliferation, differentiation and ECM formation (Behere et al., 2024). 

CS also enhances the production of key ECM components, such as type II collagen 

and aggrecan, which are crucial for the structural and functional integrity of 

engineered cartilage (Sechriest et al., 2000). 

Incorporating CS into scaffolds enhances their biocompatibility and bioactivity. CS-

modified scaffolds provide a more natural and conducive environment for 

chondrocytes, promoting cell attachment, proliferation and differentiation. Janipour et 

al. (2024) fabricated biofilms with CS and gelatin and encapsulated Wharton’s jelly 

MSCs into the films. The films demonstrated excellent mechanical strength and 

stability, better swelling ratio and induced chondrogenesis with the formation of 

chondrocyte lacunae on the 30th day. Modified CS was integrated into a  microcarrier 

before the injection into surgical method induced mice joints where CS was found to 

enhance the scaffold bioactivities by improving recruitment of stem cell exosomes 

with a 3-day culture, collagen type Ⅱ production and repression of inflammation 

(Yang et al., 2024a).  

CS possesses anti-inflammatory properties that can reduce inflammation and catabolic 

activity in damaged cartilage. This is particularly beneficial in treating conditions 

such as osteoarthritis, where inflammation plays a significant role in cartilage 

degradation. Zhou et al. (2017) incorporated 6wt.% CS with silk fibroin to create a 

bio-scaffold for human chondrocytes. The adhesion, proliferation and migration assay 

results demonstrated its advantageous biocompatibility, and the CS-containing 

scaffold performed better in maintaining chondrocyte phenotype compared with the 

control group. Furthermore, the CS-containing scaffold was found to suppress the 
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inflammatory response in rabbit OA model induced by a full-depth cylindrical 

cartilage defect, generating better neo-tissue and integrity. CS-based scaffolds 

embedded with MSCs upregulated immunosuppression-related molecules, including 

NO, prostaglandins, etc. When they were implanted subcutaneously into heathy adult 

Lewis rats, reduced infiltration of leukocytes was detected after 24 hours, showing the 

anti-inflammatory characteristics of CS (Corradetti et al., 2016). 

1.8 Hypothesis 

Cartilage lesions and defects often occur in many anatomical locations affecting the 

physical movement, physiological function and psychological well-being of people of 

all ages, gender and ethnicity. As articular cartilage has extremely limited ability for 

repair and restoration, it is expected that tissue engineering approaches can adequately 

repair cartilage defects using a biomimetic recapitulating the mature cell and matrix 

structure of cartilage. To address these challenges, the incorporation of biomimetic 

molecules -- chondroitin sulphate, has emerged as a promising strategy, given its 

critical role in replicating the native cartilage ECM and promoting chondrocyte 

function or stem cell chondrogenesis. This leads to the hypothesis that the ex-vivo 

production of a biological environment containing cartilage extracellular matrix 

macromolecules (i.e. GAGs) along with autologous cells (chondrocytes/BMSCs), 

cultured in chondrogenic environment, can be used as an initial implant for the 

subsequent regeneration and integration of newly repaired cartilage in human 

patients needing cell implantation treatments. 

1.8.1 Experimental Aims 

The overall aim of my PhD is to (i) develop and/or refine existing methodologies to 

improve the purity of native chondroitin sulphate extracted from articular cartilage 

and (ii) utilise the purified CS in the construction of 3D scaffolds to facilitate the 

regeneration of articular cartilage in patients that would benefit from surgical 

intervention. Specific aims include: 
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Chapter 3 - to explore and optimise methods for the purification of free chondroitin 

sulphate molecules from bovine articular cartilage. This will involve investigating 

purification techniques to achieve high purity levels of free CS chains whilst 

maintaining its structural integrity.  

Chapter 4 - to investigate the impact of CS-coated substrates on the behaviour, 

viability and phenotype of chondrocytes to assess the potential of CS-coated surfaces 

in enhancing the chondrocytes’ responses in 2D environment.  

Chapter 5 - to explore the effects of a CS-containing medium on the chondrogenic 

differentiation of BMSCs in TranswellTM system, evaluating how CS concentrations 

influence key markers of chondrogenesis, the mature chondrocyte phenotype and 

extracellular matrix production.  

Collectively, these aims will assess the role of CS in promoting or modulating cell 

behaviours, both in mature chondrocytes and BMSCs, and determine its potential as a 

bioactive supplement in chondrocyte/stem cell-based cartilage tissue engineering. The 

findings are expected to contribute to optimizing culture conditions for enhancing 

cartilage regeneration strategies. 
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Chapter 2 

                                Materials and Methods  
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2.1 Materials 

All materials were obtained from Sigma-Aldrich (Southampton, UK) unless otherwise 

stated and were of analytical grade or above. All molecular biology plasticware, filter 

tips and reagents were DNase and RNase free. All experiments conducted had 6 

technical replicates (n = 6) and three independent repeats (N=3) performed unless 

otherwise stated. 

2.2 Proteoglycan Extraction 

2.2.1 Source of Tissue 

Articular cartilage tissue was obtained from the metacarpalphalyngeal joints of young 

(3 weeks old) and old (18 months old) bovine animals following slaughter (F Drury & 

Sons abattoir, Swindon). Feet were scrubbed to remove extraneous material and 

disinfected using microsol (diluted 1:50), prior to removal of the skin. The 

metacarpalphalyngeal joint was opened using a sterile blade and full-depth cartilage 

explants removed to a petri dish. 

2.2.2 Extraction of Proteoglycans 

Bovine articular cartilage (BAC) extracts were obtained as previously published 

(Theocharis et al., 2002) and kindly provided by Prof. Clare Hughes (School of 

Biosciences, Cardiff University). PGs were extracted from the articular cartilage of 

young and old bovine animals by mild stirring, for 24 hours at 4℃, with 10 volumes 

of extraction buffer (4M guanidine-hydrochloric acid (GuHCl), 0.05M sodium acetate 

(NaAc), pH 5.8). Immediately prior to use, protease inhibitors were added, including 

5mM benzamidine, 0.1M 6-aminocaproic acid, 10mM Ethylenediaminetetraacetic 

acid (EDTA) and 0.5mM phenylmethyl-sulphonyl fluoride (PMSF). The extraction 

mixture was filtered, and the filtrate dialysed against 10 volumes of distilled water at 

4℃ so that the concentration of GuHCl was 0.4M. Dialysed extracts were aliquoted 

and used for the purification of PGs. 



63 

 

2.3 Purification of Proteoglycans and Glycosaminoglycans 

2.3.1 Partial Purification of Proteoglycans and Glycosaminoglycans by Caesium 

Chloride Density Gradient Centrifugation 

2.3.1.1 Associative caesium chloride density gradient centrifugation 

The density of extracts (Section 2.2.2) was adjusted to 1.5g/ml by adding caesium 

chloride (CsCl) before transferring into 25ml centrifugation tubes. Associative density 

gradient centrifugation was performed for prepared extracts at 8℃ (Beckman L-60 

centrifuge, 8×25ml 50Ti fixed angle rotor) at 120,000 g for 48 hours. After 

centrifugation, the gradient was divided into three equal fractions as follows: bottom 

8.3ml fraction (A1, density>1.58g/ml), middle 8.3ml fraction (A2, density 1.44-

1.58g/ml) and top 8.3ml fraction (A3, density<1.44g/ml). Fractions were dialysed 

against 2-3 changes of distilled water, followed by dialysis overnight against 10 

volumes of 0.15M sodium chloride (NaCl) containing protease inhibitor cocktail 

(Section 2.2.2). The distribution of GAGs and protein in associative gradient fractions 

was determined using the dimethylmethylene blue (DMMB) assay (Section 2.16.2) 

and bicinchoninic acid (BCA) assay (Section 2.16.3). A1 fractions were enriched with 

aggrecan/link protein/HA complex and were stored at -20℃ for future use. 

2.3.1.2 Dissociative Caesium Chloride Density Gradient Centrifugation 

The BAC-D1D1 fraction was kindly gifted by Professor Clare Hughes (School of 

Biosciences, Cardiff University). Briefly, a 4M GuHCl extract was adjusted to a 

density of 1.5g/ml with CsCl.  Dissociative centrifugation was performed at 100,000 g 

at 8℃ for 48 hours. Gradients were equally divided into D1, D2 and D3 fractions 

from the bottom to top respectively. The D1 fraction was mixed with 8M GuHCl 

containing 2X protease inhibitor cocktail (Section 2.2.2) and CsCl to a density of 

1.5g/ml for a second round of density gradient centrifugation at 100,000 g, 8℃ for 48 

hours. Then the sample was equally divided into three parts as D1D1, D1D2 and 

D1D3 from bottom to top respectively. The BAC-D1D1 fraction was dialysed against 

2-3 changes of distilled water, followed by dialysis overnight against 10 volumes of 

0.15M NaCl containing protease inhibitor cocktail (Section 2.2.2).  
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BAC-A1D1 was prepared from the A1 fraction (Section 2.3.1.1). After associative 

centrifugation, the A1 fraction was adjusted to 4M GuHCl by the addition of 8M 

GuHCl containing 2X protease inhibitor cocktail (Section 2.2.2). CsCl was added to a 

density of 1.5g/ml. Centrifugation was performed at 120,000 g at 8˚C for 48 hours 

after which individual tubes were equally divided into three parts as A1D1, A1D2 and 

A1D3 from bottom to top respectively. The BAC-A1D1 fraction was dialysed against 

2-3 changes of distilled water, followed by dialysis overnight against 10 volumes of 

0.15M NaCl containing protease inhibitor cocktail (Section 2.2.2). BAC-A1D1 

fractions were stored at -20℃ for future use. 

2.3.2 Alkaline β-elimination, Cetylpyridinium Chloride Precipitation and 

Ethanol Precipitation 

GAG chains in Aggrecan (A1 or A1D1) (1- 5 mg total GAG amount) were released 

from any remaining protein core/peptide fragments by treatment with an equivalent 

volume of 1M sodium hydroxide (NaOH) and incubated at room temperature 

overnight. A volume of 1M acetic acid, equivalent to the initial A1 fraction volume, 

was added before dialysing against water (dialysis membrane (Repligen, USA) with 

pore size of 1000-dalton) overnight. 

After dialysis, samples were spun in the SC210A concentrator (Savant, USA) 

overnight. The freeze-dried samples were reconstituted in 1ml of 50mM sodium 

sulphate (Na2SO4) and 10% (w/v) cetylpyridinium chloride (CPC) solution added 

dropwise until a dense precipitate formed. Samples were centrifuged at 500g for 5 

minutes at 8℃ to separate the CPC salt from the supernatant which was subsequently 

discarded. The salt precipitate was washed with 4ml of 0.05% (w/v) CPC solution 

twice to remove ions, before being dissolved in 1ml of 80% (v/v) propan-1-ol to form 

a solution. This solution was added to 100μl of 5M NaAc and a drop of acetic acid to 

lower the pH until the solution went cloudy. Then 5 volumes of cold ethanol were 

added to precipitate the sodium salt of the GAG chains as a dense white precipitate, 

and the mixture left at 4℃ overnight. Samples were centrifuged at 500 g for 20 

minutes at 8℃, before drying the precipitate at room temperature overnight and 

reconstituting in 0.1M NaCl solution as needed. 
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2.3.3 Modified Alkaline β-elimination 

Aggrecan (A1 or A1D1) (1- 5 mg total GAG amount) was lyophilised (Edwards High 

Vacuum, UK) overnight, and then reconstituted in a minimal volume of freshly 

prepared alkaline borohydride reagent (0.3M sodium borohydride (NaBH4) in 0.4M 

NaOH) in the fume hood. The reaction mix was incubated for 24 hours at room 

temperature without a cap to ensure release of hydrogen gas generated by the reaction. 

2M HCl was added to the solution until the pH of the solution was 0 (monitored using 

pH paper), converting excess borohydride to hydrogen gas. 1M NaOH was added to 

obtain a pH between 6-8 measured using pH paper or a pH meter. The resultant 

sample was then desalted using a PD-10 Desalting column (Cytiva, UK). Briefly, 

columns were equilibrated with approximately 25ml deionised water, β-eliminated 

samples were loaded in a final volume of 2.5 ml and eluted with 10-12 ml of 

deionised water collected as 1 ml fractions. GAG concentration in each fraction was 

determined using the DMMB assay (Section 2.15.2). 

2.4 Purification of Chondroitin Sulphate using Gel Filtration Chromatography 

A Superose 6 column (10/300) (Cytiva, UK) was connected to the AKTA 

chromatography system (AKTA Pure) and equilibrated in 2 column volumes of 0.1M 

NaCl buffer (10mM Tris-HCl, pH 7.4). Lyophilised samples were reconstituted in 

0.1M NaCl buffer (10mM Tris-HCl, pH 7.4), filtered through 0.2μm filters and loaded 

into the sample loop for delivery onto the column. The sample was isocratically eluted 

with 1.5 column volumes of 0.1M NaCl (10mM Tris-HCl, pH 7.4). Eluant was 

monitored at 280nm and 215 nm (Protein andpeptide).1 ml fractions were collected 

and analysed for GAG and protein content using the DMMB (Section 2.15.2) and 

BCA assay (Section 2.15.3), respectively. 

2.5 Purification of Chondroitin Sulphate using Anion-exchange Chromatography 

Samples were filtered through 0.2μm filters and loaded onto a DEAE anion exchange 

column (Hi-trap Q, 5ml; GE Healthcare, Sweden) connected to an AKTA Pure, pre- 

equilibrated with 0.1M NaCl (10mM Tris-HCl, pH 7.4). The column was washed with 
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three volumes of 0.1M NaCl and then eluted with a linear gradient of 0.1M-3M NaCl 

(10mM Tris-HCl, pH 7.4) (8 column volume). The absorbance of samples under the 

wavelength of 280nm and 215nm was transformed into plots using Matlab (R2021a). 

2.6 Glycosaminoglycan Analysis  

2.6.1 Determination of the Purity of Purified Chondroitin Sulphate 

The purified CS sample was quantified by the carbazole reaction following published 

methods (Bitter and Muir 1962). The protein and nucleic acid contents of the purified 

CS were quantified using a NanoDrop One microUV-Vis spectrophotometer 

(ThermoFisher, USA) at 280nm and 495nm. These experiments were carried out in 

the National Glycoengineering Research Centre at Shandong University, China. 

2.6.2 Enzyme Analysis of Purified Chondroitin Sulphate 

To investigate whether the CS preparation contained other GAG impurities such as 

DS and Hep/HS, 10 µg of purified CS and CS standards with known purity (purified 

from shark cartilage by National Glycoengineering Research Centre at Shandong 

University, China) were treated at 37℃ for 4 h with chondroitinase AC (10 mU) 

(GlycoSciTech Co, Ltd, China), chondroitinase B (10 mU) (GlycoSciTech Co, Ltd, 

China), and a mixture of Hepases I, II and III (4 mU each) (GlycoSciTech Co, Ltd, 

China), respectively, the enzymes used in this experiment are listed in Table 2.1.  

The enzymatic products generated by chondroitinase AC, chondroitinase B, and 

Hepases were analysed using gel filtration chromatography on a SuperdexTM Peptide 

10/300 GL column (GE Healthcare) eluted with 0.2 M NH4HCO3 at a flow rate of 0.4 

mL/min for 60 min with monitoring at 232 nm by a UV detector (Shimadzu Co., Ltd., 

Kyoto, Japan).  

In this study, the purity of the CS preparation was determined using an external 

standard approach as previously published (Kinoshita and Sugahara, 1999). CS 

standards with different purities peak areas in chromatography profile was used to 
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establish a linear relationship between disaccharide unit amount and peak area with 

Matlab (R2021a). The best fitting line and function determined the amount of 

disaccharide produced by enzyme digestion in CS preparation.  

Table 2.1 Enzymes employed in this project 

Enzyme Origin CAS No. 

Chondroitinase AC Flavobacterium heparinum 9047-57-8 

Chondroitinase B Flavobacterium heparinum 52227-83-5 

Chondroitinase ABC Proteus vulgaris 9024-13-9 

Heparinase Ⅰ Bacteroides stercoris 9025-39-2 

Heparinase Ⅱ Sphingomonas 149371-12-0 

Heparinase Ⅲ Pseudomonas aeruginosa 37290-86-1 

2.6.3 Disaccharide Composition Assay of Purified Chondroitin Sulphate 

To determine the disaccharide composition of the CS, 1μg of CS sample was treated 

with 5mU Chondroitinase ABC (GlycoSciTech Co, Ltd, China) for 12 hours and then 

heated in boiling water for 10 mins and cooled in ice-cold water for 10 mins. With a 

15-min centrifugation at 15,000 g, the supernatants were kept and labelled with 2-

aminobenzamide in the presence of sodium cyanoborohydride reagents as described 

previously (Bigge et al. 1995), and the free 2-aminobenzamide was eliminated by 

chloroform. Then the product was analysed by anion exchange HPLC on YMC-Pack 

PA-G (250 × 4.6 mm, YMC Co., LTD., Japan) eluted with a linear gradient of 

NaH2PO4 (16 mM to 460 mM) at a flow rate of 1 mL/min over 60 min. Monitoring 

was performed through a fluorescence detector with excitation and emission 
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wavelengths of 330 nm and 420 nm, and standard CS/DS unsaturated disaccharides 

were applied for qualitative and quantitative purposes. Online monitoring and data 

analysis were performed using the software LC solution version 1.25 (SHIMADZU, 

Japan) (Li et al., 2010b). 

2.6.4 Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis for Purified 

Chondroitin Sulphate 

To confirm the structural characteristics, 20mg of lyophilised CS preparation was 

exchanged with D2O 3 times and finally dissolved in 0.5 mL of D2O inside a 5 mm 

NMR tube. The one-dimensional (1D) 1H NMR spectrum was acquired with 32 scans 

ranging from 1 to 11 ppm. The NMR experiments were performed on an Agilent DD2 

600 (Agilent Technologies Inc., US) operating at a proton frequency of 600 MHz; 

data were analysed on MestReNova 9.0.1 (Mestrelab Research S.L, Spain).  

2.7 Primary Isolation of Bovine Chondrocytes 

Articular cartilage was extracted from the metacarpalphalyngeal joints of 7-day-old 

bovine calves as previously described (Section 2.1). Full-depth cartilage slivers were 

incubated in Hanks’ balanced salt solution (HBSS) (Life Technologies Ltd, UK) 

containing 400U/ml penicillin, and 400 μg/ml streptomycin (PS) (Thermo, UK), with 

three 15 minutes washes. The cartilage was subsequently washed in 100U/ml PS-

HBSS prior to enzymic digestion. 25ml of filter sterilised 0.1% (w/v) pronase (from 

Streptomyces griseus) solution (in Dulbecco’s modified eagle medium/F12 (DMEM) 

(Gibco, UK) containing 100U/ml PS and 5% (v/v) fetal bovine serum (FBS) (Thermo, 

UK)) was used to digest the cartilage matrix from each bovine metacarpalphalyngeal 

joint for 40 minutes with mild agitation at 37℃, 5% CO2 in a humidified atmosphere. 

Following pronase removal, 0.04% (w/v) type Ⅱ collagenase from Clostridium 

histolyticum (Gibco, UK: in DMEM/F12 with 100U/ml penicillin, and 100 μg/ml 

streptomycin and 5% (v/v) FBS) was employed to break down cartilage collagen 

matrix with agitation at 37℃ (5% CO2). After overnight digestion, the medium 

containing the chondrocytes was filtered through a 40μm cell strainer (Corning, UK) 

and centrifuged at 1000 rpm for 5 minutes before the supernatant was discarded. The 
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chondrocyte pellet was resuspended in DMEM/F12 (50 ug/ml ascorbate-2-phosphate, 

100U/ml PS, 1% (v/v) insulin-transferrin-selenium (ITS) (Gibco, UK) and cell 

number determined by cytometry prior to seeding. 

2.8 Chondrocyte Culture with Exogenous Chondroitin Sulphate 

2.8.1 Chondrocyte Culture on Different Concentration of Purified Chondroitin 

Sulphate Substrate 

Purified CS was diluted with 80% saturated 4.2M ammonium sulphate to generate 

final CS coating concentrations of 0μg/cm2 (control), 0.1μg/cm2, 0.25μg/cm2, 

0.5μg/cm2, 1μg/cm2 and 5μg/cm2. The diluted CS solutions were filtered through a 

0.2μm filter, 500μl of each coating solution was added to appropriate wells in 

triplicate of a 24-well plate and stored at 4℃ overnight. Coating buffer was carefully 

aspirated, and plates washed with sterile phosphate buffered saline (PBS, pH 7.4) five 

times prior to chondrocyte seeding at 1×106 cells/well.  Plates were cultured at 37℃ 

(5% CO2) for 5 days. Chondrocytes were observed under a light microscope (EVOS 

core; Invitrogen, UK) (magnification of 100× and 200×); medium was changed every 

three days. 1ml of TRIzol™ was added to each well prior to subsequent analysis as 

described in section 2.17 and stored at -80℃. 

2.8.2 Chondrocyte Culture in CS-Containing Agarose Hydrogel 

A 4% (w/v) agarose solution was made up using low gelling point Type VII agarose 

(Sigma) and 1X PBS before autoclaving; the solution was subsequently cooled to 

37℃. An equivalent volume of 2×106 cell/ml bovine chondrocyte suspension was 

mixed well with the warm agarose solution at 37℃ in a 60mm petri dish so that a 

10mm thick hydrogel was formed and set (equating to approximately 14 ml of both 

cell suspension and agarose solution). An 8mm-diameter biopsy punch (Integra, USA) 

was employed to cut the hydrogel into plugs, which were subsequently transferred 

into 24-well plates and cultured with 1ml chondrogenic medium. Hydrogels were 

cultured at 37℃, 5% CO2 for 1 week and underwent Live/Dead assays. 
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2.8.3 Live/Dead Assay for Chondrocytes-embedded Hydrogels 

Cell viability in the hydrogel plugs was determined using the live/dead assay. 

Chondrogenic medium was removed before addition of 1 ml of freshly prepared 

fluorescent live/dead staining solution (0.16% (v/v) 5mg/ml fluorescein diacetate 

(FDA) in acetone, 1% (v/v) 2mg/ml propidium iodide (PI) in PBS, phenol red free 

medium) to each well. Plates were returned to the incubator, protected from light (in 

foil) and the hydrogel plugs incubated for 30mins in the dark. Staining solution was 

removed, and the plugs washed 3 times with 1X PBS. Hydrogel plugs were cut 

through the middle perpendicularly to the plane of the two bases, and 1ml of 1X PBS 

added to each well to prevent dehydration. Bovine chondrocytes viability in hydrogel 

plugs was visualised using an Olympus IX71 inverted microscope with red (633nm) 

and green (488nm) filters. 

2.9 Culture of Bovine Bone Marrow Stem Cells 

2.9.1 Primary Isolation of Bovine Bone Marrow Stem Cells 

Bovine bone marrow was obtained from the metacarpal bones of 7-day-old calves 

following slaughter (F Drury & Sons abattoir, Swindon). Feet were scrubbed to 

remove extraneous material with multi-purpose detergent (VWR international, UK) 

prior to removal of the skin. Metacarpal bone was cut using a sterile hacksaw into 

three parts and immediately transferred into an air-flow cabinet. Using a sterile 

spatula and spoon, bone marrow was scooped out and transferred into a 100mm petri 

dish. 10-15 ml of minimum essential medium α (α-MEM) (Gibco, UK) was added 

into each dish and mixed well with the bone marrow. The resulting suspension was 

sequentially filtered through 2 × 60μm metal cell strainers and a 40μm cell strainer. 

The filtrate was transferred into a 50 ml Falcon tube and centrifuged at 1000 g for 

10mins at 37°C (Boeco U-32R, Hettich Zentifugen-D-78532, Germany). The resultant 

pellet was resuspended with growth medium (α-MEM culture medium containing 10% 

(v/v) FBS (Gibco, UK), 100U/ml Penicillin and 100μg/ml streptomycin (Thermo, 

UK)); the cells were seeded into T75 flasks at 2×104 cells/cm2 and incubated at 37°C 

in a humidified atmosphere containing 5% CO2. After 4-days of culture, non-adherent 
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cells were removed by washing with α-MEM culture medium and the adherent bovine 

bone marrow stem cells (bBMSCs) cultured for a further 2 days forming small 

colonies (Passage 1). The cell culture medium was changed every three days. 

