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ABSTRACT 

Mesenchymal stem cells (MSCs) have shown promise in cartilage tissue engineering 

due to their unlimited capacity for self-renewal and capability to differentiate into 

cartilage tissue lineage under certain physiological or experimental conditions. In this 

thesis, we harvested MSCs from human infrapatellar fat pad tissue (hIPFP) and further 

fully characterised using flow cytometry. Human IPFP-derived MSCs at passage three 

(P3) show good homogeneity for MSCs cluster differentiation (CD) markers including 

CD29, CD44, CD73, CD90, and CD105. 

Hyaline articular cartilage repair is a significant challenge in orthopaedics and 

traditional therapeutic options result in inferior outcomes. We believe traditional 

methods can be improved through applications based on three-dimension (3D) culture 

systems and tissue engineering strategies. In this thesis, we planned to investigate the 

chondrogenic potential of hIPFP-derived MSCs, stimulated by TGFȕ3 and BMP6, over 

7, 14 and 28 day in vitro in 3D pellet culture, a 3D printed chitosan scaffold and a 3D 

scaffold comprising methacrylated hyaluronic acid and methacrylated gelatin (called 

HA/GelMA). Therefore, endpoints included histology staining, immunohistochemistry, 

immunofluorescence, and temporal changes in expression of specific chondrogenic 

genes using quantitative real-time polymerase chain reaction (qPCR). 

In vitro 3D pellet culture maintained cells to be in close proximity to each other and 

promoted cell aggregation that mimics the cellular condensation process within native 

cartilage tissue. Furthermore, research has shown the potential of 3D biomaterial 

scaffolds for providing a suitable environment for chondrogenic induction and 

significantly enhancing the proliferation, differentiation, and chondrocytic extracellular 

matrix synthesis by MSCs.  
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Collaborators at the Intelligent Polymer Research Institute (IPRI) at the Uiversity of 

Wollongong have developed extrusion printing for diverse bioengineering projects and 

this technique has developed for provision of both 3D chitosan scaffolds and 3D 

hyaluronic acid/biogel scaffolds for this project. The biocompatibility of chitosan and its 

structural similarity with glycosaminoglycan make it attractive for cartilage tissue 

engineering. Also, methacrylated HA and gelatin polymers were utilised to produce UV-

crosslinkable HA/GelMA scaffold. A cartilage extracellular matrix component, HA, is the 

main non-sulphated glycosaminoglycan and offers a promise candidate for engineering 

of cartilage.  

In all three types of cultures (pellet, chitosan and HA/GelMA), over 14–28 days, 

clusters of encapsulated chondrocytes formed. Collagen type 2 and proteoglycan 

production were confirmed using immunohistochemistry and immunoflourescence. 

Chondrogenic lineage markers including: SRY-related transcription factor (SOX9), 

collagen type 2 alpha 1 (COL2A1), and aggrecan (ACAN) gene expression increased 

significantly over the time course. We reported that chitosan and HA/GelMA scaffolds 

enhance and increase the efficiency of chondrogenesis in our model. 

Finally, advanced microarray technique was conducted to provide novel informations 

about overall gene expressions during chondrogenesis across all three cultures. This is 

the first time that in vitro microarray has been used in the assessment of the 

chondrogenic differentiation of hIPFP-derived MSCs cultured in 3D pellet and seeded 

into chitosan and HA/GelMA scaffolds. Microarray gene analysis requires high-end 

programming for assessment of the test statistics that show whether a particular gene 

or a set of related genes are highly regulated (up- or down-regulated). Another 

challenge is to select a ‘ranking of expressed genes’ that may be relevant to a 

particular set of experimental conditions or of particular interest from a biological 

perspective (e.g. a particular metabolic pathway or a set of apoptotic genes). 
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Therefore, we have successfully demonstrated in vitro production of hyaline-like 

cartilage from infrapatellar fat pad (IPFP)-derived MSCs in 3D culture. Microarray has 

provided novel informations concerning genes involved in chondrogenesis of hIPFP-

derived MSCs and our approach offers a viable strategy for generating clinically 

relevant cartilage for therapeutic use.  
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1.1 Cartilage introduction 

Cartilage is an important tissue because it acts as a regulator of skeletal growth and 

development in the foetal and adult stages and has a crucial role in endochondral 

ossification. Cartilage is located at the articular surfaces of the bone ends at joints, 

where it provides a low friction surface. Also, it is a relatively soft connective tissue 

found at various sites throughout the human body, including the nose, the pinna of the 

ear, meniscus of the knee, and intervertebral discs. Cartilage tissue is characterised by 

being elastic, flexible and semi-transparent [1].  

Depending on structure, location and relative contribution and distribution of 

extracellular matrix (ECM) composition, cartilage tissue is classified into elastic 

cartilage, fibrocartilage, and hyaline cartilage. Hyaline cartilage is the most abundant of 

the three types of cartilage that is high in proteoglycan (PG) quantity and prominently 

located in diarthrodial joints covering the ends of long bones. Elastic cartilage is located 

within the external ear and larynx. It is similar in structure to hyaline articular cartilage 

(AC), but it has greater elasticity due to an extensive network of elastic fibers. Fibro-

cartilage is found at the ends of ligaments and tendons and in meniscus. It contains 

regions of organised fibrous tissue within the ECM and characterised by low content of 

PG [2]. 

1.2 Hyaline articular cartilage structures and properties  

Articular cartilage is the highly specalised type of connective tissue covering the ends 

of the long bones in the knee, shoulder, and hip joints to provide a low-friction gliding 

surface for articulation and to promote shock-absorption, wear-resistance, and 

lubrication within the synovial environment [1, 2]. It covers knee joints at three positions 

including bottom of the femur, top of the tibia and backside of the patella. The location 

of AC within the knee joint is shown in Figure 1.1. Although AC is only a few millimeters 

thick (0.5 to 7.0mm), it has remarkable mechanical properties and high durability; 
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articular cartilage also has ability for reducing stresses on subchondral bone and 

distributing loads across the entire joint surface [3, 4].  

Articular cartilage has significant differences in thickness, matrix composition, cell 

density, and biomechanical properties among species and joint sites; however, within 

all synovial joints, AC constitutes the same general structure and composition, and 

provides the same functions. Unlike most tissues, AC is a highly organised aneural, 

avascular and alymphatic structure, receives nutrients via synovial fluids and it has low 

metabolic rate. The capacity of AC for self-repair is limited due to the sparse 

distribution of highly differentiated non-dividing chondrocytes. AC persists through life 

with minimal turnover of cells and components, low supply of progenitor cells and lack 

of vascular supply, restricting progenitor cells from the blood or the bone marrow to 

migrate to sites in the damaged tissue [1, 4, 5]. Adult AC has superficial to deep layers 

and has loaded and unloaded zones [6].  

The cartilaginous content of the articular surface at 8 weeks foetal gestation is highly 

cellular with very little intercellular matrix. In contrast at full term, this cartilage becomes 

fully chondrogenic with a notable decrease in cellular density and a massive increase 

in matrix content [7]. Several successive morphological stages of angiogenesis occurs 

inside hyaline cartilage with hairpin loops from perichondral vascular network into 

adjacent cartilage resulting in a tree-like vascular formations which become 

interconnected via lateral branches [8]. Cartilage canals are perichondral invaginations 

of blood vessels and connective tissue within the epiphysis of long bones which 

provide nutrient supply and waste removal from hyaline cartilage and stem cells to 

maintain ossification of the chondro-epiphysis [9, 10]. Without this vascular plexus the 

hyaline AC cannot survive. 
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Figure 1.1: The location of articular cartilage within a knee joint. Adapted and 

modified from: http://www.flagstaffboneandjoint.com/understanding-articular-cartilage-

of-the-knee.html 

1.2.1 Composition of articular cartilage 

Articular cartilage consists of highly specialised cells called chondrocytes. These 

chondrocytes form 1-5% of the total tissue volume and produce an extensive ECM, 

which is composed of a dense network of PG, and collagen fibers (collagen type 2). 

The collagen content in AC is about 60% (dry weight) while the PG content is 10-15% 

(wet weight) [1, 2]. The remaining component is water and small amounts of molecules; 

these include inorganic salts of sodium, calcium, chloride, and potassium, non-
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collagenous proteins, glycoproteins and lipids [1, 4, 11]. The composition values are 

presented in Table 1.1. 

Together, these components interact in a manner to maintain the performance of AC 

under repetitive static and dynamic loads throughout a person’s lifetime. Therefore, the 

mechanical behavior of AC arises from the complex structure and interactions of its 

biochemical constituents; mostly water, electrolytes, and a solid matrix composed 

primarily of PG and collagen [12]. The compressive and tensile strength of the AC is 

provided by the combined functions of the highly negatively charged cartilage PG and 

collagen type 2.  

 

Table 1.1: Composition values of articular cartilage [1]. 

Component Percent of total weight (%) 

Chondrocytes 1-5% 

Tissue fluid 65-80% 

Collagen 60% (dry weight) 

Proteoglycan 10-15% (wet weight) 

Glycoproteins and lipids <2% 

a) Cells 

Chondrocytes, the resident cell type in AC, are most abundant adjacent to the 

underlying bone and more diffuse towards the surface of the cartilage. Chondrocytes 

vary in shape, number and size based on the anatomical zones of the AC [1, 4].  

Chondrocytes are responsible for synthesis and turnover of the cartilage ECM 

macromolecules, the assembly and organisation of these macromolecules into an 

ordered framework and the maintenance and remodelling cartilage matrix by a careful 
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balance of catabolic and anabolic processes involving matrix metalloproteinases 

(MMPs) and tissue inhibitors of metalloproteinases (TIMPs) [13]. Rarely, chondrocytes 

form cell–to-cell interaction for direct signal transduction and communication between 

cells, but instead, they respond to a variety of stimuli, including: growth factors, 

mechanical loads, electric forces, and hydrostatic pressures [1, 2].  

b) Proteoglycan 

Proteoglycan represents the third major component of AC. These polysaccharide-

protein molecules make up 10-15% of the wet weight [1]. There are two major classes 

of PG found in AC, large aggregating PG aggrecan and small PG called leucine-rich 

repeat proteoglycan (SLRP) including: decorin, biglycan fibromodulin and lumican. PG 

consists of a protein core (10% of the molecular weight); to which one or more 

polysaccharide units, called glycosaminoglycans (GAGs) side chains (90% of the 

molecular weight), are covalently attached.  

GAGs are linear polysaccharide chains and negatively charged, making the PG repel 

each other and also to attract cations, such as Na+ and water molecules. The 

interaction between PG aggregates and interstitial fluid, through negative electrostatic 

repulsion forces, results in the drawing of more fluids and water into tissue; 

subsequently, this creates a large osmotic swelling pressure and compressive 

resilience of cartilage (see Figure 1.2.). So, the addition of water results in an 

aggrecan-rich matrix network to swell and expand [14, 15]. GAGs contain repeating 

disaccharide units consist of an amino sugar (N-acetylglucosamine) and a uronic acid 

(glucuronic acid). There are three groups of GAGs in AC: HA, chondroitin sulphates 

(ChS), and keratan sulphates (KS) [14, 16].  

In hyaline AC, the PG aggrecan exists in high contents in the form of aggregates in 

association with HA and link protein (LP). Many PG molecules like chondroitin 
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sulphates and keratan sulphate can bind covalently to a protein core and stabilise to a 

single long HA chain by LP to form PG aggregate, as shown in Figure 1.3.  

Aggrecan occupies the interfibrillar space of the cartilage ECM and provides the 

cartilage with its osmotic swelling pressure needed to resist compressive loads on 

joints [14]. Decorin, biglycan fibromodulin and lumican are responsible for maintaining 

the integrity of the AC and modulate its metabolism. In addition, the smaller PG is 

involved in binding matrix macromolecules (collagen type 2), thereby help to organise 

and stabilise the matrix, and binding transforming growth factor beta (TGFȕ), a growth 

factor known to stimulate AC matrix synthesis [17, 18].  

Changes with age are observed in GAGs concentration and in the proportion of 

individual GAGs. Large alterations occur during the period of skeletal growth (0-16y). 

At birth GAGs form about 50% of the dry weight of cartilage, a value that decreases to 

about 15% in adult cartilage. ChS form the principal GAGs of AC and account for 

almost the entire GAGs of the infant material. The ChS decreases with age and is 

partially replaced by KS, so the KS eventually comprises 12% of the GAGs. Hyaluronic 

acid increases linearly with age to form 6% by weight of the cartilage GAGs by the age 

of 60y [19].  
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Figure 1. 2: Extracellular matrix functions in articular cartilage. 

Two major load-bearing macromolecules are present in articular cartilage: collagens 

(mainly, type 2) and proteoglycan (notably, aggrecan). The interaction between 

proteoglycan aggrecan and interstitial fluid, through negative electrostatic repulsion 

forces, results in drawing of fluid into tissue and this provides compressive resilience to 

cartilage. The load-bearing properties of cartilage are provided by the osmotic welling 

pressure of the high concentration of aggrecan and the tensile properties of the 

collagen fiber network. In hyaline articular cartilage, aggrecan exists in high content 

within the matrix in the form of aggregates associated with hyaluronic acid and link 

protein. (See aggrecan in BLACK circles). Adapted and modified from Kiani et al., 2002 

[15]. 
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Figure 1.3: Diagram of the large proteoglycan aggregate and aggrecan molecule.  

In articular cartilage matrix, many GAGs molecules  (ChS and KS) bind covalently to a 

protein core and stabilise to a single long hyaluronic acid chain by link proteins to form 

aggregates. Adapted and modified from Pearle et al., 2005 [4]. 

c) Collagen 

Collagen is the most abundant structural protein in ECM making up about 60% of the 

dry weight (10-20% of wet weight) of AC. The predominant collagen of AC, type II, 

accounts 90-95% of the collagen in AC and forms the primary component of the 

macrofibrilar framework. The interaction between collagen type 2 and the highly 

negatively charged PG aggrecan provides the compressive and tensile strength to the 

AC. Furthermore, there are other types of collagen fibers (collagen types VI, IX, X, and 

XI) present, but contribute with a minor proportion. These minor collagen types have a 
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role in collagen type 2 formation and stabilisation [17]. Table 1.2 demonstrates all 

different types of collagen macromolecules found in AC and their functions [2, 20].  

There are 28 different collagen types composed of at least 46 distinct polypeptide 

chains have been identified in vertebrates [21]. All types of the collagen contain a 

region consisting of three polypeptide chains (Į1, Į2 and Į3) wound into a triple helix. 

In some collagen types, all three polypeptide chains are identical (homotrimers, such 

as collagen type 2, while in other types, the molecules contain at least one different a 

chain (heterotrimers), such as collagen type I [22].  

The collagen chains are synthesised as longer precursors called procollagens. In the 

endoplasmic reticulum, the procollagen chain undergoes extensive posttranslational 

processing reactions prior to triple helix formation [23]. A number of enzymes and 

molecular chaperones assist in translational modification and triple helix folding 

including: several hydroxylases, two collagen glycosyltransferases and peptidyl cis-

trans isomerase, in addition to protein disulphide isomerase (PDI) [24]. Each 

polypeptide chain has a repeating Gly-X-Y triplet in which glycyl residues occupy every 

third position and proline and 4-hydroxyproline occupy the X and Y positions, 

respectively. Two hydroxylation modifications have occurred; first, a reaction that 

substitutes a hydroxyl group (-OH) for a hydrogen atom (H) in the proline residues at 

certain points in the polypeptide chains, transforming them to hydroxyproline, which 

help to form a triple helix structure. This hydroxylation reaction organises the chains in 

the conformation to form a triple helix. Next, the hydroxylation of the amino acid lysine 

and converting those residues to hydroxylysine. This hydroxylation reaction permits the 

cross-linking of the triple helices into the fibers of the tissues [21, 23].  

During chondrogenesis, two different alternatives splicing of the type II procollagen 

genes (COL2A1; type IIA and type IIB) are developmentally regulated. Type IIA 

procollagen contains exon 2 and is produced by chondroprogenitor cells, whereas type 
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IIB procollagen does not contain the domain corresponding to exon 2 and is 

synthesised by differentiated chondrocytes [25].  

Interestingly, developing cartilage comprises collagen types II, IX, and XI that are 

cross-linked in a co-polymeric network, which form the extracellular framework of the 

tissue [26, 27]. There is a spatial correlation between synthesis of collagen type X and 

formation of new bone through endochondral ossification. The expression of collagen 

type X is normally restricted within hypertrophic chondrocytes where it supports AC 

structure by regulating ECM mineralisation and compartmentalising matrix components 

[28]. 

 

Table 1.2: Collagen macromolecules. All different types found in articular cartilage 

matrix: % of total collagen, locations and their functions. 

Collagen types Location Function 

Type 2 (or Type II) Articular cartilage 
75% foetal, >90% adult Tensile strength 

Type VI  Chondron basket 
Microfilaments <1% 

Helps chondrocytes to 
attach to the matrix̘ 

Type IX Covalently fibril-associated 
collagen 10% foetal, 1% adult 

Tensile properties and inter-
fibrillar connections 

Type X Hypertrophic chondrocyte in 
calcified cartilage layer 

Structural support and aids 
in cartilage mineralisation 

Type XI Fibril template 
10% foetal, 3% adult Nucleates fibril formation 

 

d) Non-collagenous proteins and glycoproteins 

In addition to collagens and PG, AC contains a number of non-collagenous proteins 

and glycoproteins within the ECM. These molecules, (such as anchorin CII, fibronectin 
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[11, 18], cartilage oligometric matrix protein (COMP), cartilage intermediate layer 

protein (CILP), and proline and arginine-ended leucine-rich protein (PRELP), likely play 

a structural role in the organisation and maintenance of the ECM [11, 29].  

Anchorin CII, for example, is a collagen binding protein located on the outer cell 

surface of chondrocytes. This protein is involved in the interaction of chondrocytes with 

collagen fibrils [30]. Another structural protein of interest is fibronectin, which has been 

identified in many other tissues in addition to AC. Although the specific functions of 

fibronectin in AC is not fully understood, but it may have roles in matrix organisation, 

cell-matrix interactions, and in stimulating the production of inflammatory cytokines, 

(such as IL-1) in inflammatory arthiritis [11].  

COMP is one of the most abundant non-collagenous ECM proteins expressed in 

proliferative and hypertrophic chondrocytes of the growth plate and in AC [31]. COMP 

gene has been studied extensively and the mutations in this gene have been reported 

in two heterogeneous inherited disorders such as Pseudoachondroplasia (PSACH) and 

multiple epiphyseal dysplasia (MED) [32, 33]. During AC turnover, the COMP protein 

fragments amount in synovial fluid and serum has been increased due to COMP 

degradation. Earlier studies have demonstrated that elevated levels of COMP in 

synovial fluid and serum may be used as a prognostic marker for evaluation the joint 

destruction disorders associated with the early stages of primary osteoarthritis, and 

joint trauma [34-36]. COMP represents an important role in matrix assembly and matrix 

interaction through interacting with different types of cartilage ECM proteins, including 

collagen I, II, and IX and PG aggrecan [37, 38].  

The middle layer of AC contains CILP matrix protein. CILP is mostly deficient in the 

superficial and deep layer. Also, CILP is more prevalent in adult AC [39] and its 

synthesis increased in osteoarthritic cartilage. Therefore, it has been suggested that 

the immune response to CILP may play a role in the pathogenesis of chronic 
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inflammatory joint destruction such as osteoarthiritis (OA) and rheumatoid arthritis (RA) 

[40].  

e) Tissue fluids 

Sixty-five to eighty percent of the total weight of normal AC is fluid, with 80% at the 

surface and 65% in the deepest layer [3, 41]. Tissue fluid gives the ability for AC to 

withstand load compression, distributes nutrients to chondrocytes, and provides 

medium for lubrication, producing a low-friction gliding surface. This fluid is primarily 

made up of water and also contains gases, small proteins, metabolites and a large 

number of cations, which attracts and stabilises the negative charge of the large 

aggregating PG. This interaction within the tissue fluid contributes for retaining water 

and maintaining the mechanical properties within the AC. Approximately, 30% of water 

is contained in the intrafibrillar space within the collagen fibrils and this is crucial for the 

structural organisation of the ECM [1, 41-43]. 

1.3 Zones of articular cartilage 

Articular cartilage has four distinct zone structures, namely superficial, transitional, 

deep (middle) and calcified (Figure 1.4) that are thought to determine its unique 

mechanical and biological properties. Microscopically, each zone has different 

structural, morphological and composition features. The contents of ECM within each 

zone differ with respect to quantity of collagen, PG and water. Collagen fibrils in 

different zones have different organisation and orientation. In addition, the 

chondrocytes differ not only in appearance and size, but in metabolic activity as well 

(Figure 1.5) [3, 4, 44].  
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Figure 1.4: Four distinct zonal structures of hyaline articular cartilage.  

(Scale bar = 500 µm). 

 

The uppermost layer is the superficial zone, which occupies about 10-20% of the 

matrix volume with a low PG and high water content. This layer consists of elongated 

chondrocytes and collagen fiber bundles that are oriented parallel to the articular 

surface. The dense arrangement of collagen fibers in this zone provides high tensile 

strength for AC [44]. Douthwaite et al. isolated a population of progenitor cells from the 

superficial zone of cartilage and showed these cells are probably contributed in 

appositional growth of AC [45]. It has been reported that many growth factors play an 

important role within the superficial zone of AC. For example, Bone morphogenetic 

protein-7 (BMP7) stimulates chondrocytes for synthesis and assembly of superficial 

zone protein (SZP) in the superficial zone. SZP has been identified as a functionally 

important protein for providing lubricating feature at the surface of AC [46].  
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The transitional zone layer is 40-60% of the matrix volume, comprises higher PG 

content and lower concentration of water than the superficial zone.  This zone has a 

large network of collagen fibrils without apparent organisation under high magnification. 

Chondrocytes in the transitional zone are rounded and appear to have intracellular 

components consistent with a metabolically active cell.   

Below the transitional layer is the deep layer, which occupies 30% of the matrix volume 

and is mostly characterised by stiffness. This zone contains the highest proportion of 

PG, the lowest concentration of water and the largest-diameter collagen fibrils. The 

collagen fibrils are oriented perpendicular to the articular surfaces and the cells appear 

spherical and aligned in columns of 4-6 cells (chondron) parallel to the collagen fibers 

and perpendicular to the joint surface.  

The calcified cartilage zone is separated from the deep one by the “tidemark”. This 

deepest layer anchors the overlying AC to the subchondral bone. In addition, the 

calcified cartilage layer is heavily filled with crystals of calcium salt and lacks PG, but 

contains small numbers of chondrocytes, compared to those in the deep layer, 

embedded in calcified ECM and thus showing that the cells have a very low metabolic 

activity. In injury, the zone of calcified cartilage is re-activated (e.g. in osteoarthritis) 

and calcifies the non-mineralised matrix leading to destabilisation [47]. The expression 

of collagen type X, which synthesised by hypertrophic chondrocytes, is restricted to this 

calcified zone and represents an important function for supporting structural integrity of 

the AC and has major importance in endochondral bone growth and development [28]. 

The tidemark of AC is the zone between AC and calcified cartilage. This tidemark is not 

present in fibrocartilage and consequently, is less stable. The tidemark can be 

regenerated through a bone marrow driven growth process of endochondral 

ossification near the articular surface [48].   
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However, the ECM within each zone is divided into distinct regions based on proximity 

to the chondrocytes. These regions have been defined as the pericellular, territorial, 

and interterritorial region. Both the pericellular and territorial matrices play a functional 

biomechanical roles for signal transduction within cartilage and provide mechanical 

protection for chondrocytes during loading, respectively [3]. 

1.4 Cartilage development 

Cartilage tissue development is governed by a similar set of growth and differentiation 

factors as bone development, with mesenchymal cells differentiating into chondrocytes 

via chondrogenesis. During this process, mesenchymal cells form a pre-chondrogenic 

mesenchyme condensation, and subsequently differentiate into growth plate 

chondrocytes [49]. Even though chondrocytes comprise the majority of the cells in 

cartilage, the origins and sources of the cartilage cell lineage are different. 

Chondrocytes originate from cranial neural crest cells (CNCCs) of the neural ectoderm, 

cephalic mesoderm, and sclerotome of the paraxial mesoderm [50].  

Developmentally, the chondrocytes exhibit well-controlled cycles of proliferation, pre-

hypertrophic, and hypertrophic differentiation, maturation, and apoptosis. As 

development progresses, cells proliferate and begin to secrete the ECM, which 

calcifies as the cells enter the hypertrophic cycle of differentiation followed by cell 

death.  The calcified cartilage matrix is then replaced by bone in a process known as 

endochondral ossification [51]. 
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Figure 1.5: The microscopic macromolecular organisation of the articular 
cartilage. Each zone (superficial, transitional, deep and calcified cartilage) is distinct in 

terms of its cell morphology, collagen fiber organisation, and molecules composition of 

its extracellular matrix. Matrix constituents of each cartilage zone are presented as 

molecular schematics. Adapted and modified from Hayes et al. 2007 [52].  

 

1.4.1 Articular cartilage formation in vivo 

The formation of AC by chondrification is also known as chondrogenesis. This process 

is the earliest phase of skeletal development, is vital for endochondral bone formation, 

and the formation of chondrocytes during embryogenesis and adult life during skeletal 

tissue repair. Importantly, the processes of chondrogenesis and endochondral 

ossification are not restricted to the developing skeletal system but also arise from 

stress-related cartilage diseases such as OA and injuries such as fractures of 

endochondral bone. The process of chondrogenesis and chondrocyte proliferation, 

hypertrophy, and terminal differentiation are reinitiated at the site of injury. 

Consequently, much consideration has been paid to study the cellular and molecular 
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mechanisms that regulate chondrogenesis and chondrocyte differentiation [53]. 

Generally, chondrogenesis occurs in four stages including recruitment and migration of 

undifferentiated mesenchymal cells, pre-chondrogenic mesenchyme condensation, 

chondroprogenitor and chondroblast cell differentiation, and the differentiation of 

chondrocytes.  

The mesenchyme condensations arise following mesenchymal-epithelial cell 

interactions that influence the differentiation of mesenchymal progenitor cells to 

chondrocytes [50, 54]. The process of mesenchymal progenitor cell aggregation into 

pre-chondrogenic condensation was first described by Fell et al. (1925) [55]. Cellular 

condensation is controlled by cell–cell and cell–matrix interactions, growth and 

differentiation factors, and other environmental factors that stimulate or suppress 

certain cellular signalling pathways and transcription of specific genes to initiate 

cartilage formation. Several factors are involved in condensation phase such as the 

neural cell adhesion molecule (N-CAM), neural cadherin (N-cadherin), and fibronectin 

[50, 56].  

As chondrogenesis progresses, mesenchymal stem cells that surround the developing 

cartilage begin to differentiate and produce fibroblasts and chondroblasts, which 

generate the outer (fibrous) layer and inner  (cambium) layer of perichondrium; a layer 

of dense irregular connective tissue that surrounds the cartilage of developing bone 

and has a functional role in the growth and repair of cartilage tissue [57].  

AC development may occur in one of two different ways: (1) the growth of cartilage 

tissue in thickness and diameter by the addition of ECM to the cartilage surface, and 

addition of new chondroblasts from the perichondrium (appositional growth), and (2) 

interstitial growth by division of chondrocytes within specific lacunae in the deep zone 

of the cartilage tissue, which is accompanied by further secretion of the ECM. This 
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mitotic activity causes the lacunae to possess two, four, or eight daughter chondrocytes 

that are known as isogenous cells [49, 51].    

1.4.2 Molecular and signaling factors of chondrogenesis  

Chondrogenesis requires an efficient coordination of critical signaling molecules 

working together to control and regulate different stages of chondrogenic differentiation 

(Figure 1.6).  These signaling molecules include: members of the TGFȕ family, BMP, 

Wnt, Hedgehog, parathyroid hormone-related peptide (PTHrP) and fibroblast growth 

factor (FGF) family, as well as a number of transcription factors, such as SOX, Runx 

and the homeobox (Hox) homeodomain proteins. Furthermore, the adhesion 

molecules, homeobox genes, MMPs and prostaglandins play an important role for 

regulation the complex mechanisms [50].  

1.4.3 Early stages of chondrogenesis 

The first initial step in chondrogenesis is mesenchymal condensation and it takes place 

when a population of mesenchymal cells gathers to each other to form an aggregation 

called condensation. Condensation is mediated by several growth and transcription 

factors [54]. The SRY-related transcription factor, SOX9, is one of the earliest markers 

of mesenchymal condensations, it belongs to the family of “high-mobility group box” 

transcription factors and expressed in cells undergoing condensation, where it 

regulates the expression of collagen type 2 gene (COL2A1) and certain other cartilage-

specific matrix gene, such as COL11A2, prior to matrix deposition in the cartilage 

anlagen.  