2.9.2 Passaging bBMSCs Cultures 

At 80%-90% confluence, BMSCs were passaged. Briefly, culture medium was 

removed, and the cells were washed with 1X PBS. 5 ml of 0.05% (v/v) trypsin-EDTA 

(Gibco, UK) was added, and plates were incubated at 37˚C for 5 minutes or until they 

became detached and rounded. Culture medium (10X volume of trypsin) was added 

into the flasks to terminate the reaction. The solution was transferred into a 50ml 

Falcon tube and cells pelleted by centrifugation at 200 g for 5 minutes at 37°C. The 

resultant pellet was resuspended in α-MEM (as Section 2.9.1) and a cytometer was 

used to count cells prior to reseeding in new T225 flasks at a density of 1×104 

cells/cm2 or as per experimental requirements. 

2.9.3 Cryopreservation of bBMSCs 

Passage 3 bBMSCs were cryopreserved to maintain a stock of readily available cells. 

Following each passage, cell pellets were resuspended in freezing medium (9:1 

FBS:dimethyl sulphoxide (DMSO) (Fisher Scientific, UK)) in vials containing 1×106 

bBMSCs per 1 ml of freezing medium. Cryovials were kept in propan-2-ol filled Mr. 

Frostys (Nalgene, USA) for 24 hours for slow cooling to -80°C before transfer to a 

liquid nitrogen tank for long term storage. 

2.9.4 Thawing bBMSCs 

Cells stored in cryovials were transferred out from liquid nitrogen storage and placed 

upright in a 37°C incubator promptly until the cell suspension was thawed completely. 

Cells were transferred into a 50ml Falcon tube and resuspended in 10ml warm α-

MEM. The cell suspension was centrifuged at 200 g for 5 minutes and supernatant 

discarded; the resultant cell pellet was re-suspended in 10ml of warm culture media 
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and seeded at the required cell density. The medium was changed after 24 hours to 

remove dead cells and debris. 

2.10 Osteogenic Differentiation of bBMSCs 

2.10.1 Osteogenic Differentiation of bBMSCs 

For the analysis of osteogenic differentiation potential, passage 3 bBMSCs were 

seeded at 1×104 cells/cm2 in 6-well plates. At 80%-90% confluency, cells were 

cultured with osteogenic differentiation medium (DMEM (Gibco, UK), 10% (v/v) 

FBS, 10nM dexamethasone, 0.1mM ascorbate acid-2-phosphate, 1mM sodium 

pyruvate, 10mM β-glycerophosphate, 100U/ml PS) and incubated at 37℃, 5% CO2 

and 95% oxygen for 21 days. The control group cells were seeded at the same density 

but cultured with α-MEM growth medium only for 21 days. The medium of both 

groups was changed every 3 days. On day 21, cells were processed for further 

analysis (Section 2.10.2). 

2.10.2 Identification of Osteogenic Differentiation of bBMSCs by Alizarin Red S 

Staining 

Medium was removed, cells were washed with 1X PBS twice and fixed with 4% (w/v) 

paraformaldehyde for 45 minutes at room temperature. Paraformaldehyde was 

removed and cells washed twice with distilled water. Cells were immersed in a 

solution of 40mM alizarin red S (pH 4.1) for 40 minutes, subsequently washed with 

sterile distilled water until the excess stain was removed, left to dry and observed by 

light microscopy (EVOS core; Invitrogen, UK). 

2.11 Adipogenic Differentiation of bBMSCs 

The adipogenic potential of bBMSCs was assessed; briefly, bBMSCs were seeded 

into 6-well plates at a density of 1×104 cells/cm2 in α-MEM proliferation medium 

(Section 2.9.1). At 80-90% confluency, adipogenic medium (DMEM, 10% (v/v) FBS, 
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0.1mM indomethacin, 1μM dexamethasone, 500μM 3-Isobutyl-1-methylxanthine 

(IBMX), 10μg/ml insulin, 1mM sodium pyruvate, 100U/ml PS) was added and cells 

maintained at 37℃, 5% CO2. Equivalent control cultures were maintained in α-MEM 

proliferation medium only for 21 days. The medium was changed every three days 

and lipid staining (Section 2.11.2) was carried out after 21-days in culture.  

2.11.1 Identification of Adipogenic Differentiation of bBMSCs by Oil Red O 

Staining 

Medium was removed, cells washed with 1X PBS twice and fixed with 4% (w/v) 

paraformaldehyde for 45 minutes at room temperature. After two washes with 

distilled water, 60% (v/v) isopropanol was added into each well and incubated for 5 

minutes to improve the specificity of the dye for neutral lipids. Cell layers were 

subsequently immersed in a solution of oil red O (0.18% (w/v) oil red O, 60% (v/v) 

isopropanol) for 15 minutes. The staining solution was removed and cells washed 

with distilled water to remove excess stain. 1X PBS was added into each well before 

the cells were observed under a light microscope. 

2.12 Chondrogenic Differentiation of bBMSCs 

For the chondrogenic differentiation of bBMSCs, passage 3 cells were seeded in 

Eppendorf tubes at a density of 1×106 cells/pellet following centrifugation at 3000rpm 

for 10 minutes at 37℃. Cells were cultured with chondrogenic differentiation medium 

(DMEM, 0.1mM ascorbate acid-2-phosphate, 0.1µM dexamethasone, 1% (v/v) ITS, 

1.25mg/ml BSA, 10ng/ml recombinant transforming growth factor β-3 (TGF-β3: 

Peprotech, UK), 1mM sodium pyruvate, 100U/ml PS) for 28 days. The medium was 

changed every 2-3 days. 

2.12.1 Paraffin Sectioning of Chondrogenic Pellets 

At day 28, the pellets were fixed with 4% (w/v) paraformaldehyde (PFA) for 45 

minutes at room temperature and then transferred into 70% ethanol. Paraffin 
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embedding and sectioning (5µm) was carried out by the Cardiff University 

Bioimaging Hub.  

2.12.2 Identification of Chondrogenic Differentiation of bBMSCs by Toluidine 

Blue Staining 

Sections were deparaffined with two changes of xylene (4 minutes each) and 

rehydrated through a decreasing ethanol series (100%, 100%, 90%, 70%, 4 mins each) 

before a final rinse with tap water for 5 minutes. Toluidine blue solution (0.1% in 

distilled water) was applied to cover each section for 1 minute then rinsed with tap 

water until clear. Excess liquid was removed from the sections using filter paper and 

transferred to an incubator at 37℃ for 30-60 minutes to dry. Sections (slides) were 

then twice clarified in xylene prior to addition of DPX mountant and coverslip. 

2.12.3 Imaging 

After the completion of staining, images were captured using a Leica DMRB upright 

brightfield microscope (magnification of 50X, 100X, and 200X) and a Jenoptic 

Progres SpeedXT core3 colour digital camera with Progres CapturePro software at 

Cardiff University Bioimaging Research Hub. 

2.13 Chondrogenesis and Analysis of bBMSCs in CS-containing Medium on 

Monolayer 

2.13.1 Chondrogenesis of bBMSCs in CS-containing Medium on Monolayer  

Purified CS (Section 2.5) was diluted in either growth medium (Section 2.9.1) or 

chondrogenic medium (Section 2.12.1) to a final concentration of 100μg/ml. The CS-

containing media were sterilised by filteration through a 0.2μm filter. bBMSCs were 

resuspended in a) control growth medium (without CS), b) with CS-containing growth 

medium (with 100μg CS per ml of growth medium) c) control chondrogenic medium 

(without CS) or d) CS-containing medium (with 100μg CS per ml of chondrogenic 
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medium) and plated into 12- well plates at 1×106 cells per well in quadruplicate. 

Plates were cultured at 37℃ (5% CO2) for 14 days. Cells were then observed under a 

light microscope (EVOS core; Invitrogen, UK) and images taken every day over the 

14 days culture period; medium was changed every three days. Analysis was carried 

out as described in sections 2.13.2. 

2.13.2 Alcian Blue Staining and Quantitative Analysis for bBMSCs 

Chondrogenesis in CS-containing Medium on Monolayer 

After 14 days of culture, bBMSCs were washed with PBS and fixed with 4% PFA for 

1 hour at room temperature. 1ml of Alcian Blue solution (50mg alcian blue dye in 1ml 

8M guanidine and 19ml of 18mM sulphuric acid-0.25% Triton X-100) was applied to 

each well for a 15-minute incubation period at room temperature. With removal of 

stain, PBS was used to rinse each well to get remove excess stain. The plate was 

observed, and images were taken using a mobile phone Xiaomi 13 Ultra (Xiaomi, 

China). The quantitative analysis of Alcian Blue staining on chondrogenesis of 

bBMSCs in CS-containing medium was conducted as previously published (Kawato 

et al., 2012). After Alcian Blue staining (Section 2.13.2), 4M GuHCl was employed to 

extract stains by overnight incubation at 4℃. With room temperature equilibration, 

the absorbance was measured at 600nm using a plate reader (BMG LABTECH, UK).  

2.14 Chondrogenesis of bBMSCs in Agarose Hydrogel 

2.14.1 Establishment of bBMSCs-embedded Hydrogel Constructs 

As previously described (Section 2.8.2), 8mm diameter 2% agarose constructs 

containing 2×106/ml bBMSCs were generated, transferred into 24-well plates and 

cultured with 1ml chondrogenic medium. Hydrogels were cultured at 37℃, 5% CO2 

for 1 week and underwent Live/Dead assays. 
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2.14.2 Live/Dead Assay for bBMSCs-embedded Hydrogels 

Cell viability in the hydrogel plugs was determined using the live/dead assay as 

previously described (section 2.8.3). Following staining, constructs were then cut 

through the middle perpendicularly to the plane of the two bases, and 1ml of 1X PBS 

added to each well to prevent dehydration. bBMSC viability in hydrogel plugs was 

visualised using an Olympus IX71 inverted microscope with red (633nm) and green 

(488nm) filters as described in section 2.8.3. 

2.15 Chondrogenesis of bBMSCs in TranswellTM System  

2.15.1 Chondrogenesis of bBMSCs using TranswellTM System in Medium 

Containing Chondroitin Sulphate Concentration Gradient   

3rd passage bBMSCs were resuspended at 6×107/ml using DMEM containing 

100U/ml penicillin, and 100μg/ml streptomycin, a 100μl volume was pipetted evenly 

onto the dry TranswellTM inserts (MilliQ) in a 24-well plate and the plate centrifuged 

at 200g for 5 mins. Chondrogenic medium was made up as Section 2.12.1 freshly 

with(out) the addition of purified CS for control group (no addition of purified CS), 

low concentration CS treatment group (10μg/ml) and high concentration CS treatment 

group (100μg/ml). 1ml of chondrogenic medium was added to the outside of the insert 

of each well and incubated at 37oC, 5% CO2 in a humidified chamber; medium with 

or without CS was replenished every 2 days and TranswellTM bBMSCs cultured for 6 

weeks.  

2.15.2 Paraffin Sectioning of TranswellTM Constructs and histological staining of 

ECM 

After 6 weeks of TranswellTM culture, 4% (w/v) PFA was applied to the TranswellTM 

membrane overnight at 4℃. Each membrane was removed from the TranswellTM 

inserts and stored in 70% ethanol at 4℃ until paraffin embedding and sectioning 

(5µm) was carried out by the Cardiff University Bioimaging Hub. Paraffin embedded 
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sections were deparaffinised and stained with Toluidine Blue (Section 2.12.2) and 

haematoxylin and eosin (H&E) by Cardiff University Bioimaging Hub. 

2.15.3 Trichrome Staining 

Sections were deparaffinised and rehydrated as previously described (section 2.12.2) 

and stained with Trichrome Stain (Abcam, UK). Sections were incubated for 60 mins 

at 60℃ with preheated (60℃) Bouin’s Fluid to fix the sample, cooled for 10 mins 

followed by successive washes in tap then distilled water until the sections were 

completely clear. The sections were stained with Weigert’s Iron Hematoxylin (equal 

parts of Weigert’s A and Weigert’s B) for 5 mins to stain the nuclei and rinsed with 

running tap water for 2 mins. Biebrich Scarlet/Acid Fuchsin Solution was used to 

stain sections for 15 mins to stain the proteins, and excess stain was removed with 

distilled water. The sections were then differentiated in 

Phosphomolybdic/Phosphotungstic Acid Solution to remove red staining from 

collagens until the collagen was not red and directly incubated with Aniline Blue 

Solution for 10 mins to stain collagens. After a rinse with distilled water, Acetic Acid 

Solution (1%) was applied to the sections for 5 mins to adjust pH and enhance dye 

binding specificity. Dehydration was achieved by increasing the concentration 

gradient of ethanol (75%, 95%, 100%, 100%, 4 minutes each) and twice in xylene (4 

minutes each) followed by mounting with DPX. Imaging of the sections was carried 

out using a Leica DMRB brightfield photomicroscope at 100X and 200X. 

2.15.4 Immunohistochemical Staining 

Paraffin embedded sections were deparaffinised and rehydrated as previously 

described (Section 2.12.2). To block endogenous peroxidase activity, sections were 

incubated with 1% (v/v) H2O2 in methanol for 40 mins. To unmask epitopes and to 

improve antibody penetration, sections were treated with 40 mU/ml chondroitinase 

ABC (ChABC) for 1 hour at 37℃ (in 50 mM Tris, 60mM sodium acetate, pH 8.0), 

before treatment with 0.1% (w/v) pepsin (in 0.1 M acetic acid) for 1 hour at 37℃. 

Sections were treated with 1 mg/ml bovine testicular hyaluronidase in PBS at 37℃ 
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for 1 hour to reduce the density of extracellular matrix. Between each enzyme 

treatment, 1X PBS containing 0.1% (v/v) Tween-20 (PBS/T) was employed to remove 

the previous enzyme treatment. To avoid non-specific antibody binding, sections were 

incubated with BLOXALL blocking solution (Vector Laboratories) for 10 mins before 

the sections were blocked with horse serum (Vector Laboratories) for 20 mins. 

Primary antibodies raised against collagen types I, II, VI and X were employed to 

detect collagen deposition (Table 2.2 ) with 1X PBS and mouse IgG or rabbit IgG as 

positive control, mouse joint sections gifted by Dr. Sophie Gilbert as positive controls, 

respectively. Sections were incubated in primary antibody overnight at 4℃. 

After a 5 minutes wash with 1X PBS/T, sections were incubated with horse anti-

mouse/rabbit IgG secondary antibody (Vector Laboratories) for 30 mins at room 

temperature. Following repeated washes in 1X PBS/T, VECTASTAIN Elite ABC 

reagent (Vector Laboratories) was employed to incubate sections for 30 mins before 

washing with Tween 20/PBS for 5 mins. ImmPACT DAB EqV solutions were mixed 

in a 1:1 ratio and applied to the sections for appropriate time until visible colour was 

produced. Sections were rinsed with tap water before undergoing sequential 

dehydration by increasing concentration gradient ethanol (75%, 95%, 100%, 100%, 4 

minutes each) and twice xylene (4 minutes each) washes followed by mounting with 

DPX. Imaging of the sections was carried out using a Leica DMRB brightfield 

photomicroscope at 100X and 200X. 

 

 

 

 

 

 

 

 



79 

 

Table 2.2 List of primary antibodies used for immunohistochemical staining 

Antibody Type Cat. No. Dilution Source/reference 

COL-Ⅰ Goat monoclonal, 

IgG 

 1:100 Gifted by Prof. Vic 

Duance. 

S Li (PhD Thesis) 

CⅡC1 Chicken 

monoclonal, IgG 

Ab528164 

(DSHB, USA) 

1:5 (Nandakumar and 

Holmdahl, 2005) 

COL-Ⅵ Rabbit monoclonal, 

IgG 

Ab182744 

(Abcam, UK) 

1:250 (Corano Scheri et al., 

2023) 

COL-Ⅹ Rabbit monoclonal, 

IgG 

 1:1 Gifted by Klaus Von Der 

Mark. 

(Girkontaité et al., 1996) 

2.16 Biochemical Assays 

2.16.1 MTT Assay 

 At different time points depending on the experimental objectives, 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay was conducted to 

examine cell viability. 0.1 volumes of 12mM Thiazolyl Blue Tetrazolium Bromide 

(MTT) solution, prepared according to the manufacturer’s instructions with sterile 

PBS, was added to each well. After 4 hours, the mixture of medium and MTT solution 

was removed, an equivalent volume of dimethyl sulfoxide (DMSO) added to each 

well and mixed well with the formazan crystals. After a 10-minute incubation period, 

the absorbance of each well was measured at a wavelength of 570nm using a plate 

reader (BMG LABTECH, UK).  

The viability of cells in the treated group was normalised to untreated control and 

expressed as a percentage before plotting. 
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2.16.2 DMMB Assay 

Sulphated GAGs (sGAGs) content was measured using the dimethylmethylene blue 

(DMMB) assay (Little et al., 1990). Freshly prepared shark chondroitin-6-sulphate 

standards (10-40μg/ml) were added along with experimental samples, in triplicate, on 

a 96-well plate (CoStar, UK). The absorbances were read using a plate reader (BMG 

LABTECH, UK) at a wavelength of 525 nm immediately after 200μl of DMMB 

solution (16μg/ml 1,6-dimethylmethylene blue, 1% (v/v) ethanol, 29.5mM NaOH, 

0.35%(v/v) formic acid) was added to each well. The absorbances of standards were 

used to produce a calibration curve in Matlab (R2021a). The line of best fit 

determined the concentration of sGAGs in the samples. Samples which produced 

absorbances out of the range of standards were diluted, re-assayed and the results 

scaled up accordingly. 

2.16.3 BCA Assay 

Pierce™ BCA assay kit (ThermoFisher, UK) was employed to measure the 

concentration of proteins in size exclusion fractions. Albumin Standards (BSA) with a 

concentration range 0µg/ml -2000µg/ml (0µg/ml, 25µg/ml, 125µg/ml, 250µg/ml, 

500µg/ml, 750µg/ml, 1000µg/ml, 1500µg/ml, 2000µg/ml) were diluted from a stock 

concentration of 2mg/ml Albumin Standard as reference. 25µl of each standard and 

size-exclusion fraction (in duplicate) was added into each well of a 96-well plate. 

Then 200µl of the BCA working reagent (50:1, Reagent A: B from the assay kit) was 

pipetted into each well and mixed thoroughly on a plate shaker for 30 seconds. The 

plate was protected from light and incubated at 37℃ for 30 minutes. The plate was 

cooled to room temperature before the absorbance was measured at 562nm on a plate 

reader (BMG LABTECH, UK). The absorbances of standards were used to produce a 

linear calibration curve in GraphPad Prism 9, from which the concentration of protein 

in the unknown samples were determined.  
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2.16.4 Direct ELISA Assay 

Enzyme-linked immunosorbent assay (ELISA) was employed to detect CS GAG 

motifs in fractions from anion exchange or gel chromatography with the monoclonal 

antibodies 7D4, 6C3, 4C3, 3B3(-) and KS antibody 5D4 (Figure 2.1). 

Samples (fractions) were prepared at a concentration of 2μg/ml sGAGs as measured 

using the DMMB assay in either coating buffer (Tris/Saline/Azide (TSA) buffer 

(50mM TRIZMA, 200mM NaCl, 0.02% (w/v) sodium azide, 0.05% (v/v) Tween, 0.4% 

HCl, pH 7.4) (whole PGs) or in 80% saturated 4.2M ammonium (free GAG chains). 

100μl of each sample (fraction) was added to wells of a 96-well plate (ThermoFisher, 

Denmark) and left overnight at 4℃. Samples were removed and wells blocked with 

100μl of 5% (w/v) BSA/TSA at 37℃ for 1 hour. Plates were washed once with TSA 

(250µl per well), and 100μl primary antibody (Table 2.3) was added to appropriate 

wells with a 1-hour incubation at 37℃. Wells were washed with TSA 4 times and 

100μl of alkaline phosphatase (AP)-conjugated anti-mouse secondary antibody 

(Promega, UK) diluted 1:5000 in 1% (w/v) BSA/TSA was added and incubated at 37℃ 

for 1 hour. Wells were washed with TSA 6 times; 2 tablets of alkaline phosphatase 

substrate was dissolved in 10ml of DEA buffer (2.56% (w/v) magnesium chloride 

(MgCl2), 9.6% (v/v) Diethanolamine, pH 9.8), 100μl was added to each well and 

incubated for 1 hour at 37℃, prior to recording of absorbance readings at 405nm 

using a plate reader (BMG LABTECH, UK). 
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Figure 2.1 Monoclonal antibodies against metabolites of aggrecan. Native CS epitopes include 7D4, 6C3 and 4C3. CS subtypes of CS-0, CS-4 

and CS-6 can be digested by chondroitinase and generate neoepitopes of 1B5(+), 2B6(+) and 3B3(+). KS presents native 5D4 motif.
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Table 2.3 Primary antibodies used in the ELISA including clone isotype, molecular epitope detected and the dilution used. 

Antibody 

(dilution) 

Clone 

(isotype) 

Specificity Source/references 

7D4 (1:5) M (IgMκ) Distinct native CS/DS sulphation motif epitope occurring towards linkage 

region of CS chains 

In house; (Caterson et al., 

1990a) 

6C3 (1:100) M (IgMκ) Unidentified CS/DS sulphation motif epitope occurring towards non-

reducing terminus of CS chains 

In house; (Caterson, 2012) 

4C3 (1:1) M (IgMκ) Distinct, as yet unidentified, native CS sulphation motif epitopes occurring 

towards linkage region. 

In house; (Cortes et al., 

2009) 

2B6 (1:5) M (IgGκ) 4-sulphated unsaturated disaccharide “stubs” (CS-4)  In house; (Couchman et al., 

1984) 

6B4 (1:1) M (IgGκ) Linear amino acid sequence (394EPEEPFTFAPEI406) present in the 

interglobular domain (IGD) of aggrecan 

In house; (Caterson et al., 

2000) 

CS-56 (1:200) M (IgMκ) Chondroitin sulphate types A and C (not B, dermatan sulphate) Gifted by Dr. Jim Ralphs; 

(Ohnishi et al., 2023) 

5D4 (1:100) M (IgMκ) Native KS linear di-sulphation motif epitope occurring towards non-

reducing terminus of KS chains 

In house; (Hayes and 

Melrose, 2020) 
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2.16.5 Competitive ELISA Assay 

Microtiter plates were coated overnight at 4˚C with 100 µl of aggrecan (BAC-D1D1) 

at a concentration of 5µg/ml GAG in BAC-D1D1 diluted in coating buffer as 

described in Section 2.16.4. Coating solution was discarded, and wells were blocked 

in 5% (w/v) BSA/TSA for 1 hour at 37℃. After washing once with TSA buffer, BAC-

D1D1 was diluted into sGAGs concentration of 0µg/ml, 0.5µg/ml, 1µg/ml, 2µg/ml, 

5µg/ml, 7.5µg/ml, 10µg/ml and 20µg/ml as standards and 100 µl of a set of pre 

incubated standards were added in triplicate to appropriate wells. 100 µl of samples 

for analysis were also added to appropriate wells.  The plate was incubated at 37℃ for 

1 hour, solutions were discarded, and plates washed 4 times with TSA buffer. 100μl of 

a 1:5000 dilution of alkaline phosphatase (AP)-conjugated anti-mouse secondary 

antibody (Promega, UK) (in 1% (w/v) BSA/TSA) was added and the plates incubated 

at 37℃ for 1 hour. Wells were washed with TSA for 6 times followed by addition of 

100μl DEA buffer (2 alkaline phosphatase substrate tablets in 10ml DEA buffer as 

described in section 2.16.4) for 1 hour at 37℃. Absorbances were recorded at a 

wavelength of 405nm and used to plot a standard curve to determine inhibition of 

binding of the unknown samples.  

2.16.6 Barium Acetate Gel Electrophoresis and Alcian Blue Staining for the 

Detection of β-eliminated Glycosaminoglycans. 