SOX9 expression is regulated by members of TGFȕ, FGF and Wnt families [50]. A 

Homozgous mutation of SOX9 inhibits chondrogenesis, while heterozygous loss of 

SOX9 transcription factor causes skeletal hypoplasia [58-60]. Meech et al. described 

homeobox transcription factor Barx2 that bound to elements within the cartilage-
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specific COL2A1 enhancer, suggesting cooperation between Barx2 and SOX9 proteins 

for mesenchymal aggregation and chondrogenic differentiation [61].  

Two additional SOX family members, L-SOX5 and SOX6, which are not express during 

early mesenchymal condensations, but are co-expressed with SOX9 and are required 

for the expression of COL9A1, aggrecan, and link protein, as well as COL2A1 during 

chondrocyte differentiation [50, 59, 62].  

ȕ-catenin is another transcription factor that expressed in mesenchymal condensation 

and it`s stabilisation and nuclear translocation are activated through Wnt signalling 

pathway. Loss of ȕ-catenin activity is required in condensation to initiate chondrocyte 

differentiation as stabilisation of ȕ-catenin result in blocking the SOX9 expression, 

therefore, inhibiting cartilage formation [63, 64].  

Pre-chondrogeneic cells within mesenchyme condensation express high level of ECM 

molecules, and cell adhesion molecules, such as fibronectin, tenascin, syndecan, N-

cadherin and N-CAM, and their expressions are mediated by TGFȕ growth factors. All 

of these molecules have ability to initiate condensation formation and set condensation 

boundaries. N-cadherin is associated with adhesion of cells in condensations, while N-

CAM has a greater role in stabilisation of condensations [54, 65].  

The initial process of chondrogenesis within mesenchyme condensation is also 

mediated by sonic hedgehog protein (Shh) that stimulates the activation of complex 

signalling pathways including TGFȕ, BMP, FGFs and different Hox transcription 

factors. Therefore, the Shh protein plays a central role in the developmental patterning 

of the skeletal system [66]. Over-expression of BMP2 and BMP4 growth factors in 

chick embryos showed an increasing in condensation size and shape as well as 

condensation growth [67]. The Hox, encoded by two genes (HoxA and HoxD), are 

considered as critical transcription factors within the early events of limb patterning in 

the undifferentiated mesenchyme and they are essential for the expression of Shh [68].  
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In order for progression from condensation stage into differentiation to one of cells 

identifiable as chondroblasts, it requires down-regulation of both N-CAM and the 

proliferation genes and up-regulation of genes associated with chondrogenic 

differentiation. Subsequently, the progression to the differentiation phase is achieved 

through signals that stop condensation growth either by binding of syndecan to 

fibronectin and then down-regulating N-CAM or when Noggin inhibits BMP signaling. 

Also, the differentiation phase can be initiated through up-regulation of such signalling 

pathways as BMP2, BMP4, BMP5, and the activation of homeobox genes such as 

Msx-1 and Msx-2 [50, 54].  

1.4.4  Transforming growth factor-beta (TGFȕ) superfamily 

In human, TGFȕ is a secreted protein that exists in at least three subtypes (TGFȕ1, 

TGFȕ2 and TGFȕ3). Transforming growth factors-beta1 was the first member of this 

family to be identified. The TGFȕ family is part of a superfamily of secreted proteins 

known as the transforming growth factor beta superfamily, which contains inhibins, 

activins, Mullerian inhibitory substance (MIS), the BMPs, growth differentiation factors 

(GDFs), and the glial-derived Neurotrophic Factors (GDNF) family. [69]. The TGFȕ 

family of growth factors are involved in the regulation of cellular processes such as 

proliferation, differentiation and apoptosis [70].  

Intracellular signaling cascades, particularly those involving the mitogen-activated 

protein kinases (MAPK), whose major subtypes include p38, extracellular signal- 

regulated kinase-1 (ERK-1), and c-Jun N-terminal kinase (JNK), have been shown to 

be activated by TGFȕ1 in promoting cartilage-specific gene expression during 

chondrogenesis. This activation of the MAPK during chondrogenic differentiation is 

associated with up-regulation the expression levels of a number of cell adhesion 

molecules including fibronectin, N-cadherin and N-CAM that during prechondrogenic 

condensation [71]. The specific MAPK subtypes, Erk-1 and p38; represent opposing 
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roles during chondrogenesis at post-precartilage condensation stages. Specifically p38 

contributes to stimulating of chondrogenic cellular condensation [72, 73], whereas 

ERK-1 activation leads to a repress of chondrogenesis through cross interaction with 

BMP2 accelerated signaling pathway [73, 74]. 

1.4.5  The role of bone morphogenetic proteins (BMPs) in 
chondrogenesis 

The BMPs are members of the TGFȕ superfamily and represent an important role in 

the earliest stages of chondrogenesis (mesenchyme condensation, and 

chondroprogenitor cell determination and differentiation). Also, BMPs regulate and 

control the later stages of chondrocyte maturation and terminal differentiation to the 

hypertrophic phenotype [70] .Two studies have represented that BMPs are essential for 

the formation of precartilaginous condensations, chondrocytes proliferation and 

survival, and for the differentiation of precursors into chondrogenic lineage in vitro and 

in vivo [75, 76].  

There are several BMPs ligands and their receptors (BMPrs) that provide a complex 

network of complementary signaling interactions, up and down -regulation of gene 

expression during chondrogenesis.  BMPs signaling pathway is mediated by binding to 

heteromeric complex of type I and type II serine/threonine kinase receptors (BMPrs1A 

or BMPrs1B and BMPrs2). This binding of BMPs to the receptor complex causes a 

phosphorylation of the Smad transcription factors: Smad1, Smad5, and Smad8. 

Phosphorylated Smad proteins then interact with the common mediator Smad4 to 

stimulate expression of target genes of chondrogeneic phenotypes. BMPrs1B 

expression is restricted to mesenchymal cells in early embryological development 

during condensation. Thus, this receptor appears to be involved in early cartilage 

formation. In contrast, the expression of BMPrs1A was detected in prehypertrophic 
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chondrocytes. So, misexpression of both Bmpr1A and 1B leads to hypoplastic cartilage 

anlagen due to a severely reduced chondocytes proliferation rate [76].  

It has been shown that over-expression of BMP2, 4, and 7 results in an increase in 

both size and shape of limb elements within the condensations and this regulation is 

depending upon the temporal and spatial expression of BMP receptors and BMP 

antagonists, such as noggin and chordin, which directly bind BMP proteins, thereby 

preventing them from interacting with their receptors [77]. Furthermore, BMPs 

represent multiple roles during the later stages of chondrogenesis.  

In the long bones after condensation, BMP2, 3, 4, 5, and 7 are expressed primarily in 

the perichondrium and only BMP7 is expressed in the mature chondrocytes, 

suggesting that BMP7 might be of interest in cartilage tissue engineering with respect 

to its proliferation-stimulating capacity. BMP2 is found exclusively later in hypertrophic 

chondrocytes along with BMP6. No significant difference in the expression of BMP6 in 

chondrocytes, obtained from normal and OA adult human AC, has been demonstrated 

[78]. BMP6 represents a direct role in regulating chondrocyte maturation, while other 

BMPs contribute to signaling between the perichondrium and prehypertrophic and 

hypertrophic chondrocytes [50]. BMPs are integrated in the Ihh–PTHrP signaling loop. 

They have been found to induce expression of Indian hedgehog (Ihh), which up-

regulates the expression of PTHrP and, hence, increase maturation of chondrocytes 

and inhibit hypertrophic differentiation [79-81]. 

1.4.6 Indian hedgehog (Ihh) and Parathyroid hormone-related peptide 
(PTHrP) 

Indian hedgehog and PTHrP are two signalling factors that interact in a negative 

feedback loop controlling the proliferation of growth plate chondrocytes in the 

proliferative and the prehypertrophic zones as well as regulating the pace of 

hypertrophic differentiation; one of the critical steps that links chondrocyte proliferation 
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with the ossification during bone formation. So, the feedback loop determines the step 

when the cells leave the proliferative zone and enter the transition to hypertrophic 

chondrocytes [82].   

Indian hedgehog, (Ihh), another member of the Hedgehog family of signalling factors, is 

initially expressed in cells of cartilage elements by prehypertrophic chondrocytes, 

where it maintains the proliferating chondrocyte pool in the growth plate, controls 

formation of the bone collar and represses the onset of hypertrophic differentiation by 

positively regulating the expression of PTHrP in the perichondrium (the area of 

mesenchymal tissue surrounding the cartilage anlagen). One characteristic of Ihh-

deficient mice is a marked decrease in prehypertrophic chondrocyte proliferation [82-

84].  

The central role of Ihh is mediated by the membrane receptors patched (Ptc) and 

smoothened (Smo), a G protein-coupled transmembrane protein. Ptc is another 

transmembrane protein, which is expressed by surrounding perichondrial cells and 

functions as a receptor for the Ihh factor. In the absence of Ihh, Smo is repressed by 

Ptc1. Binding of Ihh ligand to the Ptc1 receptor activates and relives the repression of 

Smo allowing Ihh signal transduction to take place and induces Gli transcription factors, 

which can regulate Ihh target genes in a positive (Gli1 and Gli2) or negative (Gli3) 

manner [85, 86].  

In the developing cartilage, Ihh is expressed in prehypertrophic chondrocytes. It 

controls osteoblast differentiation in the perichondrium by controlling the expression of 

Runx2, which encodes a transcription factor required for osteoblast differentiation [82]. 

Indian hedgehog is also a major driving force for chondrocyte proliferation [83], and it 

sets the pace for chondrocyte hypertrophy by activating the expression of parathyroid 

hormone related peptide, which inhibits chondrocyte hypertrophy [83, 85].  
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On the other hand, PTHrP is a signaling factor that is synthesised and secreted by 

perichondral cells or chondrocytes in the periarticular perichondrium. This factor 

diffuses toward the prehypertrophic zone, which contains cells with a high number of 

PTH/PTHrP receptors. PTHrP inhibits further differentiation to hypertrophic 

chondrocytes near the articular ends of the developing bone, thus maintaining a pool of 

proliferating cells. This inhibition of terminal chondrocyte differentiation is mediated by 

reducing the expression of Runx2, and by the phosphorylation of SOX9 [87]. Fischer et 

al. showed that coculturing of human articular chondrocytes with MSCs up-regulates 

the expression of PTHrP which improving chondrogenesis and suppressing the 

hypertrophic development (collagen type X and alkaline phosphatase) of MSCs [88]. A 

constitutive activation cause Jansen’s chondrodysplasia, which is characterised by 

decreased skeletal growth, abnormal metaphases and other skeletal malformation, and 

is associated with mutations in the PTH/PTHrP receptor [89]. 

1.4.7 Wnt/ȕ-catenin 

Wnt proteins are powerful secreted signaling molecules that control and regulate a 

number of cell biological and developmental processes such as stem cell self-renewal, 

apoptosis, cell motility, and tissue homeostasis [90]. Wnt signaling is activated by 

binding of their proteins to Frizzled and low-density lipoprotein receptor-related protein 

cell surface receptors. Upon Wnt binding, signals were transduced via the ȕ-catenin- 

LEF/TCF pathway called Wnt/ȕ-catenin signaling. Wnt/ȕ-catenin signaling activation 

has been tested in immature and mature cultured chondrocytes and showed that 

Wnt/ȕ-catenin signals are crucial for regulation phenotype, maturation, and function of 

chondrocytes [91]. Mak et al. found that Wnt and Ihh signaling pathways interact with 

each other to regulate multiple aspects of chondrocyte development such as 

chondrocyte maturation, hypertrophy, and survival in the developing endochondral 

bone.  
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In chondrocyte survival, Wnt/ȕ-catenin signaling is required for the expression of Ihh 

target gene to inhibit chondrocyte apoptosis, whereas, Wnt/ȕ-catenin is not required for 

the activity of Ihh signaling pathway and osterix expression for osteoblast 

differentiation. In addition, Ihh signaling can inhibits chondrocyte hypertrophy and 

independently of Wnt/ȕ-catenin signaling [92]. 

1.4.8 SRY-box transcription factors 

The transcription factor SOX is necessary for controlling the onset of chondrogenesis in 

undifferentiated mesenchymal cells as well as the progression of chondrocytic 

differentiation. The SOX family is composed of several subgroups based on sequence 

homologies both within and outside a high-mobility-group HMG box domain. L-SOX5 (a 

long product of SOX5), SOX6 and SOX9 are members of the SOX family of 

transcription factors that are characterised by a high-mobility-group box DNA binding 

domain [59, 93].  

The SOX, whose sequence is characterises by a high degree of homology with that of 

the sex determining factor SRY, is expressed in cells within the mesenchyme 

condensation and in differentiated chondrocytes, but not in hypertrophic chondrocytes. 

There is no expression of SOX9 in osteoblasts. SOX9 has an essential role during the 

sequential steps of chondrocyte differentiation and has been found to be a critical 

factor for directing mesenchymal cells toward chondrocytes, as well as activation of 

SOX5 and SOX6 [93, 94].  

In humans, heterozygous mutations in the gene for SOX9 lead to campomelic 

dysplasia, a severe dwarfism syndrome and generalised skeletal malformation 

syndrome, which affects all cartilage-derived structures [58, 59], while embryonic cells 

with a homozygous SOX9 mutation were unable to form cartilage in vivo and activate 

essential chondrocyte marker genes. SOX9 haploinsufficiency contributes to death at 
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or soon after birth due to respiratory distress [59]. In addition, SOX9 up-regulates 

expression of several cartilage- specific matrix genes including COL2A1, COL11A2, 

and Aggrecan. SOX9 binds to essential sequences in the COL2A1 and COL11A2 

chondrocyte-specific enhancers. In mouse chimaeras, SOX9-/- cells are excluded from 

all cartilage but are present as a juxtaposed mesenchyme that does not express the 

chondrocyte-specific markers COL2A1, COL9A2, COL11A2 and Aggrecan. This 

indicates that SOX9 is essential for chondrocyte differentiation and cartilage formation 

[95]. SOX9 has recently been shown to control the transcription of chondrocyte-specific 

genes in association with other transcriptional regulators such as AT-rich interactive 

domain–containing protein 5a (Arid5a; also known as Mrf1); an activator of the COL2A1 

gene promoter and highly expressed in cartilage and induced during chondrocyte 

differentiation. Arid5a directly interacts with SOX9 and thereby up-regulates its 

chondrocyte-specific action [96].  

Two others SOX family members, L-SOX5 and SOX6, which are not present in early 

mesenchymal condensations, but are co-expressed with SOX9 during chondrocyte 

differentiation, have a high degree of sequence identity with each other, but have no 

sequence homology with SOX9 except in the HMG box [97]. The expression of L-

SOX5 and SOX6 depend on SOX9 [94]. Both L-SOX5 and SOX6 are controlled the 

expression of COL9A1, aggrecan, and link protein, as well as COL2A1, during 

chondrocyte differentiation [50]. Most importantly, SOX5 and SOX6 are needed to 

develop and maintain source, columnar, and hypertrophic chondrocytes in the cartilage 

growth plate by keeping chondroblasts proliferating and delaying chondrocyte 

prehypertrophy. SOX5 or SOX6 knockout mice are born with minor cartilage defects, 

but double knock out of SOX5 or SOX6 embryos develop a severe, generalised 

chondrodysplasia due to considerable delay and impairment of chondroblast 

proliferation and expression of cartilage matrix genes [97]. Over-expression of SOX9 
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alone or SOX9 together with SOX5 and SOX6 (SOX5/6/9) inhibit the maturation and 

calcification of murine primary chondrocytes and mediate endochondral ossification by 

up-regulating PTHrP expression in association with Ihh/Gli2 signaling [98].  

1.4.9 Core binding factor alpha1 (Cbfa1) transcription factors 

Core binding factor alpha1 (Cbfa1) (also known as Runx2) is another transcription 

factor that is restricted to cells of the osteoblast lineage and expressed in hypertrophic 

chondrocytes. Bfa1 is a member of the Runt-domain family of transcription factors and 

is regulated by BMP7 and Vitamin D3 [93, 99]. Specifically, Cbfa1 is considered as a 

main regulator of chondrocyte hypertrophic and osteoblast differentiation. 

Subsequently, Cbfa1 has two distinct functions in bone formation: the ability to 

stimulate hypertrophic chondrocyte differentiation and a crucial role in the 

differentiation of mesenchymal progenitors into osteoblasts, both in endochondral and 

intramembranous skeletons.  

Many Genetic experiments in mice have demonstrated that Cbfa1 is required for 

osteoblast differentiation. Cbfa1 null mice completely lack production of differentiated 

osteoblasts and thus no bone formation occurs due to an arrest in osteoblast 

differentiation. Also, homozygous mutations of the Cbfa1 gene in mice results in either 

a complete absence or diminished hypertrophy chondrocytes, inability of hypertrophy 

chondrocytes to mineralise ECM, and decreased expression of collagen X and 

osteopontin by hypertrophic chondrocytes and terminally differentiated chondrocytes 

and osteoblasts, respectively. Mice that are heterozygous for the mutation show a 

number of skeletal changes that are phenotypically similar to those observed in the 

human skeletal condition cleidocranial dysplasia (CCD) [93, 100, 101]. 



30 

 

1.4.10 Hypoxia-inducible factor-1 and vascular endothelial growth factor 

The growth plate chondrocyte is avascular, which requires blood vessel invasion in 

order to be replaced by bone. In addition, the growth plate is hypoxic during fetal 

development, which is important to understanding adaptation to hypoxia for regulating 

chondrocyte survival during endochondral bone formation [102]. The transcription 

factor hypoxia-inducible factor-1 (HIF-1) is a crucial mediator of the adaptive response 

of cells to hypoxia in mammalian tissue [103] and belongs to the PER-ARNT-SIM 

(PAS) subfamily of the basic-helix-loop-helix (bHLH) family of transcription factors. HIF-

1 is a heterodimer composed of HIF-1  and HIF-1  subunits. HIF-1  is constitutively 

expressed whereas the expression and activity of the HIF-1  subunit is induced by 

exposure of cells to hypoxia or growth factors [102, 104]. Furthermore, the 

accumulation of HIF-1 is controlled by the von Hippel–Lindau (VHL) tumor suppressor, 

an E3-ubiquitin ligase, that induces its proteolysis by the proteasome.  

In hypoxic conditions, HIF-1 up-regulates the expression of vascular endothelial growth 

factor (VEGF) gene, which promotes angiogenesis. It has been shown that each 

component (VHL- HIF-1 -VEGF) of the pathway is a critical regulator for hypoxic 

chondrocyte survival, proliferation and extracellular matrix accumulation during 

endochondral bone development [103].  

Vascular endothelial growth factor, one of the most potent angiogenic factors, is 

expressed in hypertrophic chondrocytes of the growth plate and stimulates proliferation 

and migration of endothelial cells. It also promotes vascular invasion into 

perichondrium and hypertrophic zones via specifically localised receptors, including Flk 

(expressed in endothelial cells in the perichondrium), neuropilin (Npn1; expressed in 

late hypertrophic chondrocytes), or Npn 2 (expressed exclusively in the perichondrium).  

The activity of VEGF sheds light on the in growth of osteoblasts, leading to ossification 

[105, 106]. Furthermore, VEGF represents an autocrine function in associated with 
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hypertrophic chondrocytes, which express receptors for VEGF including angiopoietin-1 

and angiopoietin-2 [107]. The loss of a single VEGF allele results in defective blood 

vessel invasion of perichondrium and hypertrophic zone. Moreover, conditional 

knockout of VEGF in chondrocytes leads to a massive cell death in the centre of the 

proliferative and upper hypertrophic zones of the growth plate that very closely mimics 

the phenotype observed from HIF-1  knockout, suggesting that HIF-1  and VEGFA are 

components of a key pathway to support chondrocyte survival during endochondral 

bone formation [108] . 

1.4.11 The role of fibroblast growth factor in chondrogenesis 

 Fibroblast growth factors are a family of polypeptides that have important roles in 

various processes of skeletal development including the earliest stages of 

mesenchyme condensation, chondrocyte proliferation, differentiation and the final 

stages of the endochondral ossification. There are 22 FGF genes that can activate one 

of four high-affinity transmembrane tyrosine kinase FGF receptors (FGFrs): FGFr1, 

FGFr2, FGFr3, and FGFr4.The ligand receptor activation results in initiating signalling 

transduction pathways linked to ras-raf-MEKK, phospholipase-CȖ and signal 

transducers and activators of transcription-1 (STAT-1) [109].  

During embryonic development, each FGF receptor displays distinct patterns of 

expression. FGFr1 is expressed in the periphery of the condensation [110] and 

hypertrophic chondrocytes, suggesting a role for FGFr1 in regulating cell survival, cell 

differentiation, extracellular matrix production and cell death. The expression of Fgfr2 

and Fgfr4 is seen in condensing mesenchymal cells. In contrast, Fgfr3 expression is 

restricted to prehypertrophic and mature chondrocytes, suggesting a direct role for 

FGFr3 in regulating chondrocyte maturation [110, 111]. FGF receptors (FGFr1, FGFr2, 

FGFr3, and FGFr4) stimulate SOX9 expression in the mesenchyme condensation 

[111]. 
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FGF stimulation of SOX9 expression is mediated by the MAPK pathway, one of the 

major pathways downstream of FGF receptors [111]. While each of these receptors is 

thought to have distinct and important roles in bone development, the role of FGFr3 is 

best understood. FGFr3 knockout mice show an expanded growth plate, increased cell 

proliferation, and increased expression of Ihh [112], while mutations activating FGFr3 

or overexpression of an activated FGFr3 in mature chondrocytes cause decreased 

chondrocyte maturation, and decreased Ihh expression and consequently signalling 

[113]. Therefore, FGF signalling pathway through FGFr3 inhibits the maturation rate of 

chondrocytes with shortened the proliferative columns by down-regulating Ihh 

expression in hypertrophic chondrocytes [114]. Also, in the growth plate, FGFr3 serves 

as a master inhibitor of chondrocyte maturation via phosphorylation of the Stat1 

transcription factor, which increases the expression of the cell cycle inhibitor p21 [115].  

In humans, mutations in FGFR3 result in several forms of dwarfism, including 

achondroplasia, thanatophoric dysplasia, and hypochondroplasia that are 

characterised by inhibiting maturation and accelerating hypertrophic differentiation of 

chondrocytes [116, 117]. Animal models for achondroplasia and thanatophoric 

dysplasia are characterised by a shorter growth plate, in which proliferation of 

chondrocytes is markedly inhibited [118]. Interestingly, signaling which is created by 

FGF18 and FGFr3 has been shown to regulate maturation, differentiation, and matrix 

production of articular and growth plate chondrocytes in vivo and in vitro. Homozygous 

FGF18 knock out mice have a growth plate phenotype similar to that observed in mice 

lacking FGFr3. Mice lacking either FGF18 or FGFr3 exhibit expanded zones of mature 

and hypertrophic chondrocytes and increased chondrocyte maturation, differentiation, 

and Indian hedgehog signalling, indicating that FGF18 acts as a physiological ligand for 

FGFr3. Mice lacking FGF18 have a more severe phenotype than mice lacking FGFr3 

[110]. In addition, mice lacking FGF18 display delayed ossification and decreased 
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expression of osteogenic markers, phenotypes not seen in mice lacking FGFr3 [113, 

119].  

During the earliest stages of long bone development and the initiation of endochondral 

ossification, FGFs 2, 5, 6 and 7 are expressed in mesenchyme surrounding the 

condensation, but mice lacking FGFs 2, 5, 6 and 7 show no defects in skeletal 

development. Moreover, FGF18 and FGF9 are expressed in the perichondrium and 

periosteum, respectively. FGF18 alone interacts with FGFr3 to down-regulate 

proliferation and subsequent maturation. Recent evidence suggests that both FGF18 

and FGF9, via interaction with FGFr1 in the prehypertrophic and hypertrophic 

chondrocytes, regulate vascular invasion by inducing the expression of VEGF and 

VEGFR1 [110]. 

 

 

Figure 1.6: Molecular aspects of chondrogenic differentiation process of human 
articular chondrocytes (chondrogenesis).  
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1.5 Epidemiology of cartilage pathology 

Articular cartilage defects are highly represented in orthopaedics and their 

management remains challenging and controversial. Chondral injuries (63%) [120] are 

more common than osteochondral (36%) [121] and chondral, non-neoplastic lesions of 

the knee typically are associated with minimal involvement of the subchondral bone 

[122]. Several authors have documented the incidence of chondral defects. One study 

reports the incidence of condral lesions to be 63% of 31,516 knee arthroscopies. 

Patients under 40 years of age with grade IV lesions accounts for 5% of all 

arthroscopies, of which 74% consisted of a single chondral lesion [123]. Hjelle et al. 

(2002) reviewed 1,000 arthroscopies with an incidence of 61% (610 patients) who were 

reported to have chondral or osteochondral lesions of any type. Focal chondral or 

osteochondral defects were found in 19% of the 610 patients [124].  

In 2006, Widuchowski et al. studied an arthroscopy of the knee joint that performed 

between 1997 and 2002 in 5114 patients. Chondral lesions were found in 57.3% (2931 

patients) [125]. Widuchowski et al. (2006) reviewed 5,124 knee arthroscopies 

performed from 1989 to 2004 and found chondral lesions in 60% of patients. 

Documented cartilage lesions were classified as localised focal osteochondral or 

chondral lesion in 67%, osteoarthritis in 29%, osteochondritis dissecans in 2% and 

other types in 1%. The most common associated chondral lesions were the medial 

meniscus tear (37%) and the injury of the anterior crucial ligament (36%) [126].  

Chondral lesions are generally described by their location, grade, size and morphology 

or character. Several classification systems are available to evaluate the severity of 

articular damage. The best known arthroscopic chondral lesion classification system 

was developed by Outerbridge (2001) [127]. This system divides lesions into five 

grades (grades 0 through IV) and is easy to understand and to use. Also, the 

International Cartilage Repair Society (ICRS) classification system is considered one of 
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the most popular systems, which focuses on the lesion  (graded from 0 to IV) and the 

area of damage (graded from normal to severely abnormal [128, 129]. 

1.6 Cartilage pathophysiology 

1.6.1 Cartilage lesion biology 

AC pathology arises from degenerative disease such as OA, or as a result of articular 

trauma. Damage due to degenerative disease can be either primary or secondary. Risk 

factors for secondary damage include: mechanical factors such as direct trauma after 

an intra-articular fracture or indirect following a ligament injury, instability, malalignment 

and loss of meniscal chondrol protection and metabolic factors such as diabetes, 

alcohol abuse and obesity. In addition, damage can be result from the natural process 

of aging [130].  

Chondral lesions do not tend to heal spontaneously and are considered as a major 

cause of joint disease and disability.  If not treated, chondral lesions can gradually lead 

to degeneration of the articular cartilage and osteoarthritis [131, 132]. In addition, 

congenital and metabolic diseases, such as Paget’s disease, haemophilia and 

acromegaly may lead to chondral lesions [133]. Although the progression of these 

lesions to OA is poorly understood and there is no scientific basis to predict how a 

chondral lesion will progress to OA, factors such as age, sex, and weight are important 

[134]. Post-traumatic chondral lesions result from an alteration of the matrix 

components, due to disrupted mechanical and enzymatic process, and apoptosis of 

chondrocytes [135, 136].  

In the course of OA, a breakdown of PG is detectable and followed by the disruption of 

the collagen network. This breakdown of PG increases the permeability of the ECM 

and water content that leads to a significant reduction of the hydraulic pressure in early 

OA cartilage. This causes a reduction in the compressive stiffness of the tissue, which 



36 

 

can be identified clinically as the softening of early chondromalacia. Collagen 

organisation is disrupted enzymatically by three collagenases of MMP family ((MMP-1, 

MMP-8, and MMP-13) [137], resulting in increase water content and cell metaplasia as 

well as a decrease in the tensile stiffness and strength of the tissue [130].  

AC repair is dependent upon the aetiology and the extent of the injury. Early OA initially 

induces an increase in ECM synthesis where chondrocytes have been noted to 

proliferate and form clusters and hypertrophy. However, eventually the rate of loss of 

matrix exceeds the rate of deposition, which results in degeneration of the cartilage 

structure. Inflammatory mediators such as cytokines may play a role in the 

degeneration process. Both IL-1 and tumour necrosis factor alpha (TNF-Į) have been 

shown to stimulate chondrocytes to produce nitric oxide, MMP’s, and aggrecanases, 

and suppress the synthesis of aggrecan and collagen [130]. 