PG and GAG samples were visualised on 0.5% (w/v) agarose gels made up in 40mM 

barium acetate buffer (40mM barium acetate, pH 5.8 with 1M acetic acid, stored at 

4℃). The solution was micro-waved to dissolve the agarose completely and when 

sufficiently cooled the warm solution was poured into an 8×10cm gel cassette. A 

comb was placed about 1cm from the edge of the gel generating 5mm wells for 

sample loading. The gel was allowed to set at room temperature for approximately 40 

minutes followed by transfer to the electrophoresis tank filled with PDA buffer 

(50mM 1,2-diaminopropane (PDA), pH 9 with glacial acetic acid). 10µg GAG per 

sample with 20% (v/v) cresol red solution (0.1mg/ml cresol red dye in distilled water) 
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and 20% (v/v) glycerol were loaded into the wells. Electrophoresis was performed for 

3.5 hours at 50mA in an electrophoresis tank (Anachem).  

8×10cm nitrocellulose membrane (Amersham, Germany) was derivatised with freshly 

prepared 1% (w/v) CPC (in 30% (v/v) 2-propanol) for 5 minutes and incubated in 

150mM NaCl solution for 15 minutes. The membrane was rinsed several times in 

150mM NaCl to remove the excess CPC. The blotting sandwich was assembled as 

follows: Whatman 3mm filter paper was placed on a glass plate, two ends of which 

were immersed in a reservoir of transfer buffer (100mM Tris-acetate buffer, pH 7.3 

with glacial acetate acid) allowing the migration of the buffer from the two sides to 

the top side of the blotting sandwich. The agarose gel was carefully placed on the 

filter paper and the detergent-treated NC membrane, placed on top of the gel followed 

by three pieces of filter paper and two sponges soaked with transfer buffer. Bubbles 

were removed using a roller.  Finally, 5 layers of absorbent paper tissue were put on 

top of the blotting sandwich and stabilized by placing a 500-gram weight on top. The 

capillary blotting was performed overnight at room temperature. 

Membranes were submerged in freshly prepared Alcian Blue solution (50mg alcian 

blue dye in 1ml 8M guanidine and 19ml of 18mM sulphuric acid-0.25% Triton X-100) 

for about 20 minutes, rinsed with 150mM NaCl and further destained using 150mM 

NaCl until bands were visible. Membranes were scanned using an EPSON 

PERFECTION V750 PRO scanner. 

2.16.7 SDS-PAGE and Western Blotting 

2.16.7.1 SDS-PAGE Electrophoresis 

10μg GAG was diluted 1:1 with 2x sample buffer (125mM tris-HCl, pH 6.8, 

containing 4% (w/v) sodium dodecyl sulphate (SDS), 20% (w/v) glycerol; 0.01%(w/v) 

bromophenol blue) and boiled for 5 minutes at 100℃. Samples were loaded onto 4-12% 

(or 4-20%) Tris-glycine gradient gels (nUView, USA) and separated in SDS running 

buffer (25mM trizma, pH 8.4;192mM glycine, 0.01% (w/v) SDS) using gel 

electrophoresis; gels were run at 180 volts for about 60 minutes (until the 

bromophenol blue sample buffer reached the end of the gel). The molecular weight of 
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separated molecules was sized against Precision PlusProteinTM Standards (Bio-Rad, 

UK). Samples were subsequently transferred to nitrocellulose membranes (Whatman, 

UK) using SDS transfer buffer (25mM trizma, pH 8.1-8.4;192mM glycine, 20%(v/v) 

methanol) at 20 volts overnight. 

2.16.7.2 Western Blotting 

For Western blot analysis, nitrocellulose membranes were blocked in 5% (w/v) 

BSA/TSA for 1 hour at room temperature, with gentle agitation, followed by probing 

the membranes with the primary antibodies diluted in 1% (w/v) BSA/TSA (Table 2.3), 

at room temperature for 1 hour. Blots were rinsed with TSA buffer for 3×10 minutes 

before a 1-hour incubation with an alkaline phosphatase conjugated anti-mouse 

secondary antibody (Promega, UK) (1:7500 dilution in 1% (w/v) BSA/TSA) at room 

temperature. After a further 3×10 minutes washes in TSA, the immunoblots were 

incubated with an alkaline phosphatase substrate (100mM tris-HCl, 100mM NaCl, 

5mM MgCl2, pH 9.8) containing 0.66% (v/v) nitro blue tetrazolium (NBT) (Promega, 

UK) and 0.33% (v/v) 5-bromo-4-chloro-3-indoylphosphate (BCIP) for 10-50 minutes 

at room temperature or until optimal colour development of immuno-positive bands 

was achieved. This analysis was used to determine the biochemical and 

macromolecular status of the A1 aggrecan core protein. 

2.16.8 Dot Blotting  

To eliminate the potential loss of GAGs in membrane transfer in Western blotting and 

achieve better GAGs epitope detection, dot blotting was employed to detect GAGs. 

5µl of samples (fractions) were pipetted onto a nitrocellulose membrane and air dried 

for approximately 30-60 minutes. Subsequent blotting steps were carried out as 

previously described (Section 2.16.7.2).  
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2.17 Gene Marker Expression using Real-time Quantitative Polymerase Chain 

Reaction (RT-qPCR) 

2.17.1 RNA Isolation using RNeasy Mini Kits 

RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, Germany) according 

to the manufacturer’s protocol. In brief, 0.2ml of 1-bromo-3-choloropropane (Sigma-

Aldrich, Dorset, UK) was added to thawed samples containing 1ml TRIzol™-Reagent 

and left for 15mins at room temperature before centrifugation at 10,000 g for 15mins 

at 4°C (Boeco, U-32R, Hettich Zentifugen-D-78532, Germany). The upper RNA 

containing aqueous phase was carefully transferred to a new sterile Eppendorf tube 

and an equal volume of 70% ethanol (EtOH) added to each sample and mixed, 

followed by transfer of approximately 800μl of sample/EtOH mixture into the Qiagen 

RNeasy kit spin column which was then spun at 7,000 g for 15sec at 4ºC. The flow 

through was discarded and the above step was repeated for the remaining 

sample/EtOH mixture. 700μl of Buffer RW1 was added to each spin column before 

spinning at 7,000 g for 15sec at 4ºC; the flow through was discarded followed by the 

transfer of a spin column to a new collection tube. Residual buffer was removed prior 

to the addition of 500μl of Buffer RPE to the spin columns, then the columns were 

centrifuged for 15sec at 7,000 g at 4ºC with the flow through discarded. Another 

500μl of Buffer RPE was added to spin columns before spinning at 7,000 g for 2mins. 

The spin column was dried by centrifugation at full speed for 2mins before air-drying 

for 15mins to allow the evaporation of EtOH. 30μl of RNase free water was added 

directly to the spin column membrane and centrifuged at 7,000 g for one minute to 

elute and collect RNA which was stored at -80°C. 

2.17.2 RNA Isolation by 2-propanol Precipitation 

RNA was also isolated using modifications of the methodology as described 

previously (Blain et al., 2003). Briefly, 1ml of TRIzol™ reagent was added to 

chondrocyte monolayers and transferred to sterile microcentrifuge tubes after which 

200 µl of 1-bromo-3-chloropropane was added. Tubes were shaken vigorously for 15 

seconds and left to stand for 10 minutes at room temperature before centrifugation at 
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10,000 g for 15 mins at 4°C (Boeco U-32R, Hettich Zentifugen-D-78532, Germany). 

The upper aqueous phase containing RNA was transferred to a new RNase-free 1.5 

mL Eppendorf tube and a 1:1 volume of 2-propanol (Sigma-Aldrich, Dorset, UK) 

added to precipitate RNA at -20°C overnight. Tubes were centrifugated at 10000rpm 

for 10 mins at 4°C to pellet the RNA. The supernatant was removed by pipetting and 

1mL of 75% EtOH added to wash the pellet before centrifugation at 7,000 g for 5mins 

at 4°C. The supernatant was removed, and the RNA pellet was air dried for 15-30 

mins before addition of 26µl nuclease free water.  

2.17.3 Removal of Genomic Contaminants 

Genomic DNA was removed by performing a DNase treatment whereby 2 Units/µL 

DNase (Invitrogen, UK) and 3µl 10X DNase buffer were added to the RNA and 

incubated at 37°C for 30 mins. 0.1 volumes of DNase inactivation reagent (Invitrogen, 

UK) was added to the RNA solution to remove impurities, salts and other 

contaminants followed by centrifugation at 7,000 g for 2 mins at room temperature. 

Pure RNA was transferred to a new Eppendorf tube and stored at -80°C. 

2.17.4 Measurement of RNA Quality and Quantity 

The purity (A260:A280 ratio) and concentration (ng/µl) of RNA samples was 

quantified using the Nanodrops Lite Spectrophotometer (Thermo ScientificTM, 

ThermoFisher Scientific, Paisley, UK). The instrument was cleaned with lens tissue, 

blanked against 1µl of nuclease free water, cleaned again before placing 1µl of each 

sample on the sensor. An A260:A280 ratio of between 1.8 and 2 was considered as 

sufficiently pure RNA for further analysis. 

2.17.5 Reverse Transcription of RNA 

cDNA was synthesised as described previously (Blain et al., 2003) with a few 

modifications. 200ng of RNA was added to 250ng of random primers (Promega, 

Southampton, UK) and 100µM dNTPs and made up to 20µl with nuclease free water. 
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Components were then incubated at 60°C for 5mins to promote annealing of primers 

to template RNA in a TechneTM TC-3000 Thermal cycler (Bibby Scientific Ltd, UK) 

before cooling on ice. A reverse transcription (RT) master mix comprising 6 µl 5x 1st 

Strand buffer (250mM Tris pH 8.3, 375mM KCl, 25mM MgCl2), 30mM DTT, 20U 

recombinant RNasin RNase inhibitor (Promega, Southampton, UK) and 20U 

Superscript IVTM reverse transcriptase was prepared. 10µl of the RT master mix was 

added to 20µl of RNA/random primer/dNTPs mixture followed by incubation at 23°C 

for 10mins prior to incubation for 50mins at 50°C to allow extension of nucleotide 

sequences, then 15mins at 70°C to inactivate the reactions using a TechneTM TC-412 

Thermal cycler (Bibby Scientific Ltd, UK). 

2.17.6 RT-qPCR 

Real time-quantitative polymerase chain reaction (RT-qPCR) was utilised to quantify 

gene expression by fluorescent DNA binding dye SYBR Green. The dye is able to 

intercalates into double-stranded DNA, and the fluorescence is measured and 

recorded at the end of each cycle in an AriaMx Real-Time qPCR machine (Agilent 

Technologies, Cheshire, UK). 

1µl of cDNA was added to 19µl of a qPCR reaction mix made up of 7.8µl nuclease 

free water, 1X Brilliant III Ultra-fast SYBR Green qPCR master mix (Agilent 

Technologies, Cheshire, UK), 200nM gene specific forward and reverse primers 

(Table 2.4). The resulting 20µl reaction volume was placed in a 96-well plate, 

allowing the polymerase chain reaction to happen under the following cycling 

conditions; heating at 95°C for 3mins for one cycle to activate DNA polymerase, 

before performing 40 cycles of denaturation at 95°C for 15sec and incubation at 60°C 

for 30 sec to allow the annealing of primers to template DNA and extension of 

nucleotide sequences. One more cycle of incubation at 95°C for 1min, 65°C for 30sec 

and 95°C for 1 minute was performed to generate standard melting curves.  

Following amplification, melting curve analysis was carried out on individual samples 

where a single peak representing amplification of a single product was acceptable, 

where the intensity of emission fluorescence is proportional to the amount of cDNA 

template since SYBR Green only fluoresces when bound to DNA. Threshold cycle 
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values (CT) of relevant genes were compared to stably expressed housekeeping genes, 

and the relative gene expression was calculated using the ΔΔCT method (Livak and 

Schmittgen, 2001). 

2.17.7 Selection of Housekeeping Genes 

A set of candidates housekeeping genes, including gapdh, 18s, ywhaz, sdha, ppia, 

hprt1, rpl4, were selected based on previous literature and studies. The primers were 

all designed and gifted by Lekau Dintwa (Table 2.4). The expression of housekeeping 

genes was measured by RT-qPCR as described in section 2.17.6. CT values of 

housekeeping genes were then analysed by an online tool, RefFinder, which ranks all 

genes based on the geometric mean of four algorithms of geNorm, NormFinder, 

BestKeeper and ΔCT method. The most stable housekeeping gene was selected for 

normalisation in subsequent gene expression analyses by the ΔΔCT method. 
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Table 2.4 Primer information of housekeeping gene and cartilage gene markers 

Gene Accession number Forward primer sequence 5’-3’ Reverse primer sequence 5’-3’ Reference 

gapdh NM_001034034 TGTCTCCTGCGACTTCAACAG

CG 

CACCACCCTGTTGCTGTAGCCAA

AT 

(Darling and Athanasiou, 

2005) 

sdha NM_175814 GATGTGGGATCTAGGAAAAGG

CCTG 

ACATGGCTGCCAGCCCTACAGA 
(Anstaett et al., 2010) 

ywhaz NM_174814 CTGAGGTTGCAGCTGGTGATG

ACA 

AGCAGGCTTTCTCAGGGGAGTT

CA 

(Anstaett et al., 2010) 

18s NR_036642 GCAATTATTCCCCATGAACG GCCTCACTAAACCATCCAA 
(Frye et al., 2005) 

ppia NM_178320 GGTGGTGACTTCACACGCCAT

AATG 

CTTGCCATCCAACCACTCAGTCT

TG 

(Anstaett et al., 2010) 

hprt1 NM_001034035 TAATTATGGACAGGACCGAAC

GGCT 

TTGATGTAATCCAACAGGTCGGC

A 

(Anstaett et al., 2010) 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=115495250
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rpl4 NM_001014894 TTTGAAACTTGCTCCTGGTGG

TCAC 

TCGGAGTGCTCTTTGGATTTCTG

G 

(Anstaett et al., 2010) 

acan NM_173981.2 CAGCCAGGCCACCCTAGAG GGGTGTAGCGCGTGGAGAT 
(L. Dintwa, unpublished) 

col-2a1 NM_001001135.3 AGCAGGTTCACATATACCGTT

CTG 

CGATCATAGTCTTGCCCCACTT 
(L. Dintwa, unpublished) 

sox-9 XM_024981096.1 TGAAGATGACCGACGAGCAG

G 

CCGCTTCTCGCTCTCGTTCAG 
(L. Dintwa, unpublished) 

https://www.ncbi.nlm.nih.gov/nucleotide/NM_173981.2?report=genbank&log$=nucltop&blast_rank=5&RID=4PJNCK6N013
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001001135.3?report=genbank&log$=nucltop&blast_rank=2&RID=4PKY6YCX016
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2.18 Statistical Analysis 

All biochemical data are presented as mean ± SD and analysed using a parametric 

two-way ANOVA test (GraphPad Prism 9). The normality of data distribution was 

assessed using the Shapiro-Wilk test and visually inspected using Q-Q plots. 

Homogeneity of variance was tested using Levene’s test to ensure the assumptions for 

parametric tests were met. If assumptions were violated, appropriate non-parametric 

tests were used. To compare the means of more than two data sets, Dunnett post-hoc 

test was performed. For the qPCR data, each normally distributed gene was tested for 

significant differences using 2-way ANOVA test to determine differences between 

every CS-containing group and CS free control group. Statistical differences were 

considered significant at P values <0.05 and represented on figures as */#, **/## and 

***/### denoting p < 0.05, 0.01, 0.001 respectively. 
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3.1 Introduction 

The identification of CS motifs 7D4, 6C3, and 4C3 in PGs associated with stem cells 

highlights their potential role in modulating growth factor (e.g. TGF-β1) interactions 

crucial for chondrocyte phenotype maintenance and differentiation of BMSCs into the 

chondrogenic lineage (Goude et al., 2014). These CS motifs have been shown to be 

transiently and spatially regulated during tissue morphogenesis, influencing cellular 

differentiation and ECM organisation. The presence of 7D4, 6C3, and 4C3 epitopes in 

developing musculoskeletal tissues, including articular cartilage and the intervertebral 

disc, suggests their involvement in chondrogenic processes (Sorrell et al., 1988a). 

Notably, 7D4 is expressed in transitional tissues, particularly in regions undergoing 

morphogenetic changes, such as the superficial zone of articular cartilage (Sorrell et 

al., 1988b). Similarly, 4C3 and 6C3 have been implicated in perichondrial and 

interzone regions of developing joints, potentially facilitating stem cell migration and 

differentiation (Candela et al., 2014). Furthermore, these CS sulphation motifs have 

been linked to the sequestration and regulation of key growth factors, such as 

members of the TGF-β and IGF families, within the cartilage matrix (Hayes et al., 

2008). This interaction is essential for maintaining the chondrocyte phenotype and 

guiding the differentiation of stem cells into the chondrocyte lineage. Given the 

selective expression patterns of CS motifs 7D4, 6C3, and 4C3, and their functional 

associations between them and stem cells, these motifs may serve as critical 

molecular markers for chondrogenesis and cartilage homeostasis, offering valuable 

insights into chondrocyte/stem cell-based cartilage repair strategies (Hayes et al., 

2018b). To determine the influence of free CS chains on chondrogenesis of BMSCs, 

the overall aim of this chapter was to purify and characterise the free CS molecules 

from bovine articular cartilage PGs with a view to identify CS chains enriched for 

7D4, 6C3 and 4C3 epitopes in which the core peptide had been removed as shown in 

figure 3.1.  
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Figure 3.1 Illustration for free CS chain purification methodology from bovine 

joint cartilage. 4M Gu-HCl was employed to extract PGs from 3-week-old bovine 

metacarpophalyngeal joint before a CsCl density gradient centrifugation at 120,000 g 

for 48 hours at 8℃. The bottom one third fraction containing aggrecans was dialysed 

against water to get rid of salts. CS chains were released from aggrecan core proteins 

with alkaline treatment of β-elimination and then separated by anion-exchange 

chromatography and size-exclusion chromatography successively.
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3.1.1 Source of Chondroitin Sulphate 

Bovine cartilage is an abundant source of CS, as well as its easy access from abattoirs, 

making it a suitable model for extraction and study of CS. Free CS chains are not 

naturally occurring but are typically a constituent of proteoglycans, such as aggrecan, 

where they are covalently attached to a core protein (Bains et al., 2023). Therefore, 

the traditional isolation process to free CS chains requires the enzymatic or chemical 

cleavage of the proteoglycan structure (Sundaresan et al., 2018, Ruensodsai et al., 

2021), followed by purification to remove other biomolecules like proteins, DNA and 

other GAGs (Nakano et al., 2010). However, the methods involved use papain and 

other proteinases which often cleave the core proteins of PGs leaving behind a peptide 

segment on the end of the CS chains (Bai et al., 2018, Ticar et al., 2020). Hence, to 

explore specific bioactivities of CS chains and effects on BMSCs chondrogenesis, it is 

necessary to purify and characterise high-purity free CS chains without damaging 

their structure or biological properties. 

In the context of this study, 3-week-old calves were selected as the source of PGs for 

CS isolation. In skeletally immature cartilage, particularly in calves at this age, there 

is a high concentration of GAGs, primarily CS (Collin et al., 2017). Immature 

cartilage has a larger proportion of CS compared to other GAGs, like KS (Sharma et 

al., 2007, Caterson and Melrose, 2018), making it an ideal source for extracting CS in 

its most abundant form. This high GAG content, combined with a relatively simpler 

ECM structure compared to skeletally mature animals (Sophia Fox et al., 2009, Lotz 

and Loeser, 2012), facilitates the extraction and purification process. Additionally, 

neonatal cartilage has less structural modifications and degradation compared to adult 

cartilage, resulting in a more homogeneous population of PGs (Bayliss et al., 1999, 

Shibata et al., 2024). This is particularly important when studying intact CS chains, as 

the lower level of post-translational modifications makes the isolation process more 

straightforward, ensuring the integrity of the CS chains is preserved for downstream 

analyses. In contrast, mature cartilage tends to contain a higher proportion of KS 

(Caterson and Melrose, 2018), has reduced total GAG content (Kobayashi-Miura et 

al., 2022) and is more prone to degradation (Li et al., 2013c), making it less suitable 

for this research. Furthermore, given that 3-week-old calves are not skeletally mature, 
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their chondrocytes are likely still undergoing active differentiation. It is therefore 

plausible that CS composition contributes to phenotypic changes in these immature 

chondrocytes, potentially affecting their maturation trajectory and ECM composition. 

The dynamic expression of CS epitopes of 7D4 and 6C3 during embryonic 

development, as demonstrated in the developing chicken bursa of Fabricius and chick 

cartilage (Caterson et al., 1990b), suggests that CS chains play a crucial role in tissue-

specific and age-dependent regulation of chondrocyte differentiation. In particular, the 

differential localisation of native CS epitopes, such as 7D4, 6C3 and 3B3(-), within 

specific chondrocyte populations of the growth plate and hypertrophic zones, 

highlights the potential for CS chains to influence cartilage maturation . Therefore, the 

cartilage from 3-week-old calves provided an optimal balance of GAG richness, 

structural simplicity, and ease of processing, making it a reliable source for obtaining 

high-purity CS suitable for subsequent characterisation. 

3.1.2 Methodology Optimisation for Chondroitin Sulphate Purification 

The chaotropic agent of 4M GuHCl was employed in this study to extract PGs 

(Section 2.2.2). GuHCl is a powerful chaotropic agent that disrupts the non-covalent 

interactions between PGs, collagen and other matrix components within the ECM 

(Pramanick et al., 1976). This disruption is crucial for solubilising PGs, allowing them 

to be extracted efficiently while preserving their native structure, including the 

attached GAG chains (Tatara et al., 2015). One of the key benefits of using 4M 

GuHCl is its ability to maintain the integrity of PGs by minimizing enzymatic 

degradation during the extraction process. The high concentration of GuHCl 

denatures proteins and deactivates proteolytic enzymes, preventing the breakdown of 

the PG core protein or CS chains (Chang et al., 1983). This ensures that the extracted 

proteoglycans remain intact, which is vital for subsequent steps and characterisation 

of free CS chains. This method is commonly used in cartilage research as it provides a 

reliable and efficient means of extracting high-quality proteoglycans while 

maintaining the biological and structural properties necessary for detailed downstream 

analyses, such as GAGs profiling and molecular characterisation. 
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Once the PGs have been extracted by 4M Gu-HCl and CsCl density-gradient 

centrifugation (Section 2.3.1), the next step involves releasing the CS chains from the 

core protein. This is achieved through β-elimination, a chemical reaction carried out 

under alkaline conditions that cleaves the tetra-saccharide linker between the core 

protein and the CS chain (Conrad, 2001). This method is particularly advantageous 

because it selectively breaks the bond at the core protein linkage site without 

degrading the CS chain itself (Perez et al., 2023). NaBH4 was employed in this 

process because it acts as a reducing agent, which helps stabilise the released GAG 

chains; it also prevents unwanted side reactions that could degrade the structure of the 

CS by protecting the newly formed reducing ends of the GAG chains during β-

elimination (Laremore et al., 2010). Without this protection, the released CS chains 

could undergo further degradation or side reactions, potentially altering their 

molecular integrity. By reducing the aldehyde groups formed at the reducing ends of 

the GAG chains, NaBH4 ensures that the CS chains remain intact and structurally 

stable (Huang et al., 2002). Moreover, NaBH4 enhances the overall efficiency of the 

β-elimination process by ensuring a complete release of the GAG chains from the 

proteoglycan core. This allows for a higher yield of pure, intact CS, which is essential 

for obtaining reliable data in subsequent analytical procedures (Zauner et al., 2012). 

By preserving the native structure of the CS chains, β-elimination allows for the 

recovery of free CS in a form suitable for detailed analysis. 

Following the release of CS chains, purification is necessary to remove any residual 

proteins, nucleic acids and other impurities. Chromatographic techniques are 

commonly employed for this purpose (Krichen et al., 2018a). In this study, anion- 

exchange chromatography was used to separate CS chains based on their charge 

properties. As a polyanionic molecule, CS binds strongly to positively charged resins, 

allowing for the selective elution of the purified chains under controlled conditions 

(Silva, 2006). Additional purification steps including size-exclusion chromatography 

was also employed to ensure that only CS chains of the desired molecular weight 

range were collected (Vázquez et al., 2018).  
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Figure 3.2 Flowchart illustrating the process for purifying CS in current study. 

Cartilage was subject to 4M GuHCl and density gradient centrifugation with CsCl to 

extract aggrecan aggregates (associative centrifugation: A) and aggrecan monomers 

(dissociative centrifugation: D). With modified alkaline treatment (β-elimination) to 

release CS from core protein, extracts were then applied to anion-exchange 

chromatography and size-exclusion chromatography to separate CS from other 

molecules and contaminants. A series of tests were conducted to characterise purified 

CS. 
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3.1.3 Characteristics of Free Chondroitin Sulphate epitopes using antibodies 7D4, 

6C3, 4C3 and CS-56  

CS is a sulphated GAG that plays a vital role in various biological processes, 

including cell signalling, ECM organisation, and tissue repair (Mellai et al., 2020). Its 

diverse structural forms, arising from specific sulphation patterns, contribute to its 

functional heterogeneity and interaction with a wide array of biomolecules (Lin et al., 

2020a). This structural variability can be characterised using in-house monoclonal 

antibodies, such as 7D4 and 6C3 (Hayes et al., 2016) , as shown in figure 3.3. 

These epitopes, defined by unique sulphation patterns and structural configurations, 

have been instrumental in advancing our understanding of CS's role in immune 

responses and tissue physiology (du Souich et al., 2009). For instance, the 7D4 

epitope is typically associated with acute joint injuries, where 7D4 was reported to 

increase two- to threefold and even higher in the first 3 months after injury (Bautch et 

al., 2000). Furthermore, CS sulphation motifs recognised by both 7D4 and 6C3 

antibodies were reported to identify stem cells and stem cell niches, which were also 

found in transitional areas in foetal human elbow development (Ashworth et al., 2021). 

By characterising these epitopes, researchers have uncovered critical insights into the 

functions of CS, including its involvement in inflammation, wound healing, and 

immune regulation (Hayes et al., 2018b). This study utilised characteristics of CS, 

focusing on key epitopes, including 7D4 and 6C3, and KS native epitope 5D4 for KS 

contamination probing (Caterson and Melrose, 2018), highlighting their structural 

features and functional significance in health and disease.
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Figure 3.3 Monoclonal antibodies against metabolites of aggrecan. Aggrecan molecule presents IGD epitope 6B4 and native CS epitopes, 

including 7D4, 6C3 and 4C3. CS subtypes of CS-0, CS-4 and CS-6 can be digested by chondroitinase and generate neoepitopes of 1B5(+), 

2B6(+) and 3B3(+). Our in-house antibodies of 7D4 and 6C3 were used to detect native CS epitopes. Native KS presents 5D4 motif, which was 

used in this study to probe any potential KS contaminants in CS preparation.
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3.1.4 Characterisation of Free Chondroitin Sulphate 

After purification, the free CS chains were subjected to a series of analytical 

techniques to determine their structural properties, including overall purity, sulphation 

pattern and disaccharide composition. These characteristics are critical for 

understanding the biological activity of CS, as variations in sulphation can influence 

its interaction with proteins, enzymes and other components of the ECM (Nandini and 

Sugahara, 2006a, Bayliss et al., 1999). High-performance liquid chromatography 

(HPLC) is commonly used to analyse the composition and sulphation pattern of CS, 

providing detailed information about the specific disaccharide units and their 

sulphation positions (Tian et al., 2024).  

Spectroscopic techniques, such as nuclear magnetic resonance (NMR) spectroscopy, 

were also employed to further characterise the structure of the CS chains (Mucci et al., 

2000). NMR provides detailed information about the position and configuration of 

sulphate groups and allows for the identification of subtle structural variations 

between different CS isoforms (Gardini et al., 2023). These structural details are 

essential for understanding how variations in CS structure affect its interactions with 

proteins, growth factors and enzymes, and how these interactions contribute to the 

overall function of cartilage.  
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3.2 Results 

3.2.1 Barium electrophoresis demonstrates free GAG chains after β-elimination.  

PGs were isolated from sources by using 4M GuHCl, which was labelled with A1 if it 

underwent density gradient centrifugation under associative conditions for pooling 

aggrecan aggregates at the bottom one third fraction as described in section 2.3.1.1, 

and was labelled with A1D1 with dissociative centrifugation as described in section 

2.3.1.2. A1D1 from chick sterna (Chick-A1D1), A1fraction from bovine articular 

cartilage (BAC-A1), and BAC-D1D1 (kindly gifted by Prof. Clare Hughes) were 

subject to β-elimination as described in section 2.3.2 and barium gel electrophoresis 

was performed to ascertain if free GAG chains had been liberated by the reaction as 

described in section 2.16.6.  

After separation, membranes were either stained with Toluidine Blue (Figure 3.4A) or 

immunoblotted with 7D4 to detect CS (Figure 3.4B). Sigma CS standards were used 

for reference. In figure 3.4A, the separation of ChickA1D1 (lane 1), BAC-A1 (lane 2) 

and β-eliminated BAC-A1 (lane 3) showed that the migration of the β-eliminated 

BAC-A1 (lane 3) was further than those of Chick-A1D1 and BAC-A1 (lanes 1 and 2, 

respectively) indicative of the generation of free GAG chains. The 7D4 immunoblot 

(figure 3.4B) showed that the staining was faint and the migration of CS for β-

eliminated BAC-A1 (lane 5) could not be detected. It was suspected that the 7D4 

epitope was below detection threshold after β-elimination.
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Figure 3.4 The visualisation of barium electrophoresis with Toluidine Blue staining 

and immunological staining of 7D4 antibody. [A] Chick sterna dry extract A1D1 

(lane 1), BAC-A1 (lane 2) and β-eliminated BAC-A1 (lane 3) were stained by 

Toluidine Blue, which showed further migration of GAGs after β-elimination. [B] 

Immunological staining of 7D4 antibody after barium electrophoresis for Sigma CS 

standards (lanes 1 and 2), chick sterna dry extract A1D1 (lane 3), BAC-A1 (lane 4),  

β-eliminated BAC-A1 (lane 5). Migration shift was detected after β-elimination on the 

barium electrophoresis. 
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3.2.2 SDS-PAGE and Western Blotting demonstrates the removal of GAG chains 

following β-elimination. 

PGs were isolated from bovine articular cartilage (BAC) by using 4M GuHCl, which 

underwent density gradient centrifugation under associative conditions for pooling 

aggrecan at the bottom one third fraction (A1). Chondroitinase ABC digested samples 

of BAC-A1 before and after β-elimination (as described in section 2.3.2) as well as β-

eliminated chick sterna extract (kindly gifted by Prof. Clare Hughes), and 10μg of 

GAGs from samples were then separated by SDS-PAGE and Western blotted with 

monoclonal antibody 2B6 as described in section 2.16.7 recognising CS-4 ‘stubs’ 

(Figure 3.5A).  

Following chondroitinase ABC treatment, the neo-epitope of CS was exposed and can 

be detected by monoclonal antibody 2B6. Notably, a smear of positive staining (MW 

range 75-150 kDa) was seen in the β-eliminated chick sterna preparation (lane 1), 

indicating fragments of A1 were present in the initial extract. As for the digested 

BAC-A1 (lane 2), there was a positive staining above 250 kDa and a smear between 

75-150 kDa, indicating the presence of aggrecan core protein and the CS-4 ‘stubs’ 

detected by 2B6. Furthermore, a faint band was revealed at approximately 38 kDa 

(arrow in figure 3.5A), which is most likely decorin core protein with 2B6 epitopes. 

The β-eliminated BAC-A1 (lane 3) showed comparable staining, and interestingly, the 

75-150 kDa smear showed reduced staining, possibly indicating the loss of GAG 

chains through β-elimination resulting in reduced 2B6 epitope.  The strong staining 

above 250 kDa in both BAC-A1 (lane 2) and β-eliminated BAC-A1 (lane 3) should 

be the aggrecan core protein, the size of which does not allow the migration into 4-12% 

SDS-PAGE gel. Similarly, 5D4 staining was detected in the β-eliminated sample 

above 250 kDa (figure 3.5B). 

 

The β-eliminated chick sterna extract, BAC-A1 and β-eliminated BAC-A1 were then 

separated by SDS-PAGE and blotted by KS antibody 5D4 as described in section 

2.16.7 to examine the presence of KS in A1 before and after β-elimination, and the 

KS samples purified from pig cornea in our lab underwent SDS-PAGE at the same 
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time as the positive controls. Figure 3.5B shows the positive controls formed a smear 

from bottom to up (MW range 15-250 kDa), where β-eliminated chick sterna extract 

(lane 1) has been separated to form a smear in the range of 75-250 kDa. BAC-A1 

(lane 2) and β-eliminated BAC-A1 (lane 3) exhibits a band above 250kDa, and a 

smear for BAC-A1 (lane 2) extends from 75 kDa to 250 kDa while the smear of β-

eliminated BAC-A1 (lane 3) ranges from 50kDa to 250 kDa, which shows a further 

migration of β-eliminated BAC-A1 and demonstrates the presence of KS in smaller 

molecular size. It is noteworthy that the 5D4 antibody is highly sensitive and there is 

an excessively contrast between the intensity of positive controls and that of BAC-A1 

samples (both before and after β-elimination). The smears and bands for β-eliminated 

chick sterna extract (lane 1), BAC-A1 (lane 2) and β-eliminated BAC-A1 (lane 3) can 

only demonstrate trace level of KS. 

The further migration of β-eliminated BAC-A1 in barium electrophoresis and western 

blot (5D4 staining) demonstrated the β-elimination partially removed CS from core 

protein so that the xylosyl-serine linkage between CS and core proteins was destroyed. 
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Figure 3.5 Verification of the liberation of the GAG chains using Western Blot 

analysis. [A] After chondroitinase ABC treatment, the β-eliminated chick sterna 

extract (lane 1), A1 (lane 2) and β-A1 (lane 3) were all probed with 2B6 antibody 

which can detect chondroitinase-generated “CS-stub” neoepitopes, and a band with 

smaller molecular weight showed in the lane of BAC A1. [B] The β-eliminated chick 

sterna extract (lane 1), A1 (lane 2), β- A1 (lane 3) and along with the KS positive 

controls purified from pig cornea in our lab (lanes 4 and 5) were analysed with the 

KS antibody 5D4.
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3.2.3 Purification of β-eliminated A1 free CS chains by anion-exchange 

chromatography 

The barium electrophoresis and Western Blot results showed release of CS chains 

from core protein was not fully completed with KS contamination, hence the alkaline 

treatment was modified to optimise the outcomes as described in section 2.3.3. A1 

was β-eliminated with the addition of NaBH4 and desalted with PD-10 column, and 

then the sGAG content  in PD-10 column fractions was determined using the DMMB 

assay (Section 2.16.2). From this, 1 mg of sGAGs from peak fraction was lyophilised 

prior to reconstitution in 0.1M NaCl (pH 7.5). The sample was separated by anion-

exchange chromatography as described in section 2.5 to purify CS from other 

molecules, such as KS and core protein. Figure 3.6A shows the absorbance profiles 

obtained from the elution of the sample. Three peaks were detected at wavelengths of 

280nmand 214 nm reflecting protein and peptides. The first peak was unbound 

material, the second (major) peak eluted at 10-16ml with a salt concentration of 

0.825M-1.202M NaCl and a smaller peak eluted at 16-20ml with a salt concentration 

of 1.26M-1.521M NaCl. The chromatography profile indicates that almost all the 

molecules were primarily eluted within the 10-20ml elution buffer, so they were 

mainly pooled by the elution of 0.825M-1.521M NaCl gradient. 

The DMMB assay was then applied to examine the sGAGs content in the fractions 

across the elution profile (Figure 3.6B), where only a single peak was detected, and 

the peak fractions were used for subsequent experiments. 
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Figure 3.6 Anion-exchange chromatography of β-eliminated A1 and the DMMB 

concentration of eluted fractions. [A] β-eliminated A1 was mainly pooled at 10-20ml 

elution buffer by 0.825M-1.521M NaCl gradient. [B] sGAGs concentration of all 

eluted fractions were determined by DMMB assay and plotted. sGAGs concentration 

peak is consistent with the chromatography profile where the elution peaks happened 

between the 9-15ml of the elution buffer. Concentration was plotted by mean value, 

and error bar represents standard deviation (n=3, N=3).
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3.2.3.1 ELISA analysis of anion-exchange fractions for CS and KS epitopes. 

ELISA plates were coated with 2μg/ml sGAG (as determined using the DMMB assay) 

with A1, β-eliminated A1 and selected fractions of β-eliminated A1 after anion-

exchange chromatography. Detection of CS epitopes (7D4, 6C3 and 4C3), KS 

epitopes (5D4) and the inter-globular domain (IGD) of aggrecan (6B4) was 

subsequently performed (Figure 3.7). As expected, BAC-A1 was positive for 7D4 

(Abs 450 nm, mean=0.304, n=3, N=3), 6C3 (mean=1.183) and 5D4 epitopes 

(mean=3.473). Under the ELISA conditions used, the absorbances recorded for 4C3 

and 6B4 (anti IGD) were just above that of the background control. Detection of CS 

and the anti IGD epitope was reduced after β-eliminated of A1, flow-through fractions 

(β-A1-F1, β-A1-F2) and peak elution fractions (β-A1-10,11,12 and 13). However, 

detection of the KS epitope was reduced in the β-eliminated A1 relative to the A1 

sample but was detected in fraction β-A1-12 and β-A1-13. These results suggest that 

sample binding after β-elimination either masks the epitopes or there is less binding of 

the antigen to the plastic surface of the ELISA wells. 
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Figure 3.7 Immunological characterisation of A1, modified β-eliminated A1, and 

modified β-eliminated A1 anion-exchange peak fractions. Comparison of 

immunological epitope characterisation via ELISA of pre- and post- β-elimination 

fractions, and post anion-exchange chromatography by the monoclonal antibodies of 

CS epitopes (7D4, 6C3 and 4C3), KS epitopes (5D4) and the inter-globular domain 

(IGD) of aggrecan (6B4). Absorbance values are mean ± standard deviation, n=3, 

N=3.  
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3.2.3.2 Dot Blot analysis of anion-exchange fractions for CS and KS epitopes 

Dot blots were performed to detect the presence of CS epitopes (7D4 and 6C3) and 

KS epitopes (5D4) in elution fractions (1-38) after anion-exchange chromatography 

(Figure 3.8).  

Both CS epitopes for 7D4 and 6C3 were negative, but the KS epitope 5D4 was 

positive in fractions 9 to 14 (Figure 3.8C, arrows) with the most intense staining in β-

A1-11 to β-A1-13 consistent with the ELISA data (Figure 3.7). This staining 

correlated with the fractions containing the highest concentrations of sGAGs as 

measured using the DMMB assay (Figure 3.6B).  

 

Figure 3.8 Dot blot for the β-eliminated A1 anion-exchange chromatography 

fractions. Neither the 7D4 epitope nor 6C3 epitope was detected in the anion-

exchange chromatography fractions, whilst the fractions with a DMMB measurement 

presented with positive 5D4 epitope staining. 
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3.2.4 The free chains liberated using the modified β-elimination method did not 

inhibit the binding of PGs with CS antibody  

The epitopes of interest with antibodies 7D4, 6C3 and 4C3 demonstrated reduced 

signal intensity in ELISA and Dot Blot after modified β-elimination, therefore, the 

modified β-eliminated BAC-A1 and BAC-D1D1 were desalted with a PD-10 column 

as described in section 2.3.2. The desalted samples were collected into 1ml fractions 

and the sGAGs concentrations determined using a DMMB assay (Section 2.15.2.) The 

sGAGs concentration of PD-10 column fractions are shown in figure 3.9. Peak 

fractions were pooled and used in competitive ELISA (Section 2.16.5) to ascertain if 

this methodology could be used to measure 6C3 epitope. 

ELISA plates were coated with 5μg/ml of the BAC-D1D1. A standard curve of BAC-

D1D1was prepared in the range of 0- 20µg/ml in microcentrifuge tubes to which 

primary antibody (6C3) was added to give a final dilution of 1:100. In a second set of 

tubes beta-eliminated BAC-A1and BAC D1D1 were prepared in a concentration 

range of 0- 20 µg/ml and antibody 6C3 added as above. Tubes were incubated for one 

hour before adding to the ELISA wells coated with 5µg/ml BAC-D1D1. Samples 

were incubated for 1 hour, washed and processed as described in section 2.16.5. As 

expected, the absorbance declined with increasing concentrations of D1D1. However, 

fractions of desalted free CS chains derived from beta elimination of BAC-A1 failed 

to inhibit binding of 6C3 to the BAC-D1D1 coated plates (Figure 3.10) and even 

improved the absorbance with an increase of its concentration. 
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Figure 3.9 The DMMB results for PD-10 fractions of modified β-eliminated BAC-

A1 and BAC-D1D1. [A] sGAGs concentration for PD-10 column fraction of modified 

β-eliminated A1 was plotted by DMMB result. Only the 3rd, 4th and 5th fractions were 

employed for competitive ELISA. [B] sGAGs concentration for PD-10 column 

fraction of modified β-eliminated D1D1 was plotted by DMMB result. (Values are 

mean ± standard deviation, n=3, N=3) 

 

 



116 

 

0 5 10 15 20 25

0

1

2

3

4

Concentration of Competitive inhibitor (μg/ml)

A
b

s
o

rb
a
n

c
e
 (

4
0
5
n

m
)

D1D1 inhibitor Standards

β-A1 3rd fraction

β-A1 4th fraction

β-A1 5th fraction

β-D1D1 5th fraction

β-D1D1 3rd fraction

β-D1D1 4th fraction

1 2

 

Figure 3.10 The absorbance plot of competitive ELISA for the detection of 6C3. The 

red plot curve is the standards between D1D1 and a gradient concentration of 

inhibitor of D1D1, where the absorbance of standards declined with the increase of 

the standard inhibitor concentration. The black plot lines are the competitive effects 

of the 3rd, 4th, and 5th PD-10 fractions of β-eliminated A1/D1D1 against the coated 

D1D1. None of the tested samples successfully reduced the absorbance, indicating 

that they were unable to inhibit the binding of the primary antibody 6C3 to the coated 

PGs in D1D1. The third PD-10 fraction of β-eliminated D1D1 exhibited an opposite 

effect, with absorbance increasing as its concentration increased. Absorbance at 

405nm represents mean ± standard deviation, n=3, N=3.
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3.2.5 CS purification from modified β-eliminated A1 using size-exclusion 

chromatography. 

Peak fractions from anion-exchange chromatography were then applied to size 

exclusion chromatography for further CS purification. Size exclusion chromatography 

(Superose 6) showed the absorbance profiles (280nm and 214nm) of A1 and β-

eliminated A1 after separation.  

The β-eliminated A1 anion-exchange chromatography peak fractions were eluted as 

three peaks detected at 214nm (Figure 3.11A) by size-exclusion chromatography. 

sGAGs concentration of each fraction was measured by DMMB assay and presented 

as figure 3.11B, from which most of sGAGs was found to be pooled into fraction 9 to 

fraction 14 after size-exclusion chromatography. The recovery of starting sGAGs was 

90% after size-exclusion chromatography by summing the sGAGs content in each 

fraction based on the DMMB results. 
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Figure 3.11 The modified β-eliminated A1 size-exclusion chromatography profile 

and the DMMB curve of the size-exclusive chromatography fractions. [A] β-

eliminated A1 was eluted as 3 overlapped peaks within 25ml of elution buffer. [B] 

sGAGs concentration confirmed by DMMB for all size-exclusive chromatography 

fractions were plotted by means ± standard deviation, n=3, N=3.  
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3.2.5.1 Dot Blot analysis of CS and KS epitopes after size-exclusion 

chromatography (Superose 6) 

To validate in-house antibody affinity, to confirm the presence of target CS motifs and 

to ensure the validity of experimental method, A1 and β-eliminated A1 underwent 

anion-exchange chromatography and the CS in peak fractions was then separated by 

size-exclusive chromatography before DMMB assay was applied to determine CS 

concentration of all of the size-exclusive fractions and Dot Blot was conducted to 

examine the epitopes of 6C3, CS-56 and 5D4 in peak fractions. Dot Blot analysis was 

performed to detect KS (5D4 epitope) and CS epitopes (CS-56 and 6C3) in the 

fractions which contained pooled sGAGs from the size-exclusion chromatography 

(Figure 3.12). 

The positive staining was detected for KS in fractions 3-6 for A1 and fractions10-14 

for modified β-eliminated A1 (Figure 3.12A). However, CS epitopes were strongly 

detected in fractions 3-6 for A1 (Figure 3.12B-C) and very faintly detected in 

fractions 10 and 11 for modified β-eliminated A1 (Figure 3.12B-C, arrows). This lack 

of detection of CS epitopes after β-elimination is consistent with the ELISA and Dot 

Blot analysis carried out in sections 3.2.3 above.
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Figure 3.12 Dot Blot results for the A1 and modified β-eliminated A1 size-exclusion chromatography peak fractions with the monoclonal 

antibodies of 5D4 (A), 6C3 (B), and CS-56 (C), and the A1 size-exclusion chromatography profile (D) and the DMMB curve of the fractions 

(E). 5D4, 6C3, and CS-56 epitopes are all detected in the A1 size-exclusion peak fractions with intense blotting. Modified β-eliminated A1 size-

exclusion fractions were all 5D4-epitope positive. Moreover, both 6C3 and CS-56 epitopes were probed in the 10th and 11th in the modified β-

eliminated A1 size-exclusion fractions (arrows in B and C). DMMB values are mean ± standard deviation, n=3, N=3.
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3.2.6 Chondroitinase digestion of fractions from size-exclusion chromatography 

demonstrated the proportion of purified CS in peak size-exclusive 

chromatography fractions. 

As CS epitopes were undetectable by the CS antibodies following β-elimination of A1 

by ELISA and Dot Blot, digestion with 5mU chondroitinase ABC for each milligram 

of GAGs was used to identify β-eliminated samples that contained CS chains. A1 and 

commercially available CS from Sigma were used as positive controls. The 

percentage of CS in the samples was calculated using sGAGs measurements before 

and after digestion with chondroitinase ABC since the enzyme cleaves CS chains into 

disaccharides or oligosaccharides, disrupting the large polyanionic structure and 

retaining fewer sulphate groups which have weaker or no binding to DMMB dye, 

which has been used previously (Nandini et al., 2004). The concentration of sGAGs 

was measured at time points of 0 min, 10 mins and 19 hours after the addition of 

chondroitinase ABC (Figure 3.13). 0 min as an undigested control, 10 min to observe 

early-stage degradation, and 19 hours to ensure complete digestion. The 19-hour time 

point was also selected for practical reasons, aligning with an overnight incubation 

from the previous afternoon to the next morning for convenient handling. 

Interestingly, the concentration of sGAGs decreased more rapidly in A1, shark and 

bovine tracheal CS preparations in the first 10 minutes, perhaps indicating the 

presence of a protein core influencing digestion of the CS chains with chondroitinase 

ABC. Free chains appear to digest at a slower rate in the first 10 mins.  

The percentage of digested sGAGs in each sample/fraction following chondroitinase 

ABC treatment was calculated to reflect the percentage of CS present (Table 3.1). The 

Sigma commercially available CS extracted from bovine trachea was found to have a 

purity of 99.82% ±0.98%. In comparison, the 11th fraction obtained from size-

exclusion chromatography using the bovine cartilage contained the highest proportion 

of CS chains with 96.47%±1.90% purity; however, it was only detected with a 

relatively faint stain using the CS antibodies CS-56 and 6C3 (Figure 3.12 A, B and C). 

This can be regarded as further evidence that the CS chains do exist in the size-

exclusion fractions, but the free chains have limited binding ability to the plastic 
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surfaces and membranes, resulting in the faint staining in the Dot Blot (Figure 3.8 and 

figure 3.12 A, B and C) and reduced signal in the ELISA after β-elimination (Figure 

3.7).  
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Figure 3.13 The amount of sGAG detected by DMMB before and after 

Chondroitinase ABC treatment. The GAGs content in all the pre- and post- β-

eliminated and size-exclusive chromatography A1/D1D1 and the Sigma CS products 

decreased after chondroitinase ABC digestion. Absorbance values are means ± 

standard deviation, n=3, N=3. (*p<0.05, **p<0.01, ***p<0.001) 
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Table 3.1 The digested percentage of the fractions. The size-exclusive fractions 

treated with chondroitinase ABC and the concentration of s-GAGs before and after 

enzymatic treatment were measured by DMMB assay. The percentage of digested by 

chondroitinase ABC refers to the proportion of CS in the fractions. β-A1 represents 

the A1 prep has been treated with β-elimination before it was loaded on size-exclusive 

chromatography; and the F refers to the size-exclusive chromatography fractions and 

the number represents their elution position. A1 prep contains 91.43% CS and after 

the enzymatic treatment and the size-exclusive chromatography, CS was enriched in 

the 11th 1-ml fraction with a purity of 96.47%, 95.96% for the 12th 1-ml fraction.  