1.6.2     Partial and full thickness defect 

Chondral defects are classified as either partial or full thickness and the natural 

pathophysiology is forhealing by fibrosis [138], (Figure 1.7) depending on whether or 

not the injury extends to the subchondral bone [133].  Partial thickness cartilage 

defects do not heal spontaneously. This failure is thought to be due to the fact that 

there is no communication between the chondral lesions and the bone marrow that 

contains stem cells, which have potential to generate cartilage. Furthermore, the 

paucity of chondrocytes within the ECM, their inability to migrate to the zone of injury, 

and their relative inability to regenerate large amounts of ECM contribute to poor 

healing of chondral lesions [130, 132]. Mesenchymal cells extending from the synovial 

membrane can migrate to these partial defects and under the influence of growth 

factors can fill the defect with a repair tissue.  In the absence of matrix and mitogenic 

factors and due to the anti-adhesive properties of PG (especially the SLRPs such as 
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biglycan, decorin and fibromodulin), mesenchymal cells fail to migrate to the defect and 

populate and provide adequate repair [139, 140].  

However, full thickness defects, which pass through the zone of calcified cartilage and 

penetrate into the subchondral bone, have potential for intrinsic repair due to the 

communication with the bone marrow that contains mesenchymal stem cells. Full 

thickness defects are characterised by formation of fibro-hyaline cartilage in response 

to the spontaneous repair [141-143]. In these types of defects, the integration between 

the reparative new tissue and adjacent native cartilage is considered as one of the 

major biological problems in osteochondral repair. Shapiro et al. reported the failure of 

the newly repair cartilage tissue to integrate with the native cartilage at full thickness 

defect site [143]. 

 

 

 

Figure 1.7:  Chondral lesion types. (a) Partial thickness defect. (b) Full thickness 

defect. Scale bar = 500 ȝm. 
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1.7 Traditional cartilage defects repair techniques 

Articular cartilage defects heal poorly, with spontaneous healing comprising fibro-

cartilaginous tissue, which is physically and mechanically inferior to hyaline cartilage. 

Based on the long-standing view that AC “once destroyed, is not repaired” (Hunter in 

1743), cartilage repair comprises filling the cartilage lesions with a tissue that 

possesses similar physical and mechanical properties with hyaline cartilage and the 

consolidation of this tissue with the native AC [133].  

Importantly, the biology of the lesions, and the physical condition and requirements of 

the patient must be taken into consideration by the surgeon before undertaking a 

cartilage repair procedure, which aims to provide pain relief and to improve joint 

function. Also, poor integration between regenerated cartilage and native cartilage 

limits the success in AC regeneration and restoration after disease or trauma. 

Currently, a number of repair strategies for cartilage lesions are available or being 

devised, including arthroscopic techniques, soft tissue grafting, procedures that follow 

allogenic tissue transplantation, cell implantation based therapies and tissue 

engineering [144-148]. 

1.7.1 Arthroscopic repair procedures 

Arthroscopic techniques constitute arthroscopic lavage, debridement and bone marrow 

stimulation. Arthroscopic debridement and lavage are routine procedures that are often 

used to alleviate joint pain and their significant outcomes are based on the severity of 

the degenerative process [149, 150]. Lavage involves irrigation of the joint to remove 

debris from the joint space thereby alleviating pain although the mechanism for this 

technique is unclear [149].  

The method of debridement is based on removal of damaged tissue (cartilage, bone, or 

meniscus) from the joint. Proponents of these techniques advocate their technical 
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simplicity, low patient morbidity, and cost effectiveness. Both lavage and debridement 

procedures have been shown to be successful in treating the early stages of OA and 

when used in conjunction with each other, a significant relief of symptoms for long 

periods of time has been noted [150]. Moseley et al. demonstrated that pain relief 

observed following debridement and lavage procedures may be no better than those 

after a placebo surgery procedure [151].  

The concept of bone marrow stimulation techniques is to attract undifferentiated MSCs, 

platelets and other chemotactic factors from the underlying bone marrow, by 

penetrating the AC down to the subchondral bone, and rely on them and the 

physiologic vascular response to injury to heal the full-thickness chondral defect. This 

approach includes abrasion arthroplasty, drilling, and microfracture. These techniques 

have the advantages of being simple to perform, are relatively cheap and have low 

levels of post-operative morbidity. Repairing by marrow stimulation typically results in a 

filling of the chondral defect with fibrocartilage [145, 152].  

Abrasion arthroplasty has been described in which the AC defect is abraded down to 

bleeding bone marrow and is used in conjunction with debridement [153, 154]. In 1959, 

Pridie was the first to try repairing cartilage defects by drilling therapeutic holes 

(approximately 2.0—2.5 mm in diameter) into the subchondral bone marrow space in 

areas underlying chondral lesion [155, 156]. Recently, Eldracher and his group 

designed a controlled study utilising adult sheep model and demonstrated that the 

osteochondral repair has improved by creating a small holes (1.0 mm) at subchondral 

bone using a small-diameter bone-cutting devices [157].  

A modified technique of Pridie’s drilling procedure is called microfracture. In this 

technique the subchondral bone is penetrated with an awl in order to create small holes 

(approximately 0.5—1.0 mm in diameter) to promote the migration of stem cells and 

factors from the bone marrow and generate blood clotting mechanisms [133]. 
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Steadman et al. report a significant improvement in 80% of patients of an 11 years 

follow up study on 72 patients with defects less than 4 cm2 who underwent 

microfracture [158]. Similarly, Millett et al. report 81% of patients showing a significant 

improvement of 20 points (range, -11 to 45 points) in the American Shoulder and Elbow 

Surgeons (ASES) score compared with preoperatively [159].  

In 2006, Kreuz et al. reported that although the ICRS score revealed significant 

improvement 18 months after microfracture, there was a significant deterioration in the 

ICRS-score within the second 18 months after surgery [160]. Clinically, the best 

outcome is seen in young patients and small lesions [148]. In addition, the location of 

the lesion [160] and the age and the activity levels of the patient have to be taken into 

consideration [158, 161].  

 In terms of comparison with other techniques, Kon et al. (2009) compared second-

generation articular cartilage implantation with microfracture for chondral lesions of the 

knee in prospective nonrandomised study of eighty active patients at five years follow-

up. They noted at medium-term follow-up that although both methods had satisfactory 

clinical outcome, second-generation ACI showed better clinical results and sport 

activity resumption than microfracture [162]. Moreover, a randomised trial comparing 

autologous chondrocyte implantation (ACI) with microfracture found no significant 

difference in the clinical and radiographic results between the two methods at 5 years 

follow-up [148]. Gudas et al. (2005) compared microfracture to mosaicplasty in knee 

joints of young athletes in a prospective randomised study. At different time points: 12, 

24, and 36 months postoperative, mosaicplasty showed statistically significantly better 

results than microfracture according to Hospital for Special Surgery (HSS) and ICRS 

scores [163]. However, clinical improvement obtained from all of these marrow 

stimulation procedures is usually short lived since the repair tissue generated is largely 

fibrous in nature with poor durability.  
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1.7.2  Soft tissue grafting 

The transplantation of periosteum and/or perichondrium to full thickness defects of AC, 

have been used extensively in animal models and human clinical trials. Hyaline-like 

tissue fills the defect and there is no significant difference in the quality of the repair 

tissue when using either perichondrium or periosteum [164].  However, periosteum is 

more easily obtained, and thus is more frequently used than perichondrium.  

Experimentally, periosteum involves the creation of a full thickness defect of 4mm 

diameter and the removal of 1-2mm of subchondral bone. O’Driscoll observed that 

periosteum has chondrogenic potential, which is attributed to chondrocyte precursor 

cells in the cambial layer, during development, as well as in the post-fractured 

reconstruction phase [165].   

Clinically, poor results have been demonstrated with periosteal grafts. Complete 

restoration of the hyaline cartilage layer and long-term stability of the repair tissue were 

not achieved.  Also, technical difficulties and calcification of grafts contribute to poor 

attachment of the graft to the defect by suturing or gluing and the high rate of graft loss, 

respectively [166]. 

1.7.3  Osteochondral transplantation 

Osteochondral transplantation or ‘‘mosaicplasty’’ has widely been used for the 

treatment of chondral and osteochondral defects [167]. Allogenic grafts are used to 

repair larger defects, while autologous grafts are used for treating smaller full thickness 

defects. Allogeneic grafts derived from cadaveric donors are used to treat 

osteochondral defects with varying degrees of success [168].   

On the other hand, autologous osteochondral grafting, consists of transplanting one or 

more cylindrical autografts into a cartilage defect to provide a congruent surface [167] 

The autografts are harvested from the periphery of the trochlea or the intercondylar 
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notch as these are low weight bearing areas. This procedure can be carried out either 

on an open joint or by arthroscopy [169]. It is limited mainly by the amount of tissue 

available to harvest. Donor site tissue morbidity might be a problem if multiple grafts 

are harvested. In addition, poor integration between the plugs and native cartilage 

remains a problem, as the space between the graft and recipient tissue may lead to the 

degeneration of the graft over time [170].  

Mosaicplasty is associated with an extensive margin of chondrocyte death that is likely 

to compromise lateral integration and AC reconstruction. Finally, this technique is best 

for small and medium-sized focal chondral and osteochondral defects of weightbearing 

surfaces of the knee and other weightbearing synovial joints [171]. Hangody et al. 

(2010) demonstrated that autologous osteochondral mosaicplasty may be a useful 

alternative for the treatment of 1.0 to 4.0cm2 focal chondral and osteochondral lesions 

in competitive athletes [172]. This has the advantage of replacing the defect with 

hyaline cartilage [173].  

Compared to other techniques, Hangody et al. report that 87% of patients treated by 

mosaicplasty had good to excellent outcomes at 5 years following treatment, compared 

with 0-34% of patients who were randomised to one of three marrow stimulation 

techniques [169]. Moreover, in a prospective, randomised and clinical trial, Bentley et 

al. demonstrated ACI to be superior over mosaicplasty for the repair of articular defects 

in the knee, with 88% compared to 69% respectively showing good to excellent results 

at a mean of 19 months [174]. In contrast, Dozin et al. showed from a multi-centred 

randomised clinical trial that mosaicplasty had a better outcome (88%) than ACI (68%) 

[175]. 
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1.7.4  Autologous chondrocyte implantation (ACI) 

The more recent techniques of AC regeneration are based on the production of new 

tissue with hyaline cartilage properties using chondrocytes. Therefore, ACI has 

emerged in recent years as an effective approach for the treatment of large full-

thickness chondral and osteochondral lesions of the knee joint for medium term follow 

up [176, 177]. Long-term follow-up (up to twenty years) after ACI has shown up to 92% 

patient satisfaction, with sustained improvement in clinical outcomes and magnetic 

resonance imaging (MRI) findings [178, 179].  

Autologous chondrocytes implantation was first reported in 1994 for the treatment of 

focal chondral injury in the tibiofemoral and patellofemoral compartments [180]. Since 

its inception, ACI has progressively improved. The first generation approach is a two-

step procedure where chondrocytes are isolated from small slices of cartilage following 

harvesting by arthroscopy from a minor weight-bearing area of the injured knee. The 

ECM is removed by enzymatic digestion, and the cells are expanded in monolayer 

culture. Once a sufficient number of cells have been obtained, the chondrocytes are 

implanted into the cartilage defect, using a periosteal patch for cell containment.  

Autologous chondrocyte implantation in the knee joint has provided hyaline-like repair 

tissue. Brittberg et al. (1994) investigated twenty-three patients through an average 

follow-up of thirty-six months after transplantation. They showed that eleven of fifteen 

femoral transplants and one of seven patellar transplants had the appearance of 

hyaline like cartilage [181]. More recently, in a multi-centre prospective study of one 

hundred and twenty-six patients who had failed previous treatments for articular 

defects of the knee, Zaslav et al. (2009) revealed that 76% of patients had a good 

clinical result at 48 months follow-up [182]. In a 3-year follow-up investigation, Micheli 

et al. (2001) reported overall improvement in the knee condition and functional 

outcome in 84% of patients at minimum of 36 months postoperative follow-up [183]. 
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However, ACI has its limitations. It requires the harvest of normal cartilage from a non-

weight bearing region with the risk of donor site morbidity. In addition, ACI involves a 

two-step procedure and carries the risk of graft delamination or postoperative 

periosteal hypertrophy [184, 185]. 

The second generation of ACI is called matrix-associated autologous chondrocyte 

transplantation (MACT), where chondrocytes expanded in vitro and then combined with 

resorbable biomaterials such as collagen [186] and hyaluronan [187] matrices to fill the 

defect. The matrix is subsequently fixed in place by fibrin glue and/or sutures. These 

biomaterials support adhesion of the cells in the defect area and enhance their 

proliferation and differentiation. In a 5 year follow-up study of thirty-eight patients with 

localised cartilage defects, Behrens et al. (2006) report eleven patients showed 

significant improvement of the Meyer, Lysholm-Gillquist score, ICRS score after 5 

years [188]. Zheng et al. have assessed the biological and histological outcomes of 

MACI method, using type I /III collagen as matrix in fifty-six patients over a period of six 

months. They showed that cartilage-like tissue was formed within 21 days and 75% 

hyaline-like cartilage was regenerated after 6 months[189].  

In term of comparing ACI versus MACI for osteochondral defects of the knee, a 

prospective and randomised comparison of ACI-C (type I/type III collagen as a 

periosteum cover) and MACI for the treatment of symptomatic chondral defects of the 

knee in 91 patients was done by Bartlett et al. This study showed good to excellent 

ICRS score in 79.2% of ACI-C and 66.6% of MACI grafts after one year [190]. 

Recently, a prospective evaluation study of the MACI technique was tested in 21 

patients associated with chondral defects of the knee and it represented significant 

clinical improvement and good quality repair tissue in 90.5% of patients (19/21) after 5 

years of surgery [191]. 
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1.8 Cartilage tissue engineering 

Current cartilage repair techniques including: arthroscopic lavage, debridement, 

marrow stimulation, to osteochondral transfer and chondrocyte transplantation provide 

short-term pain relief and improve of joint function since the repair tissue is largely 

fibrous in nature, it has poor durability [130] . Therefore, this necessitates a rationale 

for the development of new treatment options based on stem cells tissue engineering 

approaches. Over the past 25 years numerous tissue-engineering approaches have 

been developed to address this issue with no approach showing definitively better 

results. Many of these tissue engineering constructs are based on the concept that the 

primary goal is to recapitulate functional and structural features of the mature articular 

cartilage [192, 193] and that engineered cartilage should be indistinguishable from 

mature cartilage with respect to zonal organisation, biochemical composition and 

mechanical properties [194, 195] 

Cartilage tissue engineering is a dynamic field of research offering new perspectives in 

the management of AC defects and offers a solution to overcome the limitations of 

current treatment options for chondral damages, but the process of cartilage 

engineering has not been perfected and major obstacles still exist in the field. The key 

to successful repair and regeneration of cartilage is to provide the repair site with 

stimulating factors and sufficient cells in a suitable delivery vehicle (Figure 1.8) to 

ensure maximal differentiation and deposition of an appropriate ECM. This requires 

selection of three major components; these are: (1) a source of prechondrocytes; (2) 

biomaterial scaffolds; and, (3) stimulatory factors to mimic the natural AC environment 

[196, 197]. The ideal combination has not yet been discovered. Therefore, successful 

regeneration or replacement of damaged cartilage with hyaline AC will depend on 

future advances in our understanding of novel stem cells, biomaterial scaffolds, and 

stimulatory factors to achieve success in tissue engineering of cartilage. 
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Figure 1.8: Basic components of cartilage tissue engineering. Regeneration of 

cartilage tissue starts with stem cells isolation and further expansion in vitro in order to 

harvest sufficient quantity of cells. Harvested cells are chondrogenic differentiated by 

adding specific growth factors within several types of biomaterial scaffolds and 

provision of stimulatory factors.  

1.8.1 Stem cells 

Stem cells are defined as undifferentiated cells capable of self-renewal that can 

differentiate into more than one specialised cell type. During stem cell division, the 

progenitor cell can either enter a path resulting in the formation of a differentiated 

specialised cell or self-renew to remain a stem cell. Asymmetric stem cell division is a 

crucial mechanism for the maintenance of the cellular composition of tissues and 

organs. [198]. In recent years, stem cells have become to be routinely used in cartilage 

tissue engineering as an alternative to autologous chondrocytes. Both adult and 

embryonic stem cells have a capacity for self-renewal through cell division without 

changing their phenotype and differentiation ability into multiple lineages including the 

chondrogenic lineage [199-201]. More recently, novel genetically induced pluripotent 
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stem cells (iPSCs) offer an abundant cell source for creating tissue-engineered 

cartilage constructs [202, 203]. 

a) Adult mesenchymal stem cells  

Mesenchymal stem cells are derived from mesoderm and were first identified in the 

1963 by Ernest A McCulloch and James E. Till [204]. Further experiments by 

Friedenstein et al. (1974) examined the clonogenic potential of MSCs. They were 

isolated by their ability to adhere to plastic in tissue culture and were referred to as 

colony-forming unit-fibroblasts (CFU-f) [205]. Mesenchymal stem cells can be derived 

from different sources including bone marrow [206], adipose tissue [207], synovial 

membrane [208], trabecular bone [209], muscle [210] and other tissues and are 

capable of multilineage differentiation.  

Characterisation of mesenchymal stromal/stem cells is based on the expression of cell-

specific antigen of CD markers. However, in contrast to chondrocytes, the use of MSCs 

for cartilage tissue regeneration has generated significant interest, not least because 

they are easier to obtain and can be manipulated over multiple passages before losing 

differentiation potential. In addition, full-thickness cartilage defects treated with MSCs 

appeared to have better cell arrangement, subchondral bone remodeling, and 

integration with surrounding cartilage than tissues regenerated by chondrocyte 

implantation [211, 212].  

Currently, research focuses on improving the chondrogenic potential of MSCs isolated 

from bone marrow (BMSCs) or adipose stromal cells (ASCs) that derived from adipose 

tissue in vitro [213-216], as well as their delivery in vivo using biomaterial scaffolds to 

modulate chondrogenic differentiation of MSCs and repair of osteochondral defects 

[217, 218].  
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However, stem cells-based cartilage tissue engineering is relatively tested for human’s 

clinical application [219-221]. Wakitani et al. (2005) has utilised BMSCs transplantation 

procedure to repair human AC defects in osteoarthritic knee joints and showed that the 

defects were covered with white soft tissue and hyaline cartilage-like tissue was 

partially observed after forty-two weeks of transplantation. Moreover, Kuroda et al. 

(2007) assessed the effectiveness of autologous MSCs, which were embedded within 

a collagen polymer, to repair a full-thickness AC defect in the medial femoral condyle of 

an athlete. After short-term period (seven months to one year), a hyaline-like cartilage 

tissue had formed and the clinical symptoms had improved significantly [220]. 

b) Bone marrow derived stem cells (BMSCs) 

Chondrogenic differentiation of bone marrow-derived stem cells (BMSCs) in vitro is 

influenced by a variety of culture conditions involving induction with TGFȕ family 

members [222, 223] and the cycling of growth factors BMP6 and IGF-1 [224] that 

combined with a variety of scaffolds [13]. These scaffolds comprised agarose [225], 

alginate [226] , polyethylene glycol (PEG) [227], polyglycolic acid (PGA) [228], poly-L-

lactic-co-glycolic acid-collagen (PLGA-collagen) meshes [229], gelatin/chondroitin/ HA 

tri-copolymer [230]. Importantly, the biocompatibility of chitosan and its similarity with 

GAGs make it attractive as a scaffold for cartilage engineering. Breyner et al. (2010) 

demonstrated the production of collagen type 2 by the BMSCs after 3 weeks of culture 

with a 3D chitosan porous scaffold [231]. In addition, the cell number, the matrix 

production, and the expression of genes specific for chondrogenesis were improved 

after culture in either collagen coated chitosan or chitosan fibrous scaffolds [232].  

For in vivo studies, alginate beads and gelatin microspheres are loaded with TGFȕ1 to 

induce chondrogenesis and enhance BMSCs repair in a full-thickness defect [233]. 

Moreover, osteoarthritic BMSCs maintained their differentiation potential during 

monolayer expansion in the presence of FGF-2 [234]. Qi et al. (2011) showed that the 
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structure of the novel bilayer collagen scaffolds provides architectural support for the 

differentiation of BMSCs and induction of in vivo chondrogenesis [235]. In a report by 

Oliveira, Rodrigues et al. (2006), a novel hydroxyapatite/chitosan (HA/CS) bilayered 

scaffold was tested and showed a significant potential for differentiation of goat BMSCs 

to osteoblasts and chondrocytes and subsequent correction of an osteochondral defect 

[236]. In another study co-culture of BMSCs and chondrocytes, both in vitro and in vivo, 

there was reported increased cell proliferation and cartilaginous ECM deposition with 

positive expression of type II collagen [237].  

However, in such studies, the amount of ECM produced and mechanical properties of 

BMSCs under chondrogenesis are inferior to chondrocytes [238]. Recently, Marquass 

et al. (2011) demonstrated the repair of osteochondral defects using collagen 

hydrogels composed of chondrogenically predifferentiated BMSCs in vivo. The 

approach indicated superior histology compared with using articular chondrocytes 

[239], but full repair was not achieved, results were variable and the margins did not 

repair. 

c) Adipose derived stem cells (ASCs) 

Adipose tissue is a type of connective tissue located under skin (subcutaneous fat), 

around internal organs (visceral fat), within IPFP of knee joint [240] and in bone marrow 

(yellow bone marrow). Adipose tissue is derived from the mesenchyme and contains a 

supportive stroma that is easily isolated. In humans, adipose tissue is considered as 

one of the largest tissue types by volume (at least 4% of adult human body mass) and 

is responsible for the regulation of energy balance. Adipose tissue comprises two 

different forms: white adipose tissue (WAT) and brown adipose tissue (BAT). WAT is 

the primary site of triglyceride storage, while BAT is specialised for energy expenditure 

[241]. MSCs isolated from each type differ in number and differentiation potential. 

Generally, adult MSCs from WAT are more abundant, exhibit a higher differentiation 
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potential and grow faster than cells isolated from BAT [242]. Importantly, adipose tissue 

is considered as a most valuable source of adult MSCs in the human body.  

A variety of names have been used to describe stem cells isolated from collagenase 

digests of adipose tissue including: adipose-derived stem cells (ASCs), adipose-

derived adult stem (ADAS) cells, adipose-derived adult stromal cells, adipose- derived 

stromal cells (ADSC), adipose stromal cells (ASC), adipose mesenchymal stem cells 

(ADMSC), lipoblast, pericyte, pre-adipocyte, and processed lipoaspirate (PLA) cells 

[243]. The key characteristics of ASCs include: (1) the ability to adhere to plastic to 

form fibroblast-like colonies; (2) an extensive proliferative capacity; and, (3) the ability 

to express several common cell-surface antigens.  

Flowcytometry and immunohistochemistry showed that human ADSC express 

phenotypes that are similar to that of human BMSCs including: CD29, CD44, CD49d, 

CD49e, CD73, CD90, CD105, CD146, and CD166 [244, 245]. In addition, Zannettino et 

al. (2008) using flow cytometric analysis, reported that cultured ASCs exhibit similar CD 

markers associated with stromal cells (CD44, CD90, CD105, CD106, CD146, CD166, 

STRO-1) and perivascular cells (3G5, STRO-1, CD146) [246].  

However, in comparison to cultured ASCs, Varma et al. (2007) have investigated 

phonotypical and functional characterisations of freshly isolated ASCs. Contrary to 

cultured ASCs, freshly isolated ASCs were shown to be highly positive for CD34 and 

positive for CD117 and human leukocytes antigen-DR (HLA-DR), while the expression 

of CD105 and CD166 were relatively low [247]. Fresh ASCs also have good 

differentiation potential, as shown in several studies that have reported the ability of 

these stem cells to differentiate into several mesodermal lineages, including bone, 

muscle, cartilage and fat and neural progenitors [248, 249].  

 



51 

 

Nonetheless, some similarities between ASCs and other MSCs (bone marrow-derived 

MSCs and umbilical cord blood stem cells) have been identified. All of these MSCs 

display, after expansion, very similar properties including morphology, surface markers 

expression [250-252] as well as immunosuppressive effect on mixed lymphocyte 

reaction (MLR) and mitogen induce T-cell proliferation [253, 254]. 

The contamination of adipose tissue as a source of MSCs by other types of cells is a 

complicating factor for both research and clinical use. In fact, the adipose stromal 

fraction comprises a heterogeneous variety of cells, such as immune cells (monocytes 

and macrophages), smooth muscle cells, endothelial cells, fibroblasts, and adipocytes 

which can negatively affect the proliferation and/or differentiation potential of the ASCs 

[255]. The characteristic of ASCs to adhere to the plastic of culture flasks does not 

solve the problem of contamination entirely. Rada et al. (2009) developed a method 

based on immunomagnetic beads that allows the isolation of ASCs, thereby reducing 

the contamination by other cell types for improved clinical compliance [255] .  

Other characteristics of ASCs beneficial for both research and therapeutic application 

include capability to isolate abundant quantities and ease of harvesting by minimally 

invasive procedures than other types of multipotent MSCs, such as bone marrow, 

placenta, amniotic fluid, and umbilical cord stem cells and with the suitability for either 

autologus or allogeneic transplantation [243].  

Despite these advantages, ASCs continue to be limited due to several issues. For 

example, they cannot be subcultured indefinitely, and their differentiation 

characteristics depend upon the location of adipose tissue and the age and gender of 

the patient donor. Also, adipose tissue has variable metabolic activity which affects the 

capacity for cells to proliferate and differentiate [256]. The effect of cryopreservation on 

ASCs in tissue engineering is a crucial issue for maintenance and differentiation of 

cells. Freezing cells in liquid nitrogen is necessary for storage of stem cell stocks, 
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ideally at low passage, in support of research and/or clinical product development. Goh 

et al. (2007) has shown that ASCs still maintain a comparable degree of differentiation 

potential after one slow freeze cycle using colony forming unit (CFU) assays and a 

concentration of 0.5 × 106 cells/ml cryopreservation medium is an optimal freezing 

concentration which showed a viability of 81.10% [257].  

In general, ASCs can be successfully differentiated down a chondrogenic lineage in a 

variety of scaffold environments and optimal chondrogenesis requires a 3D culture 

system such as 3D environments include pellet culture, which provides cell-cell 

interactions to mimic the condensation stage during cartilage development, and 

alginate bead culture which uses an inert hydrogel to facilitate a rounded cell 

phenotype that appears to be more representative of chondrogenesis [258].  

 Cells with MSC characteristics have been isolated from many tissues including bone 

marrow and omental fat and, more recently, in subcutaneous adipose tissue and from 

infrapatellar fat pads (IPFP). To date, very few studies have utilised ASCs isolated from 

the IPFP. Substantial interest has been shown since IPFP have been suggested as a 

potential source of cells for chondrogenesis [259, 260] and repair of focal cartilage 

defects in the knee [261-264]. Intuitively, the proximity of this stem cell rich tissue to the 

cartilage in the articulated knee joint suggests that this may confer an advantage or 

some access of those stem cells to the joint for maintenance and tissue repair. ASCs 

derived from IPFPs have been shown to be multipotent and in joint surgery this tissue 

is very easy to access. We, and others, have reported (see Table 1.3) ready availability 

from orthopaedic surgery and we have reported high yields of pure MSCs for use as 

chondroprogenitor cells. Surgeons routinely remove IPFP tissue during total knee 

arthroplasty. This is done for improved surgical visualisation and to prevent possible 

impingement of the fat by the prosthesis [240] and causes minimal morbidity. Table 1.3 

shows the previous studies that have used IPFP-derived MSCs for cartilage 
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regeneration. Populations of cells, called “processed lipoaspirate (PLA)”, were isolated 

from IPFP tissue for the first time in 2003 by Dragoo et al. (2003). These cells were 

successfully converted into chondrogenic phenotypes (assessed by histology and gene 

expression) using chondrogenic media. Cells were stimulated with IGF1/FGF2 in 

micromass culture [240]. Vinardell et al. (2012) investigated the interaction between 

hydrostatic pressure (HP), as physical stimulators, and TGFȕ3 up to 14 days for 

chondrogenic capacity of IPFP-derived stem cells. They showed that low 

concentrations of TGFȕ3 (1ng/mL) under HP loading is sufficient to enhance 

chondrogenesis of IPFP-derived stem cells, as confirmed by an increase in SOX9 

expression and a significant increase in GAGs deposition [265].   

More recently, a comparative study on chondrogenic capacity of IPFP stem cells 

isolated from OA donors against healthy donors was published. In this report, the 

expression of SOX9, collagen type I, collagen type II and collagen type X collagen 

were similar and no significant differences were noted between healthy and OA IPFP 

stem cells after 28 days of chondrogenic induction in pellet cultures (stimulated with 

TGFȕ3 and BMP6). In addition, the application of cyclic HP has subjected to the pellet 

culture and confirmed the response of IPFP stem cells from OA donors to the HP by 

increasing aggrecan gene expression. Over 6 weeks, the chondrogenic induction of 

IPFP stem cells derived from OA patients and prepared in electrospun poly-L-lactic 

acid (PLLA) fiber membranes were successfully incorporated into the construct and this 

appeared to promote the regeneration of tissues rich in PG and collagen type II [266]. 