Fractions Digested percentage (Mean+SD %) 

A1 91.43±3.52% 

β-A1-F11 96.47±1.90% 

β-A1-F12 95.96±2.14% 

β-A1-F13 87.25±2.04% 

β-A1-F14 61.87±2.09% 

CS (shark) 83.43±2.94% 

CS (bovine trachea) 99.82±0.98% 
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3.2.7 Characterisation of purified CS obtained from bovine cartilage 

3.2.7.1 Measurement of CS purity  

PGs from bovine cartilage were isolated by 4M GuHCl and density gradient 

centrifugation, after β-elimination, which underwent anion-exchange chromatography 

and size-exclusive chromatography for CS purification. 

CS preparation purity was 87% as determined by a carbazole reaction, with 5.3% 

nucleic acid impurity and other minor impurities.  

To investigate whether the CS preparation contained other sGAGs i.e. DS and 

Hep/HS, the CS fractions were treated with chondroitinase AC, chondroitinase B or 

Hepases mixture of Hepases I, II and III, respectively, as described in section 2.6.2. 

When treated with chondroitinase AC, most of the CS preparation was digested to 

mono-sulphated disaccharides (Figure 3.14). By calculating the chromatographic peak 

area and determining the amount of disaccharide units produced by CS preparation 

digestion, it was demonstrated that 95% of GAGs in CS preparation is CS-4 and CS-6. 

No significant oligosaccharide peak was observed in CS preparations when it was 

treated with Hepases mixture of Hepases I, II and III or chondroitinase B, indicating 

that the CS preparation contained no heparinoid or DS contaminants.  
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Figure 3.14 GAGs components analysis for the purified bovine articular cartilage 

CS preparation. After the treatment of chondroitinase AC, with the calculation by 

peak area percentage method as previously described in section 2.6.2, more than 95% 

of the purified CS was digested to mono-sulphated disaccharides. When treated with 

Hepases mixture or chondroitinase B, there was not a detection absorbance peak, 

confirming the CS preparation does not contain heparinoid or DS contaminants.  
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3.2.7.2 Disaccharide composition assay of purified CS 

To further characterise the CS preparation, the disaccharide composition and 

disaccharides located at the non-reducing and reducing end of purified CS were 

determined (Figure 3.15); this was performed using an enzymatic digestion with 

Chondroitinase ABC followed by analysis using anion-exchange HPLC with the 

elution of NaH2PO4 solution as described in section 2.6.3. All purified CS showed the 

presence of 4,5HexUα1–3GalNAc (O unit), in which 4,5HexUA represents 

unsaturated uronic acid, 4,5HexUα1–3GalNAc(6S) (C unit), and 4,5HexUα1–

3GalNAc(4S) (A unit) (Figure 3.15). This illustrates the proportion of CS subtypes 

in the CS preparation, with predominantly (78.3%) CS-A (CS-4), 16.5% CS-C (CS-6) 

and 5.2% of 4,5HexUα1–3GalNAc (O unit) (CS-0) (Table 3.2). 

Figure 3.15 Disaccharide composition of purified CS by anion-exchange HPLC. 

Purified CS was degraded with chondroitinase ABC and then analysed by anion-

exchange HPLC. The elution positions of the following standard disaccarides are 

indicated 4,5HexUα1–3GalNAc (O unit), 4,5HexUα1–3GalNAc(6S) (C unit), and 

4,5HexUα1–3GalNAc(4S) (A unit). In the bovine cartilage sGAG preparation, CS-A 

is the predominant isoform compared with CS-C and CS-0. 
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Table 3.2 Disaccharide composition of bovine cartilage CS following 

chondroitinase ABC digestion and anion-exchange HPLC. 

Composition Proportion (%) 

Δ4,5HexUAα1-3GalNAc（ΔO） 5.20 

Δ4,5HexUAα1-3GalNAc(4S)（ΔA） 78.30 

Δ4,5HexUAα1-3GalNAc(6S)（ΔC） 16.50 

 

3.2.7.3 1H NMR analysis of CS preparation 

The 1H spectroscopy of purified CS from bovine cartilage was recorded in the 

National Glycoengineering Research Centre at Shandong University, China, and the 

chemical shifts were assigned based on previous studies (Figure 3.15). The methyl 

protons of GalNAc were distributed in 2.02 ppm and the signals at 4.53 ppm and 4.48 

ppm were attributed to H-1 of GalNAc and GlcA, respectively. The signals of 4.25 

ppm and 3.26 ppm were assigned to the protons of the carbon rings. The resonances at 

4.10 ppm were characteristic of H6 of GalNAc(6S) residues, which demonstrated the 

presence of sulphation at the C-6 position of GalNAc. Alpha hexopyranose residues, 

such as alpha-iduronic acid or alpha-glucosamine, did not exist in the purified CS 

since no recorded signals in the 5.0-6.0 ppm region were observed. 
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Figure 3.16 1H NMR spectra of purified CS for key structural assignments. Methyl protons of GalNAc at 2.02 ppm, H-1 signals of GalNAc 

and GlcA at 4.53 ppm and 4.48 ppm, respectively, and carbon ring protons at 4.25 ppm and 3.26 ppm. The characteristic resonance at 4.10 ppm 

corresponds to H6 of GalNAc(6S), confirming sulphation at the C-6 position of GalNAc.



129 

 

3.3 Discussion 

The overall objective of this chapter was successfully achieved in its attempt to purify 

CS chains and characterise their sulphate pattern from bovine articular cartilage. The 

novelty of this study was in its ability to obtain the free CS chains without the 

presence of the core peptide. The CS products produced commercially are typically 

purified using papain or trypsin digestion and are not exclusively free of core protein 

remnants; purifying free CS molecules is essential for use in examining the effects of 

CS on joint protection. Following adaptation of currently published protocols, the 

purified product demonstrated the highest purity at 96.47±1.90% (chondroitinase 

ABC digestion method) and 87% (carbazole reaction), which is highly desirable in 

terms of purity compared to commercial products. 

3.3.1 Optimisation of Purification Strategy 

The purification of CS is critical for its use in cartilage tissue engineering, where 

high-purity CS is required to maintain biological activity, structural integrity, and 

reproducibility across applications (Ullah et al., 2023). While this study achieved 

successful extraction and purification of CS from bovine cartilage, several aspects of 

the purification process have been optimised to improve purity, structural integrity, 

and scalability. 

The first step in CS purification involves the extraction of PGs (e.g., aggrecan) from 

the dense ECM of cartilage. Many researchers are employing enzymatic digestion 

before extraction or purification with protease, etc (Wang et al., 2022c). However, in 

current study, traditional extraction methods using 4M GuHCl effectively solubilise 

PGs by breaking non-covalent bonds. And then, the density gradient centrifugation 

separated aggrecans from other molecules into A1 fraction or D1 fraction (Kuijer et 

al., 1986, Heinegård et al., 1981). In this way, PGs were extracted from cartilage 

without the breakdown of core protein as enzymatic purification strategy so that the 

CS chains were purified with minimal peptide contamination from core protein. 
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The second step in CS purification is the release of CS chains from the PG core 

protein, typically achieved using chemical methods such as β-elimination. This 

method, involving alkaline treatment in the presence of reducing agents like NaBH4, 

effectively cleaves the glycosidic bonds while protecting the CS chains from 

degradation (Fukuda, 2001). Since prolonged exposure to alkaline conditions may 

degrade CS, reducing molecular weight and altering sulphation patterns, which can 

compromise its biological function. However, the addition of NaBH4 can prevent 

unexpected alkaline reaction from CS digestion (Conrad, 2001). Meanwhile, the 

concentration of the alkaline reagent, the reaction temperature and reaction time 

should be precisely controlled to balance efficient CS release and minimal 

degradation. 0.4M NaOH was applied to release CS with mild alkali to minimise 

unwanted structural modifications. Higher temperatures (35℃ to 50℃) were reported 

to increase the reaction rate (Ogata and Lloyd, 1982). To control the reaction rate and 

avoid over-reaction, reaction in this study was taken place at room temperature. 24 

hours of incubation time is sufficient for complete reaction (Conrad, 1995). 

3.3.2 Detection and characterisation of free CS chains using 7D4 and 6C3  

The CS antibodies employed in this study, including 4C3, 6C3 and 7D4, had been 

demonstrated to identify native CS chain motifs in previous studies according to their 

specific disaccharide compositions (Hayes et al., 2016, Hayes et al., 2018b). In this 

study it was the intention to purify free CS chains and obtain some measure of the 

abundance of epitopes for 7D4 and/or 6C3. However, after β-elimination resulting in 

the generation of free CS chains detection of 7D4 and 6C3 was reduced or indeed 

undetectable by ELISA and Dot Blotting. DMMB analysis showed no loss of sGAG 

throughout the purification process as demonstrated by recovery calculations after 

each step. Reasons for this loss of detection remain unresolved and further analysis of 

the CS chains is required such as size. However, since the CS chains were not 

detected after the β-elimination stage, it was assumed that the CS chains were not 

being detected by the antibodies, as opposed to loss of the CS moieties. The modified 

β-elimination step was employed to improve the structural integrity of the CS 

products by the addition of NaBH4, however CS failed to be detected by the 

antibodies after this modified β-elimination step too. 
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It is likely that β-elimination cleaves the O-linked glycosidic bond between the core 

protein and the GAG chain, which can disrupt the native structure and expose or 

eliminate charged groups critical for antibody recognition. Since many antibodies 

against chondroitin sulphate rely not only on the disaccharide sequence but also on 

specific sulphation patterns and electrostatic interactions, even subtle changes in 

charge distribution or epitope accessibility may reduce binding affinity. Similar 

observations have been reported in earlier studies, where enzymatic or chemical 

modifications of GAGs led to diminished antibody binding due to the loss of key 

structural or electrostatic features (Lee and Lander, 1991, Zhang et al., 2014). Hence, 

after refining the CS purification strategy, this study also examined the effects of 

purified CS on phenotype maintenance of chondrocytes and chondrogenesis of 

BMSCs on 2D and 3D environments (Chapter 4 and 5). 

In this study, GAG analysis was performed to assess the degree of sulphation and 

disaccharide composition of the purified CS chains. This is a crucial step in 

determining the functional properties of CS, as the pattern and extent of sulphation 

have a direct impact on the biological roles of the molecule (Kawamura et al., 2014). 

Enzymatic digestion with chondroitinase AC (specifically digest CS-4 and CS-6) and 

chondroitinase B (specifically digest most commonly CS preparation contaminant, 

dermatan sulphate), which cleave CS into their constituent disaccharides, followed by 

chromatographic or spectrometric analysis, enables the precise identification of the 

sulphated and non-sulphated disaccharide units present in the sample (Tao et al., 2017, 

Michel et al., 2004). 

Therefore, verification of the presence of free CS in the preparation and analysis of 

disaccharide composition was subsequently performed via an enzymatic method and 

1H NMR respectively. 1H NMR spectroscopy analysed the hydrogen atoms in the 

purified CS, providing a fingerprint of the product based on the specific chemical 

environment of these protons, indicating the presence and location of sulphate groups 

and confirming the structural identity of CS by comparing the spectrum with known 

standards (Wang et al., 2020). The disaccharide composition analysis identified the 

specific disaccharide units that comprise these CS chains, in addition to detailed 

information on the types and distribution of sulphation patterns. Since the sulphation 

pattern of CS is associated with diverse biological properties and activities, for 
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example, CS-4 and CS-6 have different roles in cellular behaviours including 

signalling, cell adhesion and tissue repair (Kawamura et al., 2014). As the spectra of 

1H NMR, CS-4 is the predominant constituent in the CS preparation. The CS 

sulphation pattern takes important roles in cartilage metabolism, including providing 

growth factor binding point, engaging with cell division and facilitating cell adhesion 

(Nandini and Sugahara, 2006b). The sulphation pattern of the purified CS product 

provides a better understanding in assessing the impacts of CS on chondrogenesis in 

the following chapters.  

The successful isolation and characterisation of free CS chains are not only important 

for basic research into cartilage biology but also for the development of CS-based 

therapeutics (Reginster and Veronese, 2021b). The quality and purity of CS are critical 

factors in determining its efficacy in clinical applications, particularly in the treatment 

of osteoarthritis and other joint disorders (Bruyère et al., 2019). By obtaining a high-

purity product and performing detailed structural analysis, this study provides 

valuable insights into the properties of CS derived from calf cartilage and highlights 

the importance of careful purification and characterisation techniques in both research 

and industrial contexts. 

3.4 Conclusion 

The overall aim of this chapter was to extract and purify free CS chains from PGs 

derived from bovine articular cartilage to enable assessment of the influence of free 

CS chains on chondrogenesis of BMSCs. With the various analytical methods 

employed, the purity of free CS product was determined to exceed 97%, and the 

sulphation pattern of CS fully characterised, with the predominant isoform being CS4, 

although the presence and proportion of epitopes 7D4 and 6C3 haven’t been detected 

with in-house monoclonal antibodies due to limited binding ability of free CS chains. 

This was achieved by adapting previously published protocols to enhance the 

recovery of these CS moieties; the generation and characterisation of a pure CS 

preparation was then utilised in the subsequent experimental chapters to investigate its 

role in supporting chondrogenesis.  
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Summary of Findings: 

▪ The methodology for CS purification has been refined and optimised to isolate free 

CS chains. 

▪ CS purity of 96.47±1.90% (chondroitinase ABC digestion method) and 87% 

(carbazole reaction) has been achieved. 

▪ CS-4 predominantly presented in purified CS preparation.
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Chapter 4  

The Cellular Behaviour of Chondrocytes 

and Bone Marrow Stem Cells in 2D culture 

with and without Chondroitin Sulphate  
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4.1 Introduction 

Having purified and characterised highly pure free CS (Chapter 3), the objective of 

this chapter was to examine the effects of CS on the cellular behaviours of bovine 

chondrocytes and BMSCs seeded in monolayer cultures. CS is reported to play 

important roles in cell adhesion, proliferation and tissue repair (Hsu et al., 2022), thus 

the purified CS was believed to mimic the natural ECM to promote a supportive 

environment for chondrocytes and the native ECM in promoting and/or maintaining 

the chondrogenic phenotype. The overarching aim of this chapter was to determine 

the impact of free CS chains on the cellular behaviours of chondrocytes and BMSCs; 

this was achieved by applying purified CS for chondrocytes as a substrate and for 

bBMSCs in chondrogenic medium and examining chondrogenic marker gene 

expression (Figure 4.1).
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Figure 4.1 Illustration for cell culture strategy on 2D models with purified CS. 

Bovine joint cartilage-derived chondrocytes were harvested from 3-week-old calves’ 

metacarpophalyngeal joint cartilage. BMSCs were isolated from 3-week-old bovine 

bone marrow and authenticated by trilineage differentiation into adipocytes, 

osteocytes and chondrocytes. Then the purified CS was either coated on 24-well plate 

for chondrocytes or added into chondrogenic medium for BMSCs chondrogenesis 

before the expression of chondrogenic gene markers were examined by RT-qPCR.
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4.1.1 Utilisation of CS-coated substrate for supporting chondrocyte phenotype 

CS is an essential component of the native cartilage ECM, where it interacts with 

other ECM molecules and cell surface receptors, promoting chondrocyte adhesion, 

survival and functionality (du Souich et al., 2009). Cellular receptor CD44 can 

recognise CS in the ECM and can activate cytoskeletal reorganisation and adhesion 

stabilisation (Fujimoto et al., 2001). CS has been demonstrated to enhance focal 

adhesion kinase (FAK) and extracellular signal-regulated kinase (ERK) activity to 

promote cell proliferation and survival while preventing chondrocyte apoptosis under 

stress conditions (Yang et al., 2004). 

Evaluating gene markers such as col2a1, acan, and sox-9 is essential to determine 

whether CS-coated substrates successfully maintain the chondrocyte phenotype. High 

expression levels of these markers would indicate that the chondrocytes have retained 

their cartilage-specific identity, emphasising the suitability of CS-coated surfaces for 

cartilage tissue engineering applications. 

4.1.2 Utilisation of CS-coated substrate for facilitating BMSCs chondrogenic 

differentiation  

BMSCs hold significant promise for cartilage repair due to their capacity for 

chondrogenic differentiation. In the presence of appropriate cues, BMSCs can 

differentiate into chondrocyte-like cells, expressing cartilage-specific ECM 

components and markers (Uzieliene et al., 2021). However, inducing and maintaining 

chondrogenic differentiation is highly dependent on the biochemical and physical 

properties of the culture environment (Zhou et al., 2023). A CS coating offers a 

bioactive surface that can promote the differentiation of BMSCs into chondrocytes by 

providing biochemical signals similar to those found in the native cartilage ECM 

(Zhao et al., 2021). This was endorsed by Eldeen et al. (2024b) who showed that a 

CS-coated nanofilm can stimulate the proliferation of human dental pulp stem cells 

and their chondrogenic differentiation, as assessed using scanning electron 

microscopy and RT-PCR. The interaction of BMSCs with CS-coated substrates may 

activate signalling pathways that are crucial for chondrogenesis, such as the TGF-β 
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pathway, which is a well-known regulator of chondrogenic differentiation (Goude et 

al., 2014). CS from bovine trachea was encapsulated into MSC-embedded 

microparticles for a 21-day chondrogenic culture, where CS and TGF-β exert 

synergistic effects on chondrogenesis by enhancing ECM deposition and 

chondrogenic gene markers expression, including SOX-9, ACAN and COL-Ⅱ (Goude 

et al., 2014). Additionally, the ability of CS to bind growth factors and present them to 

cells in a bioavailable form can further enhance the differentiation process, 

Vandrovcová et al. (2011) reported CS from bovine trachea, especially CS-4, 

improved the proliferation of osteoblast-like MG63 cell line after 3 days of culture on 

a CS-coated biofilm with a more spread cellular morphology and spreading area. 

Compared with CS-embedded microparticles and CS-coated biofilm, the CS-coated 

substrate and CS in medium were expected to enhance the bioavailability with the 

provision of more immersive CS environment with more direct and diffusible contact 

to promote CS-cell interactions (Yeh et al., 2023). By mimicking the native cartilage 

microenvironment, the presence of exogenous CS could be postulated to improve the 

likelihood of differentiating BMSCs down the chondrogenic lineage; it has been 

previously demonstrated that CS coated scaffolds encouraged human BMSCs to 

express COL2A1 and ACAN, and continue producing corresponding ECM 

components, both of which are critical for cartilage function (Han et al., 2020). 
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4.2 Results 

4.2.1 CS-coated substrate altered chondrocyte morphology  

Chondrocytes isolated from 3-week-old calves (Section 2.7) were seeded at 1×106 

cells/well into 24-well culture plate coated with purified CS at concentration of 

5μg/cm2 (prepared according to section 2.8.1); cells were cultured for 7 days, during 

which time the cells were imaged using an optical microscope every 3 days before 

medium change.  

Within 1-day of chondrocytes being cultured on the CS substrate, cells started to 

clump together (Figure 4.2A). The chondrocytes on this 2D CS-coated surface 

appeared to dedifferentiate over time by losing their spherical shape and adopting a 

flattened, fibroblast-like morphology (Figure 4.2B-C). 
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Figure 4.2 Cell morphology of bovine chondrocytes on CS-coated substrate over a 7-day culture period. After 1-day culture on CS-coated 

substrate, the chondrocytes began to clump together, which was further evidenced over the 7-day culture period. Images were from the 0.5μg/cm2 

CS-coated substrate. (Scale bar = 100µm). 
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4.2.2 Purified CS demonstrated biocompatibility as measured by chondrocyte 

viability 

Chondrocytes isolated from 3-week-old calves (Section 2.7) were seeded at 1×106 

cells/well into 24-well tissue culture plates containing an increasing concentration, 

ranging from 0μg/cm2 (control) to 5μg/cm2, of CS coated as a substrate (prepared 

according to section 2.8.1); cells were cultured for 7 days, during which an MTT 

assay was carried out to examine the viability of chondrocytes before each medium-

change. The MTT absorbance was plotted for 0, 1, 4 and 7 days (Figure 4.3). The 

effect of increasing the concentration of CS coating on cell viability was analysed by 

comparing responses to the baseline of cells seeded onto non-coated tissue culture 

plate plastic and expressed as a percentage of the baseline cell viability.  

On day 1 and day 4, there was no significant difference in cell viability across all CS-

coating concentrations. By day 7, a significant increase in cell viability was observed 

for 0.1μg/cm2 CS group (p<0.001, figure 4.3). When comparing the effect of CS-

coating concentrations on cell viability, there was a statistically significant difference 

at day 7 of treatment (p<0.001), which was found in the comparison between 

0.1μg/cm2 coating relative to the control group. This suggests that the treatment has 

both a time-dependent and concentration-dependent effect on cell proliferation or 

survival, as indicated by the statistically significant results. 
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Figure 4.3 Percentage viability of chondrocytes seeded onto a concentration gradient of CS-coated substrate over a 7-day culture period; cell 

viability was assessed using the MTT assay and data normalised to the untreated chondrocytes at day 0 (arbitrarily assigned as 100%). There 

was a significant increase in the viability of chondrocytes seeded onto 0.1μg/cm2 CS-coated substrate after 7-days of culture; the other CS-

coating concentrations had no observable effect when 2-way ANOVA (Dunnett’s multiple comparison) was employed. Data is presented as mean 

± standard deviation (n=3, N=3). [*** p<0.001 as a function of time, ### p<0.001 as a function of CS concentration]. 
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4.2.3 Purified CS-coated substrate enhanced expression of chondrogenic markers 

in chondrocytes 

Chondrocytes (1×106) were seeded into wells coated with different CS concentrations 

and cultured for 5 days, RT-PCR was carried out to examine the expression level of 

chondrogenic gene markers, col2a1, sox-9 and acan. The CS concentration, ranging 

from 0μg/cm2 (control) to 5μg/cm2, used to coat the wells had no effect on expression 

of col2a1 mRNA in the 5-day chondrocyte monolayer cultures (Figure 4.4A); 

expression levels remained similar to those of cells seeded directly onto tissue culture 

plastic (Control group). In contrast, the expression of acan was more variable with 

significant suppression observed when cells were seeded onto the 5μg/cm2 CS 

substrate (2-fold decrease, p<0.001, figure 4.4B). However, sox-9 transcription was 

consistently affected by seeding onto CS-coated wells (Figure 4.4C); compared to 

uncoated wells, sox-9 mRNA expression significantly increased when cells were 

seeded onto 0.1μg/cm2 (10-fold, p<0.001), 0.5μg/cm2 (5-fold, p<0.001) and 5μg/cm2 

CS-coated substrate (3-fold, p<0.001). Surprisingly, there was no obvious effect of 

either the 0.25μg/cm2 or 1μg/cm2 CS-coatings.
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Figure 4.4 The expression of chondrogenic gene markers in the chondrocytes seeded onto a range of CS concentrations from 0-5 µg/cm2of 

purified CS on the coating substrate for 5 days. The addition of purified CS did not affect the expression of [A] collagen Ⅱ (col2a1) or [B] 
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aggrecan (acan). [C] 0.1μg/cm2 CS induced 10-fold increase in SOX-9 expression(p<0.001), Data is presented as mean ± standard deviation 

(n=3, N=3, 2-way ANOVA test). [*** p<0.001].
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4.2.4 Multipotency of bovine BMSCs were authenticated by trilineage 

differentiation  

Multipotency of BMSCs, isolated from 3-week-old bovine calves bone marrow 

(Section 2.9), was assessed by culturing under specific conditions to induce 

differentiation into osteogenic and adipogenic lineages over 21 days (Sections 2.10 - 

2.11) and a chondrogenic lineage over 28 days (Section 2.13). Using histological 

stains, the BMSCs were demonstrated to commit to the trilineage differentiation into 

osteoblasts (Figure 4.5A), adipocytes (Figure 4.5B) and chondrocytes (Figure 4.5C) 

with the specific staining of Alizarin Red S (osteogenesis), Oil Red O (adipogenesis) 

and Toluidine Blue (chondrogenesis), respectively. 
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Figure 4.5 Specific staining for trilineage differentiation of BMSCs. [A] Alizarin red S staining confirmed osteogenesis of BMSCs after 21-day 

culture; [B] Oil red O staining confirmed adipogenesis with 21-day culture, [C] Toluidine Blue staining demonstrated chondrogenesis with 28-

day culture. (n=3, N=3, Scale bar=100μm)
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4.2.5 bBMSCs clumped together during chondrogenic differentiation in CS-

containing medium 

When the purified CS was reconstituted in chondrogenic medium, a CS concentration 

of 100μg/ml was employed as in a previous study it had been shown to promote 

musculoskeletal regeneration (Stabler et al., 2015); hence, bBMSCs were cultured in 

chondrogenic medium with or without 100μg/ml of CS (purified from bovine 

cartilage) for 14 days. 