Mesallat and his group investigated the chondrogenesis of IPFP-derived stem cells 

using a self-assembly culture and compared the regenerated tissue with those 

engineered by agarose hydrogel encapsulation demonstrating that self-assembly 

results in the formation of cartilage-like tissue associated with production of GAGs and 

collagen at higher levels [267]. 
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Table 1.3: List of previous studies using IPFP tissue, as the stem cell source, and 
the growth factors combination for chondrogenesis. 

Study Cell Source 3D culture type Growth factors 

Dragoo et al. (2003)  [240] IPFP (Human) Micromass with fibrin glue IGF1/FGF2 

Khan et al. (2008) [261] IPFP (Human) Pellet culture FGF2 

Lee et al. (2008) [262] IPFP (Bovine) Pellet culture TGFE1/BMP7 

Jurgens et al. (2009) [263] IPFP (Human) PLA-CPL scaffold TGFE1 

Vinardell et al. (2012) [265]  IPFP (Porcine) Pellet culture TGFE3 

He et al. (2013) [264] IPFP (Porcine) Pellet culture TGFȕ3/BMP6 

 Liu et al. (2014) [266] IPFP (Human) Pellet culture TGFȕ3/BMP6 

Mesallat et al. (2014) [267] IPFP (Porcine) Agarose hydrogel TGFȕ3 

 

Others, in vitro studies have shown the chondrogenic differentiation potential of ASCs 

using different combinations of growth factors, including IGF, BMPs, and TGFȕ [268-

271]. Growth factors, such as FGF2 and BMP6 also affect the chondrogenesis of 

ASCs. FGF2 increases cell proliferation and enhances chondrogenesis by inducing N-

Cadherin, FGF-R2, and SOX9 in micromass culture [272] BMP6 alone also up -

regulates the expression of aggrecan (205-fold) and collagen type 2 (38- fold) in 

alginate culture [273]. In addition, the chondrogenic potential of ASCs has been 

assessed in high density micromass cultures [274] using alginate, agarose [275], 

collagen-based scaffolds [276], fibrin-poly-lactide-caprolactone nanoparticulate 

complex [277] and a porous scaffold derived from native articular cartilage ECM [278]. 

Mahmoudifar et al. (2010) have shown that ASCs seeded on to polyglycolic acid (PGA) 

scaffolds exhibit chondrogenic properties and synthesise cartilage ECM components 

within a 2-week period [279]. Interestingly, elastin-like polypeptide (ELP) has been 

shown to promote chondrogenic differentiation of ASCs without supplemental factors 

[280].  
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Naturally fabricated chitosan particles, agglomerated to form scaffolds, were 

investigated for inducing osteogenic and chondrogenic differentiation of human ASCs 

[281]. Recently, Li et al. (2011) demonstrated that combination of dynamic 

compression plus IGF-1 induced chondrogenesis of rabbit ASCs in chitosan/gelatin 

scaffolds and up-regulated expression of chondrocyte-specific extracellular matrix 

genes including collagen II, SOX9 and aggrecan with no effect on type X collagen 

expression [282].  

The potential of ASCs for in vivo cartilage tissue engineering has also been reported. 

Jung et al. (2010) demonstrated cartilage regeneration during the implantation of 

human ASCs with fibrin glue into the back of the nude mouse [283]. Masuoka et al. 

(2006) showed hyaline cartilage repair in full-thickness defects in rabbits using ASCs 

and an atelopeptide type I collagen honeycomb-shaped scaffold [276].  In 2008, Jin 

and his group reported that adenovirus-mediated human TGFE2 (Ad5-hTGF beta2) 

gene transfer is able to induce the ASCs to chondrogenic lineage in vivo after seeding 

to 3D PLGA/alginate scaffolds in vivo [284]. ASCs seeded in PLGA and treated with 

TGFȕ1 express a stable chondrogenic phenotype (collagen type 2 and aggrecan) in an 

animal model of cartilage transplantation [285]. Recently, Im et al. (2011) showed 

ASCs transfected with plasmid DNA (pDNA) containing SOX trio (SOX-5, -6, and -9) 

genes and then seeded into PLGA scaffolds to enhance cartilage regeneration in vitro 

and in rabbit model. After 21 days, PLGA scaffolds incorporated with SOX trio showed 

markedly increased production of PG and COL2A1 ECM protein [286].  

d) Embryonic stem cells (ESCs) 

Human Embryonic stem cells (ESCs) originate from the division of fertilised egg, which 

gives rise to pluripotent ESCs that can be differentiate into any of the three germ layers 

of ectoderm, mesoderm and endoderm [287, 288]. Embryonic stem cells are described 

as ‘pluripotent’ as these cells contribute to all somatic tissues formed during 
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subsequent embryogenesis when injected back into blastocysts. ESCs were first 

identified from the inner cell mass of mouse blastocysts [289] . Eighteen years later, 

the culture of human ESCs was described by Thomson et al. (1998) [290]. ESCs can 

be isolated from the inner cell mass of the blastocyst during the embryo development 

after 5 days of fertilisation and are usually grown on feeder layers of mouse embryonic 

fibroblast cells (MEF) or human fibroblast feeder cells [291].  

Compared to adult stem cells, ESCs have attracted interest as a potential cell source 

for transplantation therapy and regenerative medicine due to their high telomerase 

activity allowing them to proliferate indefinitely in vitro without the loss of differentiation 

capacity over a prolonged period whilst maintaining their pluripotent potential [292]. 

Conversely, ESCs have several drawbacks that hinder their use associated with ethical 

controversies, particularly ESC selection and purity and the possibility of tumorigenicity 

[13, 292]. In addition, animal products within ESC cultures contain toxic proteins or 

immunogens that stimulate immune responses and thus lead to rejection upon 

transplantation of the hESCs. Although several hundred hESC lines are available in the 

world, only few lines have been used in basic and clinical research [293].  

Nonetheless, since their discovery, there have been significant advances in the clinical 

application of ESCs, including the development of clinically-compliant cell lines for 

future cell therapy [294]. Importantly, there has been great interest in the use of human 

ESCs for AC tissue engineering due to capabilities to provide unlimited numbers of 

differentiated chondrocytes and chondro-progenitor cells for transplantation [295]. Use 

of ESCs for cartilage tissue engineering is not common compared to other stem cell 

types. Embryonic tissues are not a practical source of chondroprogenitors due to the 

large number of cells required for clinical purposes. Jukes et al. group was the first 

group to succeed in formation of hyaline chondrocytes from mouse ESCs using a 

scaffold in conjunction with TGFȕ3 [296].  
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To date, most methods described for ESCs chondrogenesis rely upon forming 

embryoid bodies (EBs) prior to chondrocyte induction. In one of in vitro study, 

incubation of mouse EBs encapsulated in PEG hydrogels in the presence of TGFȕ1 or 

BMP2 has been shown to induce chondrogenesis [297]. Nonetheless, differentiation of 

ESCs to EBs results in heterogeneous populations of differentiated cells. Therefore, 

transplantation of these heterogeneous populations may form a new tissue with inferior 

functional and structural characteristics [298].  

Cell sorting techniques and flowcytometry have been used for selection of specific cell 

types. Nakayama et al. (2003) sorted mesenchymal progenitors from EBs induced from 

mouse ESCs using a specific antibody to platelet-derived growth factor receptor alpha 

(PDGFRa), which is expressed in most of the mesodermal cells and demonstrated that 

the PDGFRa cells possess high chondro-differentiation capacity [299]. An early report 

by Kramer et al. (2000) showed BMP2 and BMP4 enhances chondrogenesis of mouse 

ESCs with the formation of a cartilage-rich ECM composed of collagen type 2 [300]. 

Furthermore, co-culture of human ESCs with primary chondrocytes has been shown to 

induce chondrogenesis and enhance expression of SOX9 and type II collagen [301]. 

Nakagawa et al. reported induction of chondrogenesis using human ESCs without EBs 

formation by BMP7 and TGFȕ1 [302].  

e) Induced Pluripotent Stem Cells (iPSCs) 

Studies using iPSCs have shown that those cells are similar to ESCs in several 

properties including: morphology, proliferation, surface antigens, gene expression, 

epigenetic status of pluripotent cell-specific genes, and telomerase activity. In addition, 

these cells could differentiate into cell types of the three germ layers in vitro and in 

teratomas [303, 304]. It has been purported that iPSCs may represent an ideal cell 

source for future regenerative therapies and disease modeling, especially when they 

can offer a solution to circumvent problems associated with ethical issues and too few 
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human cells lines that have limited the use of hESCs. Furthermore, iPSCs can be 

derived autologously; thereby overcoming concern of immunological rejection 

accompanied with the use of allogeneic hESC-derived progenitors [305].  

The clinical use of iPSCs, however, is associated with a critical issue regarding genetic 

alteration during a nuclear reprogramming technology[306, 307]. Recent evidence 

indicates that mouse and human somatic cells can be reprogrammed to induce the 

pluripotent status by introducing, via viral vectors, the four transcription factors: Oct3/4, 

SOX2, c-Myc, and Klf4 or Oct3/4, SOX2, Nanog, and Lin28 [303, 304, 308]. An early 

iPSCs reprogramming technology depend on stable integration of pluripotency gene 

via, both viral vector systems used by Yamanaka’s (retroviral vectors) and Thomson’s 

(lentiviral vectors), which could cause unpredictable genetic dysfunction and limit the 

utility of the cells in both research and clinical applications. Later, significant efforts 

based on removing the viral vectors from cells utilising novel non-integrative methods: 

EBV-based episomal vector [309], the piggyBac method [310, 311] plasmids [312], 

small molecule screening [313] and an adenoviral vector [314] have been reported. 

Also, to completely circumvent the use of vectors, delivery of recombinant protein-

based four factors [315, 316] or mRNA of the four factors [317] in the human system 

has been reported. Another alternative method based on a combined chemical 

stimulation and genetic approach for the generation of iPSCs [318, 319]. Importantly, c-

Myc, one of the pluripotency transcription factors, was initially recognised as an 

oncogene which is highly expressed in tumors caused by chromosome translocation 

[320]. Therefore, Nakagawa et al. (2008) has successfully generated high quality 

iPSCs without c-Myc from mouse and human fibroblasts [321]. In addition, c-Myc was 

found dispensable for iPSCs induction from hASCs [322]. Recently, Araki et al. (2011) 

demonstrated a crucial role of c-Myc factor in the generation of high quality iPSCs, 

through their study that showing a clear difference between iPSCs generated using the 
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four defined factors including c-Myc (4F-iPSCs) and those produced without c-Myc (3F-

iPSCs) including: chimeric mice formation and levels of histone acetylation [323]. 

Although iPSCs are considered as a potential therapeutic cell source for chondrogenic 

and osteogenic differentiation, but still there are several issues have to be resolved. 

Firstly, the continuous expression of differentiated phenotypes in vivo must be 

considered. Secondly, the potential for iPSCs to survive in vivo transplantations and 

regenerate functional tissue without the risk of tumour formation must be 

demonstrated. Finally, when compared with MSCs, iPSCs should offers obvious and 

superior characteristics and properties to be alternative cell source for in vitro 

chondrogenesis and osteogenesis and in vivo cartilage and bone regeneration using 

animal models [324]. In recent study, Ko and his group (2014) demonstrated that the 

expression of chondrogenic genes (SOX9, collagen type 2 and aggrecan) in chondro-

induced hiPSCs was highly up -regulated than chondro-induced hBMSCs. Also, they 

reported that the expression of hypertrophic and osteogenic markers (collagen type X 

and Runx-2) was at lower levels than chondro-induced hBMSCs [325].  

In term of chondrogenesis, Teramura et al. (2010) successfully obtained fibroblast-like 

cells with mesodermal origin from mouse iPSCs cells and observed differentiation 

potential of these mesenchymal progenitors into cells with chondrogenic properties 

[326]. Although, repair of cartilage defect with hyaline cartilage still represents a 

challenging clinical problem, homogeneous hyaline cartilage–like tissue without type I 

collagen expression was produced directly from adult mouse dermal fibroblast cultures 

by transduction of two pluripotent reprogramming transcription factors (c-Myc and Klf4) 

and one chondrogenic factor (SOX9) without generating iPSCs. Regenerated hyaline 

cartilage–like tissue remained for at least 16 weeks without tumour formation [327]. 

Two studies have focused on in vitro directed chondrogenic differentiation using iPSCs 

after EBs formation to form functional cartilaginous tissue. Cartilaginous tissue, 
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expresses SOX9, GAGs, ACAN, collagen type 2 and cartilage LP, was generated by 

culturing the iPSCs derived from fetal neural stem cells under chondrogenic conditions 

supplemented with TGFE3 and BMP2 growth factors [203]. Furthermore, EBs derived 

from murine iPSCs were cultured into micromass pellets under chondrogenic 

differentiation medium for 4 weeks and further analysis including gene expression, 

immunohistochemistry and histological stains revealed expression of SOX9 and ACAN 

genes and deposition of an extracellular matrix rich in GAGs [328]. Chondrogenesis of 

osteoarthritic chondrocytes-derived iPSCs had significantly improved in vitro and in 

vivo when co-cultured these iPSCs with chondrocytes in alginate matrix. In vitro, 

increased expression of cartilage-related genes, including collagen type 2, ACAN, and 

COMP, and decreasing gene expression of the degenerative cartilage marker, VEGF, 

were noted [202].  

1.8.2 Engineering cartilage using 3D scaffolds  

a) Scaffold Design 

Design of scaffolds for cartilage engineering depends on two main factors including 

customisation of biochemical (chemical composition and biological properties) and 

physical properties (internal and external architecture, mechanical properties, and 

degradation properties) for better fabrication of cartilaginous constructs [329]. Recent 

research into biomimetic designs and fabrication for engineering of cartilage tissue 

have focused on the domain of 3D platforms for both in vitro and in vivo regeneration 

and replacement of biological tissues. Increasingly, the importance of a 3D framework 

for cell development has been realised; a 3D environment is considered as a crucial 

factor for encouraging cells to restore the chondrogenic phenotype.  

The scaffold can transport the cells by holding them in their particular 3D structure, 

regulate cell biological functions and can provide a 3D environment that is desirable for 
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the regeneration of cartilage tissue [13]. However, cell behavior is affected by both the 

structural characteristic and the chemical composition of scaffolds, eventually 

impacting the performance of tissue-engineered constructs. Therefore, scaffolds should 

meet several criteria, including appropriate mechanical strength, biodegradability, 

biocompatibility and an appropriate surface chemistry to promote cartilage tissue 

formation.  

Scaffolds should be easily fabricated into a variety of shapes and sizes, which offers 

major advantages for designing a defined scaffold shape for in vivo cartilage repair. 

Several methods have been developed to prepare 3D scaffolds, including gas foaming, 

fiber extrusion and bonding, 3D printing, phase separation emulsion, freeze-drying and 

porogen leaching [330].  

b) Scaffold materials for cartilage tissue engineering 

Material selection is a critical factor in the design of 3D scaffolds for cartilage tissue 

engineering applications. A scaffold material should maintain its structural integrity and 

stability during fabrication, clinical handling, and fixation at site of implantation. In 

addition, the scaffold should provide an appropriate environment for biological 

functions, such as cell adhesion, proliferation, differentiation, and cell–cell interaction to 

occur in vitro and in vivo. The scaffold material should also withstands the in vivo 

loading environment and protect the embedded cells from mechanical stresses [331].  

Scaffolds are made of materials that can be classified as natural or synthetic polymers 

or a hybrid of both. A wide range of natural biomaterials have been investigated as 

supporting scaffolds for cartilage tissue engineering including protein-based, such as 

silk [332, 333], fibrin [334] and collagen [335, 336], and carbohydrate based, such 

agarose, alginate [275] , hyaluronic acid [337, 338] and chitosan. A number of natural 

biomaterials have been used for cartilage tissue engineering listed in Table 1.4.  
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Collagen and HA are two of the most common biomaterials utilised in cartilage tissue 

engineering and are the most clinically relevant, with many products already in clinical 

use or trials that are based on tissue engineered collagen or HA materials. Recently, a 

two-year randomised clinical trial of NeoCart, a collagen type I matrix scaffold seeded 

with autologous chondrocytes cultured and stimulated in a bioreactor, showed 

improvement of clinical outcomes compared with baseline and microfracture groups 

[339].  

A prospective clinical case series, with 2 and 7 year follow-up, using Hyalograft C (HA-

based scaffold) seeded with autologous chondrocytes showed clinical improvement in 

healthy young patients with single cartilage defects, however for patients with 

generalised osteoarthritis the results of treatment were poor [340].  

Most importantly, considerable attention has been given to chitosan-based scaffolds, 

which are formed by alkaline deacetylation of chitin. Chitosan is biocompatible and has 

a similar structure to GAGs that is naturally located in the ECM of native cartilage, 

causing minimal stimulation of immune response with little or no fibrous encapsulation. 

Generally, these natural scaffolds have attracted significant attention for repair of 

osteochondral defects as they exhibit features for enhanced cell adhesion, greater 

biocompatibility, and reduced toxicity during scaffold degradation. Potential limitations, 

however, include stimulation of an immune system response by activation of related 

cell surface receptors, leading to antigenicity or implant rejection. In addition, natural 

scaffolds may be inferior mechanically and subject to variable enzymatic host 

degradation [341-344].  

On the other hand, among the synthetic biomaterials, several different types have been 

explored for cartilage repair including: PGA [279, 345], PEG [346], PLLA [347] and 

poly-L-lactic-co-glycolic acid (PLLGA) [348]. Examples of these materials are 

summarised in Table 1.4. Recently, it has been shown that incorporation of MSCs 
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sheet to rabbit bone marrow derived-MSCs-loaded PLGA scaffolds as a novel method 

resulted in a significant amount of hyaline cartilage after 6 and 12 weeks of in vivo 

culture as well as good integration between repair cartilage and the surrounding 

cartilage [349].  

Although the chemical and physical properties of synthetic scaffolds can be adjusted to 

alter their mechanical and degradation properties, their degradation by products may 

be toxic or elicit an inflammatory response [330]. Both natural and synthetic materials, 

as potential 3D scaffolds, have been categorised into three different forms including 

hydrogels, sponges and fibrous mesh for cartilage regeneration. Hydrogels are water-

swollen networks, support the transportation of cells, bioactive agents, nutrients and 

waste, and can homogenously suspend cells in a 3D environment, where seeded cells 

retain a rounded morphology that may induce a chondrocytic phenotype. Hydrogels 

can also be injected to fill defects of any size and shape with a minimally invasive 

procedure.  

Importantly, hydrogel can be cross-linked either physically or chemically that enables 

the material to held together by molecular entanglements and secondary forces such 

as ionic, hydrogen bonding, hydrophobic interactions and covalently bonded [13, 350]. 

One approach, called “photopolymerisation”, uses ultraviolet or visible light to 

chemically crosslink hydrogels and provides uniform cell seeding with both spatial and 

temporal control over polymerisation [351].  

Hydrogels, as a biomimetic scaffolding material, have been investigated for a broad 

range of tissue engineering techniques including cardioplasty [352], neuronal 

supplementation (chitosan-genipin loaded with Brain-derived neurotrophic factor for 

traumatic brain injury [353], nerve growth factor differentiation of neurons [354], and 

brain tissue engineering [355]. Hydrogels have also been combined with various 

materials for applications in cartilage tissue engineering [356-358], and as an injectable 
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hydrogel to support mesenchymal precursor cell delivery for intervertebral disc repair 

[359, 360].  

However, hydrogels have limited a mechanical property, which is considered the major 

drawback for use in tissue engineering [361, 362]. Seeding bovine MSCs at high 

densities in a novel photocrosslinked HA hydrogel induce chondrogenic differentiation 

and ECM production and produce engineered cartilage mimics native tissue properties 

[363]. Also, it has been shown that hESC-derived chondrogenic cells successfully 

produced an ECM-enriched cartilaginous tissue construct when cultured in HA-based 

hydrogel [364].  

Sponges are porous scaffolds, which affect cell adhesion, cell infiltration and migration, 

matrix deposition and distribution, and nutrient and waste exchange by their porosity, 

pore size and interconnectivity [330]. One study indicated that chondrocytic ECM 

(GAGs and collagen type 2) concentrations increased due to effects of high-molecular-

weight HA on chondrogenesis of MSCs cultured on chitosan sponges [365].  

Woven meshed fiber exhibits greater strength than non-woven fibers and can be made 

with a wide range of porosities. In general, these prefabricated forms can be used to 

culture cells in vitro to create mechanically stable scaffolds and then be implanted in 

vivo for complete repair to take effect. However, this type of fiber scaffold is unsuitable 

for filling irregularly shaped-defects, thus, decreasing the ability for complete integration 

with surrounding native cartilage. The most commonly used meshes are made of poly 

(Į-hydroxy esters) such as PLA, PGA and polycaprolactone (PCL) [13]. 

Polycaprolactone has been electrospun to form nanofibrous scaffolds (500 nm fiber) 

capable of enhancing the chondrogenic differentiation of hMSCs and generating tissue 

that mimics natural AC environment [366]. Furthermore, PCL scaffolds support 

chondrogenesis of ESCs when these cells implanted in mice, generating cartilage-like 

tissue formation in 3-4 weeks in vivo [367].  
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1.9 Introducing other stimulating factors 

Stimulating factors are the third component of cartilage tissue engineering and have 

been used to induce, accelerate, and enhance cartilage formation in vitro and in vivo. 

These factors constitute signaling molecules, and mechanical stimulation such as HP, 

dynamic compression as well as biomechanically active bioreactors [368]. 

1.9.1 Induction of signaling mechanisms in 3D cartilage tissue 

 Signaling molecules, including GFs like TGFȕ, FGF, BMPs, and IGF, and soluble non-

proteinaceous chemical compounds like HA, chondroitin sulfate, and insulin, bind to 

surface receptors on stem cells to activate intracellular signal pathways and to control 

cellular proliferation, differentiation, and synthesising during cartilage tissue 

engineering. Improved cartilage regeneration has been achieved by loading GFs and 

other soluble factors into either scaffolds or microspheres made of PLGA, gelatine and 

chitosan [13, 368].  

The combination of TGFȕ3 with BMP2 induced chondrogenesis of MSCs compared to 

either TGFȕ3 alone or the combination of TGFȕ3 with either BMP4 or BMP6 [369]. In 

addition, in vitro gene therapy has emerged as an alternative method to encapsulating 

GFs in scaffolds; transiently over-expressing and releasing GFs from MSCs-seeded 

scaffolds to provide local delivery [370]. Viral (e.g. retroviruses and adenoviruses) and 

non-viral vectors (polymers and liposomes) have been used to transfect cells. Viral 

vectors typically have higher transfection efficiencies but carry the risk of insertional 

mutagenesis [368]. Repairing full thickness cartilage defects after only 6 weeks can be 

improved using transfected periostea-derived stem cells with BMP7 [371]. 
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Table.1.4: Natural and synthetic material scaffolds used for cartilage tissue 
engineering. 

 

Biomaterials References 

Natural biomaterials 
Protein-based: 

 Silk                           
 Fibrin 
 Collagen 

 
Carbohydrate-based: 

 Agarose 
 Alginate 
 Gelatine 
 Hyaluronic acid 
 Chitosan 

 
 
[332, 333] 
[277, 283, 334] 
[235, 239, 276, 335, 336] 
 
 
[225, 275] 
[226, 273, 275] 
[230, 282] 
[337, 338] 
[231, 236, 281, 341-343] 

Synthetic biomaterials: 
 
Poly-Į-hydroxy esters: 

Polyglycolic acid (PGA) 
 Poly-lactic acid (PLA)  
 Poly-lactic-co- glycolic acid (PLGA)     
 Polycaprolactone  

 
  Polyethylene glycol: 

 PEG  

 
 
 
[228, 279, 345] 
[347] 
[34, 84, 85, 145-147] 
[277, 341] 
 
 
[227, 297, 346]    

 

 

1.9.2 Physical stimulators of cartilage tissue maturation 

Mechanical and physiological stimulation factors such as intermittent hydrostatic 

pressure (IHP) and low oxygen tension have been used to create an environment that 

mimics native cartilage and have shown to be beneficial in improving chondrogenesis 

in vitro. The effect of IHP on adult hMSCs has been investigated by Miyanishi et al. 

(2006), demonstrating that loading of 0.1 MPa and 10 MPa increased SOX9 and 

aggrecan and collagen type 2 mRNA expression, respectively [372]. Sheehy and his 
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colleagues reported that proliferation, chondrogenic differentiation and phenotype 

stability (collagen type 2) of bone marrow derived-MSCs in pellets and hydrogels 

culture increased by loading lower partial oxygen pressures (5% pO2) [373]. Low 

oxygen tension (5% pO2) was observed to enhance chondrogenic potential of IPFP 

derived-MSCs and to increase chondrocytic ECM production in the presence of TGFȕ3 

[374]. 

The effect of compressive loading on stem cells has been investigated in several 

studies.  An application of cyclic compressive loading at 3, 7, and 14 consecutive days 

promoted the chondrogenesis of rabbit bone marrow derived-MSCs and induced 

expression of chondrogenic markers (collagen type 2 and aggrecan) and synthesis of 

TGFȕ1, which can stimulate the BMSCs to differentiate into chondrocytes [375]. In 

2010, one study demonstrated that GAGs synthesis, chondrocytic gene expression, 

chondrocytic: fibroblastic, chondrocytic: hypertrophic and chondrocytic:osteoblastic 

gene expression ratios, as well as TGFȕ1 and TGFȕ3 gene expression have increased 

by loading high frequency of dynamic compression and surface shear 1 h daily (for 7 

days) [376]. Bian et al. (2012) showed that dynamic compressive loading enhances 

GAGs and collagen type 2 synthesis and distribution and reduces the expression of 

hypertrophic markers in hMSCs- laden hyaluronic acid hydrogels [377].  

1.9.3 Bioreactors in cartilage engineering 

Bioreactors are believed to accelerate and improve the growth of engineered cartilage 

tissue in vitro. They serve to enhance nutrient transport and provide a fluid-induced 

shear stress to tissues to promote chondrogenesis and to imitate conditions as in vivo 

[378]. Spinner flask bioreactor system has used to expand and induce chondrogenic 

differentiation of adult bone marrow MSCs. Wang et al. (2009) and his group showed 

that significant increasing of the chondrogenic lineage differentiation proteins (collagen 

type 2 and PG) expressions after seeding bone marrow MSCs on the gelatin–
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hyaluronan scaffold in a spinner flask for 21 days [379]. In addition, other several types 

of bioreactors have been used for cartilage tissue engineering including a parallel-plate 

bioreactor [380], rotating wall bioreactor [381], a concentric cylinder bioreactor [382] 

and a wavy-wall bioreactor. Bueno et al. (2005) showed that the reduced fluid shear 

stress and high-axial mixing environment provided by a wavy-wall bioreactor led to 

increase chondrocyte proliferation and ECM deposition on PGA scaffolds over the 

common spinner flask culture [383]. The value of bioreactors may lie more in 

production of large volumes of cartilage and has not been incorporated in studies, 

presumably due to cost and complexity. More recently, Theodoropoulo et al. (2014) 

investigated the effect of the mechanical stimulation, using the spinner bioreactors, on 

the integration of issue-engineered cartilage with native cartilage in an in vitro 

integration model.  After 2 weeks of stimulating the constructs composed of tissue-

engineered cartilage implanted into host cartilage, a significant increasing in collagen 

content in the integration zone between host and implant cartilages has been 

demonstrated [384]. 

1.10 Three dimensional chitosan scaffolds 

1.10.1 Structure and properties of Chitosan Scaffolds 

Cell-based cartilage tissue engineering using biomaterial scaffolds are now being 

utilised to offer functional AC regeneration approach. Development of an optimal 

biomaterial scaffold for engineering of cartilage is still ta major focus for improvement of 

outcomes in cartilage repair [231, 385, 386]. In recent years, the functional biomaterial 

scaffold research has been focused on the fabrication and development of improved 

and optimised scaffolds. In this regard, considerable attention has been recently given 

to chitosan-based biomaterial scaffold and their applications in the field of cartilage 

tissue engineering [387, 388]. Structurally, chitosan is a linear polysaccharide 

composed of ȕ (1-4) linked D-glucosamine residues and a variable number of randomly 
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located N-acetyl-glucosamine (Figure 1.9A). It has been demonstrated that the (acetyl)- 

amino groups on the polysaccharide backbone play an important roles in exhibiting 

various unique properties [389].  

Chitosan is formed by alkaline deacetylation (40-50% aqueous alkaline) of chitin, which 

is a polymer obtained from exoskeleton of crustaceans, such as crabs and shrimps, at 

120–150-C under heterogeneous conditions (see Figure 1.9B) [390]. This characteristic 

makes it a relatively cheap product [391]. Chitosan appears to have many desirable 

features in terms of its potential as a biomaterial scaffold for cartilage tissue 

engineering approaches [387, 392]. Chitosan is biocompatible and is comprised of 

components that share characteristics with various GAGs and hyaluronic acid present 

in AC. As GAGs are heavily involved in controlling cartilage tissue formation by 

interacting with growth factors and other cytokines, chitosan may also possess related 

bioactivities such as binding of infused factors for improved cell accessibility. In 

addition, chitosanis biodegradable, easily fabricated into structures, under mild 

processing conditions, can be chemically modified [393]. Therefore, chitosan is 

promising as a natural supporting biopolymer for drug delivery [394], gene transfection 

[395] and tissue engineering [393, 396].  

Several hydrolytic enzymes were found to catalyze the cleavage of glycosidic linkage in 

chitosan polymer including lysozyme, cellulase, papain, lipase and pectinase [397]. 

Lysozyme is the primary hydrolysis enzyme responsible for chitosan degradation in 

vivo environment through enzymatic hydrolysis of acetylated residues. The degradation 

rate has determined by the deacetylation degree of chitin polymer. Therefore, lower 

deacetylated forms exhibit the highest degradation rates and degrade more rapidly, 

whereas chitosan polymer with higher levels of deacetylation is associated with the 

lowest rates of degradation and may last several months in vivo [398]. Interestingly, the 

cationic (positive charge) nature of chitosan biomaterial and high charge density in 
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solution are primarily responsible for binding (electrostatic interaction) with anionic 

(negative charge) molecules, such as collagen, GAGs, PG, GFs, receptors and 

adhesion proteins and can also form insoluble ionic complexes with a wide variety of 

water. 

This interaction property are of great interest, especially when producing a scaffold 

incorporating chitosan-GAGs complexes that may retain or accumulate within the 

scaffold construct during cellular colonisation or after in vivo implantation [385, 388, 

399, 400]. Furthermore, chitosan has been used in several 3D constructs to fabricate 

different types of scaffold, such as hydrogels, films and porous fibers and sponges 

[401].  

3D porous chitosan scaffold structures can be formed by freezing and lyophilising the 

chitosan-acetic acid solution. Ice crystals grow within the material during freezing 

process and subsequent removal of ice by lyophilisation produces an interconnecting 

network of pores within the scaffold. Several properties, such as structure, crystallinity, 

and mechanical strength of porous chitosan have shown to be controlled by 

deacetylation ratio of the starting material, chitosan concentration and freezing rate 

[392, 402]. In regards to solubility, chitosan is soluble in aqueous acids (below pH 5) 

due to the presence of free amino groups; however, it is insoluble in either organic 

solvents (in aqueous solutions above pH 7) or water. [389]. The solubilty features of 

chitosan limit the utility of chitosan for printing of scaffolds using live cells 
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Figure 1.9: Chemical structure of chitosan. (A) Chemical structure of the 

polysaccharide-repeating units (B) Deacetylation of chitin to chitosan. Adapted from 

Kurita et al. 2006 [390]. 

 

1.10.2 Cell adhesion on chitosan scaffolds. 

Generally, cell adhesion to the 3D scaffold is a prerequisite, and the scaffold should 

provide an optimal environment for cell-matrix interactions. Therefore, the biopolymer 

scaffolds used in the field of tissue engineering must have a suitable surface to support 

cell adhesion, proliferation, and differentiation [403]. Vunjak-Novakovic et al. (1998) 

proposed the ideal criteria for seeding techniques of 3D scaffolds including: (a) a high 

density of seeded cells; (b) a high kinetic rate; and (c) a spatially uniform attachment of 

cells throughout the matrix [404]. An inferior adhesion affinity of MSCs to chitosan 

scaffold compared with other biomaterials scaffolds, such as calcium phosphate, has 

been demonstrated [405].  

The existence of the protonable amino group along D-glucosamine residues in chitosan 

structure may have potential for cell attachment and function as confirmed by the 

interaction of positively charged of chitosan amino groups with negatively charged 
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residues in the mucin [406]. In addition, the presence of primary amine of glucosamine 

residue makes chitosan as a pH-responsive. Chen et al. investigated the effect of pH-

responsive chitosan surface on cell attachment property and presented that HeLa cells 

attached and spread well on chitosan at pH 6.99 and 7.20 and any increase of pH to 

7.65 results in rapidly detaching (over 90% of cells) from chitosan surface within 1h 

[407].  

Surface modification of chitosan biomaterials can improve cellular adhesion and 

attachment when compared to untreated chitosan membranes [408]. This is a key 

finding that the use of specific molecules to modify chitosan and so to enhance the cell- 

biomaterial scaffold interaction is a promising way to improve cell adhesion and 

proliferation [408].  

Chitosan degree of deacetylation has identified as an important parameter that controls 

many properties of chitosan such as cell adhesion. Several studies reported that 

deacetylation degree (DD) improved the cellular attachments [409-413]. For example, 

Seda et al. (2007) reported that the higher deacetylated chitosan scaffolds strongly 

improved the fibroblastic cell attachment and proliferation when compared with the 

lower deacetylated scaffolds. [410]. Prasitsilp et al. (2000) represented that chitosan 

with a higher DD supported the attachment of L929 fibroblasts and BHK21 (C13) 

kidney cells, while chitosan with a lower DD did not [411]. Also, these authors 

demonstrated that prolonged degradation times and enhanced cell adhesion can be 

achieved using chitosan films with 0.5% and 11% acetylation after 2 days of culture 

[412]. Chitosan with higher DD (93%) is more suitable for tissue engineering 

applications due to its affinity for fibroblasts and chondrocytes [414].  

On the other hand, Amaral et al. (2007) reported that the attachment and proliferation 

of human osteoblastic cells on chitosan films was dependent on DD and showed that 

the lower DD of chitosan films improved osteoblastic cells adhesion [415]. Although, no 
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difference in the level of cell attachment has been noted after 24h of osteoblasts or 

fibroblasts growth between an 80% DD and 70% DD, but the initial attachment on 

chitosan is greater for the osteoblasts of both chitosan scaffolds (80% DD and 70% 

DD) [416]. 

1.10.3 Chitosan scaffolds for cartilage tissue engineering 

Three-dimensional scaffolds are essential for the development of engineered AC. 

Therefore, ideal scaffolds has to be biocompatible, biodegradable, must support cell 

attachment, growth, and differentiation to the desired phenotype and exhibit a wide 

range of properties, such as microstructure, mechanical properties, scaffold 

morphology, porosity and degradation rate [417]. Due to its remarkable properties and 

also to the structural similarity to GAGs, found in native AC, chitosan acts as attractive 

matrix to facilitate AC repair and much interest is currently directed toward its 

application in cartilage tissue engineering [418]. The scaffold microstructure has the 

effect to control cellular adhesion and distribution, cell proliferation, and ECM 

synthesis. It has demonstrated that chitosan scaffolds support chondrocytes 

attachment and maintenance of rounded cell morphology. After 18 days, abundant 

ECM (PG and collagen type 2) was located mostly in the periphery of the chitosan 

scaffolds, as scaffold microstructure prevented cells from penetrating to interior regions 

[392].   

Chitosan sponges fabricated with larger pore sizes improved chondrocyte proliferation 

and metabolic activity than those with the smaller pores [419].  Moreover, the effect of 

chitosan scaffold structures as fibrous material or sponges on the chondrogenic 

differentiation of MSCs has been evaluated. Although the MSCs viability (above 90%) 

on both chitosan scaffolds were similar at 72 h, 10 days and 21 days, but the collagen 

II mRNA expression and GAGs quantification were highly improved in microfibers 

compared with macroporous sponges [420]. Lu et al. (1999) investigated the 
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regeneration of AC through intra-articular injection of chitosan solution and observed 

increasing in epiphyseal cartilage in the tibial and femoral joints with an activation of 

chondrocyte proliferation [421].  

Photoinitiated methacrylated glycol chitosan (MeGC) hydrogels has shown to support 

growth of encapsulated chondrocytes and ECM deposition in vitro and to use as an 

injectable in situ gelling hydrogel in vivo for potential cartilage engineering [422]. 

Recently, Choi et al. and his group demonstrated the potential of cartilage ECM-

modified chitosan hydrogels as biomaterials to promote cartilage regeneration. They 

have shown that the incorporation of collagen type 2 and chondroitin sulfate into 

injectable chitosan hydrogel enhanced proliferation and deposition of cartilaginous 

ECM by encapsulated chondrocytes and adipose-derived MSCs [423].  

Incorporating other molecules or proteins into the chitosan-based biomaterial scaffolds 

is considered as a promising approach to improving the scaffold potential and 

performance in AC repair. Molecules, such as RGD and HA, can be incorporated into 

the chitosan and thus have the potential to increase cell attachment and also to 

improve chondrogenid differentiation. Hsu et al. (2004) have developed Chitosan–

alginate–hyaluronan complexes with or without covalent attachment with RGD 

containing protein. They reported that a partial repair of rabbit knee cartilage defects 

was observed after one month of chondrocyte seeded scaffolds implantation [424].  

HA is another candidate natural biomaterial for cartilage engineering and could improve 

cell adhesion through CD44 receptor [425]. Also, it has been shown that the 

incorporation of HA into MeGC hydrogels increased the proliferation of encapsulated 

chondrocytes and accumulation of cartilaginous ECM as confirmed by intense positive 

for both safranin O and alcian blue staining in the lacunae and ECM surrounding the 

cell clusters, indicating increased GAGs deposition [426].  
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Experimentally, the addition of high molecular weight HA into the surrounding fluid 

during the chondrogenic differentiation of MSCs cultured on chitosan sponges has 

shown to improve GAGs and collagen II production after three weeks of 

chondrogenesis [427]. In addition, MSCs adhesion and numbers, the ECM production, 

and the expression of genes specific for chondrogenesis were improved after culture in 

collagen type 2 coated chitosan fibrous constructs [428].  

The hybrid chitosan scaffolds and its combination with other biomaterials can have 

synergetic effects on cell attachment. Yamane et al. and his group investigated the in 

vitro behavior of rabbit chondrocytes on a novel chitosan-based hyaluronic acid hybrid 

polymer fiber and showed that the synthesis of aggrecan and collagen type 2 in the 

pericellular matrix were significantly higher on the hybrid fiber and with relatively large 

pore size (400 µm) than on chitosan alone [429, 430].  

More recently, novel collagen/polylactide (PLA), chitosan/PLA, and 

collagen/chitosan/PLA hybrid scaffolds were fabricated by combining freeze-dried 

natural components (collagen and chitosan) and synthetic PLA mesh and their 

potential for cartilage engineering was investigated. All hybrid scaffolds offered an 

optimal environment for the adult bovine chondrocytes viability and adhesion [431]. 

Chitosan has been coated with PLLA using two different coating steps. PLLA-chitosan 

was observed to maintain a hyaline-like phenotype and prevented the advance of the 

hypertrophic process [432].  

Chitosan-based scaffolds can be incorporated or loaded and transfected with growth 

factors in a controlled fashion in order to promote the chondrogenic ingrowth and 

cartilage ECM biosynthesis ability of chondrocytes and MSCs. Lee et al. (2004) 

demonstrated 3D porous collagen/chitosan/GAGs scaffold loaded with TGFȕ1 

microspheres. This scaffold exhibited controlled release of TGFȕ1 from chitosan and 

enhanced cartilage formation as confirmed by positive safranin O stain and increased 
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collagen type 2 production in the scaffold with TGFȕ1 microspheres [433]. 

Biodegradable chitosan scaffolds, incorporated with chitosan microspheres loaded with 

TGFȕ1, showed potential in cartilage tissue engineering through enhancing 

chondrocyte proliferation and synthesis of ECM [434]. Tigli et al. (2009) investigated 

the effect of BMP6 loaded into chitosan scaffolds under stationary and dynamic culture 

conditions to enhance chondrogeneis. BMP6 enhanced production of GAGs and 

collagen type 2 production and the mechanical stimulation appeared to reduce 

hypertrophic differentiation [435]. Sukarto et al. (2012) used RGD-modified N-

methacrylate glycol chitosan (MGC) gels loaded with BMP6 and TGFȕ3 and ASCs for 

treatment of focal chondral defect. BMP6 and TGFȕ3 were released in a sustained and 

local fashion and promoted ASCs chondrogeneis and ECM (GAGs and collagen type 

2) synthesis [436]. Also, in vitro chondrogenesis of rBMSCs, which are transfected by 

BMP6 encoding gene, cultured in chitosan scaffolds has investigated. Plasmid DNA 

(pShuttle-rBMP6) was released in sustained fashion and induced chondrogenic 

differentiation of rBMSCs [437]. 

1.11  Three dimensional hyaluronic acid/gelatine/methacrylate 
(HA/GelMA) printed scaffolds 

a) Hyaluronic acid  

Hyaluronic acid was first isolated and analysed from the vitreous humor of bovine eyes 

by Karl Meyer and John Palmer in 1934. This purified molecule was named “hyaluronic 

acid” due to the hyaloid appearance of the substance when swollen in water and the 

probable presence of hexuronic acid as one of the components. HA, as biomaterials, 

have several names, which reflect the natures and properties under different 

conditions. Hyaluronic acid behaved like a mild acid; therefore, Meyer named it 

‘‘hyaluronic acid’’ when first isolated [438]. Under physiological conditions, HA was 

named ‘‘sodium hyaluronate’’ because it exists as a polyelectrolyte associated with 
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sodium cations.  Later, the name was amended to terms called ‘‘hyaluronate’’ due to its 

sodium form or ‘‘hyaluronan’’, due to polysaccharide nature [439]. 

b) Structure, biosynthesis and degradation 

As related earler, HA is a glycosaminoglycan that is found ubiquitously in the ECM in 

many parts of the body. In adults, the total amount of HA has been estimated to be 

20g. It is a major component of the ECM in native hyaline cartilage tissue and is 

particularly abundant in the eye vitreous humor and in synovial fluid of articular joints 

and the intercellular space of the epidermis [440]. The molecular weight (size) of HA in 

human cartilage reduces with age, but the amount increases between the ages of 2.5 

years and 86 years [441].  In addition, it has been shown that the concentration 

molecular weight of HA are decreased during the progression of OA [442]. HA, present 

on some cell surfaces as a pericellular coat, is thought to play a role in cell 

differentiation and morphogenesis [443]. HA may also be present in the cell cytoplasm 

[444, 445], which indicates the potential for intracellular functions that are not yet 

completely understood [446].  

 
HA biosynthesis and degradation is regulated during embryonic development and 

homeostatic processes [447]. It has variable half-life from less than a day in skin and 

serum to typically 2–3 weeks turn over in cartilage [440, 448]. Hyaluronic acid is 

synthesised at the plasma membrane by a group of highly specialised membrane 

proteins called HA synthases (HAS). All three enzymes are well conserved HAS 

isozymes including HAS1, HAS2 and HAS3 are present in mammalian species and 

distinct from each other in in enzyme stability and elongation rate of HA [449]. The 

differential distribution of HA in tissues differs during morphogenesis and in disease 

states and is controlled by the regulated transcription of the three different HA 

synthases.  
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HA is highly distributed in fetal tissues and partially reduced and replaced by ECM 

constituents such as collagen fibers and PG during development [450]. Hyaluronic 

acid, is a large, unbranched, linear, negatively charged polysaccharide structure 

composed of repeating disaccharide units of ȕ-1, 4-linked d-glucuronic acid (GlcA) and 

ȕ-1, 3-linked N-acetyl-d-glucosamine (GlcNAc) (Figure 1.10) [448, 451], functions as a 

core molecule for the binding of a single unit of PGs aggrecan containing chondroitin 

sulfate and keratin sulfate [452].  

 
The removal of HA from the ECM of the tissue occurs through the catabolism process 

and drainage into the lymphatic system for catabolism in regional lymph nodes. HA 

degradation is predominantly regulated by a number of hyaluronidase (HAase) 

enzymes. These enzymes are classified as endo-b-N- acetylglucosaminidases 

according to their mammalian hydrolytic mechanisms [453]. In mammals, HYAL1 and 

HYAL2 are the two most common hyaluronidases and found in almost all somatic 

tissues [454]. 

c) Properties and functions of hyaluronic acid 

A number of key properties of HA for tissue scaffold applications have been assessed 

including physical properties (compressive stress and modulus, storage and loss 

modulus, porosity, density and swelling ratios), biological properties (in vitro and in vivo 

studies, cell culture, histology, immunology) ̘and degradation properties (enzymatic 

degradation, swelling studies). Both the physical and degradation properties of HA 

scaffolds largely depend on the molecular size of HA chains between two crosslinks, 

crosslinker type and crosslink densities. The interaction of HA biomaterials with 

receptors on cell surface determines biological properties [455]. Several studies have 

investigated the mechanical properties of HA based scaffolds, where storage and loss 
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moduli [456], compressive moduli and strengths, porosity [457-460] and swelling ratios 

[461]  have assessed.  

The enzymatic degradation rate of HA depend largely on the number of cleavage sites 

in the HA polymer and the amount of available enzymes in the scaffold environment. 

Schante et al. demonstrated that the stability of HA-based scaffolds could be improved 

by rafting various amino acids on its carboxylic group [462]. HA maintains and control 

the structural integrity of extracellular and pericellular matrices in cartilage through 

interaction with PG and link proteins.  

As a signaling molecule, HA is known to interact with chondrocytes via a variety of cell 

surface receptors including CD44, CD54, and CD168 to activate intracellular events 

and to trigger the signaling pathway, making chondrocytes retain their original 

phenotypes. In addition, HA-CD44 binding controls several cellular functions including 

attachment, organisation and turnover of the ECM at the cell surface, as well as the 

mediation of lymphocyte migration during inflammation [425, 448, 463]. Zimmermann 

et al. proposed that cell-surface-associated hyaluronan mediates and modulates cell-

matrix adhesion at the early stage of cell-substrate interaction [464]. Several studies 

demonstrated a dramatic increase in CD44 expression associated with up -regulated 

chondrocyte catabolism [465, 466]. Wu et al. (2010) demonstrated that a 

microenvironment enriched with hyaluronan initiated and enhanced chondrogenesis in 

human adipose-derived stem cells (hADSCs) [467] and recently showed that signaling 

triggered by HA-CD44 interaction significantly contributes to HA-induced 

chondrogenesis [468].  

HA, as naturally derived biopolymers, is an important candidate in biomaterial science 

and has been used for many applications in in diverse areas ranging from tissue 

engineering, as scaffolds, to cosmetic materials. In addition, both physical and 

biochemical properties either in solution or hydrogel form of HA are attractive for tissue 
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engineering fields [455]. Hyaluronic acid is a biodegradable, biocompatible polymer 

with a linear backbone of PG aggrecan as well as its susceptibility to chemical 

modification. It degrades enzymatically by hyaluronidases and through oxidative 

mechanisms to yield oligosaccharides and glucuronic acid.  Although HA has a simple 

chemical composition, it is involved in several key processes including cell signaling, 

cartilage homeostasis, the mediation of cellular behaviors and developments during 

morphogenesis, proliferation, tissue remodeling, inflammation and wound healing [469-

471]. It is also widely used for the intra-articular treatment of OA [472]. 

 

Figure: 1.10: Chemical structure of HA. Hyaluronic acid is a linear polysaccharide 

with disaccharide repeats of D-glucuronic acid and N-acetyl-D-glucosamine. Adapted 

from Dicker et al. 2014. 

d) Hyaluronic acid scaffolds for cartilage tissue engineering. 

HA is a crucial molecular component of AC, contributing to chondrocytes-ECM 

interactions and compressive strength, as it constitutes the central component of PG 

aggregates (aggrecan) within the cartilage ECM [473]. Therefore, HA supplementation 

has been utilised as an intra-articular therapy for the symptomatic treatment of pain 

associated with OA of the knee [474] and also it is considered as a key biomaterial 
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scaffold in cartilage engineering [350, 475, 476]. Recently, the use of single dose or 3 

doses of fintra-articular HA (hylan G-F20) in acute chondral lesions has shown to fill the 

chondral defects with hyaline-like cartilage tissue [477].  

Both types: photocrosslinkable and non-functionalised HA have been used for cartilage 

regeneration. For example, Nettles et al. (2004) encapsulated chondrocytes in 

photocrosslinkable HA, and integrated the HA-MA hydrogels with native tissue in 

osteochondral defects in rabbit models. Photocrosslinkable HA-MA hydrogel 

maintained the chondrocytic morphology and phenotype and promoted the cartilage 

ECM accumulation at significant amount in vitro and accelerated healing in an in vivo 

osteochondral defect model [478]. In vivo rabbit experiments have demonstrated that 

non-functionalised HA as intra-articular HA injections may improve the healing of 

osteochondral defects [479, 480], partial thickness defects [481], and repair after 

microfracture [482].  

Chondrocytes and MSCs have been successfully combined with HA to promote 

regeneration of cartilage tissue [483, 484]. Chung et al. (2009) reported that HA 

hydrogels enhance chondrogenic differentiation of MSCs and the expression of 

cartilage specific ECM markers in vitro and in vivo when compared with PEG hydrogels 

[485]. Also, Loken et al. (2008) showed that MSCs in HA scaffold may be offering a 

treatment approach for osteochondral defect in a rabbit model [486]. N-cadherin 

peptides, is a key factor in directing cell–cell interactions during mesenchymal 

condensation, was conjugated to HA hydrogels and enhanced both early 

chondrogenesis of MSCs and cartilage-specific ECM productions [487]. A highly 

mechanical strength of Fibrin/HA-MA hydrogel has shown to provide a suitable 3D 

environment for BMSCs proliferation and differentiation into chondrocytes as confirmed 

by an increasing in SOX9 mRNA expression, suggesting early chondrogenesis [488]. 

One study represented that that MSCs-laden HA-gelatin hydrogels were able to 
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produce elastic, firm, translucent cartilage with zonal architecture in rabbit 

osteochondral defects [489].  

More recent, the histology and gene expression analysis showed formation of hyaline-

like cartilaginous tissue and expression of specific chondrogenic gene, such as 

collagen type 2 in MSC-laden PGA-HA implants [490]. MSCs and chondrocytes 

seeded into sponges and non-woven meshes made of benzyl ester of HA (Hyaff-11) 

have been shown to support a chondrocyte phenotype and the production of 

cartilaginous ECM [491-493]. Chondrocytes derived from normal donor and patients 

with OA have shown to express the same chondrocytic ECM when cultured on Hyaff-

11 scaffold and it is associated with a significant increase of collagen type 2, SOX9, 

and ACAN and a decrease of collagen type I [494]. Hyalograft C, a tissue-engineered 

graft composed of autologous chondrocytes cultured on scaffold, which made of Hyaff-

11, has been used to treat chondral lesions [340, 495]. Clinical results of 3 years 

follow-up reported an improvement in AC defect repair in 91.5% of patients according 

to the International Knee Documentation Committee subjective evaluation and the 

regenerated cartilage was hyaline-like cartilage in appearance [496].  

Two or more natural polymers can be can be fully or partially non-covalently binding 

with each other to from a desirable single system called the interpenetrating polymer 

network (IPN) [497]. Chung et al. (2011), for example, demonstrated that IPN 

composed of HA and sodium alginate (SA) (HA/SA) was successfully promoted rabbit 

chondrocyte attachment, proliferation and chondrogenic differentiation in vitro [498]. 

The feasibility of HA/SA scaffold-based IPN has evaluated for the proliferation and 

chondrogenic differentiation of the hADSCs in vitro and in vivo. Results indicated to 

superior chondrogenic differentiation of hADSCs in HA/SA IPN scaffold as confirmed 

by measuring expression levels of chondrogenic genes (Aggrecan and collagen types 

II) [499]. Recently, Skaalure et al. (2014) showed that semi-interpenetrating networks 
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composed of high-MW HA in degradable PEG hydrogels could provide an optimal 

environment to improve cartilage ECM synthesis by encapsulated chondrocytes [500].  

It has been reported that modification of PCL scaffolds using HA -stimulated 

proliferation of chondrocytes and enhanced CD44, GAGs and collagen type 2 

expression [501].  Also, addition of HA collagen-based scaffold improved rat MSCs 

infiltration and promoted early-stage chondrogenesis that associated with significant 

expression of SOX9 and collagen type 2 genes [502]. HA was conjugated to alginate 

and fibrin gel matrices to provide an artificial ECM environment for encapsulated 

chondrocytes [503]. The chondrogenic differentiation of MSCs on TGFȕ3 immobilised 

poly-lactic-co-glycolic acid-gelatin/chondroitin sulfate/hyaluronic acid (PLGA-GCH) 

hybrid scaffold was confirmed by the expression of collagen type 2 gene in mRNA and 

protein level in vitro. Histological examination showed that differentiated MSCs were 

located in lacunae and exhibited typical chondrocyte morphology in vivo [504]. 

1.12 Hypothesis and scope of PhD thesis 

The hypothesis for this thesis is that: 

Using 3D printing technologies, aligned with the use of human adult stems and 

appropriate chondrogenic factors, we can generate hyaline-like cartilage grafts for 

chondral and osteochondral repair. 

This thesis will investigate the chondrogenesis potential of hIPFP-derived MSCs in vitro 

using three types of culture systems: pellet, chitosan 3D scaffold and HA/GelMA 

scaffold. The focus of this project is to develop a technique for the production of 3D 

printed scaffolds for support, growth and differentiation of pre-chondrocytic adult stems 

cells for chondrogenesis.   

In this project we have used human adult stem cells. As a part of my project we have 

devised a technique for extraction of stem cells from IPFP obtained from patient 
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surgeries conducted in the Orthopaedic Clinic at St Vincent’s Hospital. Also, we have 

devised a new protocol for chondrogenesis using a particular cytokine/growth factor 

combination. 

The key aims are to: 

1) Develop chondrocytic cell types from hIPFP-derived MSCs 

2) Fully characterise chondrogenesis by conventional techniques (histological 

staining, immunohistochemical, immunofluorescence and qPCR and  

3) Perform a comprehensive profiling study of differentiated expressed genes (up- 

or down-regulated) using microarray in response to each of these culture 

systems. 
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Chapter 2: 

 Materials and Methods 
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2.1 Processing of hIPFP tissue and cell harvesting 

Human IPFP were obtained intraoperatively from total knee arthroplasties with 

informed written consent and approval from Human Research Ethics Committee, 

Research Governance Unit at St. Vincent’s Hospital, Melbourne, Australia (St. 

Vincent’s HREC Ref: HREC-A 117/10). The fat pads tissue was taken only from the 

patients with primary osteoarthritis. Patients with inflammatory arthritis and with a 

previous history of knee surgery were excluded. A total of three patients (three 

independent biological replicates (N=3)) were peformed within each experiment of this 

study. 

Cell isolation and culture was based on previously published protocols for isolating of 

cells from lipoaspirate material and the method was adapted for the isolation of cells 

from the IPFP [258]. Figure 2.1 shows the steps involved in the hIPFP-derived MSCs 

isolation procedure. The tissue was immediately stored in sterile normal saline and 

transported to the laboratory and used within 30 minutes (min) of harvest. Initially, the 

tissue was washed with copious amounts of Dulbecco’s phosphate-buffered saline (D-

PBS) (Lonza Bioresearch, USA) to remove contaminating blood. Fibrous material such 

as capsule or meniscus, which was attached to the IPFP, was subsequently dissected 

and discarded from the fat content. The fat was then diced using a sterile scalpel 

(Swann-Morton, SHEFFIELD, UK) and digested with 0.2% collagenase type I 

(Worthington Biochemical Corporation, Lakewood, NJ, USA) for 3 hours (hrs) at 37oC 

under constant agitation. The released cells and matrix were filtered through 100ȝm 

cell strainer nylon (BD BIOSCIENCES, Bedford, MA, USA) and centrifuged at 400x g at 

room temperature for 5 min to separate the stromal vascular fraction (SVF) from the 

floating adipocytes. The supernatant was discarded and the cell pellet resuspended in 

Red Cell Lysis Buffer (160 mM NH4Cl) (Sigma-Aldrich, St. Louis, MO, USA) and 

incubated at RT for 10 min. This was then filtered through 40 ȝm cell strainer nylon (BD 
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BIOSCIENCES, Bedford, MA, USA) after centrifugation at 400x g at room temperature 

for 5 min. 

Step 1 
The tissue was washed with copious 
amounts of Dulbecco’s phosphate-
buffered saline (D-PBS) to remove 
contaminating blood. 