The bBMSCs were observed under a light microscope before the medium change 

every three or four days (Figure 4.6); bBMSCs were found to start to clump together 

as early as 4 days after seeding, in the same manner as observed for the chondrocytes 

on the CS-coated substrate (figure 4.2). bBMSCs with or without exogenous CS 

added to the culture medium formed into cellular aggregates, with bBMSCs exposed 

to CS forming cellular aggregates earlier (Figure 4.6A, E).  
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Figure 4.6 Images of BMSCs in chondrogenic medium with or without purified CS over a 14-day culture. [A-D] Images of chondrogenic 

differentiation without purified CS. [E-H] Treatment group with 100μg/ml purified CS in chondrogenic medium. The stem cells, plated as 2D on 

tissue culture plastic, started to clump together within 4-days of culture, and those in CS-containing medium formed more and bigger clumps 

after 14 days. (n=3, N=3, Scale bar =100μm)
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4.2.6 Purified CS did not affect bovine BMSC viability during chondrogenesis  

The MTT assay was conducted on the bBMSCs cultured in chondrogenic media for 

14 days to determine the biocompatibility of 100µg/ml purified CS on cell viability 

(Figure 4.7). Overall, there was a modest 4% increase in cell viability over the time 

course, both in the presence (p<0.01) and absence of CS in the culture media (p<0.01) 

likely due to cell proliferation. However, this confirmed that addition of the purified 

CS to the chondrogenic media is not cytotoxic to the BMSCs.  
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Figure 4.7 Cell viability of bBMSCs cultured in chondrogenic medium with/without 

100μg/ml of purified CS as assessed using the MTT assay; data was normalised to 

the viability of untreated bBMSCs at day 0. BMSCs were viable over the 14-day 

chondrogenic culture irrespective of the presence of purified CS demonstrating it did 

not suppress cell viability. Data is presented as mean ± standard deviation (n=3, N=3, 

2-way ANOVA test) [** p<0.01]. 
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4.2.7 Inclusion of purified CS in the media increased sGAG deposition during 

bBMSC chondrogenesis 

To better investigate the influence of CS on the chondrogenic process, bBMSCs were 

either cultured in basal growth medium or chondrogenic medium, for 14 days, with or 

without 100μg/ml purified CS in the medium; bBMSCs were stained with Alcian Blue 

(Section 2.13) to assess sGAG deposition (Figure 4.8). bBMSCs grown in basal 

growth media for 14 days showed no sGAG production either in the absence (Figure 

4.8A) or presence of purified CS (Figure 4.8B). In contrast and as expected, positive 

7Alcian Blue staining was observed in the bBMSCs grown in chondrogenic media 

alone (Figure 4.8C), and this effect was increased when bBMSCs were cultured in 

CS-containing chondrogenesis medium (Figure 4.8D).  

To quantify the staining intensity, medium was removed followed by washing of the 

cells to eliminate exogenous purified CS; 4M guanidine-HCl was then used to extract 

the GAGs deposited by the cells. Absorbances were subsequently measured at 600nm, 

and it was found that chondrogenic media alone significantly increased sGAG 

production by 10-fold compared to cells cultured in basal growth media (p<0.001, 

Figure 4.8E). An even greater production of ECM sGAGs was observed when 

cultured in the presence of purified CS increasing from an absorbance of 1.163±

0.0159 to 1.526±0.0462 (p <0.001, figure 4.8E).
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Figure 4.8 Alcian blue staining for BMSCs cultured in [A, B] basal growth medium (with/out 100μg/ml purified CS) and in [C, D] 

chondrogenic medium (with/out 100μg/ml purified CS), and [E] quantitative analysis of the staining. More intense Alcian Blue staining i.e.  

enhanced GAG synthesis was observed in the bBMSCs cultured in chondrogenic media containing CS compared to chondrogenic medium 

without CS (p<0.0001). Data is presented as mean ± standard deviation (n=3, N=3, 2-way ANOVA) [### p<0.001 comparing basal media to 

chondrogenic media, *** p<0.001 comparing presence or absence of CS].
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4.2.8 Transcriptional markers of the chondrogenic phenotype were increased in 

bBMSCs cultured in CS-containing chondrogenic medium 

Transcriptional expression of chondrogenic markers were examined using RT-qPCR 

in bBMSCs (1×106 bBMSCs as described in section 2.13) cultured in chondrogenic 

medium, with or without the supplementation of 100µg/ml CS, for 14 days (Figure 

4.9). There was no significant effect of CS on either col2a1 (Figure 4.9A) or acan 

transcript levels (Figure 4.9B). In contrast, it was discovered that levels of sox-9 gene 

expression significantly increased in the presence of purified CS in the medium (2-

fold, p<0.05, figure 4.9C). 
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Figure 4.9 Transcriptional expression of chondrogenic gene markers in monolayer BMSCs cultured in chondrogenic medium with/out 

purified CS. The expression of [A] col2a1, [B] acan and [C] sox-9 data are presented as mean ± standard deviation. sox-9 transcription was 

significantly enhanced in CS-containing chondrogenic medium. (n=3, N=6) [* p<0.05]. 
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4.3 Discussion 

The aims of this chapter were to investigate the biocompatibility of purified free CS 

and its potential effects on (i) maintaining the chondrocyte phenotype and (ii) 

supporting bBMSC chondrogenic differentiation in 2D culture. By applying MTT 

assays, it was apparent that for the chondrocytes seeded onto a range of CS-coated 

substrate concentrations and for bBMSCs in CS-containing chondrogenic medium, 

respectively, cell viability was not adversely affected compared to the non-CS groups 

over the culture period. Interestingly, only the 0.1μg/cm2 CS coating significantly 

affected cell behaviour with increased chondrocyte viability/proliferation after 7 days 

of culture, concomitant with enhanced mRNA expression of the chondrogenic marker 

sox-9. For the 2D chondrogenesis of bBMSCs cultured in chondrogenic medium, 

100μg/ml CS in the media was also found to increase sox-9 mRNA expression and 

sGAG deposition. 

4.3.1 Utility of bovine-derived high purity CS for chondrocyte and bBMSC tissue 

engineering approaches 

This study introduced a novel approach (CS-coated substrate) to promote maintenance 

of the chondrocyte phenotype and to support chondrogenic differentiation with the 

utilisation of high-purity free CS chains purified from bovine cartilage, which was 

applied to chondrocytes as a coating substrate and to bBMSCs in chondrogenic 

medium. Unlike the conventional CS and commercial CS products, which often 

contains residual protein contaminants that may influence cellular behaviour (Volpi, 

2019), the CS preparation purified in this thesis provided a bioactive and 

biocompatible formulation with the MTT results demonstrating enhanced cell 

viability on CS substrate. This is the first study to systematically investigate the 

effects of peptide-free CS on both chondrocytes and mesenchymal stem cells, 

revealing enhanced ECM production and upregulation of chondrogenic markers, 

highlighting a role for CS as a biochemical cue for promoting and preserving the 

chondrogenic phenotype. While CS has been widely studied in cartilage biology, 

previous research primarily focused on its effects on chondrocyte metabolism, 
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especially under inflammatory conditions like OA (Jerosch, 2011). The findings in 

this chapter indicated that purified free CS preparation facilitated both chondrocyte 

viability/proliferation and stem cell chondrogenesis with greater matrix synthesis and 

higher chondrogenic marker gene expression, providing additional evidence to 

support its current application in CS-based cartilage engineering strategies (Wang et 

al., 2007). 

4.3.2 Assessment of cell viability/proliferation using the MTT Assay 

The results of the MTT assay are particularly important for biomaterials research as 

they reflect the initial compatibility of the substrate with the cells. A high level of 

metabolic activity observed in the MTT assay indicates a high rate of cell viability 

and proliferation, suggesting that the substrate is biocompatible and supports cell 

function (Ciapetti et al., 1993). The MTT assay is a commonly used, robust method 

for evaluating cell viability and proliferation (Larsson et al., 2020) and is a 

colorimetric assay which measures the metabolic activity of living cells by 

quantifying the reduction of MTT into an insoluble purple formazan product (van 

Meerloo et al., 2011). This reduction occurs in the cells with metabolically active 

mitochondria, making it a reliable indicator for assessing how well cells thrive in the 

microenvironment provided by the material.  

For this study, the MTT assay was employed to evaluate the cellular response of both 

chondrocytes and BMSCs when cultured on CS-coated substrates or incorporated into 

the media, respectively. By measuring mitochondrial activity, the assay provides 

insights into whether the CS creates a supportive environment for cell growth and 

survival, but also helps optimise CS concentrations for cartilage tissue engineering. 

The novel findings from the MTT assay, particularly the indication that CS can 

promote bBMSC proliferation, serves as a critical foundation for correlating cell 

viability with chondrogenic differentiation and ultimately assessing the potential of 

purified CS for regenerative applications (Hsu et al., 2022). For chondrocytes, 

maintaining viability and proliferation is crucial to ensure their ability to maintain a 

chondrogenic phenotype and to produce cartilage-specific ECM components (Chu et 

al., 2024). For BMSCs, the assay provides insights into the cells’ ability to survive 
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and potentially differentiate into chondrocytes on the CS-containing medium, which is 

essential for their use in cartilage repair and regenerative applications (Seo and Na, 

2011). 

4.3.3 Transcriptional expression of chondrogenic markers 

Assessing phenotypic gene marker expression is a powerful tool for evaluating the 

effectiveness of biomaterials like CS-coated substrates in supporting chondrogenesis 

(Yi et al., 2018). These markers serve as molecular indicators of cell identity, function, 

and differentiation state. For chondrocytes, the expression of markers such as col2a1, 

acan, and sox-9 confirms the maintenance of their phenotype and indicates a healthy, 

functional state suitable for cartilage regeneration (Zwickl et al., 2016). For BMSCs, 

the upregulation of these same markers signifies their successful progression toward a 

chondrogenic lineage, reflecting the potential of CS-containing media to induce 

differentiation (Weissenberger et al., 2020). The mRNA expression of sox-9 was 

upregulated in both chondrocytes and bBMSCs exposed to the purified free CS, which 

is consistent with the findings reported by Ai et al. (2023) who demonstrated that 

addition of 6% (w/v) CS in scaffolds promoted MSC chondrogenesis through 

increased sox-9 mRNA expression. 

In this chapter, although sox-9 expression was enhanced, the expression of col2a1 and 

acan remained unaffected relative to control cultures. There are several potential 

reasons for this: sox-9 is a critical transcription factor that regulates chondrogenesis 

by activating cartilage-specific genes, including col2a1 and acan. However, increased 

sox-9 expression does not always guarantee increased transcription of its target genes. 

Regulatory mechanisms at the transcriptional, post-transcriptional, or post-

translational level may inhibit downstream effects, for example, sox-9 often requires 

co-factors, such as sox-5 and sox-6, to form a functional complex that can robustly 

activate col2a1 and acan expression (Liu and Lefebvre, 2015). If these co-factors are 

not sufficiently expressed or functional, sox-9 alone may not fully activate its target 

genes (Lefebvre and Dvir-Ginzberg, 2017). Furthermore, induction of sox-9 is one of 

the earliest events in chondrogenesis, marking the commitment of progenitor cells to 

the chondrogenic lineage. However, downstream expression of col2a1 and acan 
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typically requires additional signalling pathways and differentiation cues, including 

biochemical signals and mechanical stimuli. The insufficient or imbalanced stimuli 

may limit the full activation of chondrogenic differentiation despite sox-9 induction 

(Aigner et al., 2003). 

To figure out the potential cause, analysing the expression of sox-5 and sox-6 would 

be beneficial to determine whether they were limiting chondrogenesis. If the 

expression of the co-factors were not enhanced, the downstream induction of col2a1 

and acan would not be facilitated. Due to the lack of mechanical cues on a 2D 

monolayer surface, creating a 3D cell model would be a better environment to build 

and maintain the chondrogenic phenotype, which is addressed in chapter 5.  

4.3.4 Validation of chondrogenesis by assessing sGAG deposition using Alcian 

Blue staining 

Alcian Blue is a cationic dye widely used to detect acidic polysaccharides, including 

the GAGs in cartilage and chondrogenic tissues. In the chondrogenesis of BMSCs, 

Alcian Blue staining serves as a reliable histological method to assess chondrogenesis 

by highlighting the presence of sulphated GAGs, a hallmark of cartilage ECM 

synthesis (Rigueur and Lyons, 2014). When BMSCs are induced to undergo 

chondrogenic differentiation, they begin producing cartilage-specific ECM 

components, including PGs like aggrecan, which are rich in chondroitin sulphate and 

keratan sulphate. These proteoglycans bind strongly to alcian blue due to the high 

density of negatively charged sulphate and carboxyl groups, which makes the dye an 

effective tool for visualising the spatial distribution of GAGs and authenticating GAG 

production during chondrogenesis in vitro (Hu et al., 2019). 

While visual observation of Alcian Blue staining provides qualitative insights into 

GAG synthesis during chondrogenesis, quantitative analysis is crucial for objective 

and reproducible evaluation. Quantifying staining intensity by using 4M guanidine-

HCl offers a means to compare the extent of chondrogenesis across diverse conditions, 

treatments, or time points (Kawato et al., 2012). A higher number of bigger aggregates 

were stained by Alcian Blue in bBMSCs cultured in CS-containing chondrogenic 

medium compared to the group without CS, which is consistent with the results from 
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previous research (Li et al., 2013b). Li et al (2013a) used 0.25mM para-nitro-phenyl- 

b-xyloside (PNPX), a competitive acceptor of CS substitution on PGs, to disrupt 

CS/DS chain formation in BMSCs cultured in chondrogenic medium for 4 weeks. 

Addition of PNPX inhibited the spheroidal aggregation of bBMSCs on a 2D surface 

negatively impacting chondrogenesis. 

 

Summary of key findings 

▪ Purified CS was found to be biocompatible with both chondrocytes and bBMSCs 

and supported their viability/proliferation. 

▪ Purified CS enhanced sGAG synthesis and deposition in bBMSCs during 

chondrogenic differentiation. 

▪ Purified CS increased expression levels of sox-9 mRNA in both chondrocytes and 

BMSCs undergoing chondrogenic differentiation.
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Chapter 5  

The Cellular Behaviour of Bovine Bone 

Marrow Stem Cells in 3D cell culture with 

and without Chondroitin Sulphate   
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5.1. Introduction 

With the observed induction of sox-9 gene expression in BMSCs seeded as a 2D 

monolayer in the presence of CS (Section 2.8), this chapter aimed to further explore 

the cellular behaviours of BMSCs, in a 3-dimensional (3D) environment cultured in 

chondrogenic media with or without purified CS. A couple of previous studies have 

suggested that this phenomenon might be relevant in 3D as well as 2D models. 

Specifically, 2.5wt.% CS (derived from shark fin cartilage) incorporated into a gelatin 

bio-scaffold with human MSCs to assess cartilage regeneration over a 21-day period 

reported significant increases in SOX-9 gene expression (Vassallo et al., 2022). 

Furthermore, it had previously been shown that sox-9 transcription was induced in rat 

MSCs cultured, for up to 28 days, in a scaffold comprising 0.05% (w/v) CS and 

collagen (Matsiko et al., 2012). As there is only limited evidence describing the 

influence of CS on sox-9 mRNA expression, this chapter aimed to investigate more 

broadly how CS influences cell viability and proliferation, its chondrogenic 

differentiation potential and ECM deposition within different 3D experimental 

systems. 3D culture systems have revolutionised cell biology and tissue engineering 

by providing an environment that better mimics the in vivo conditions compared to 

traditional 2D monolayer cultures (Kapałczyńska et al., 2018).  

5.1.1 Relevance of using 3D models to investigate BMSC chondrogenesis 

Unlike 2D cultures, where cells are constrained to grow on a flat surface, 3D systems 

allow cells to interact with their surroundings, closely resembling the native ECM 

(Edmondson et al., 2014). This biomimetic feature is particularly crucial for studying 

the chondrogenic behaviour of BMSCs, as cartilage is a 3D tissue characterized by a 

dense ECM and minimal cell-cell interactions (Estes and Guilak, 2011). Studies have 

shown that BMSCs respond to the mechanical and biochemical cues provided by a 3D 

microenvironment (Vining and Mooney, 2017), leading to enhanced expression of 

chondrogenic markers e.g. sox-9 and col2a1, and production of cartilage-specific 

ECM components e.g. aggrecan. In conjunction, the 3D systems support the 

deposition and organisation of ECM components produced by differentiated BMSCs. 

In 2D cultures, ECM synthesis is often limited or irregular due to the lack of spatial 
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constraints and disrupted cell-matrix interactions (Harjanto and Zaman, 2013). In 

contrast, 3D systems allow BMSCs to differentiate into chondrocytes and produce 

ECM components in a manner that more closely resembles native cartilage (Estes and 

Guilak, 2011).  

Additionally, 3D culture systems like agarose gels can help mitigate dedifferentiation 

and hypertrophy, common challenges associated with BMSC-based cartilage repair 

(Oliver-Ferrándiz et al., 2021). Dedifferentiation refers to the loss of chondrocyte-like 

characteristics during culture, often leading to the expression of fibroblastic markers 

such as COL-I (Yao and Wang, 2020). Hypertrophy, on the other hand, is 

characterized by the expression of COL-X and other markers associated with 

endochondral ossification (Kamakura et al., 2023). The 3D environment of agarose 

gels, combined with the presence of bioactive molecules like CS, can suppress these 

undesired pathways, promoting stable and sustained chondrogenic differentiation (Ai 

et al., 2023). 

The study design in this chapter leverages two specific 3D culture systems to evaluate 

the impact of CS on BMSCs in namely the 3D agarose gel and the Transwell™ 

system. The agarose gel provides a spatially confined environment where cell-matrix 

interactions can be closely examined, mimicking the physical and biochemical 

conditions of native cartilage (Lee et al., 2000b). In contrast, the Transwell™ system 

facilitates molecular-level investigations of chondrogenic gene expression, offering a 

comprehensive understanding of how CS modulates cellular behaviours at the 

transcriptional level. 

5.1.2 Utilisation of 3D agarose construct system  

The use of 3D system, such as agarose gel, is widely used as a cartilage regeneration 

model with chondrocytes by providing multiple benefits for investigating BMSC 

behaviour during chondrogenesis (Huang et al., 2004). First, the encapsulation of cells 

in a 3D matrix enables them to establish cell-matrix interactions, which are pivotal for 

directing cellular responses, such as differentiation, migration, and ECM synthesis. 

The stiffness and porosity of the agarose gel can also be tailored to resemble the 

mechanical properties of cartilage, creating an environment conducive to 
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chondrogenic differentiation (Janaky et al., 2006, Bertula et al., 2019). Agarose gels 

are particularly advantageous for cartilage tissue engineering due to their inert and 

non-adhesive nature (Gutierrez et al., 2022). This property ensures that BMSC 

behaviour in agarose is primarily influenced by the biochemical composition of the 

culture medium rather than by unintended interactions with the gel itself (Coleman et 

al., 2007). When supplemented with CS, the agarose matrix provides a platform for 

studying the specific effects of it on BMSC viability, differentiation, and matrix 

deposition. The confined environment of the gel not only mimics the avascular nature 

of cartilage but also supports the uniform distribution of nutrients, oxygen, and 

signalling molecules, creating a physiologically relevant setting for cell culture. 

5.1.3 Utilisation of Transwell™ culture system 

The Transwell™ system is an advanced and versatile tool that enables the study of 

cellular behaviour and differentiation under physiologically relevant conditions 

(Wright et al., 2023). Its unique two-compartment design, separated by a permeable 

membrane, allows for the exchange of soluble factors while maintaining the physical 

separation of cells in each compartment. This setup is particularly advantageous for 

chondrogenic regeneration studies using BMSCs, as it facilitates paracrine signalling 

without direct cell-to-cell contact (Davidson et al., 2017). By mimicking the 

microenvironment of cartilage, the Transwell™ system provides insights into how 

soluble factors, such as CS, influence BMSC differentiation and ECM production. 

Another significant advantage of the Transwell™ system is its ability to provide a 

controlled microenvironment for chondrogenesis (Chung et al., 2018). The semi-

permeable membrane supports the diffusion of nutrients, oxygen, and growth factors 

while preventing direct cell-to-cell contact, replicating the diffusion-limited 

environment of native cartilage (Murdoch et al., 2007). It also allows for the spatial 

application of biochemical stimuli, such as growth factors or GAGs, in a gradient or 

controlled manner, creating more physiologically relevant conditions for 

differentiation (Sip et al., 2014). The membrane itself can also be functionalised with 

ECM components like collagen or CS, further enhancing the biomimicry of the 

system. Simultaneously, RNA or protein samples from the cells in both compartments 
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can be used to monitor gene and protein expression dynamics, including chondrogenic 

markers like COL-II, SOX-9, and ACAN. These features provide a temporal 

understanding of chondrogenic differentiation, enabling researchers to fine-tune 

culture conditions and better understand the underlying mechanisms (Ou et al., 2020).  

The study initially employed an agarose gel to create a 3D culture system, allowing 

for a biomimetic environment that supports chondrogenesis and enhances the 

interaction between BMSCs and CS since hydrogel is a widely used system for 

chondrocyte studies. Previous studies based on an agarose gel model employed 3% 

agarose with 4×106 cells/ml, which provided more resilient mechanical properties for 

intervertebral disc regeneration (Lee et al., 2000a, Wann et al., 2012, Roberts et al., 

2001). In parallel, the Transwell™ culture system was also employed in this study to 

investigate the effects of CS on BMSC chondrogenesis, whereby the BMSCs were 

seeded onto the membrane and the CS introduced into the chondrogenic media. Kabiri 

et al. (2012) seeded human MSCs into the TranswellTM system, induced 

chondrogenesis over a 14-day culture and observed significant increases in 

chondrogenic gene markers including SOX-9, COL-Ⅱ and ACAN; this response was 

enhanced when the TranswellTM system was used in combination with exogenous 

growth factors added into the culture medium. Therefore, in this chapter bBMSCs 

were seeded into the TranswellTM system and CS added to the chondrogenic medium 

to investigate its effect(s) on chondrogenesis. 

This chapter set out to explore the effects of CS on the chondrogenic differentiation of 

BMSCs in the two model systems, i.e. hydrogel incorporating CS and the TranswellTM 

system with CS introduced into the culture medium. Both models were then evaluated 

to assess how CS influence key markers of chondrogenesis, the mature chondrocyte 

phenotype and ECM production.   
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5.2 Results 

5.2.1 Bovine BMSCs seeded in agarose hydrogels demonstrated limited viability 

following 1-week of culture 

BMSCs (1×106 cells/cm3) were embedded in 2% (w/v) agarose gel constructs and 

cultured in chondrogenic medium for up to 7 days prior to analysis. To determine cell 

viability, after 1, 2, 3 and 7 days of chondrogenic culture the chondrocyte-agarose 

constructs were stained using the live/dead assay with FDA and PI (described in 

section 2.8.3). Following staining, the constructs were cut into halves and imaged 

using an Olympus BX brightfield microscope with FITC and TRITC channels; viable 

cells were stained green by FDA and the nuclei of the dead cells appeared red with PI. 