 

Step 2 
Fibrous material such as capsule or 
meniscus, which was attached to the 
IPFP, was subsequently dissected 
and discarded from the fat content. 

 

Step 3 
The fat was diced using a sterile 
scalpel. 

 

Step 4 
The fat was digested with 0.2% 
collagenase type I for 3 hrs at 37oC 
under constant agitation. 

  

Step 5 
The released cells and matrix were 
filtered through 100 ȝm cell strainer 
nylon and centrifuged at 400x g at 
room temperature for 5 min to 
separate the stromal fraction from 
the floating adipocytes. The 
supernatant was discarded and the 
cell pellet resuspended in Red Cell 
Lysis Buffer (160 mM NH4Cl). 

 

 

Figure 2.1. Human IPFP-derived MSC isolation procedure. 
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2.2 Cell culture 

The culture conditions during the expansion in culture flasks are referred to as called 

monolayer culture in this thesis. The cellular yield was calculated using a Neubauer 

hemocytometer (Hausser Scientific Company, Horsham, USA) and cell viability was 

checked using Trypan Blue (Sigma-Aldrich) exclusion dye. Cells were plated in 

monolayer culture 25cm2 flask (Corning, Inc. NY, USA) at 5,000 cells/cm2 in stromal 

media containing Dulbecco's Modified Eagle Medium (DMEM) (Lonza Bioresearch) 

with low glucose supplemented with 10% fetal bovine serum (FBS) (GIBCO, Life 

Technologies Corporation, Australia), 1x antibiotic/antimycotic solution (Amphotericin 

B, Penicillin, Streptomycin 1006) (Gibco), 1x Glutamax (Gibco), and 15 mM HEPES 

(Gibco). Cells were incubated at 37oC in a humidified 5% CO2 atmosphere and allowed 

to adhere for 48hrs. Non-adherent cells were then removed and the medium were 

replaced with expansion media comprising stromal media supplemented with 5 ng/ml 

human epidermal growth factor (hEGF) (R&D Systems Inc. Minneapolis, MN, USA), 

and 1 ng/ml human fibroblastic growth factor (hFGF) (R&D Systems). The isolated cells 

were cultured and when they were 80-90% confluent, adherent cells were trypsinised 

with 0.1% EDTA /0.25% trypsin (SAFC Biosciences, Inc. Kansas, USA) at 37oC for 5 

min and replated in 75 cm2 tissue culture flasks (Corning). For cells trypsinistion, 5 ml 

0.1% EDTA /0.25% trypsin was added to 75 cm2 tissue culture flasks and the culture 

flask was incubated for 5min at 37oC. After incubation, equal volume (5 ml) of FBS was 

added to stop the reaction and the mixture was collected in a sterile 15 ml falcon tube 

(BD Falcon, Franklin Lakes, NJ, USA) and centrifuged at 5,000x g for 5 min. The 

supernatant was discarded and the pellet in the bottom (cells) was resuspended in D-

PBS After P3, harvested cells (IPFP derived-MSCs) were obtained and used for cell 

surface epitope characterisation (flowcytometry) and chondrogenic differentiation. 

During this expansion, medium was changed every 3-4 days. 
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2.3 Flow cytometry Cell characterisation  

Flow cytometry was performed on confluent P3 hIPFP-derived MSCs that isolated from 

three independent biological replicates (N=3). Confluent P3 cells were harvested using 

standard trypsinisation procedure (see section 2.2) and then washed two times using 

0.5% (w/v) fetal bovine serum albumin (BSA) (Gibco). The washed cells were 

centrifuged at 100x g for 5 min at room temperature and the supernatants were 

discarded and the cell pellets were resuspended in 2 ml D-PBS. The cell yields were 

counted using a Neubauer hemocytometer and cells viability were determined using 

Trypan blue before resuspended the cells in 0.5% (w/v) BSA at a final concentration of 

1 × 106 viable cells/ml. Cells were aliquoted at (0.25 x 106) cells/200 ȝl into polystyrene 

rounded bottom Fluorescence-activated cell sorting (FACS) tubes (Becton Dickinson, 

USA) and were stained with a panel of conjugated antibodies against the following: 

HLA-DR (marker for hematopoietic cells), CD29 (ȕ1 integrin), CD31 (PECAM-1), CD34 

(hematopoietic cells), CD44 (hyaluronan receptor), CD73 (5` Nucleotidase) (BD 

Pharmingen, Franklin Lakes, NJ,  USA), CD90 (Thy-1), CD105 (SH2 or endoglin) and 

CD45 (LCA) (AbDSeroTec, Raleigh, NC, USA) for 30 min in dark at room temperature. 

Table 2.1 shows full panels of conjugated antibodies. Ten thousand events were 

acquired per tube on a Becton Dickinson and Company: FACS Canto flow cytometer 

system (BD Biosciences) using CELLQuest acquisition software (Becton Dickinson and 

Company, Franklin Lakes, NJ).  
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Table 2.1: A full panels of conjugated antibodies for phenotype characterisation 
of hIPFP-derived MSCs. 

 

Panels Antibody-Fluorochrome       

1 CD45-Alexa488 

CD29- PE 

CD105-Alexa647 

CD34- PE-Cy7 

2 CD45-Alexa488 

CD29- PE 

CD90-Alexa647 

CD34- PE-Cy7 

3 CD45-Alexa488 

CD31- PE 

CD44- APC-H7 

HLADR- PerCP-Cy5 

4 CD45-Alexa488 

CD31- PE 

CD44- APC-H7 

CD73- PerCP-Cy5.5 

 

All FACS tubes were washed three times with 0.5% (w/v) BSA. The supernatants were 

discarded and the final pellets were resuspended in 500 ȝl D-PBS. All tubes were 

analysed within 2 hrs of staining using a FACS Canto flow cytometer system (BD 

Biosciences, San Jose, CA). IgG1 and IgG2a isotype controls (BD Pharmingen, USA) 

were run as negative controls. 

2.4 Chondrogenic differentiation in vitro 

Chondrogenic differentiation of hIPFP-derived MSCs (three biological replicates (N=3) 

per time-point: at 7, 14 and 28 days of culture/group) was induced using different types 

of 3D culture (pellets, chitosan and HA/GelMA). Briefly, 2.5 x 105 confluent P3 cells/ml 
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were differentiated with chondrogenic medium (chondrogenic group) consisting of 

DMEM-high glucose (Lonza Bioresearch), 1% FBS 1% insulin transferring selenium 

(ITS) (Sigma-Aldrich), 100 nM Dexamethasone (Sigma-Aldrich), 50 ȝg/ml ascorbic acid 

(Sigma-Aldrich), 1x antibiotic/antimycotic, 10 ng/ml TGFȕ3 (Gibco) and 10ng/ml BMP6 

(R&D Systems). Then the cultures were cultivated at 37oC, 5% CO2 for 7, 14 and 28 

days. The chondrogenic medium was changed every 2 days. Undifferentiated hIPFP-

derived MSCs (day 0) were used as an undifferentiated group. Furthermore, the same 

protocol was performed utilising control medium (that is, without ascorbic acid, TGFȕ3 

and BMP6 stimulation) as control group. The media also was changed every two days. 

Samples were retrieved at 0, 7, 14 and 28 days for both chondrogenic and control 

groups for histological, immunohistochemical, immunofluorescence, qPCR and gene 

expression microarray analysis. 

2.5 Tissue fixation, embedding and sectioning 

Pellets, chitosan and HA/GelMA cultures, after 7, 14 and 28 days for both 

chondrogenic group and control group, were washed with calcium and magnesium free 

D-PBS (Lonza Bioresearch) and then fixed in 4% (w/v) paraformaldehyde (PFA) 

(MERCK, Darmstadt, Germany) overnight at 4oC. After fixation, all cultures were 

washed again with calcium and magnesium free D-PBS and then processed for 

paraffin wax embedding, using a standard overnight cycle. Paraffin wax processing and 

embedding was performed in the Histopathology Laboratory, Pathology Department at 

St. Vincent’s Hospital, Melbourne. Next day, all paraffin-embedded sections were cut 

using a rotary microtome (MICROM). All embedded cultures were cut in 7 µm sections. 

All sections were floated on a heated water bath (400C). Two sequential sections were 

cut for each slide. Slides were then placed on a slide warming plate (650C) for 

approximately 10 min, before being dried overnight in a 37oC incubator. All slides were 

thereafter stored in a dust-free environment at room temperature. 
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2.6 Cytochemical staining 

2.6.1 Hematoxylin and eosin (H&E) staining 

Sections were stained with hematoxylin & eosin (H&E) to visualise cell distribution and 

morphology and cartilage ECM deposition. The staining was performed using routine 

H&E stain procedure. Briefly, tissue sections were de-paraffinised in xylene for 15 min 

followed by rehydration through a graded ethanol (FRONINE, NSW, Australia) series of 

100%, 100%, 95%, 95% (v/v) concentration for 1 min each. Slides were then rinsed in 

distilled water (dH2O) for 3 min. Slides were immersed and stained in haematoxylin 

solution (Sigma-Aldrich) for 5 min, rinsed under running tap water until clear (20 dips), 

dipped in 0.2% v/v ammonia solution for 1 min, rinsed in dH2O for 30 seconds (sec) or 

until clear, and immersed in Eosin solution (Sigma-Aldrich) for 1 min. Excess eosin was 

removedby washing under running tap water (20 dips into flow of water). The slides 

were dehydrated through a graded ethanol series of 95%, 100%, 100%(v/v) 

concentration for 8 dips each and then cleared by being immersed in xylene for 3 min. 

Microscope cover glass (HD SCIENTIFIC, Germany) were placed immediately on the 

sections using Pertex (MEDITE, Burgdorf, Germany). Following staining and mounting, 

sections were imaged using an Olympus IX70 microscope. 

2.6.2 Toluidine blue (TB) staining 

Sections were stained with toluidine blue (TB) stains to assess accumulation of 

sulfated PG at each time point. Routine TB staining procedure was performed. De-

paraffinisation and rehydration steps were described previously in section 2.6.1. Slides 

were immersed in 0.2% (w/v) aqueous TB (pH 3.5) (Sigma-Aldrich) for 1 min, rinsed 

with dH2O (30 dips) until excess stain washed away. The dehydration and mounting 

steps were described in Section 2.6.1 Following staining and mounting, sections were 

imaged using an Olympus IX70 microscope. 
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2.6.3 Safranin O/Fast green staining 

Sections were stained with safranin O/fast green stain to assess deposition of sulfated 

PG at each time points. Routine safranin O/fast green staining was performed. De-

paraffinisation and rehydration steps were described previously in section 2.6.1. Slides 

were immersed in 1.5% safranin O for 40 min, rinsed with dH2O (18 dips) until excess 

stain washed away, immersed in 0.02% Alcoholic fast green for 30 sec and dipped in 

1% acetic acid (8 dips) before rinsed with dH2O (6 dips) until excess acetic acid 

washed away. The dehydration and mounting steps were described in section 2.6.1 

Following staining and mounting, sections were imaged using Olympus IX70 

microscope. 

2.7 Immunohistochemical assessment 

Accumulation of collagen type 2, PG aggrecan and collagen type 1 in 3D cultures after 

28 days of chondrogenic differentiation were assessed using immunohistochemical 

(IHC) method. All IHC procedures were performed within 48 hrs of cutting the 

embedded sections using the standard indirect immunoperoxidase method. All steps 

were performed at room temperature unless otherwise recommended. Briefly, sections 

for IHC were baked at 60°C for 15 min, de-paraffinised in xylene twice for 5 min each 

and rehydrated through a graded ethanol series of 100%, 100%, 80%, 60% and 30% 

(v/v) concentrations for 2 min each and then washed in dH2O for 2 min. The slides 

were then carefully dried around the sections that circled with a PAP pen (Vector 

Laboratories Inc., CA). Rehydrated sections were processed for antigen retrieval using 

proteinase K (Dako, Glostrup, Denmark) at room temperature for 5 min and rinsed in 

D-PBS twice for 5 min each. 0.3% (w/v) hydrogen peroxide (Merck Millipore, 

Darmstadt, Germany) was added for 30 min to inhibit endogenous peroxidase activity, 

and then rinsed in D-PBS twice for 5 min each. Non-specific antibody binding was 
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blocked by incubating the slides in 10% (v/v) normal rabbit serum (Sigma-Aldrich) for 

30 min at room temperature. 

These sections were stained with the primary antibodies for collagen type 2, PG 

aggrecan and collagen type 1, diluted in 0.1% (w/v) BSA. Primary antibodies binding 

were incubated overnight at 4oC in a humidified chamber as following dilutions; 1:500 

dilution of mouse monoclonal anti-human collagen type 2 antibody (MP Biomedical, 

Solon, OH, USA), 1:500 dilution of mouse polyclonal anti-human PG aggrecan 

antibody (Merck Millipore, Billerica, MA, USA) and 1:750 dilution of goat monoclonal 

anti-human collagen type 1 antibody (SouthernBiotech, Birmingham, AL, USA). 

Following primary antibodies binding, sections were rinsed in D-PBS twice for 5 min 

each.  Sections then were incubated in secondary antibodies including: biotinylated-

rabbit polyclonal anti-mouse (1:750) and biotinylated-rabbit anti-goat antibodies (1:750) 

(Dako Glostrup), diluted in 0.1% (w/v) BSA for 2 hrs at room temperature, followed by 

further washes in D-PBS twice for 5min each.  Labeled sections were incubated with 

horseradish peroxidase (HRP) conjugated-streptavidin (VECTASTAIN ABC kit; 

VectorLaboratories, Burlingame, CA, USA) for 30min at room temperature. The 

reactions were developed and visualised as a brown precipitation using a solution of 

peroxidase substrate 3,3-diaminobenzidine (DAB) (Dako Glostrup), for 6 min. Excess 

DAB was washed in running tap water twice for 2 min each. Sections were 

counterstained with in hematoxylin (3 dips) and washed in tap water (2 min). Sections 

were then dehydrated through a graded ethanol series of 30%, 60%, 80%, 100% and 

100% (v/v) concentrations for 2 min each, cleared in xylene for 5 min, and mounted 

using Pertex. Following staining and mounting, sections were imaged using an 

Olympus IX70 microscope. Non-immune mouse IgG isotype control (Invitrogen, Life 

Technologies Corporation, Carlsbad, CA, USA) and goat IgG isotype control 

(SouthernBiotech, Birmingham, AL, USA), as negative control, underwent the same 
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procedure without primary antibody incubation. 

Production of collagen type 2 and cartilage PG in the 3D culture after 28 days of 

chondrogenic induction were also assessed by immunofluorescence (IF). All steps 

were performed at room temperature except the steps of primary and secondary 

binding antibodies (light sensitive), which were incubated at 4oC in dark environment 

using block chamber. Briefly, sections for IF were baked, de-paraffinised, rehydrated 

and processed for antigen retrieval and inhibiting endogenous peroxidase activity as 

described in section 2.8. Non-specific antibody binding was blocked by incubating the 

sections in 10% (v/v) normal goat serum (Sigma-Aldrich) for 30 min at room 

temperature. 

The sections were incubated for overnight at 4oC in dark chamber with the following 

primary antibodies; mouse monoclonal anti-human collagen type 2 antibody (1:500) 

(MP Biomedical), mouse monoclonal anti-human cartilage PG antibody (1:500) (Merck 

Millipore). Isotype negative controls were used underwent the same procedure without 

primary antibody incubation. These isotypes controls including: non-immune mouse 

IgG isotype control (Invitrogen) and goat IgG isotype control (SouthernBiotech). 

Following primary antibodies binding, sections were rinsed in D-PBS twice for 5 min 

each and then were incubated in goat Alexa-Fluor 594 anti-mouse (1:1000), as 

secondary antibody, for 3 hrs at room temperature in dark camber, followed by further 

washes in D-PBS twice for 5 min each. Sections were stained with 4', 6-diamidino-2-

phenylindole (DAPI) nuclear stain (1:1000) (Molecular Probes, USA) for 5 min and then 

mounted using fluoromount (Dako, Carpinteria, USA). Following staining and mounting, 

sections were imaged using Olympus IX70 microscope. All sections were stored at 4oC 

in dark chamber until analysis. 
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2.8 Total RNA extraction 

2.8.1 Tissue homogenisation 

Total ribonucleic acid (RNA) was extracted from undifferentiated group (day 0) and 

from 3D cultures after 7, 14 and 28 days for both the chondrogenic group and control 

group. Briefly, tissues (three biological replicates (N=3) per time-point: at 7, 14 and 28 

days of culture/group) were transferred to a sterile mortar sitting on a bed of dry ice, 

which was pre-frozen in liquid nitrogen for 2 min. The snap frozen tissues were 

reduced into fine powder with pestle and then homogenised in 1 ml of Trizol solution 

(Ambion, Life Technologies Corporation, Carlsbad, CA, USA).  

2.8.2 RNA extraction 

Total RNA was extracted immediately, using the Trizol method and silica membrane-

based commercial extraction kit (RNeasy mini kit) (Qiagen, Hilden, Germany) following 

the manufacturer’s protocol.  Briefly, tissue homogenates were stored in 1.75 ml sterile 

tube (BioCentrix, Union City, USA) and incubated for 10 min at room temperature to 

allow the complete dissociation of nucleoprotein complexes. Then 0.2 ml chloroform 

(Sigma-Aldrich) was added to each tube and the tubes were shaken vigorously by 

hand for 15 sec and incubated for a further 3 min at room temperature. All tubes were 

centrifuged at 12,000x g for 15 min at 40C. As a result the suspension was separated 

into three phases (phenol-chloroform and aqueous phases) (Figure 2.2). The aqueous 

phase, which contains the RNA, was collected very carefully, transferred into a new 

1.75 ml sterile tube (BioCentrix) and mixed by gentle inversion with an equal volume 

70% (v/v) chilled ethanol. Care was taken to avoid the interface that contains proteins. 

The samples were loaded immediately (up to 700 ȝl) into RNase mini column seated in 

a collection tube from the side of column. The samples were then centrifuged at 

12,000x g for 1 min at 40C. The flow-through was discarded and the rest of samples 
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were passed over separate columns. 700 µl RW1 buffer was added onto column before 

being centrifuged at 12,000x g for 1 min at 40C. The flow-through was discarded. 500 

µl RPE Buffer then was added twice and the samples were centrifuged again at 

12,000x g for 1 min at 40C. The columns were transferred into a new 1.5 ml eppendorf 

tube, centrifuged (empty) at 12,000x g for 1 min at 40C, and the flow-through was 

discarded to remove buffer carryover. The column was transferred into a new 1.5 ml 

collection tube. RNA was redissolved in 30 µl of RNase free water (Qiagen). All 

samples were then centrifuged at 12,000x g for 1 min at 40C to elute the RNA into the 

bottom of tubes. The isolated RNA was treated on a column with a DNase digestion 

(Qiagen) to eliminate genomic deoxyribonucleic acid (DNA) contamination.  

2.8.3 RNA assessment 

The total RNA quantity and purity were subsequently estimated by spectrophotometric 

optical density measurement using the NanoDrop (ND-1000 spectrophotometer) 

(NanoDrop Technologies, USA). A 1 ȝl of each sample was pipetted into the NanoDrop 

and the optical density at wavelengths 260 and 280 nm measured against water as a 

control. The ratio of 260/280 was considered a measurement of the purity of the 

sample and a value between 1.9 and 2.1 was considered adequate. The 260/230 was 

also measured to examine the nucleic acid purity. Values between 1.8 and 2.2 were 

considered acceptable. Lower ratios indicate the presence of contaminants. The RNA 

samples were stored at –80oC until qPCR and gene expression microarray were 

performed. 
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Figure 2.2: RNA extraction. Three phases (phenol-chloroform and aqueous phases). 

�

2.9 Quantitative real-time polymerase chain reaction (qPCR) 

2.9.1 cDNA synthesis 

The first-strand complementary DNA (cDNA) template for qPCR was reverse 

transcribed from 1 ȝg total RNA by using oligo (dTs) primer (Qiagen) and Omniscript 

reverse transcriptase kit (Qiagen) according to the recommendations of the 

manufacturer.  Briefly, 1 ȝg of total RNA was added to a reaction master mixture (MM) 

containing 2 µl of Oligo-dTs, 2 µl dNTPs (5 mM), 2 µl 10X reaction buffer, and 0.25 µl 

RNase inhibitor in sterile RNase free water for a final reaction of 9 µl in a nonstick, 

sterile, RNase-free, 0.2 ml tube (Promega Corporation, Madison, USA). The samples 

were mixed briefly and spun on a table centrifuge. After centrifugation, 1 µl Omniscript 

reverse transcriptase enzyme (RT+ samples) and sterile RNase free water were added 

for a final reaction volume of 20 µl. The samples were mixed by pipetting gently up and 

down. The mixtures were incubated at 370C for 1:30 hrs using Mastercycler gradient 

(Eppendorf, Hauppauge, NY). At the same time, all samples were reverse transcribed 

without added Omniscript reverse transcriptase enzyme (RT- samples) as negative 

control and to assess DNA contamination. 
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2.9.2 TaqMan Real-time polymerase chain reaction (qPCR) 

Real-time PCR was performed using the TaqMan Gene Expression PCR Master Mix 

(Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA) with specific 

primers and probe sets (all purchased from Applied Biosystems) for SOX9, COL2A1, 

ACAN, COL1A2 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a 

reference gene (housekeeping gene), according to manufacturer specifications. The 

TaqMan primer ID for each gene analysed was as follows: SOX9 (Hs00165814_m1), 

COL2A1 (Hs00264051_m1), ACAN (Hs00153936_m1), COL1A2 (Hs00164099_m1) 

and GAPDH (Hs02758991_g1). Quantitative PCR reactions were then carried out 

using 96-well standard reaction plate (Scientific Specialties Inc., USA) and 7500 Fast 

Real-Time PCR System (Applied Biosystems). Each sample was run in triplicate (n=3) 

for each gene in PCR reaction. Each reaction contained 1X TaqMan Gene Expression 

Assays Master Mix (Applied Biosystems), 1X appropriate predesigned fluorogenic 

TaqMan assay reagent (Applied Biosystems), cDNA (400 ng/µl) and RNeas-free water 

(Promega).  Briefly, for cDNA amplification, 1 µl of the revearse transcription product 

(cDNA) added to 10 µl 1X TaqMan Gene Expression Assays Master Mix, 4 µl of diluted 

(1/4) primers of each gene in a sterile RNase free water for a final reaction volume of 

20 µl in a PCR reaction tube. Assay was performed in 96-well standard reaction plates, 

thermal cycled at 50oC for 2 min and 95oC for 10 min, followed by 40 cycles at 95oC for 

15 sec and 60oC for 1 min. Data was collected using Applied Biosystems 7500 Real-

Time PCR Software Version 2.0.3 and analysed using the threshold-cycle (Ct) relative-

quantification method (2-ǻǻCt method). The level of each target gene was Normalised 

against GAPDH levels using the formula 2-ǻCt, where Ct is the threshold cycle and ǻCt 

= Ct (chondrogenic group) - Ct (GAPDH). For each gene, the Normalised cDNA level 

was calculated relative to that in control group levels using the formula 2-ǻǻCt, where 

ǻǻCt = ǻCt (chondrogenic group) - ǻCt (control group). The results for the complete 
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list of the tested transcripts are expressed as the mean of 2-ǻǻCt at the different time 

points. (RT-) samples were used as a negative control. 

2.10 Gene expression microarray 

The extracted total RNA samples from undifferentiated group (day 0) and from 3D 

cultures after 7, 14 and 28 days of chondrogenic group (three independent biological 

replicates (N=3)), were processed and amplified using the MessageAmp II-Biotin 

Enhanced Single Round antisense RNA (aRNA) Amplification Kit (Ambion). RNA 

amplification was originally developed as a method to amplify very small concentration 

of RNA samples to produce enough material for array hybridsation [505]. The total 

RNA amplification and labeling protocols were performed in the Department of 

Orthopedics Laboratory at St. Vincent’s Hospital, Melbourne, and then submitted for 

microarray analysis at the Australian Genome Research Facility (AGRF) for direct 

hybridsation and scanning protocols. First- and second -strand cDNA were synthesised 

from total RNA (1 ȝg) and purified to become a template for in vitro transcription (IVT) 

in a reaction containing biotin-modified UTP and T7 RNA polymerase in order to 

generate biotin-labeled aRNA copies for array hybridisation. 

2.10.1 Reverse transcription to synthesise first strand cDNA 

The first-strand cDNA template was reverse transcribed from 1 ȝg total RNA by using 

oligo-dT primer and arrayscript enzyme (Ambion). Briefly, at RT, 1 ȝg (a maximum 

volume of 10 ȝl in RNase-free water) of total RNA was added to a reverse transcription 

master mix (MM1) containing 1 µl of T7 Oligo (dTs) primer, 4 µl dNTPs, 2 µl 10X first 

strand buffer buffer, 1 µl RNase inhibitor, and 1 µl arrayscript reverse transcriptase in 

sterile RNase-free water for a final reaction of 10 µl in a nonstick, sterile, RNase-free, 

0.2 ml SnapScript II PCR tube (Scientific Specialties, Inc., USA). The samples were 

mixed thoroughly by pipetting up and down 2–3 times, and centrifuged briefly to collect 
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the reaction in the bottom of the tube. After centrifugation, the samples were placed in 

the Mastercycler gradient and then incubated for 2 hrs at 42°C (50°C lid). After the 2 hr 

incubation, the samples were centrifuged briefly (~5 sec) to collect the contents at the 

bottom of the tubes, tubes were then placed on ice and immediately processed for 

second strand cDNA synthesis, as below. 

2.10.2 Second strand cDNA synthesis 

On ice, a second strand master mix (MM2) was prepared in a non-stick, sterile, 1.75 ml 

sterile tube (BioCentrix) containing 10 ȝL 10X second strand buffer, 4 µl dNTPs mix, 2 

ȝL DNA polymerase, and 1 ȝL RNase H in sterile RNase-free water for a final reaction 

of 80 µl. The MM2 was mixed gently, centrifuged briefly (~5sec) to collect at the bottom 

of the tube and then was added to first strand cDNA samples (20 µl). The samples 

were mixed thoroughly by pipetting up and down 2–3 times, and centrifuged briefly to 

collect the reaction in the bottom of the tube. After centrifugation, the sample was 

placed in the Mastercycler gradient and then incubated for 2 hrs at 16°C (heat-disabled 

lid, or no lid). After the 2 hrs incubation at 16°C, the samples were placed on ice and 

then processed for cDNA purification or immediately the samples were stored at –20°C 

until cDNA purification. 

2.10.3 cDNA purification 

cDNA was purified using cDNA binding buffer and cDNA filter cartridges at RT. Briefly, 

250 ȝl of cDNA Binding Buffer was added to cDNA samples (100 ȝl). The samples 

were mixed thoroughly by pipetting up and down 2–3 times, followed by a quick spin to 

collect the reaction in the bottom of the tube. cDNA filter cartridge was firmly seated in 

its wash tube, before being added the cDNA sample/cDNA binding buffer mixure (350 

ȝl) on to the center of the cDNA filter cartridge. The samples then were centrifuged for 

~1 min at 10,000x g, or until the mixture was passed through the filter. 500 µl wash 
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buffer then was added one time to each cDNA filter cartridge and the samples were 

centrifuged for ~1 min at 10,000x g. The flow-through was discarded and the filter 

cartridge was spun for an additional 1 min to remove trace amounts of wash buffer. 

The cDNA filter cartridge was transferred into a new cDNA elution tube. cDNA was 

eluted by adding 22 ȝL of preheated RNase-free water (55°C) to the center of cDNA 

filter cartridge. Colder water was less efficient at eluting the cDNA, and hotter water 

(�58°C) was result in reduced aRNA yield. The sample was then centrifuged for 1 min 

at 10,000x g to elute the double-stranded cDNA into the bottom of tube (~20 ȝl). . 

2.10.4 In vitro transcription (IVT) to synthesise biotin-labeled aRNA 

 IVT reaction, containing biotin-modified UTP and T7 RNA polymerase, was used to 

generate hundreds to thousands of biotin-labeled aRNA copies, which are suitable for 

use on microarray gene expression system after purification. Briefly, at RT, 20 µl of 

purified double-stranded cDNA was added to a IVT master mix (MM3) containing 12 µl 

of Biotin-NTP Mix, 4 µl T7 10X Reaction Buffer and 4 µl T7 Enzyme Mix for a final 

reaction of 40 µl in a nonstick, sterile, RNase-free, 0.2 ml SnapScript II PCR tube. The 

samples were mixed thoroughly by pipetting up and down 2–3 times, and centrifuged 

briefly to collect the reaction in the bottom of the tube. After centrifugation, the samples 

were placed in Mastercycler gradient and then incubated for 14 hrs at 37°C (default lid; 

100–105°C). After 14 hrs of incubation, 60 ȝl RNase-free water was added for a final 

volume to 100 ȝl to stop the reaction and then proceed immediately to of biotin-labeled 

aRNA purification. 

2.10.5 Biotin-labeled antisense RNA (aRNA) purification 

Biotin-labeled aRNA was purified to remove enzymes, salts, and unincorporated 

nucleotides from the aRNA to be ready for use on microarray gene expression system. 

Briefly, 350 ȝl of aRNA binding buffer was added to biotin-labeled aRNA samples 
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followed by adding 250 ȝl of ACS grade 100% ethanol. The samples were mixed gently 

by pipetting up and down 3 times.  The sample mixture was immediately added onto 

the center of the filter in the aRNA filter cartridge/collection tube assembly, and 

centrifuged for ~1 min at 10,000x g. The eluate was discarded and the aRNA filter 

cartridge was seated again in the aRNA collection tube. 650 µl wash buffer then was 

added to each aRNA filter cartridge and the samples were centrifuged for ~1 min at 

10,000x g. The flow-through was discarded and the filter cartridge was spun for an 

additional ~1 min to remove trace amounts of wash buffer. The aRNA filter cartridge 

was transferred into a fresh collection tube. 200 ȝl of preheated RNase-free water 

(55°C) was added to the center of the filter and the sample then was incubated in the 

55°C heat block for 10 min and centrifuged for ~1.5 min at 10,000x g to elute biotin-

labeled aRNA into the bottom of collection tube (~200 ȝl). 

The quality and quantity of biotin-labeled aRNA was ascertained on the Agilent 

Bioanalyser 2100 (Agilent Technologies, Santa Clara, USA) using the NanoChip. The 

RNA fragments (18S and 28S) were measured and the ribosomal ratio was 

determined, giving an indication on the integrity of the RNA sample. Additionally, the 

RNA integrity number (RIN) can be utilised to estimate the integrity of total RNA 

samples based on the entire electrophoretic trace of the RNA sample, including the 

presence or absence of degradation products. The samples with RIN > 9 are indicated 

as a perfect RNA sample without any degradation products. 

2.10.6 Gene expressionanalysis by direct hybridisation, labeling, and 
scanning 

A total of 500 ng of 5 µl Biotin-labeled aRNA was prepared by adding to 10µl GEX-HYB 

Hybridisation Buffer (Illumina Inc., USA) at 0.05 µg/µl and then hybridised to each set 

of oligonucleotide probes immobilised to beads held in micro-wells on the surface of an 

array substrate using illumina Whole-Genome Gene Expression Direct Hybridisation 
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System (illumina HumanHT-12 v4 BeadChip) (Illumina Inc.). A total hybridisation 

volume of 15 µl was prepared for each sample and 15 Pl loaded into a single array on 

the iIlumina humanHT-12 Expression Beadchip. A total of 12 different labelled samples 

can be loaded into 12 individual arrays per beadchip.  The chip was then hybridised at 

58oC for 16 hrs in an oven with a rocking platform. After hybridisation, the chip was 

washed with E1BC buffer and then 100% ethanol. Upon completion of the washing, the 

chips were then coupled with Cy3-Streptavidin conjugate antibody (VWR, Radnor 

Corporate Center, USA) to produce fluorescence signal. Light emission from 

fluorescent signal was then scanned in iScan Reader (Illumina Inc.) and analyzed 

using the scanner operating software, Illumina’s GenomeStudio Gene Expression 

Module that converts the signal on the array into a TXT file for analysis. The 

experiments were performed using three independent biological replicates (N=3) per 

time-point: at 0, 7, 14 and 28 days of culture/group and the mean values were 

determined for each gene. Under our experimental conditions, a more than 2-fold 

change difference was considered as an up-regulated gene of hIPFP-derived MSCs 

chondrogenesis. 

2.11 Data analysis 

For flow cytometry, the raw data for cells (N=3), which were proliferated until P3, was 

analysed to obtainthe percentage of CD29, CD31, CD34, CD44, CD45, CD73, CD9 

and CD105 positive cells and histograms were prepared using FlowJo analysis 

software (Tree Star, Ashland, OR, http://www.treestar.com). The means and standard 

deviations (SDs) of the values (%) were calculated for each set of results. 

For qPCR, the numerical data were analysed using GraphPad Prism 6.0. The mean 

and standard error of the mean (SEM) were calculated for each set of results. For 

comparison of groups of two means, the t-test was used. 



105 

 

For microarray experiment, data analysis was performed using 1-way analysis of 

variations (ANOVA) model, the lumiR package of R Bioconductor and Fisher’s Exact 

test. 1-way ANOVA analyses of Normalised probe intensities values was performed in 

Partek Genomic SuiteTM software, version 6.6 build 6.12.0420 (Partek Inc., St. Louis, 

MO, USA). ANOVA was used to calculate significance of variation in Normalised 

expression values between sample groups; fold change of gene expression was 

calculated as mean ratio. Probes with an unadjusted p-value of 0.05 or less (no False 

Discovery Rate correction was applied) and an absolute fold change of 2 or more were 

defined as differentially expressed genes. Raw signal intensity values were Normalised 

and subjected to variance stabilisation transformation including background correction, 

log2 transformation and variance stabilisation using the lumiR package detailed 

algorithm of R Bioconductor. Least square means (LS) of Normalised intensities were 

used to calculate the gene expression level (fold change) for each group for different 

culture time points. A 2-fold expression cut-off was applied.  For hierarchical gene 

cluster analysis, the expression profiles gene ontology (GO) and Pathway enrichment 

analysis was performed on the list of differentially expressed genes (2-fold or more) in 

Partek and the enrichment scores and enrichment p-values were calculated using a 

Fisher’s Exact test. 

In this study, we performed both one-sample multivariate empirical Bayes statistical 

analysis (using the MB-statistic) and a variant of the one-sample HotellingT2-statistic 

[506] that have been used previously, in other studies, to rank genes in order of interest 

from longitudinal replicated (N=3) differentiation microarray time-course experiments. 

The genes with the highest statistical significant with regards t regulation against a 

control group have the highest number (i.e. the highest ranking) and, as such, 

correspond to the most gene expression across time points that have changed the 

most and that have the best correlation across sample replicates.
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3.1 Background 

Articular cartilage defects are highly represented in orthopaedics, affecting people of all 

ages, and cartilage injuries and diseases cause significant morbidity in the population. 

Also, management of AC defects remains challenging and controversial. Many 

approaches have been taken for repair, however, all end poorly due to spontaneous 

healing that comprises fibro-cartilaginous tissue. Cartilage tissue engineering 

approaches for promoting the repair of AC defects have focused on cell-based 

therapies involving adult MSCs. In 2006, the Mesenchymal and Tissue Stem Cell 

Committee of the International Society for Cellular Therapy, proposed minimal criteria 

to define human MSCs [507], including: (i) plastic-adherence when maintained under 

standard culture conditions; (ii) the ability for osteogenic, adipogenic, and chondrogenic 

differentiation; (iii) expression of CD73, CD90, CD105; and (iv) lack of expression of 

hematopoietic linage markers (CD14, CD11b, CD34, CD45, CD19, CD79). Adipose 

tissue is considered as a valuable and reliable source of adult MSCs in the human 

body. The existence of stem cells within adipose tissue was reported for the first time in 

2001 [508]. Zuk et al. identified a fibroblast-like population of stem cells, termed PLA, 

which can be isolated from human lipoaspirates and maintained in vitro for extended 

periods with stable population doubling and low levels of senescence. Processed 

lipoaspirates cells are mesenchymal in origin, as determined by immunofluorescence 

and flow cytometry, and are capable of differentiating into chondrogenic lineage as well 

as osteogenic, adipogenic and myogenic lineages [508, 509]. Adipose tissue of the 

IPFP of human adult knee has been shown to be an abundant source of adult MSCs 

called hIPFP-derived MSCs that have the ability to expand in vitro as their 

undifferentiated phenotype and differentiate into chondrocytes under appropriate 

culture conditions [240, 510].  
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Only a few papers have been published showing chondrogenic potential of IPFP-

derived MSCs. Using TGFȕ1, Wickham et al. demonstrated that the IPFP of the human 

adult knee contains progenitor cells that have the ability to differentiate into 

chondrocytes [511]. In 2007, Khan et al. tested the effects of hypoxic (5% oxygen) 

conditions on chondrogenesis of stem cells from the IPFP of osteoarthritis patients 

under appropriate 3D pellet culture conditions utilising TGFȕ3 and IGF-1 [510]. The 

chondrogenic potential of IPFP- derived porcine cells was assessed over a period of 42 

days in agarose hydrogel culture supplemented with TGFȕ3. In terms of mechanical 

properties and GAGs and collagen accumulation, successful cartilage formation was 

achieved with collagen type 2 formation [512].  

This is the first study to utilise TGFȕ3 and BMP6 with adult MSCs derived from human 

IPFP tissue, a source of stem cells that is readily accessible in orthopaedic practice, for 

chondrogenesis. Although a few studies have been investigated expression of 

particular genes during chondrogenesis in human and animal bone marrow-derived 

MSCs using microarray [513-515], gene expression changes during the chondrogenic 

differentiation of hIPFP-derived MSCs have never been studied. In this study, we 

employed illumina Human HT-12 v4 BeadChip (Targeting more than 47,000 

transcripts) to identify genes differentially expressed during hIPFP-derived MSCs 

chondrogenesis. Much consideration has been given to the study of the cellular and 

molecular mechanisms that regulate chondrogenesis and chondrocyte differentiation in 

this model. This study was designed to investigate the chondrogenic potential of 

hIPFP-derived MSCs using 3D pellet culture conditions and to determine differential 

gene expression profiles using microarray gene analysis.   
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3.2 Hypothesis and aims 

In vitro production of hyaline-like cartilage can be achieved using IPFP-derived MSCs 

differentiated in chondrogenic medium containing TGFE3 and BMP6 as 3D pellet 

cultures. 

Therefore, the aims of this chapter were as follows: 

Aim (1): To isolate and fully characterise hIPFP derived MSCs. 

Aim (2): To develop chondrogenic cell types from hIPFP -derived MSCs in 3D pellet 

culture (in vitro). 

Aim (3): To fully characterise TGFE3 and BMP6 driven chondrogenesis from MSCs 

derived from hIPFP tissue by conventional techniques achieved by histological 

staining, IHC and changes in expression of chondrogenic genes using qPCR. 

Aim (4): To investigate temporal changes of key molecular components regulated 

during chondrogenic induction by using specialised microarray analysis. 

3.3 Materials and Methods 

Schematic representation of the experimental procedure is shown in (Figure 2.1). 

3.3.1 Human IPFP-derived MSCs harvesting 

Human IPFP were obtained intraoperatively from total knee arthroplasties with 

informed written consent and approval from Human Research Ethics Committee, 

Research Governance Unit at St. Vincent’s Hospital, Melbourne, Australia (St. 

Vincent’s HREC Ref: HREC-A 117/10). The fat pads tissue was taken only from the 

patients with primary osteoarthritis. Patients with inflammatory arthritis and with a 

previous history of knee surgery were excluded. A total of three patients (2 males & 1 

female) with mean age of 70 (aged 69, 71, 72; three independents biological replicates 

(N=3)) were selected. 
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Figure 3.1:  Schematic representation of the experimental procedure. 

 

3.3.2 Cell isolation and expansion 

The isolation and expansion of IPFP-derived MSCs were performed according to the 

procedure outlined in Sections 2.1 and 2.2. 

3.3.3 Flow cytometry. 
The flow cytometry experiment was performed according to the procedure outlined in 

Section 2.3. Flow cytometry was performed on confluent P3 hIPFP-derived MSC cells 

that isolated from one biological sample (N=1). The cells were analysed using 

conjugated antibodies and stained for the following surface markers: CD29, CD31, 
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CD44, CD45, CD73, CD90, CD105 and HLADR. Isotype control combinations, 

including IgG1 and IgG2a isotype controls were performed as negative controls. 

3.3.4 Chondrogenic differentiation in 3D pellet culture 

Chondrogenic differentiation of hIPFP-derived MSCs (three biological replicates (N=3) 

per time-point (7, 14 and 28 days of culture/group) was induced using a 3D pellet 

culture technique as described previously [258]. Briefly, 2.5 x 105 confluent P3 cells/ml 

were placed in 15 ml Bio-reaction tube (Celltreat Scientific Products, Shirley, MA, USA) 

with chondrogenic medium (chondrogenic group) consisting of DMEM-high glucose, 

1% FBS, 1% ITS, 100 nM Dexamethasone, 50 ȝg/ml ascorbic acid, 1x 

antibiotic/antimycotic, 10 ng/ml TGFȕ3 and 10 ng/ml BMP6 (R&D Systems). Then cells 

were centrifuged at 400x g for 5 min to form the pellets (5-10 pellets) which were 

cultivated at 37oC, 5% CO2 for 7, 14 and 28 days. The chondrogenic medium was 

changed every 2 days. Undifferentiated IPFP-derived MSCs (day 0) were used as the 

undifferentiated group. The same protocol was performed utilising control medium (that 

is, without ascorbic acid, TGFȕ3 and BMP6 supplementation) as the control group. The 

media was changed every two days. Samples were retrieved at 0, 7, 14 and 28 days 

for histological, immunohistochemical, qPCR and microarray analysis. A total of 108 

pellets were utilised for all three independents biological replicates. Six pellets were 

used for each time point and for each condition. One pellet was used for histological 

and immunohistochemical analysis. Five pellets were used to extract RNA for qPCR 

and microarray genes expression studies.  

3.3.5 Tissue fixation, embedding and sectioning 

Pellets were also collected at each time point (after 7, 14 and 28 days) of chondrogenic 

group and control group for histological and immunohistochemical analysis. The pellet 
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fixation, embedding and sectioning were performed according to the methods outlined 

in Section 2.5.  

H&E, and TB staining was performed using the routine method, as described in Section 

2.6. 

3.3.6 Immunohistochemistry evaluation 

The production of collagen type 2, PG aggrecan and collagen type 1 proteins in 3D 

pellet cultures after 28 days of chondrogenesis were assessed using IHC using 

standard indirect immunoperoxidase method, as described in Section 2.7. 

3.3.7 TaqMan real-time polymerase chain reaction (qPCR) 

Total RNA was extracted from undifferentiated group (day 0) and from pellets after 7, 

14 and 28 days of chondrogenic group and control group, as described in Section 2.8. 

In vitro expression of specific chondrocytic genes (SOX9, COL2A1, ACAN and 

COL1A2) by hIPFP-derived MSCs was determined by qPCR. The pellets were 

homogenised, RNA extraction and real-time qPCR performed using the same 

conditions and primers, as described in Section 2.9. 

3.3.8 Gene expression profiling study (Microarray) 

Complete methods for these microarray experiments, including first and second cDNA 

synthesis, cDNA purification, IVT transcription, aRNA purification, and direct 

hybridsation, labeling and scanning were performed according to the procedures 

described in Section 2.10. 

3.3.9 Data analysis 

The complete data for the real time qPCR and microarray genes expression 

experiments were analysed, as outlined in Section 2.11. 
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3.4 Results 

3.4.1 Isolation, culture and cell surface epitope characterisation  

Human IPFP-derived MSCs were expanded in primary monolayer culture and cells 

showed a typical spindle-shaped fibroblastic morphology (Figure 3.2). Cells typically 

reached 70-80% confluence by day 5 after expansion.  Further, cells at P3 stained 

strongly for CD29, CD44, CD73, CD90 and CD105 (mesenchymal stem cells markers). 

Staining for CD31 (endothelial cells marker), HLADR (marker for hematopoietic cells), 

and CD45 (leukocytic cells markers) were negative (Figure 3.3). No staining was 

observed for the IgG1 and IgG2a isotype controls. The immunophenotyping results of 

hIPFP-derived MSCs, using a panel of 8 antibodies, are summarised in Table 3.1. 
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Figure 3.2: Morphology of hIPFP-derived MSCs in primary monolayer culture. 
After five days of expansion, hIPFP-derived MSCs show a typical spindle-shaped 

morphology under the phase contrast microscope. Magnification (10x). Scale bar 

indicated. 

 

 

100 ȝm 
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Figure 3.3: Representative histogram plots for cell surface epitope 
characterisation of hIPFP-derived cells following flow cytometric analysis. Cell 

surface staining on (P3) hIPFP-derived cells was performed with a panel of antibodies 

as described in text. Results showed positive staining for CD29, CD44, CD73, CD90 

and CD105 and negative staining for CD31, HLADR and CD45. No staining was 

observed for the IgG1 and IgG2a isotype controls 

 

 

IgG2a IgG1 CD29 

CD45 

CD44 CD73 CD90 

CD105 CD31 HLADR 
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Table 3.1: Surface epitope expression. Surface epitope expression on hIPFP-

derived MSCs at (P3) was determined by flow cytometry. The unlabeled cells and the 

isotype controls (IgG1 and IgG2a) are negative. The levels of antigen detection of 

hIPFP-derived cell preparations are indicated as follows: - Negative; ++ Dim positive; 

+++ Strongly positive 

 

3.4.2 Time course of hIPFP-derived MSCs chondrogenesis 

Initial assessment of chondrogenesis was based on size and appearance of pellets. 

Immediately after centrifugation, the cells appeared as flattened pellets at the bottom of 

tubes. After 24-48 hours, pellets became rounded. Pellets then grew in size with their 

diameters increasing progressively on days 7, 14 and 28 and displayed a consistent 

white opaque macroscopic appearance (Figure 3.4). Control group pellets had rounded 

pellet morphology but the size remained significantly smaller and they did not have the 

shiny appearance compared with the chondrogenic group (Figure 3.5). The mean 

Panels Antibody-Fluorochrome              Results 

1 CD45-Alexa488 
CD29- PE 
CD105-Alexa647 
CD73- PerCPCy5 

� 
++ 
++ 

+++ 

2 CD45-Alexa488 
CD29- PE 
CD90-Alexa647 
HLADR- PerCPCy5.5 

� 
++ 

+++ 
� 

3 CD45-Alexa488 
CD31- PE 
CD44- APCH7 
HLADR- PerCPCy5 

� 
� 

+++ 
� 

4 CD45-Alexa488 
CD31- PE 
CD44- APCH7 
CD73- PerCPCy5.5 

� 
� 

+++ 
+++ 
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(±SD) size of chondrogenic group pellets was 2.2 mm ± 0.2 mm (n=8) compared with 

control group pellets, which was 0.5 mm ± 0.1 mm (n=8) at day 28 (Figure 3.6), 

p<0.001 (Student’s paired T-test). 

 

 

Figure 3.4: Time course of hIPFP-derived MSCs chondrogenesis. Macroscopic 

images of differentiating hIPFP-derived MSCs in pellets on days 7, 14, and 28. 

 

 

Figure 3.5: Macroscopic appearance of pellets in control and chondrogenic 
groups at day 28. The pellet on the left was cultured in chondrogenic medium 

containing TGFȕ3 and BMP6 (chondrogenic group) and displayed white opaque 

macroscopic appearance and the pellets on the right were cultured in control medium 

(control group) on day 28. Ruler indicates 1 mm.  
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Figure 3.6: Assessment of hIPFP-derived MSCs chondrogenesis. Representative 

images of pellets in 15 ml Bio-reaction tubes in chondrogenic medium containing 

TGFȕ3 and BMP6 on the right (chondrogenic group) (pellet diameter = 2.2 mm ± 0.2 

mm, n=8; and, in control medium on the left (control group) (pellet diameter = 0.5 mm ± 

0.1 mm, n=8; each on day 28. Ruler indicates 1 mm. 

 

3.4.3 Histology analysis of pellets culture 

Human IPFP-derived MSCs were induced and cultured in in the presence 

(chondrogenic) or absence (control) of TGFȕ3/BMP6 for 7, 14 and 28 days in pellets. 

Sections were first stained with H&E. H&E staining of chondrogenic pellets showed a 

change in cellular morphology towards a chondrocytic phenotype from day 7 and 

revealed large rounded cells encapsulated in lacunae and surrounded by an abundant 

ECM at days 14 and 28, compared to control pellets. Cells of control pellets appeared 

more fibroblastic in morphology and without ECM distribution from day 7 to day 28  

(Figure 3.7).  
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Staining of chondrogenic group pellets with TB was positive on days 7, 14, and 28 

compared to control pellets with a negative staining of TB (Figure 3.8). In chondrogenic 

pellets, within the same staining procedure, showed a gradual increase in staining 

intensity surrounding the cells from day 7 to day 28, which indicates an increase in PG 

accumulation and production.  The analysis showed that PG deposition at 7 day was 

initiated and accumulated near the outer edge of pellet. With longer duration of 

chondrogenic induction (day 14), central region of the pellet contained progressively 

more PG. Continuous differentiated pellet (day 28) showed abundant PG distributed 

throughout the pellet. However, the control pellets on days 7, 14, and 28 demonstrated 

no deposition or accumulation of PG throughout the pellets. 



120 

 

 

 

 

Figure 3.7: Hematoxylin and eosin staining of pellets in control and 
chondrogenic groups. 

Human IPFP-derived MSCs were seeded in a pellet, and cultured in the presence 

(chondrogenic) or absence (control) of TGFȕ3/BMP6 for 7, 14 and 28 days in vitro. 

Sections of control and chondrogenic pellets were stained with H&E to observe cell 

morphology and ECM distribution during chondrogenic differentiation. Cells of control 

pellets appeared more fibroblastic in morphology, and without abundant ECM 

distribution from day 7 to day 28 compared to chondrocytic morphology, with abundant 

ECM surrounding the cells at days 7, 14 and 28 in the chondrogenic pellets group. 

Representative images were presented at 10x magnifications. Scale bars indicated. 
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Figure 3.8: Toluidine blue staining of pellets in control and chondrogenic groups.  

Human IPFP-derived MSCs were seeded in a pellet, and cultured in the presence 

(chondrogenic) or absence (control) of TGFȕ3/BMP6 for for 7, 14 and 28 days in vitro. 

Representative images of PG synthesis (TB staining) showing increased accumulation 

in pellet sections from 7, 14 and 28 days of differentiation in the chondrogenic group 

compared to control pellet that stained negatively for TB. The PG accumulation was 

initiated near the outer edge of pellet at day 7. After day 14, more PG was diffused into 

the central region. Continuous differentiated pellet at day 28 showed abundant PG 

distributed throughout the pellet. No PG deposition was demonstrated on days 7, 14, 

and 28 of the control pellet. Magnification (10x). Scale bars indicated. 
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3.4.4 Immunohistochemistry assessment of pellets culture 

Immunohistochemistry staining of control and chondrogenic pellets for the presence of 

collagen type 2, PG, and collagen type 1 at day 28 are illustrated in Figure 3.9. When 

compared to control pellets and isotype control, IHC analysis showed that collagen 

type 2 and PG were synthesised by cells grown in chondrogenic conditions and stained 

strongly after 28 days of differentiation. However, the control pellets showed negative 

staining for both collagen type 2 and PG, indicating no production throughout the 

pellets after 28 days of differentiation. Collagen type 1 was present in both the control 

and the chondrogenic pellets. In addition, cells in chondrogenic pellets were 

encapsulated, resembling lacunae, and surrounded by ECM consisting of collagen type 

2 and PG, as showed in Figure 3.10.  

 

 

Figure 3.9: Immunohistochemical analysis of pellets in control and chondrogenic 
groups at day 28. Representative IHC results showed no staining in isotype negative 

control sections in control and chondrogenic pellets. Extensive collagen type 2 (COL2) 

and PG production can be seen within the chondrogenic pellets compared with no 

production in control pellets. Collagen type 1 (COL1) was produced in both control and 

chondrogenic pellets. Magnification (10x). Scale bars indicated.  
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Figure 3.10: Immunohistochemical analysis of day 28 pellets in chondrogenic 
group. Collagen type 2 (COL2) and PG were produced extensively after 28 days of 

differentiation in chondrogenic pellets. Cells in chondrogenic pellets were encapsulated 

in their lacunae and surrounded by ECM (collagen type 2 and PG). The control pellets 

showed no staining for either of these ECM products. Magnification  (40x). Scale bars 

indicated. 

 

3.4.5  Gene expression analysis of chondrogenic hIPFP derived MSCs 

Gene expression of SOX9, COL2A1, ACAN, COL1A2 were determined by qPCR for 

relative quantification of RNA isolated from cells cultured under chondrogenic 

conditions for 0, 7, 14 and 28 days in 3D pellets. SOX9 expression was significantly 

increased (7.5-fold; p=0.02) between day 0 and day 28. COL2A1 was detected at day 

14 and was increased 4.0-fold by day 28. The increase of COL2A1 from day 14 to day 

28 was statistically significant (p=0.02). Between day 14 and day 28, ACAN increased 

significantly (2.3-fold; p=0.01). COL1A2 did not increase beyond day14 (Figure 3.11). 
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Figure 3.11: Temporal gene expression analysis of the major components of 
chondrocyte associated ECM. The expression of (SOX9, COL2A1, ACAN, and 

COL1A2) was analysed in differentiating (chondrogenic group) hIPFP MSCs (n=3) at 0, 

7, 14 and 28 days. Relative gene expression was normalised against GAPDH 

expression and relative to gene expression in the control group. A significant increase 

in gene expression was observed over 28 days (*p<0.05) in all genes with the 

exception of Col1A2. Error bars represent SEM. 

 

3.4.6 Microarray data 

Total RNA samples from undifferentiated group (day 0) and from the pellets after 7, 14 

and 28 days of chondrogenic group were, extracted, reverse transcribed, amplified and 

then hybridised to the illumina HumanHT-12 v4 BeadChip arrays for the microarray 

gene expression study. Only a few hundreds represented genes were differentially up 

or down-regulated during the chondrogenic induction compared with undifferentiated 

group at day 0. 
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Microarrays analysis highlighted a total of 555 genes that were up-regulated (Figure 

3.12) and 610 genes that were down-regulated (Figure 3.13) during chondrogenic 

differentiation. In this study, Normalised microarray data showed 157, 378 and 362 

genes were up-regulated at 7, 14 and 28 days of chondrogenic differentiation, 

respectively (Figure 3.12). Furthermore, we found that 385, 346 and 379 genes were 

down-regulated after 7, 14 and 28 days of cultured in chondrogenic differentiation 

medium, respectively (Figure 3.13). 

Under our protocol conditions, values of +2 or more and -2 or less fold change 

difference were considered as a regulated (up and down) genesgene of hIPFP-derived 

MSCs chondrogenesis. The total of the significant up-regulated genes (p<0.05, more 

than 2 fold) were classified into 4, 32, 60, 145, and 656 genes sets exhibiting >70, 20 

to <70, 10 to< 20, 5 to <10 and 2 to <5-fold changes, respectively, at 7, 14 and 28 days 

of chondrogenic induction (Table 3.2) 

Messenger RNA transcripts encoding COMP, SOX9, COL1A1, COL9A2, COL10A1 

and COL11A1 were expressed from day 7. 12 chondrogenic genes were significantly 

up-regulated (2- to 87-fold, p<0.05) through to days 14 and 28; this included COL2A1, 

COMP, CRTL1, SOX9, FMOD, COL1A1, COL1A2 COL9A1, COL9A2, COL10A1, 

COL11A1, and COL11A2 (Table 3.3).  
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Figure 3.12: Venn diagram of common up-regulated genes. Human IPFP-derived 

MSCs (N=3) cultured in 3D pellet cultures at 7, 14 and 28 days of chondrogenic 

differentiation. Fold changes of +2 or more were considered as up-regulated gene. 

 

Figure 3.13: Venn diagram of common down-regulated genes. Human IPFP-

derived MSCs (N=3) cultured in 3D pellet cultures at 7, 14 and 28 days of 

chondrogenic differentiation. Fold changes of -2 or less were considered as down- 

regulated genes. 
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Table 3.2: Table shows fold-change classification of significant differentially 
expressed (up-regulated) genes (p<0.05) at each time-point during hIPFP-derived 
MSCs chondrogenesis in pellet culture. 

 

Several mRNA transcripts encoding for COL2A1, CRTL1, SOX9, FMOD, COL9A1, and 

COL11A2 were not up -regulated (< 2-fold) at day 7. Microarray profiling study analysis 

showed that COL2A1, CRTL1 and COL10A1 transcripts were highly expressed (more 

than 30-fold) at day 14 and their expression were increased significantly up to day 28 

of differentiation. Specifically, COL2A1 was the highest, with 87.4 fold increase in 

chondrogenic tissue, followed by COL10A1 and CRTL1 were increased by 84.0- and 

69.6-fold, respectively. Similar patterns, although with less up-regulated fold -changes, 

were identified for other AC specific genes at day 28 including COMP, SOX9, FMOD, 

COL1A1, COL1A2, COL9A2, COL9A1, COL11A1 and COL11A2 (Table 3.3).  