Following 1 day of culture, the bBMSCs showed a high viability in the agarose gel 

with relatively strong green staining and few cells detected under the red filter (Figure 

5.1A - B). This trend remained similar up until 3 days of culture (Figure 5.1C – D), 

after which there seemed to be a reduction in FDA labelling concomitant with far 

more PI detected (Figure 5.1E – H). Surprisingly, following 7 days of culture very few 

viable bBMSCs were detected (Figure 5.1I) and instead the construct appeared to 

contain predominantly dead cells (Figure 5.1J). This effect was also observed in a 

repeat independent experiment (data not shown). However, there appeared to be no 

issue with the methodology because when bovine chondrocytes were embedded in 

agarose following an identical protocol, these cells remained viable over 7 days 

(Figure 5.2).  Due to the extent of cell death incurred when bBMSCs were embedded 

in agarose, this 3D model system was not continued further; instead, the Transwell™ 

model was taken forwards in this chapter. 
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Figure 5.1 Visualisation of FDA (live cells in green)/PI (dead cells in red) staining 

with 2 x 106 bBMSCs embedded into 2% (w/v) agarose gel and cultured in 
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chondrogenic media for up to 7 days. The constructs were stained using the live/dead 

assay (FDA/PI) on days, A – B. day 1, C – D day 2, E – F day 3, G – H day 4 and I - 

J day 7 after chondrogenic culture and representative fields of view imaged using 

appropriate channels. There was a substantial increase in bBMSC death over the 

culture period with very few viable cells evident at day-7. (Scale bar = 200μm) 

 

 

 

 

Figure 5.2 Fluorescence visualisation of cell viability of 1 x 106 chondrocytes 

encapsulated into a 2% (w/v) agarose gel and cultured for 7 days. The constructs 

were stained using the live/dead (FDA/PI) assay with (A) strong FDA signal and (B) 

very weak PI labelling indicating chondrocyte viability in agarose. (Scale bar = 

200μm)  
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5.2.2 Utilisation of the Transwell™ system for bovine bone marrow stem cell 

(bBMSC) chondrogenesis 

5.2.2.1 Chondrogenic differentiation of bBMSCs cultured in the Transwell™ 

system over 6 weeks produced ‘cartilage-like’ tissue 

2×106 cells/well bBMSCs were seeded onto the membrane of the Transwell™ system 

and cultured under chondrogenic conditions for 6 weeks with different concentrations 

of CS (control, low CS concentration: 5μg/ml, high concentration: 100μg/ml). After 2 

weeks of culture, bBMSCs in these 3 groups formed colonies visible to the naked eye 

(Figure 5.3, arrows), and a cartilage-like white tissue formed on the insert in one of 

the high CS concentration wells (Figure 5.3, green arrow); the tissue was increasingly 

evident over the culture period and became more resilient such that the ‘cartilage-like’ 

construct could be picked up with tweezers after 6-weeks in culture. 
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Figure 5.3 Visual observation of Transwell™ system after 2 weeks of chondrogenic 

culture treated with different CS concentrations. bBMSC chondrogenic colonies 

formed under all three conditions (black arrows); however, it was more pronounced in 

the high CS concentration wells, with the formation of a tissue-like colony first (green 

arrow), which developed into a ‘cartilage-like’ tissue after another 4-weeks in culture.  
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5.2.2.2 Exogenous CS induced bBMSC chondrogenesis in the Transwell™ system 

After 6-weeks of chondrogenic culture, the ‘cartilage-like’ tissue was harvested as 

described (section 2.15.2), embedded in wax and sectioned prior to histological 

staining with H&E, Toluidine Blue and Trichrome (Figure 5.4). In the control wells, 

there was limited ECM deposition with less intense staining of Toluidine Blue (figure 

5.4D) and Trichrome (figure 5.4G). In contrast, incorporating CS into the media of the 

Transwell™ system enhanced the chondrogenic capability of the bBMSCs, with this 

effect being more pronounced with the high CS concentration resulting in ECM 

formation through GAG (figure 5.4F) and collagen deposition (figure 5.4I). 
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Figure 5.4 Histological imaging of chondrogenesis in the Transwell™ system with differing concentrations of CS using [A – C] H&E, [D – F] 

Toluidine Blue and [G – I] Trichrome. Incorporating CS into the media enhanced the chondrogenic capability of the bBMSCs over the 6-week 

culture period, with this effect being more pronounced with the high CS concentration (100µg/ml) resulting in ECM formation through GAG and 

collagen deposition (n=3, N=3). (Scale bar = 100μm)
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5.2.2.3 Exogenous CS increased the production and deposition of type VI 

collagen following chondrogenic differentiation of bBMSC in the Transwell™ 

system 

After 6-weeks in chondrogenic culture medium with and without the addition of 

exogenous CS, the resulting tissue was removed from the TranswellTM membrane, 

embedded in wax and 5μm sections prepared for immunostaining for COL-2C1 and 

COL-Ⅵ (figure 5.5).  Correlating with the Trichrome staining observations of 

increased collagen deposition (figure 5.4G – I), type II collagen (COL-2C1) was 

evident in all of the experimental group constructs (figure 5.5A – C), however, the 

bBMSCs cultured in high CS concentration appeared to have a more consistent and 

intact ECM environment. Limited type VI collagen (COL-Ⅵ) was observed in the 

control constructs (figure 5.5D); however, in the presence of both low and high CS 

concentrations, more type VI collagen staining was seen, although some of this 

appeared intracellular and had not yet been secreted into the ECM (figure 5.5E – F). 
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Figure 5.5 Immunohistochemical analysis of the constructs generated following chondrogenic differentiation of BMSCs in the Transwell™ 

system in the presence and absence of low (5µg/ml) or high CS (100µg/ml) over a 6-week period. Sections were labelled for [A – C] type II 

collagen (COL2-C1) and [D – F] type VI collagen. The addition of CS into the media increased the biosynthesis and deposition of these 

collagens resulting in the formation of an organised ECM. (Scale bar = 100μm) 
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5.2.2.4 Exogenous CS increased the production and deposition of types I and X 

collagen following chondrogenic differentiation of bBMSC in the Transwell™ 

system 

In addition to types II and VI collagen (Section 5.2.2.3), the expression of types I and 

X collagen were also assessed to determine their distribution in the tissue constructs 

(Figure 5.6). Surprisingly, both collagen types were found in the control group i.e. 

bBMSCs cultured in chondrogenic media (Figure 5.6A, D), and this staining profile 

was also observed in the low (Figure 5.6B, E) and high CS concentration constructs 

(Figure 5.6C, F), indicating that the chondrocytes that had differentiated from the 

bBMSCs had begun to undergo hypertrophy. 
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Figure 5.6 Immunohistochemical analysis of the constructs generated following chondrogenic differentiation of BMSCs in the Transwell™ 

system in the presence and absence of low (5µg/ml) or high CS (100µg/ml) over a 6-week period. Sections were labelled for [A – C] type I 

collagen and [D – F] type X collagen. The expression of both collagen types was found in all three experimental conditions suggesting that the 

bBMSC-derived chondrocytes had possibly undergone hypertrophy. (Scale bar = 100μm)
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5.2.2.5 Exogenous CS increased sox-9 mRNA levels whilst inhibiting 

transcription of acan following chondrogenic differentiation of bBMSCs in the 

Transwell™ system 

The gene expression of chondrogenic markers, including col2a1, sox-9 and acan, 

were determined by qRT-PCR in the bBMSCs cultured in the Transwell™ system 

under chondrogenic conditions for 6 weeks without (control) or with 5μg/ml CS (low) 

or 100μg/ml CS (high). There was no difference in the expression of col2a1 amongst 

the experimental groups (Figure 5.7A). However, the addition of CS, both low (2-fold 

reduction, p<0.001) and high CS (1.33-fold reduction, p<0. 001) depressed acan 

mRNA expression (Figure 5.7B). Interestingly, it was revealed that a high 

concentration of CS significantly induced sox-9 mRNA expression (3.8-fold, P<0.001) 

compared to the control group (Figure 5.7C), an effect which was not observed when 

cells were treated with the low CS concentration.  
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Figure 5.7 Transcript levels of chondrogenic markers expressed in bBMSCs cultured in the Transwell™ system with CS-containing medium. 

qRT-PCR was used to detect the expression of [A] col2a1, [B] acan and [C] sox-9 mRNA levels. Data is presented as mean fold-change ± 

standard deviation following normalisation to the housekeeping genes and relative to the control group. Although col2a1 levels did not change, 

acan mRNA levels consistently decreased in both low and high CS concentrations; in contrast, high CS (100μg/ml) induced the expression of 

sox-9.(n=6, N=3, 1-way ANOVA) [* p<0.05, *** p<0.001].
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5.3 Discussion 

The primary objective of this chapter was to investigate how the addition of purified 

CS into chondrogenic medium would influence chondrogenesis of bBMSCs in a 3D 

culture, including agarose gel and Transwell™ system, by observing the appearance of 

the regenerated “constructs”, examining the expression of chondrogenic markers and 

probing for key ECM molecules present in native cartilage. The 3D agarose model did 

not support bBMSC viability; it is unclear why this is the case, as chondrocytes 

embedded into agarose remained viable over a 7-day testing window. As a 

consequence, the Transwell™ system was taken forward to investigate the interplay 

of a 3D environment with low or high CS added into the medium. The bBMSCs 

underwent chondrogenesis and, particularly in response to the high CS generated a 

‘cartilage-like’ tissue which was robust to handle. Histological staining indicated the 

deposition of GAGs and collagen in response to CS, with increased type VI collagen 

following both low and high CS concentrations; however, further experiments are 

needed to determine the localisation of this protein as some type VI collagen appeared 

to be intracellular and not pericellular. Perhaps surprisingly, all experimental groups 

including the control (no CS) had significant types I and X collagen labelling which 

may reflect a more hypertrophic phenotype (see section 5.3.2) 

5.3.1 Agarose hydrogel model for bBMSCs 

The observation that bBMSCs encapsulated in 2% agarose hydrogel constructs and 

cultured in chondrogenic medium supplemented with purified CS exhibited 

significant cell death within 7 days provides critical insights into the limitations and 

challenges of this experimental setup. While the initial viability indicates some 

compatibility between the hydrogel environment and the BMSCs, the rapid decline in 

cell survival highlights potential shortcomings in the culture system that warrant 

further investigation. As the chondrocytes remained viable in an identical 

experimental set-up, it is unclear why there was a consistent and reproducible increase 

in cell death, but it may possibly have resulted from a lack of accessibility to the 

growth factors necessary to sustain BMSC growth. In a study where bBMSCs were 
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successfully embedded in an agarose system, the cells were cultured in 10ng/ml 

TGFβ1 (Connelly et al., 2009) suggesting that growth factor supplementation might 

have been necessary.  

In vivo, bBMSCs are exposed to specific biomechanical cues defined by their stem 

cell niche in the bone marrow; it is possible that these in vitro biomechanical cues 

were significantly different to those experienced by the cells in vivo and thus the 

mechanical properties of the 2% agarose hydrogel were not compatible with 

sustaining bBMSC viability. It has been reported that stiffer gels can restrict cellular 

spreading, proliferation, and matrix deposition (Breuls et al., 2008), and that the lack 

of cell-adhesive motifs in agarose can hinder cell attachment and interaction with the 

surrounding ECM, further impairing cellular functions critical for survival and 

differentiation (Piazza et al., 2024). 

To address the limitations observed in this study, several modifications to the culture 

system and experimental design could be considered. Reducing the agarose 

concentration to 1.5% or lower to create softer gels could provide a more favourable 

mechanical environment for bBMSCs viability and ECM production (Connelly et al., 

2009) (Lee et al., 2017). Functionalizing the agarose hydrogel with cell-adhesive 

peptides (e.g., RGD motifs) or ECM proteins such as collagen or fibronectin could 

also enhance cell-matrix interactions and improve survival (Arya et al., 2019). 

Additionally, sustained delivery of growth factors like TGF-β3 or IGF-1 via the 

hydrogel matrix may provide additional support for cell viability and chondrogenic 

differentiation. Alternative hydrogel systems could be utilised to optimise the 

chondrogenesis model (Li et al., 2024), as alternative hydrogels, such as alginate, 

hyaluronic acid-based systems, or composite materials, may offer improved 

biocompatibility and diffusion properties while retaining the structural support 

required for 3D cultures. The findings of this study underscore the critical role of the 

local microenvironment in supporting bBMSC viability and chondrogenesis in 3D 

culture systems, and how important it is to find a suitable hydrogel to sustain cell 

viability.  
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5.3.2 Transwell™ system for bBMSCs 

As a result, BMSCs were subsequently cultured in the Transwell™ system with either 

5µg/ml (low) or 100 µg/ml (high) CS supplementation. Interestingly, the high CS 

cultures appeared to result in ‘cartilage-like’ tissue which is reflected in the Trichrome 

histology – it can be seen that in the control group, the ECM that has developed over 

the 6-week culture period is loose and lacks any structural organisation. However, in 

the presence of CS, the matrix is more compact and organised which is more clearly 

evidenced in the high CS constructs. Compared to the control group, there was 

increased type VI collagen staining highlighting a potential role of CS in promoting 

chondrogenic differentiation. Type VI collagen is crucial for the organisation and 

stabilisation of the pericellular matrix, particularly in supporting chondrocytes or 

chondrocyte-like cells and facilitating the transmission of mechanical cues. Its 

increased presence suggests that CS facilitated the establishment of a more functional 

and structured ECM, which is essential for replicating the biomechanical properties of 

cartilage (Struijk et al., 2024).  

Surprisingly, type X collagen was detected in the control and both CS-supplemented 

groups indicating the likely presence of hypertrophic chondrocytes. Collagen X is a 

marker of a late-stage chondrocyte phenotype and is often associated with terminal 

differentiation and hypertrophy (Struijk et al., 2024). Whilst its expression can be a 

natural part of chondrocyte maturation, particularly in long-term culture, its presence 

raises questions about the stability of the differentiated phenotype and the potential 

risk of hypertrophic differentiation. This phenomenon is consistent with studies 

suggesting that while CS promotes early chondrogenic differentiation, high 

concentrations or extended culture periods can lead to hypertrophic changes (Knuth et 

al., 2019). The bBMSC cultures were taken out to 6 weeks, thus future experiments 

could assess the resultant phenotype at weekly intervals to determine at which point 

type X collagen is expressed to better understand the process of differentiation in this 

model system. It underscores the need for fine-tuning CS supplementation to balance 

ECM production with the prevention of undesired terminal differentiation. CS did not 

affect the extent of type II collagen staining, and this was reflected in the unaltered 

col2a1 transcripts measured at the gene level.  
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However, strong Toluidine Blue staining was observed in the CS-supplemented group 

reflecting a significant increase in sGAG content, a hallmark of cartilage-like ECM. 

Surprisingly, this apparent increase in GAG deposition with low and high CS 

supplementation was not observed at the transcript level i.e. acan gene expression was 

found to be significantly inhibited in the presence of CS. As the qRT-PCR was 

performed at the end of the 6-week culture period, it could be that acan levels had 

subsided by this point, and if the constructs had been sampled earlier, elevated acan 

expression might have been detected. Therefore, measuring transcript levels in a 

temporal manner might be more informative in determining cell behaviour over the 

culture period. This is particularly relevant in light of recent evidence from Naven et 

al. (2022), who demonstrated that the circadian clock is not inherently active in 

undifferentiated human embryonic stem cells, but is gradually initiated during 

chondrogenic differentiation. In their 3D human chondrogenesis model, the activation 

of core clock genes (e.g., BMAL1, CLOCK, and PER2) occurred progressively 

between day 11 and day 21 of culture, alongside robust upregulation of chondrogenic 

markers such as SOX-9, COL2A1 and ACAN. These findings highlight the importance 

of time-resolved transcriptomic analysis to capture the dynamic regulatory events that 

underlie lineage commitment and matrix production, which may otherwise be 

overlooked in static or single time-point measurements. The control group without CS 

supplementation exhibited weaker ECM production and reduced staining for toluidine 

blue and collagen markers; this is unlikely to have been due to lower cell numbers as 

there was only a 4% difference in cell viability between the three groups investigated.  

Collectively, the data suggests a role for CS in chondrogenesis. While the results 

demonstrate the benefits of CS supplementation, the presence of collagen type X 

highlights the need to address hypertrophic differentiation. Future studies could 

explore strategies to mitigate this effect. Lowering CS concentration may reduce the 

tendency toward hypertrophy while maintaining its chondrogenic effects. Combining 

CS with anti-hypertrophic agents by supplementing the medium with molecules like 

parathyroid hormone-related protein (PTHrP) or growth factors that inhibit 

hypertrophy could also improve phenotype stability (Mueller et al., 2013).  

The findings of this study underscore the potential of CS supplementation to enhance 

ECM production during BMSC-mediated chondrogenesis, offering valuable insights 
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for cartilage tissue engineering. Furthermore, the use of the Transwell™ system in 

this context demonstrates its utility as a platform for studying chondrogenesis and the 

effects of biochemical supplementation on the process. These results pave the way for 

future studies aimed at refining culture conditions to achieve stable, high-quality 

cartilage tissue for regenerative medicine applications. 

 

Summary of Findings 

• bBMSCs were not viable using the 2% agarose hydrogel model. 

• Within the Transwell™ system, bBMSCs cultured in chondrogenic medium 

containing 100µg/ml purified CS had increased sox-9 transcript levels, whilst 

suppressing acan expression; col2a1 transcription was unaffected 

• Furthermore, type VI collagen expression was enhanced in the presence of both 

low and high CS concentrations 

• Increased expression of type X collagen observed in all experimental groups 

suggests that the 6-week culture period may have tipped the cells into a pro-

hypertrophic phenotype which warrants further investigation.
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Chapter 6  

General Discussion  
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6.1 Summary of Data Findings 

The overall aim of this thesis was to develop and optimise a defined methodology to 

identify CS motifs detected by monoclonal antibodies 7D4, 6C3 and 4C3 and purify 

enriched populations of these native free CS chains for use in proof-of-concept studies. 

Specifically, to assess their use in (i) the maintenance of chondrocyte phenotype and 

(ii) the promotion of chondrogenesis of BMSCs with a view to determine whether the 

exogenous application of better characterised free CS chains could enhance cartilage 

repair and regeneration. This was to be achieved by extracting CS from bovine 

metacarpalphalyngeal joints and using in-house monoclonal antibodies (7D4, 6C3 

and 4C3) to examine and monitor specific CS motifs through the purification process 

and to obtain glycol-analysis of the final products. Specifically, the CS  of interest that 

is believed to be related to cartilage repair and regeneration, were extracted and 

enriched with a combination of chemical (alkaline treatment) and multiple affinity 

purification techniques (anion-exchange chromatography and size-exclusive 

chromatography) before the disaccharide composition and sulphation pattern were 

confirmed with relevant assays. Whilst CS epitopes were able to be probed with in-

house 6C3 and 7D4 monoclonal antibodies when they were attached to PG core 

proteins, there was reduced detection once they were released as free CS chains most 

likely due to a limited ability to bind to the membrane used for Western Blotting or 

Dot Blotting. However, a series of targeted enzymatic digestions and downstream 

HPLC analysis to specific GAG subtypes confirmed the purity and disaccharide 

composition of the purified CS product. Furthermore, these findings were validated 

through the 1H NMR which provided a fingerprint of hydrogen atoms in the CS 

structure with the spectrum peaks for N-acetyl groups, glucuronic acid and 

galactosamine, and also identified sulphation patterns based on chemical shift changes. 

These analyses enabled the characterisation of the chemical structure of the purified 

CS preparation, ensuring the CS culture treatment is consistently sourced for reliable 

reproducibility and dependable conclusions. 

Once purified free CS was confirmed, increasing concentrations of CS were applied 

to bovine chondrocytes and BMSCs, respectively, to investigate their cellular 

behaviours in 2D and 3D cell culture systems; CS was either employed as a coating 

substrate (2D) or into free medium solution (3D). Cellular behaviours of chondrocytes 
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and BMSCs were evaluated through morphological, immunohistochemical and gene 

expression analyses for any changes to chondrogenesis or maintenance of the mature 

phenotype. Biocompatibility of purified CS assessed using the MTT assay indicated 

that changes to chondrocyte and BMSC viability and/or proliferation were relatively 

small (only observed for 0.1µg/ml substrate coating and 100µg/ml in solution 

respectively), irrespective of culture time point. However, over time, both 

morphological and transcriptional changes were observed: in the 2D monolayer 

culture, chondrocytes and BMSCs were observed to clump together forming spheroid 

structures, likely to produce the necessary mechanical stimuli required for survival. 

mRNA levels of the chondrogenic marker sox-9 were found to be upregulated in both 

cell types following exogenous application of CS; this correlated with enhanced 

Alcian Blue staining, confirming GAG deposition in the ECM was significantly 

increased with CS as culture substrate. In the 3D BMSC culture model with purified 

CS (100μg/ml) in the medium, the expression of sox-9 mRNA was also significantly 

increased compared to the equivalent control cultures, correlating with greater ECM 

formation over the 6-week culture. 

6.2 The methodology of CS purification 

The purification of CS from bovine cartilage involves a series of critical steps 

designed to extract, isolate, and refine the GAGs while preserving their structural 

integrity and ensuring a high level of purity. In this study, the methodology employed 

was effective in obtaining CS of sufficient purity and quality, but it also revealed 

challenges and areas for optimisation. 

6.2.1 Advances in CS extraction and purification 

Significant advances have been made in the methodologies for purifying CS from 

multiple sources, driven by the need for high-purity products for biomedical, 

pharmaceutical, and research applications. These advancements have focused on 

improving extraction efficiency, maintaining structural integrity, and enhancing the 

scalability and reproducibility of the extraction and purification processes. 
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6.2.1.1 Previous approaches to CS extraction methods 

CS purification always starts from the chemical or enzymatic extraction of PGs, after 

the de-lipidation process using chloroform, methanol or acetone to remove fat from 

the desired CS source samples, when necessary (Nogueira et al., 2019). Some organic 

solvents and salts are also often used in the isolation and extraction of PGs by classic 

means. Sodium acetate solution is always utilised in a series of elution and extraction 

steps since it can solubilise the cell-matrix components in PG isolation (Boas, 1949). 

As for the protein contamination in the mixture, chloroform and chloroform-amyl 

alcohol have been successively applied with agitation until jelly precipitation no long 

forms (Giji and Arumugam, 2014). CPC later became a popular choice for GAG 

extraction due to the fact that its positively charged pyridinium ion group bind 

strongly to the negatively charged sulphate and carboxyl groups on CS through 

electrostatic attraction, leading to the formation of an insoluble CPC-CS complex that 

is hydrophobic and precipitates from the solution (Matsumura et al., 1963); addition 

of NaCl solution then enables the release of CS from the CPC-CS complex (Amagai 

et al., 2009). However, significant disadvantages include high solvent usage and 

extraction inefficiency at low concentrations. 

Since the advent of producing biosynthesised enzymes, it is more prevalent in this 

extraction process to digest PG core protein with enzymes first before purifying the 

GAGs for a quick and convenient extraction. The most commonly used enzymes are 

papain (Gargiulo et al., 2009), pepsin (Zhao et al., 2013) and trypsin (Ürgeová and 

Vulganová, 2016) which facilitate degradation of the tissue and proteins within. 

Enzymes are deactivated by boiling the mixture, which then undergoes ethanol 

precipitation with ethanol saturated with sodium acetate (Volpi and Maccari, 2003). 

This strategy is widely used to extract GAGs from mammals (Sundaresan et al., 2018, 

Kim et al., 2014), fowls (Luo et al., 2002), and marine animals, including salmon 

(Maccari et al., 2015), tilapia (Vasconcelos Oliveira et al., 2017), octopus (Higashi et 

al., 2015), sea snake (Bai et al., 2018), and sea cucumber (Chen et al., 2011). The 

methodology has been adapted; for example, Murado et al. (2010) conducted an 

alkaline hydroalcoholic process with ethanol and NaOH after the enzymatic digestion 

for cartilage. However, not only does the enzymatic digestion require specific reaction 

conditions, buffers and sufficient reaction time (Maccari et al., 2015), but it also 
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requires post reaction heating to inactivate the enzyme (Garnjanagoonchorn et al., 

2007), increasing the possibility of GAG degradation. Although enzymes can digest 

core proteins specifically, they are incapable of cleaving the tetra-saccharide linkage 

between GAGs and core proteins via serine residues so that the short peptide 

fragments from core protein hydrolysis may remain bound to the CS chains (Isemura 

and Ikenaka, 1975). Nevertheless, papain digestion is still the most commonly used 

method in the industrial purification of CS (Gargiulo et al., 2009). 

 

6.2.1.2 Previous approaches to CS purification methods 

After PG and subsequent GAG extraction, additional processes are commonly 

employed to further purify CS to achieve the desired level of purity. The philosophy 

of final purification is to remove other molecules and the solvent used previously, 

such as chloroform, ethanol, by taking advantage of size differences or differential 

affinities of charged constituents (Vázquez et al., 2016). Hence, a membrane with 

certain pore size or column filter with specific features is always required. Dialysis is 

the easiest and most effective process and can be flexibly inserted into the extraction 

process. When Li et al. (2010a) purified CS from pig laryngeal cartilage, they 

dialysed precipitates after ethanol precipitation to remove impurities. To achieve 

better dialysis outcomes, ultrafiltration-diafiltration can separate CS from other 

impurities by size differences and concentrate the CS in the final solution 

(Opdensteinen et al., 2019). Vázquez et al. (2018) carried out enzyme digestion and 

selective precipitation before the products were passed through a membrane of 30kDa 

to purify CS from blackmouth catshark cartilage. Moreover, the chromatography 

technologies involving ion-exchange resins are highly used in the purification of CS 

with the elimination of proteins and other molecules (Silva, 2006).  
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6.2.2 Novelty of the CS purification process developed in this thesis 

The methodology developed and employed in this study represents a significant 

advancement in the purification of high-purity CS, addressing longstanding 

limitations associated with traditional enzymatic extraction methods as described 

above. Most commercial and laboratory-purified CS products are derived from 

enzymatic digestion of PGs, a process that often yields products of suboptimal purity 

(Volpi, 2019). These conventional methods frequently result in CS products 

contaminated with KS (as determined by a 5D4+ KS epitope being detected in the 

commercially sourced Sigma CS preparation) or residual proteins and peptides, which 

compromise their applicability in analysing the precise role of CS in cartilage 

regeneration and other biological contexts. By implementing a novel, improved 

protocol, this study overcomes these limitations, offering a reproducible and robust 

approach for obtaining structurally intact, high-purity CS suitable for detailed 

biochemical and functional analyses. 

The innovative methodology employed in this study addresses these challenges 

through a carefully optimized multi-step process (Figure 3.1); this ensures both the 

structural integrity and purity of CS molecules as confirmed by subsequent glyco-

analyses and NMR structural analysis (Chapter 3). A major innovation in this study 

was the use of a modified alkaline treatment for the release of CS from aggrecan core 

proteins. Compared to enzymatic digestion methods, the approach described here 

achieved superior purity and structural integrity with a purity as high as 96.47±1.90% 

by Chondroitinase ABC digestion. Previous studies have noted the difficulty of 

removing KS contamination from CS preparations (Galeotti et al., 2014). By 

incorporating sequential chromatographic steps, this study overcame such challenges, 

ensuring the isolation of pure free CS chains. NMR spectroscopy analyses confirmed 

the structure and sulphation pattern of the purified CS (Section 6.2.3). Furthermore, 

the protocol was highly reproducible, with consistent yields and purity across multiple 

batches extracted. Its scalability makes it suitable for both small-scale research and 

large-scale industrial applications. The high-purity CS obtained through this 

methodology has broad implications for cartilage regeneration research. By ensuring 

the structural and functional integrity of CS, this approach enables precise 

investigation of its role in chondrocyte/bBMSCs behaviours, gene expression and 
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ECM synthesis. Furthermore, the purified CS can be used to develop bioactive 

substrates or scaffolds for cartilage tissue engineering, providing a reliable platform 

for studying the molecular mechanisms of cartilage repair and regeneration. 
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6.2.3 Functional Significance of the Purified CS-4 Isoform  

The 1H NMR spectra demonstrated the predominant presence of CS-4 in the purified 

CS products highlighting its significant functional role in bovine cartilage biology 

(López-Senra et al., 2020) and potential therapeutic applications. The proportion of 

CS-4 and CS-6 has been reported to change in multiple developmental or imbalanced 

conditions in both human cartilage and synovial fluid samples (Henrotin et al., 2010, 

Bayliss et al., 1999). In adult human cartilage, CS-4 is generally the predominant 

form (Sauerland and Steinmeyer, 2007). CS-4, characterised by the sulphation of the 

4th carbon of the N-GalNAc unit, is one of the most biologically relevant GAG 

isoforms in bovine cartilage, influencing both its structural properties and cellular 

interactions. The predominance of CS-4 in the purified products provides a valuable 

basis for exploring its contributions to cartilage repair and regenerative medicine. 

The proportion of CS isomers in cartilage is discovered to change with ageing and 

physiological and pathological conditions (Bayliss et al., 1999). Lin et al. (2020b) 

reported that CS-4 content was markedly decreased in OA cartilage with a reduction 

in total CS amounts. Understanding how CS-4 perform as a biological cue in cartilage 

still needs further investigation, but it has been shown that its expression is important 

in the integrin-associated adhesion between type Ⅵ collagen and chondrocytes 

(Midwood and Salter, 2001); furthermore, CS-4 deficiency can accelerate the 

development of osteoarthritis, demonstrating importance of the interactions between 

CS-4 and other ECM molecules as vital for maintaining cartilage integrity and 

facilitating repair processes. Klüppel et al. (2005) concluded the vital role of CS-4 in 

chondrogenesis by mutating the gene of chondroitin-4-sulfotransferase 1 in murine 

embryonic stem cells; homozygous mutant mice died within hours of birth exhibiting 

a severe chondrodysplasia restricted to bones formed through endochondral 

ossification. When CS-4 expression was highly supressed, the production of CS-0 and 

CS-6 was also downregulated, leading to the distorted distribution of CS from the 

ECM to intracellular localisation patterns instead. The aberrant expression of CS-4 

improved the phosphorylation of smad2 and TGF-β signalling, while the BMP-2 

pathway was repressed with decreased phosphorylation of smad1, which influenced 

the proliferation and hypertrophy of chondrocytes. This study also confirmed the anti-
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inflammatory property of CS-4: limited expression of CS-4 increased ECM disruption, 

apoptosis and mis-orientation of chondrocytes, which shared characteristics with OA 

(Klüppel et al. (2005). Therefore, the predominance of CS-4 in our purified product 

supports its use in tissue engineering applications aimed at replicating the native 

cartilage microenvironment.  

6.3 Biocompatibility of CS 

Purified CS preparations demonstrated excellent biocompatibility, evidenced by cell 

viability and proliferation, due to its natural occurrence in the ECM and its role in 

maintaining cartilage integrity (Kiani et al., 2002). CS-coated substrates provide a 

microenvironment that mimics native cartilage, supporting chondrocyte attachment 

and survival. When the BMSCs were cultured on the CS substrate, cell mass 

formation and increased cell viability were observed, likely to establish the molecular 

cues for themselves. These findings were corroborated by another study which 

demonstrated that a competitive acceptor of CS (PNPX), in the chondrogenic medium 

of BMSC monolayers, suppressed the formation of these cell clumps (Li et al., 2013a). 

The negative charge of CS was believed to facilitate interactions with cell surface 

receptors such as integrins, promoting adhesion and activating intracellular signalling 

pathways to enhance cell survival and cartilage regenerative potential (Shakibaei, 

1998).  

In free solution, CS interacts directly with BMSCs through cell surface receptors that 

drive chondrogenic differentiation, allowing for a more uniform distribution and 

interaction with BMSCs. The sulphated nature of CS, particularly CS-4, enhances its 

ability to bind and present growth factors like TGF-β, which are critical for 

chondrogenesis (Ai et al., 2023). By stabilising these growth factors and maintaining 

their bioavailability in the culture microenvironment, this contributes to the synthesis 

and organisation of cartilage-specific ECM components. The combination of 

chondrocytes and BMSCs on CS-coated substrate and CS-containing medium has 

been explored to leverage their complementary functions. By providing a 

microenvironment conducive to both cell types, CS improved the expression of 
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phenotypic markers and ECM deposition, enhancing the potential for cartilage 

regeneration. 

6.4 Optimising cellular models: comparative insights on key variables 

6.3.1 Cell source: comparison of chondrocyte versus BMSC  

In cartilage tissue engineering, the choice of cells is one of the most critical factors in 

designing effective regenerative strategies. Alongside scaffolds and bioactive factors, 

cells form one of the three essential pillars of tissue engineering (Chan and Leong, 

2008). The success of cartilage repair and regeneration depends not only on the 

biomaterials and biochemical cues provided but also on the capacity of cells to 

produce functional ECM and respond to the engineered microenvironment. Among 

the available cell sources, chondrocytes and BMSCs are two of the most widely 

studied due to their complementary roles in cartilage regeneration (Vinatier and 

Guicheux, 2016). Understanding the distinct behaviours of these cells, particularly 

their responses to CS, is crucial for optimising tissue engineering approaches. 

As the primary resident cells in cartilage, chondrocytes are highly specialised for 

producing cartilage-specific ECM. When cultured on CS-coated surfaces in this study, 

chondrocytes exhibited enhanced adhesion by clumping together to maintain a 

spherical structure. However, they exhibit limited proliferation potential, especially in 

vitro, which may lead to their dedifferentiation and loss of cartilage-specific 

functionality (Zhang et al., 2021). 

In contrast, BMSCs demonstrate a higher capacity for proliferation, making them an 

attractive alternative for large-scale applications (Kwon et al., 2018). In this thesis, a 

CS-coated surface also promoted the clumping and adhesion of the bBMSCs as 

previously reported (Li et al., 2013a). This property is critical for initiating 

differentiation and ECM synthesis. CS is reported to enhance their chondrogenic 

differentiation by interacting with growth factors like TGF-β3, stabilising them in a 

bioavailable form and providing a chondro-inductive microenvironment (Du et al., 

2023). These interactions activate critical signalling pathways, such as SOX-9, 
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driving the expression of cartilage-specific genes (Du et al., 2023). These findings are 

corroborated by this thesis, where addition of CS by substrate coating or 

supplementation in the media significantly induced sox-9 mRNA expression in 

bBMSCs, supporting the role of CS in driving the chondrogenic genotype/phenotype. 

With their high proliferative potential and differentiation versatility, BMSCs address 

the scalability issues associated with chondrocytes. Their immunomodulatory 

properties further enhance their utility in regenerative medicine (Gupta et al., 2012). 

6.3.2 Temporal comparison of cellular responses to CS 

The temporal behaviours of chondrocytes and BMSCs during culture is critical for 

understanding their roles in cartilage tissue engineering. The dynamics of cell 

adhesion, proliferation, differentiation, and ECM production vary significantly 

between the two cell types, reflecting their inherent biological properties and 

responses to the culture environment. Due to the limited temporal imaging suitability 

of the Transwell™ system, the comparison in morphology could only be conducted 

based on the imaging of chondrocytes and BMSCs on the 2D CS substrate using light 

microscopy. In the initial phase of culture on the CS-substrate coating, chondrocytes 

exhibited strong adhesion to the CS, before starting to form a cell mass by clumping 

to form spheroidal 3D structures. However, the chondrocytes exhibited limited 

proliferation early in the culture due to their terminally differentiated nature. Their 

primary function is ECM synthesis rather than expansion, making them less suited for 

applications requiring rapid cell proliferation (Chen et al., 2021). By the mid-stage of 

culture (days 3-7), chondrocytes seeded on CS substrate actively produced cartilage-

specific ECM components, such as collagen type II and aggrecan. The presence of CS 

in the culture environment enhances ECM production, which was highly likely 

achieved by providing biochemical cues that support the chondrocyte phenotype 

(Ahmad et al., 2025).   

In comparison, the bBMSCs showed robust adhesion within the first 24-48 hours, 

particularly on the CS-coated surface (Grottkau et al., 2013) maintaining small, 

rounded, or slightly elongated morphologies. Unlike chondrocytes, BMSCs have the 

proliferative potential during the early stages of culture, and they can expand if 
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needed; however, extensive proliferation was not observed in these experiments over 

the culture timeframe analysed. However, similar to that observed for the 

chondrocytes, CS induced sox-9 transcription and GAG deposition suggesting 

enhanced BMSC differentiation into chondrocytes.  

6.3.3 Dimensionality matters: insight from 2D and Transwell™ systems 

The culture system plays a pivotal role in influencing cell behaviours, ECM 

production, and the overall success of tissue engineering strategies. In this study, the 

performance of chondrocytes and BMSCs was evaluated in both 2D (CS-coated 

substrates) and Transwell™-based culture systems (CS in the chondrogenic media), 

offering insights into how dimensionality and environmental complexity affect 

cellular responses. The CS-coated substrate in 2D culture provides a simplified and 

reproducible platform for evaluating initial cellular responses, such as adhesion, 

proliferation, and early ECM formation. In this thesis, preliminary studies were 

performed to optimise the CS concentration required for the two cell types. In the 

monolayer culture system with CS-coated substrates, both the chondrocytes and 

BMSCs exhibited clumping behaviour, respectively. This aggregation could be 

attributed to the known adhesion properties of CS (Gao et al., 2014) which may 

support the formation of cellular clusters, particularly under conditions where cell 

density is high or when cells seek to mimic native tissue organisation. For BMSCs, 

the clumping behaviour observed in this thesis could indicate the initiation of 

chondrogenic differentiation, as cellular condensation is a precursor to 

chondrogenesis during embryonic cartilage development (DeLise et al., 2000).  

The Transwell™ system provides a 3D environment that more closely mimics the 

native cartilage microenvironment, addressing some limitations of traditional 2D 

culture systems. The Transwell™ system allows BMSCs to grow in a spatially 

unrestricted environment, encouraging cell-cell and cell-matrix interactions similar to 

those in native cartilage tissue (Murdoch et al., 2007). As evidenced in this thesis, 

bBMSCs cultured for 6-weeks in the Transwell™ system resulted in ‘cartilage-like’ 

tissue when supplemented with high CS, producing an established ECM; this data 

supports the concept that the 3D-ness of the culture setup is critical to recapitulate the 
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in vivo environment, resulting in a more physiologically relevant and functionally 

superior matrix compared to 2D cultures (Wu et al., 2011). This is critical for cartilage 

regeneration, as the structural organisation of ECM significantly influences its 

mechanical properties, which in turn regulate BMSC chondrogenesis and chondrocyte 

homeostasis (Jia et al., 2023).  

6.3.4 Examining environmental influences: substrate coating versus free solution 

approaches 

The environmental context in this study where CS is presented, whether as a substrate 

coating or in free solution, influences the behaviour of the chondrocytes and BMSCs. 

When CS is immobilised on a substrate as a 2D platform, it mimics the underlying 

natural cartilage ECM, providing localised, static biochemical cues, directly 

interacting with cell surfaces to enhance adhesion and early ECM production 

(Roncada et al., 2022). The coating promotes direct cell adhesion and creates a stable 

surface that supports long-term cell attachment and ECM deposition. This spatially 

fixed presentation of CS ensures that cells receive consistent biochemical signals, 

particularly beneficial for maintaining chondrocyte phenotype and inducing early 

chondrogenesis in BMSCs (Begum et al., 2020). However, what it does not allow for 

is the 3D environment that the cells typically reside in in vivo. It is known that 

substrate stiffness also serves as a mechanical signal for the cells since cells can sense 

and respond to the mechanical properties of their surrounding microenvironment and 

convert mechanical cue into biochemical signals, which may then influence 

maintenance of the chondrogenic phenotype or BMSC chondrogenesis (Wu et al., 

2017, Asadikorayem et al., 2024). In contrast, in the 3D system, CS acted as a soluble 

factor, creating a biochemical cue to improve ECM synthesis and chondrogenic 

marker expression (Galla et al., 2022).  

Interestingly, BMSCs in both systems responded similarly to CS with enhanced ECM 

production and sox-9 transcription. However, the Transwell™ system with soluble CS 

offers a more realistic model for studying cartilage regeneration, facilitating robust 

ECM production and chondrogenic differentiation in a spatially organised manner 

resulting in the semblance of ‘cartilage-like’ tissue, an effect not observed in the 2D 
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CS-coated substrate model. Furthermore, the regenerated tissue formed produced 

more ECM and expressed significantly higher sox-9 (3.8-fold, P<0.001) as one of the 

most important chondrogenic gene markers. The presentation of soluble CS in the 

media enhances CS mobility, allowing them to bind and stabilise growth factors like 

TGF-β3 to promote chondrogenesis and support the chondrocyte phenotype. 

6.5 Study limitations and future directions 

The successful extraction and application of free CS from bovine cartilage described 

in this thesis represents a significant step forward in standardising materials for use in 

cartilage tissue engineering approaches. Specifically, CS’s roles in maintaining the 

chondrocyte phenotype, promoting BMSC chondrogenesis and enhancing ECM 

production highlight its potential as a key biomaterial for cartilage repair.  

However, like any novel approach, this study faced several limitations that must be 

addressed to fully realise its translational potential. While this study successfully 

extracted high-purity free CS, the inability to detect CS epitopes using in-house 

monoclonal antibodies posed a challenge, with a significant amount of effort invested 

in trying to probe specific CS motifs for validation. Without precise epitope-level 

identification, it would be difficult to fully characterise the structural and functional 

attributes of CS, limiting the understanding of its specific interactions with 

chondrocytes and the ECM components. Therefore, glyco-analysis and NMR were 

instead applied to characterise the CS preparation which was able to successfully 

determine the constituents in the preparation.  

Although CS demonstrated positive effects on chondrocyte adhesion and BMSC 

chondrogenesis, the underlying molecular mechanisms remain unclear. Published 

studies hypothesise a role for integrins (Wang et al., 2007), but their involvement has 

not been experimentally confirmed in this thesis or in the literature. CS interactions, 

via integrins and/or cell surface receptors, might activate downstream signalling 

pathways essential for cell survival and ECM production, and may suggest a 

mechanism to explain the enhanced sox-9 transcription observed in this thesis. To 

uncover the mechanisms underlying CS’s effects in adhesion and signalling (Chastney 

et al., 2021), future work could include conducting integrin-blocking experiments to 



198 

 

verify their role in CS-mediated, specifically targeting integrins known to interact 

with CS, e.g. integrin αvβ3 and αvβ5 involved in pro-inflammatory cytokine and 

MMPs expression (Jin et al., 2021), α5β1, a key fibronectin receptor, may also be 

influenced by CS, affecting chondrocyte adhesion and downstream signalling (Sun et 

al., 2016). To investigate these interactions, integrin-inhibitors could be applied to 

chondrocytes or bBMSCs treated with CS. Genetic approaches, such as siRNA or 

CRISPR knockdown (Huang et al., 2016), could also be used to selectively inhibit 

specific forementioned integrins and verify their role in CS-mediated effects. The 

functional consequences of integrin inhibition could then be assessed by measuring 

various downstream effects. Adhesion and spreading assays would help determine 

whether CS enhances cell attachment via integrin-mediated pathways (Humphries, 

2001), with focal adhesion formation analysed through immunostaining of proteins 

like vinculin, talin, and paxillin, as well as live-cell imaging to monitor cell spreading 

dynamics (Owen et al., 2005). 

Further investigations into downstream signalling pathways could involve assessing 

Focal adhesion kinase (FAK) phosphorylation, a key marker of integrin activation, as 

well as key intracellular pathways such as the MAPK/ERK and PI3K/Akt cascades, 

which regulate chondrocyte survival and ECM remodelling (Reed et al., 2021). 

Additionally, NF-κB activation could be monitored to determine whether CS-integrin 

interactions contribute to inflammatory responses (Meier-Soelch et al., 2021). To 

obtain a broader view of the molecular pathways influenced by CS, high-throughput 

transcriptomic (e.g. RNA-seq) and proteomic approaches could be employed to 

identify differentially regulated genes and proteins (Manzoni et al., 2018). 

Cell viability was suboptimal in the agarose gel scaffolds used during the study 

although it has been prevalent to embed BMSCs in agarose hydrogel in cartilage 

repair (Wei et al., 2024, Connelly et al., 2011), The decision had to revert to the 

Transwell™ model. It is unclear why there was such significant BMSC cell death in 

the agarose, particularly as parallel experiments embedding chondrocytes 

demonstrated excellent cell viability. bBMSCs have been previously cultured in 

agarose, however the constructs utilised 1.5% agarose with a seeding density of 

10x106cells/ml in the presence of 10ng/ml TGF-β1 (Connelly et al., 2009). Therefore, 

it is clear that further optimisation is required to successfully establish this model, 
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including modifying cell seeding density, agarose concentration and possible addition 

of exogenous growth factors to support cell viability. 

While sox-9 expression was significantly upregulated, other critical chondrogenic 

markers such as col2a1 and acan did not exhibit similar increases. For bBMSCs 

cultured in CS-containing Transwell™, acan mRNA expression was suppressed when 

analysed at the termination of the 6-week experiment, indicating potential inhibitory 

effects of the culture conditions on completion of chondrogenic differentiation; this 

requires further investigation to determine whether there is a temporal response of 

bBMSCs to the addition of CS i.e. sampling at weekly intervals would provide a 

greater understanding of some of the mechanistic cell behaviours as the cell 

undergoes differentiation.  To overcome the limited expression of col2a1 and acan, 

future studies should integrate mechanical stimulation, such as compression or 

dynamic loading, into culture systems to mimic the in vivo biomechanical 

environment of cartilage (Suzawa et al., 2015). Kubosch et al. (2016) reported that 

mechanical loading enhances hMSC chondrogenesis by activating the TGF-β 

signalling pathway; cyclic compression combined with surface motion significantly 

upregulated TGF-β1 and TGF-β3 expression and promoted chondrogenic 

differentiation, even in the absence of exogenous TGF-β1. Inhibition of the TGF-β 

type I receptor blocked these effects, confirming that mechanical stimulation drives 

chondrogenesis through endogenous TGF-β signalling. Furthermore, refining the 

biochemical conditions that the cells are seeded in e.g. inclusion of growth factor 

combinations such as FGF-2 (Kabiri et al., 2012) or modifying the concentration of 

CS applied might enhance and better support chondrogenic differentiation (Stabler et 

al., 2015). It would also be interesting to develop a co-culture system containing 

chondrocytes and BMSCs to explore potential synergistic effects in cell behaviour 

(Kubosch et al., 2016), replicating the in vivo environment.  

Although the Transwell™ system supported BMSC differentiation into cartilage-like 

tissue, the resulting constructs did not consistently form cohesive plug-shaped 

cartilage tissue. Additionally, the internal organisation of the tissue differed 

significantly from native cartilage with inconsistent ECM deposition, suggesting that 

the culture conditions require further optimisation to achieve functional cartilage 

formation. To improve tissue morphology and function in the Transwell™ system, 
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future directions should include optimising the cell-seeding density and distribution to 

ensure uniform tissue formation (Bornes et al., 2016). It was observed on some 

Transwell™ inserts that the tissue-like structure that formed showed interruptions 

across the full width (Figure 7.1). The edges appeared to cling along the culture well 

walls, likely due to mechanical disruption. It is likely that during medium changes, the 

force of the liquid flow may have caused damage to the forming tissue before it was 

fully ‘developed’, compromising its integrity. This highlights the need for gentler 

handling or optimised medium exchange techniques to preserve structural continuity, 

hence advocating for the use of dynamic bioreactor systems that provide mechanical 

cues and dynamic nutrient exchange simultaneously (Ruiter et al., 2023), hence, the 

CS translational potential to bBMSCs chondrogenesis and cartilage regeneration can 

be further determined.                                                                                                                                      

6.6 Conclusion 

In this thesis, the aim was to explore and optimise a methodology to purify free CS 

chain molecules from bovine articular cartilage with the intention of assessing its 

influence on maintenance of the chondrocyte phenotype and chondrogenic 

differentiation of BMSCs. The thesis demonstrates a refined methodological pipeline 

to successfully extract and purify high-quality CS which was predominantly the CS-4 

isoform. Application of the purified CS preparation to chondrocytes and BMSCs 

seeded as monolayers revealed that it enhances ECM deposition and promotes sox-9 

expression in both cell types on CS-coated substrate. The purified CS preparation also 

improved sox-9 gene expression, in conjunction with more ECM production, in 

BMSCs cultured in the Transwell™ system. The work described here reports the 

promising role of pure CS products in regenerative medicine and cartilage tissue 

engineering, where CS positively functions as a biochemical cue to facilitate 

chondrogenic behaviours.
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Appendix 

 

 

Figure 7.1 Toluidine Blue staining for a control well on Transwell system. After 6-

week differentiation culture, the imaging reported BMSCs were not able to form a full 

depth and width like-tissue with the interruption in the middle. The cells at the edge 

set together and showed a tendency to cling along the sidewall of the insert (n=3, 

N=3, scale bar=100μm).  
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