To identify gene expression profile similarities, Hierachical clustering was performed on 

selected 12 genes associated with chondrogenesis expressed by hIPFP-derived MSCs 

differentiating in chondrogenic media at 0, 7, 14 and 28 days. Normalised intensities 

extend from blue (down-regulated) to red (up-regulated) through day 0 to days 14 and 

28 on each set of selected chondrogenic genes (Figure 3.14).  

Fold-change 7 days 14 days 28 days 

>70 0 2 2 

20 to <70 1 13 18 

10 to< 20 7 23 30 

5 to <10 23 53 69 

2 to <5 126 287 243 



128 

 

Table 3.3: Up-regulated chondrogenic genes in pellet culture. This table shows 12 chondrogenic genes that were significantly up-regulated 

(p<0.05) during chondrogenesis in the pellet culture. (- Not expressed). 

GeneName Gene 
Symbol 

Entrez_Gene 
ID 

Fold 
7d 

Fold 
14d 

Fold 
28d 

Gene function 

Collagen, type II, alpha 1 COL2A1 1280 1.59523 54.4847 87.4597 Structural integrity of the ECM 

Cartilage oligomeric matrix protein COMP 1311 8.46285 7.77788 8.03544 Structural integrity of the ECM 

Cartilage linking protein 1 CRTL1 1404 - 59.1743 69.6137 Interacting selectively with hyaluronic acid 

SRY (sex determining region Y)-box 9 SOX9 6662 1.70766 4.41709 4.72234 Enable the transcription of COL2A1 by 
RNA polymerase II 

Fibromodulin FMOD 2331 - 6.37611 15.4326 Plays a role in assembly of ECM 

Collagen, type I, alpha 1 COL1A1 1277 6.94525 12.6906 13.3320 Structural integrity of the ECM 

Collagen, type I, alpha 2 COL1A2 1278 1.95626 2.24466 2.30128 Structural integrity of the ECM 

Collagen, type IX, alpha 1 COL9A1 1297 - 29.6412 38.8811 Structural integrity of the ECM 

Collagen, type IX, alpha 2 COL9A2 1298 2.28356 16.5729 16.0581 Structural integrity of a complex 

Collagen, type X, alpha 1 COL10A1 1300 2.35814 74.3950 84.0912 Structural integrity of a complex 

Collagen, type XI, alpha 1 COL11A1 1301 7.78219 11.093 31.9803 Structural integrity of the ECM 

Collagen, type XI, alpha 2 COL11A2 1302 - 9.8088 14.2147 Structural integrity of the ECM 
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Figure 3.14: Differential microarray gene expression analysis during 
chondrogenesis. Hierarchical clustering of genes progressively changing during 

chondrogenesis; Genes expressed by hIPFP-derived MSCs whilst differentiating in 

chondrogenic media were assessed at 0, 7, 14 and 28 days. Expression profiles were 

clustered by mean linkage hierarchical clustering. Normalised intensities extend from 

blue (down-regulated) to red (up-regulated). The experiments were performed using 

three independent biological replicates (N=3) per time-point: at 0, 7, 14 and 28 days of 

chondrogenic culture. A: sample one; B: sample two; C: sample three; 0: 

undifferentiated; 1: 7 days; 2: 14 days; 4: 28 days.  
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We found that the up-regulated genes (2-fold or more) during chondrogenesis 

belonged to several molecular functional categories, as described by GO and based on 

enrichment score. The up-regulated genes, specifically, for the ECM structural 

constituent of the molecular functional group have enrichment scores of 3.9, 15.3 and 

17.2 at days 7, 14 and 28, respectively (Table 3.4). An enrichment score of three or 

greater corresponds to significant over -expression (p<0.05). An early (day 7), mid (day 

14) and late (day 28) time points of hIPFP-derived MSCs chondrogenesis in pellet 

cultures contained many up-regulated genes associated with functional categories 

including: extracellular region part, fibrillar collagen, skeletal system development and 

collagen fibril organisation, as represented by GO enrichment score.  

 

Table 3.4: Gene ontology of the up-regulated genes. This table represents the level 

of differentially expressed gene sets (Enrichment score) during chondrogenesis related 

to ECM structural constituents. An enrichment score of three or greater corresponds to 

significant over-expression (p<0.05). 

 

Time-
points 

Enrichment 
score Functional group Type 

7 days 3.9 ECM structural 
constituent Molecular function 

14 days 15.3 ECM structural 
constituent Molecular function 

28 days 17.2 ECM structural 
constituent Molecular function 

 

In this study, the top-ranking 10 genes were identified as being differentially expressed 

genes across time points (7, 14 and 28 days) with the highest HotellingT2-statistic 

(Figure 3.15). Interestingly, a significant proportion of these genes have known or 
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suspected roles in chondrogenic differentiation including: COL10A1, PANX3, CLEC3A, 

IBSP, COL2A1, CHI3L, DPT and LOC649366. 

 

Figure 3.15: Top 10 of the most differentially expressed genes at 7, 14 and 28 

days with the highest HotellingT2-statistic for the pellet study. The curves are 

fitted values for A: sample one (red); B: sample two (green); C: sample three (blue) 

time courses. 

 

3.5  Discussion 

Articular cartilage defects, without the penetration of subchondral bone, have a poor 

intrinsic capacity for self-repair due to the fact that there is no communication between 

the chondral lesions and the bone marrow that contains reparative cells which have 

potential to generate cartilage [130, 132]. Although spontaneous healing responses 

may be observed when injury penetrates the subchondral bone, but the reparative 

tissues are usually identified as fibrocartilage which is physically and mechanically 

inferior to hyaline cartilage. Therefore, the main efforts for cartilage repair are aimed at 

filling of the cartilage lesions with a tissue that possesses the same physical and 
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mechanical properties with hyaline cartilage and the consolidation of this tissue with the 

native AC [130, 133].  

 
Establishing a reliable source of stem cells for AC repair is on-going but recent 

attention has been directed towards isolation of chondro-progenitor populations in joint 

adipose tissue such as IPFP. MSCs isolated from the IPFP are of interest as a 

potential source of cells for the repair of focal cartilage defects in the knee due to their 

multipotency and practical access with minimal morbidity, especially for orthopaedic 

surgeons [240, 510]. The adipose stromal fraction of IPFP tissue comprises a 

heterogeneous population of cells that includes other cells such as immune cells 

(monocytes and macrophages), smooth muscle cells, endothelial cells, fibroblasts, and 

adipocytes which can negatively affect the proliferation and/or differentiation potential 

of the IPFP-derived MSCs [255]. Flow cytometry has shown that cells isolated from 

IPFP express phenotypes similar but not identical to that of BMSCs [511]. Results from 

the current study show that IPFP-derived MSCs express cell surface markers (CD 

markers) consistent with MSCs phenotypes including CD29, CD44, CD73, CD90 and 

CD105. In addition, IPFP-derived MSCs were negative for endothelial markers (CD31) 

and markers of the hematopoietic lineage, including HLADR and CD45.  

Previous studies have utilised IPFP-derived MSCs but under different chondrogenic 

stimuli [262, 510-512]. In the current study, we have used hIPFP-derived MSCs by 

expanding the primary cell population and have then used a combination of 

cytokine/growth factor to optimise chondrogenesis in our 3D pellet culture conditions. 

The differentiated cells condensed at the bottom of bio-reaction tubes and formed 

dense aggregates (pellets). 3D pellet culture provides an optimal 3D environment 

under chondrogenic conditions; this mimics the pre-chondrogenic mesenchyme 

condensation process and hypoxic environment occurring during in vivo 

chondrogenesis [274]. Chondrogenic media supplemented with optimal signaling 
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molecules stimulates the cells to produce chondrogenic ECM. We have demonstrated 

that hIPFP-derived MSCs cultured in 3D pellet undergo chondrogenesis when 

stimulated with appropriate combination of TGFȕ3 and BMP6.  

In the current study, assessment of chondrogenesis, the chondrogenic nature of the 

differentiated cells, and full characterisation of the cell type and tissue structure 

produced in 3D pellet culture were performed by: (1) the size and macroscopic 

appearance of the pellets which have a homogenous, opaque, white and shiny 

appearance; (2) histochemical staining; (3) the production of a cartilaginous ECM, as 

demonstrated with immunohistochemical analysis; and, (4) the expression of cartilage 

gene mRNA, as confirmed with qPCR. The size of pellets increased gradually after 7 

days of chondrogenic induction (chondrogenic group), up to 28 days in culture, 

suggesting increases in the accumulation and production of chondrogenic ECM. 

However, the pellets of control group remained small after 28 days of chondrogenic 

induction compared with the pellets of chondrogenic group. 

Collagen types 2 and PG aggrecan are highly characteristic of AC. In this study, the 

chondrogenic pellets derived from hIPFP-MSCs were harvested at 7, 14, and 28 days 

and were found to produce abundant ECM. Strong staining with TB confirmed 

characteristics of cartilaginous ECM and accumulation of highly sulphated PG over 28 

days. Moreover, immunohistochemical staining for collagen type 2 and aggrecan 

identified these ECM proteins throughout the pellet and showed that these cells are 

producing the right type of chondrogenic proteins. Consistent with those findings, the 

expression of COL2A1 and ACAN, as demonstrated in IHC analyses, were also 

detected in qPCR assays; COL2A1and ACAN mRNA expressed after 14 and 28 days 

of chondrogenic induction as well as the early chondrogenic transcription factor SOX9. 

COL2A1 and ACAN were measured using TaqMan real time-PCR and was completed 

prior to the macroarray analysis to verify the chondrogenic induction. In this manner, 
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we demonstrated that the expressions of SOX9, COL2A1 and ACAN were significantly 

increased by day 28. 

This is a first study aims to perform microarray analysis on chondrogenesis of hIPFP-

derived MSCs cultured in 3D pellet to identify differentially expressed genes at different 

time points. The illumina expression microarray technology offers a comparison study 

of multiple genes based on fold changes at different time points during hIPFP-derived 

MSCs chondrogenesis. 3D pellet culture, which maintains the cells to be aggregating to 

each others, associated with a strong chondrocytic combination of growth factors 

(TGFȕ3/BMP6) appeared to stimulate hIPFP-derived MSCs toward cartilaginous 

lineage, as indicated by a total of 555 up -regulated genes during chondrogenesis. A 

full formation of hyaline-like cartilage tissue has been confirmed by expression of 12 

cartilage-specific genes: COL2A1, COMP, CRTL1, SOX9, FMOD, COL1A1, COL1A2 

COL9A1, COL9A2, COL10A1, COL11A1, and COL11A2 after 28 days of chondrogenic 

induction. 

 Comparison to another tissue such as bone, AC consists of highly specialised cells 

called chondrocytes that synthesise cartilage ECM proteins. During chondrogenesis, 

these cartilage ECM proteins play significant roles in the maintenance of structural and 

functional characteristics of chondrogenic phenotypes. In developing cartilage, collagen 

types II, IX, and XI are cross-linked together in a co-polymeric network that forms the 

extracellular framework of the tissue and these extend throughout the cartilage tissue 

to provide tensile stiffness and strength to the AC. COL10A1 is normally restricted to 

the layer of calcified cartilage that supports the structure and aids in cartilage 

mineralisation [516]. Also, COL10A1 is considered as a direct transcriptional target of 

Runx2 during chondrocyte differentiation [517]. SOX9 is one of the earliest markers of 

chondrocyte differentiation; it belongs to the family of “high-mobility group box” 

transcription factors and is expressed in cells undergoing condensation, where it 
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regulates the expression of COL2A1 and COL11A2 [59]. This indicates, as per current 

literature, that SOX9 is essential for chondrocyte differentiation and cartilage formation 

[95]. COMP has been shown to enhance ECM organisation and assembly during 

chondrogenesis [518] and play important role in the activation of intracellular signaling 

pathways to initiate the transition from chondroprogenitor cells to a fully committed 

chondrocyte [519].  

Finally, we determined the level of differentially expressed gene sets (Enrichment 

score) during chondrogenesis specifically for the ECM structural constituent of the 

molecular functional classification. The higher the enrichment score (> 3 enrichment 

score), the more differentially expressed the genes in the molecular functional group. 

The up-regulated genes (2-fold or more) associated with ECM structural constituents 

functional group have an enrichment score of 3.9, 15.3 and 17.2 at days 7, 14 and 28, 

respectively. In addition, a successful differentiation of hIPFP-derived MSCs in pellet 

culture to cartilaginous lineage has indicated by functional categories analysis. The 

upregulated genes during hIPFP-derived MSCs chnodrogenesis in pellet culture are 

highly associated with extracellular region part, fibrillar collagen, skeletal system 

development and collagen fibril organisation categories.  

Therefore, the production of homogenous tissue with strong PG staining, strong 

production of collagen type 2 and PG aggrecan proteins as well as strong gene 

expression of each of SOX9, COL2A1 and ACAN (all statistically significant) 

demonstrates hyaline-like cartilage production. Whilst other lineage markers were not 

tested in the formed tissue, our high-purity starting MSCs population and the 

homogeneous production of ECM components and cartilage-associated proteins as 

well as gene expression of relevant matrix and chondrocyte phenotypic markers 

demonstrates the production of hyaline-like cartilage. 

The main finding of pellet study is that many of the top-ranking 10 differentially 



136 

 

expressed genes have known or suspected roles in chondrogenesis and thus 

development of hyaline cartilage tissue. Significantly, the changes in expression of 

COL2A1, DPT and LOC649366 genes suggest enhanced hIPFP-derived MSCs 

differentiation and chondrocytes growth in chondrogenic 3D pellet culture, which is 

consistent with increased pellet size across time points (day 7, 14 and 28). However, 

the opposite pattern for hypertrophic chondrocytes was observed for COL10A1 and 

IBSP (integrin-binding sialoprotein) transcripts, which showed low expression until day7 

of culture and increased up to day 28. Importantly, cell–cell and cell–matrix interactions 

are essential for cell differentiation, function, and maintenance of skeletal tissue. Gap 

junction proteins, called pannexin (PANX) families, control these interactions and play 

an important role in cell–cell communications [520]. It has shown that PANX3 is 

expressed in both the prehypertrophic and hypertrophic zones of cartilage tissue 

[2,3,42]. This expression pattern indicates that PANX3 plays an important role in 

chondrocyte proliferation and differentiation [25]. Iwamoto et al. (2010) demonstrated 

that PANX3 functions to induce chondrocyte proliferation and differentiation by 

regulating ATP/cAMP- CREB signaling through its hemichannel. Therefore, PANX3 is 

considered as a major gap junction protein involved in chondrocyte proliferation and 

differentiation in the growth plate [521].  

3.6 Conclusion 

In summary, we showed that hIPFP-derived MSCs differentiated successfully into 

chondrogenic lineage in vitro using 3D pellet culture. Further, we have performed 

microarray analysis during hIPFP-derived MSCs chondrogenesis in vitro. In the current 

study, 555 differentially expressed genes have been highlighted and we classified up-

regulated genes based on fold-changes at different time points. These microarray data 

provide novel information about gene expression profiles at different time-points during 

hIPFP-derived MSCs chondrogenesis in 3D pellet culture. Further work is needed to 
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identify differentially expressed genes using microarray during in-vitro chondrogenesis 

of hIPFP-derived MSCs when cultured in natural biopolymer scaffolds. Future studies 

are currently being performed that include: (1) in vitro using natural chitosan and HA 

biopolymer scaffolds to simulate cartilage tissue for structural and functional outcomes; 

and, (2) in vivo experiments using animal models to determine whether hIPFP-derived 

MSCs can be used for repair of osteochondral defects in pre-clinical models.  



138 

 

 

 

Chapter 4:  

Directing chondrogenic 
differentiation of human 

infrapatellar fat pad-derived 
mesenchymal stem cells in 
three-dimensional porous 

chitosan scaffolds for cartilage 
tissue engineering 

 

 



139 

 

 

4.1 Background 

There is broad consensus about the difficulty to develop an appropriate treatment for 

focal chondral articular defects. Cartilage and osteochondral damage are common after 

trauma, disease and aging. Cartilage defects if large may lead to OA of affected joints 

[1, 4]. Articular cartilage has very limited potential for spontaneous healing, due to a 

predominant avascular, aneural, and alymphatic environment in that tissue and 

cartilage is composed of sparsely distributed chondrocytes. Many techniques to repair 

cartilage defects have been described including: microfracture [522-524], 

osteochondral grafts (mosaicplasty) [525, 526] and autologous ACI [147, 527, 528]. 

However, no treatment has provided long-lasting hyaline cartilage repair. Moreover, 

hypertrophy, formation of fibrocartilage and poor integration to the native tissue, has 

been reported [2, 144, 529]. More recently, tissue engineering of AC has received 

increasing attention.  

Stem cell tissue engineering approaches for tissue regeneration aim for more durable 

solutions and have focused on recapitulating cartilage-like morphology, biological 

function, mechanical properties and chemical composition of AC [530, 531]. Cartilage 

tissue engineering is a dynamic field, offering new perspectives in the treatment of AC 

injuries, but the process of cartilage engineering has not been perfected and major 

obstacles remain. The key to successful regeneration of AC is to provide the repair site 

with optimal stimulating factors and sufficient cells in a suitable biomaterial scaffold to 

ensure appropriate step-by-step differentiation and expression of cartilage genes with 

deposition of chondrogenic ECM components [532-534].  

Recently, adult MSCs have emerged as a candidate source for cartilage tissue 

engineering and these cells are now recognised as an alternative to autologous 

chondrocytes. MSCs have a capacity for self-renewal through cell division without 
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changing their phenotype and differentiation capacity into multiple lineages, including 

the chondrogenic lineage, in multiple culture systems [199-201]. Adult MSCs, isolated 

from IPFP tissue, have a significant chondrogenic potential and offer a more accessible 

and clinically feasible source of chondroprogenitor cells [240, 262-266, 512, 535].  

Defining the composition of the appropriate biomaterial scaffold is still the major hurdle 

to achieve successful outcomes in cartilage tissue engineering [231, 385, 386]. In this 

regard, considerable attention has been given to chitosan-based biomaterial scaffolds 

and their applications for cartilage tissue engineering [387, 388]. Chitosan exhibits 

many desirable features as a biomaterial scaffold for cartilage tissue engineering [387, 

392]. Chitosan has excellent biocompatibility, shares some structural characteristics 

and features that are analogous to various GAGs and HA present at the cartilaginous 

ECM of native cartilage [387, 536]. In addition, chitosan is enzymatically degraded to 

absorbable oligosaccharides [537]. Chitosan and some of its degraded products could 

be utilised in the synthesis of the articular ECM molecules during chondrogenesis 

including: chondroitin, chondroitin sulfate, dermatin-sulfate, HA, keratin sulfate and 

collagen type 2 [387, 538]. Another feature of chitosan is its adaptability as it can be 

easily moulded into various shapes at low cost and can be fabricated with different 

pore sizes to facilitate cell ingrowth [402].  

Recent research into scaffold design and fabrication in cartilage tissue engineering has 

focused on the versatility of 3D printing platforms for both in vitro and in vivo 

regeneration with the ultimate aim being the ability to replace tissues and repair 

osteochondral defects. The importance of a 3D environment for improved cell 

development has been realised; a 3D environment is considered to be a crucial factor 

for encouraging cells to restore the chondrogenic phenotype and to mimic the native 

AC tissue [231]. The growth and development of the tissue in a well-defined 3D 

environment may facilitate biological functions and provide a 3D environment that is 
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desirable for the production of cartilaginous tissue [13, 539]. In previous studies, our 

group has isolated MSCs from IPFP tissue, expanded these cells in vitro, and we have 

fully characterised these progenitor cells morphologically and phenotypically [259, 260]. 

Also, the procedure that we have developed has led to successful generation of 

hyaline-like cartilage post-chondrogenic induction up to 4 weeks in 3D pellet cultures 

[260]  as well as in a natural chitosan biomaterial scaffold culture [259]. Furthermore, in 

a gene expression profiling study of chondrogenesis of IPFP-derived MSCs in 3D pellet 

culture, we have demonstrated differentially expressed (up-and down-regulated) genes 

[260].  

In the current study, we utilised illumina Human HT-12 v4 BeadChip (Targeting more 

than 47,000 transcripts) to identify genes differentially expressed during hIPFP-derived 

MSCs chondrogenesis in well-characterised 3D chitosan scaffolds. The key aims of 

this study were: (1) to investigate the chondrogenic potential of hIPFP-derived MSCs 

seeded in 3D porous chitosan scaffolds; and (2) to provide a broader overview of gene 

expression that occurs, during chondrogenesis of IPFP-derived MSCs when cultured in 

a 3D porous chitosan scaffold.  

4.2 Hypothesis and Aims 

In vitro production of hyaline-like cartilage can be achieved utilising 3D porous chitosan 

scaffold seeded with human hIPFP-derived MSCs. 

Aim (1): Integrate human IPFP-derived MSCs into naturally compatible chitosan 

scaffold to simulate cartilage tissue for structural and functional outcomes in-vitro. 

Aim (2): To develop chondrogenic cell types from IPFP stem cells in 3D porous 

chitosan scaffolds in vitro. 
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Aim (3): To fully characterise the cell type and tissue structure produced in 3D chitosan 

scaffold culture by conventional techniques (Histological staining, IF, IHC & changes in 

expression of chondrogenic genes using qPCR. 

Aim (4):  Provide a broader view of overall gene expression during chondrogenesis 

using gene expression microarray technology. 

4.3 Materials and Methods 

4.3.1 Collection of human IPFP tissue and ethics statement 

Human IPFP were obtained intraoperatively from total knee arthroplasties with 

informed written consent and approval from Human Research Ethics Committee, 

Research Governance Unit at St. Vincent’s Hospital, Melbourne, Australia (St. 

Vincent’s HREC Ref: HREC-A 117/10). The fat pads tissue was harvested only from 

the patients with primary osteoarthritis. Patients with inflammatory arthritis and with a 

previous history of knee surgery were excluded. In this study, three patients (3 

females) with a mean age of 62 (aged 65, 65, 55; three independents biological 

replicates (N=3)) were selected. 

4.3.2 Isolation and expansion of IPFP- derived MSCs 

Cells were isolated from hIPFP tissue and expanded as described in Sections 2.1 and 

2.2. Cells at P3 were harvested and made into a single cell suspension for cell 

phenotyping study, using flow cytometry, and for chondrogenic induction, by seeding 

onto the chitosan scaffold. 

4.3.3 Characterisation of IPFP- derived MSCs 

The flow cytometry experiment was performed according to the procedure outlined in 

Section 2.3. Flow cytometry was performed on confluent P3 hIPFP-derived MSCs that 

isolated from three independents biological replicates (N=3). The cells were analyzed 
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using conjugated antibodies and stained against the following markers: CD29, CD31, 

CD34, CD44, CD45, CD73, CD90 and CD105. Isotype control combinations, including 

IgG1 and IgG2a isotype controls were performed as negative controls. Data analysis 

was performed using FlowJo analysis software (Tree Star, Ashland, OR, 

http://www.treestar.com). 

4.3.4 Porous chitosan bio-scaffold fabrication 

a) Preparation of chitosan solution 

All chitosan scaffolds were fabricated by Mr. Rhys Cornock at the Bio-fabrication 

Facility at Clinical Neurosciences, St. Vincent’s Hospital, Melbourne in collaboration 

with the Intelligent Polymer Research Institute (IPRI), University of Wollongong, New 

South Wales, Australia. Briefly, a solution of medium molecular weight (MMW) chitosan 

(Sigma-Aldrich) was used to prepare 3% (w/v) chitosan in solution with 2% (v/v) glacial 

acetic acid (Sigma-Aldrich) in autoclaved milli-Q water. The solution was then covered 

and allowed to stir overnight (16 hrs) using a magnetic stirrer. A further 4 hrs was 

allowed if any particulate matter remained in the solution. In order to remove larger 

chain lengths and any residual or un-dissolved polymer, solution was centrifuged at 

800x g for 5 min, and the top 50% of solution decanted for printing.  

b) Extrusion printing 

The steps involved in the extrusion printing of porous chitosan bio-scaffold are shown 

in Figure 4. The printing solution was refrigerated at -4°C for 1 hr before being loaded 

into a 3cc Terumo luer-lok syringe. A 32-gauge square-cut nozzle (Nordson EFD) was 

attached to the reservoir and the whole print head was fitted to a pneumatic regulator 

(IEI Iwashita Engineering, Inc. AD3000C) for extrusion. The chitosan solution was 

extrusion printed onto a glass slide immersed in a precipitation bath of propan-2-ol 

(IPA, Thermo-Fisher) using a modified computer numerically controlled (CNC) milling 
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machine (Sherline Products). IPA was acted as a non-solvent with density lower than 

chitosan, allowing the chitosan solution to deposit onto and adhere to a glass 

substrate. The system was equipped with a three-axis positioning platform run using 

Enhanced Machine Controller software (LinuxCNC). The Sherline circuitry was 

modified to enable the activation of the regulator using the M08 command via G-code. 

The tooling path of the extrusion printer was coded manually using a G-code program. 

This allowed accurate control over the deposition speed, pore size and structure of the 

printed material. The milling attachment was replaced with a custom pneumatic 

cartridge holder. The pneumatic regulator was supplied with medical air (Air Liquide, 

gas 102010), and a pressure of 120kPa applied to the extrusion nozzle during printing. 

After the first layer of printing, 2-3 drops of 1% (w/v) sodium hydroxide (NaOH, Sigma) 

in a 50:50 solution of Milli-Q water and IPA were added to the print bath. All chitosan 

scaffolds were preserved in IPA until they were neutralised prior to cell seeding. In 

order to reach the required height, individual scaffolds were fabricated to 30 layers, 

utilising a feed rate of 140mm/min and a track width of 0.5 mm. The average fiber 

diameter and pore size (n=16) were measured using optical microscopy with an 

Olympus IX70 microscope (4x/0.13 NA). The average scaffold XY area and height 

were measured using a micrometer at three points on each scaffold (n=16).  
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Step 1 
The printing solution (-4°C) was loaded into a 3cc 
Terumo luer-lok syringe. A 32-gauge square-cut 
nozzle was attached to the syringe and the whole 
print head was fitted to a pneumatic regulator for 
extrusion.  

 
Step 2 
The chitosan solution was extrusion printed onto a 
glass slide immersed in a precipitation bath of 
propan-2-ol using a modified CNC milling machine.  

 
 
Step 3 
2-3 drops of 1% (w/v) sodium hydroxide in a 50:50 
solution of Milli-Q water and IPA were added to the 
print bath After the first layer of printing. 

Step 4 
The system was equipped with a three-axis 
positioning platform run using Enhanced Machine 
Controller software. The tooling path of the extrusion 
printer was coded manually using a G-code program. 
This allowed accurate control over the deposition 
speed, pore size and structure of the printed material. 
All scaffolds were fabricated to 30 layers.  

Step 5 
The average fiber diameter and pore size (n=16) were measured using optical 
microscopy (Olympus IX70 fluorescence microscope. The average scaffold XY area 
and height were measured using a micrometer at three points on each scaffold (n=16). 
All chitosan scaffolds were preserved in IPA until they were neutralised prior to cell 
seeding. 

               

 

Figure 4.1: Extrusion printing of porous chitosan bio-scaffold steps. 
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4.3.5 Three-dimensional culture and chondrogenic differentiation of cell 
seeded scaffold 

a) Preparation of scaffolds 

Following printing, a four 6.0 mm scaffold plugs were cut from the large scaffold (2cm x 

2cm) using a disposable sterile biopsy punch  (Figure 4.2) and randomly allocated into 

48-wells plate (Corning Incorporated) (Figure 4.3A, B). Scaffolds were then neutralised 

into a dilution series of ethanol and MQ water (70:30, 30:70, and 0:100 (v/v), 

respectively for 2 hrs per solution (Figure 4.3C). The MQ water was changed every half 

hour. The longer the scaffolds stay in MQ water the better, as it was allowed for any 

residual ethanol to be washed out.  

 

 

Figure 4.2: Cutting of chitosan scaffold. Four 6.0 mm scaffold plug was cut from the 

large scaffold (2cm x 2cm) using a disposable sterile biopsy punch. 
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Figure 4.3: Neutralisation of chitosan scaffold. (A, B) Scaffolds were allocated into 

48-wells plate and (C) neutralised into a dilution series of ethanol and MQ water (70:30, 

30:70, and 0:100 (v/v), respectively, for 2 hrs per solution 

 

b) Seeding cells into scaffolds 

Chondrogenic differentiation of hIPFP-derived MSCs (three biological replicates (N=3) 

per time-point: at 7, 14 and 28 days of culture/group) was induced after seeding in 3D 

chitosan scaffold. Three scaffolds were used for each time point and for each condition. 

One scaffold was used for histological analysis. Two scaffolds were used to extract 

total RNA for qPCR and genes expression microarray studies. A total of 54/6.0 mm 

plugs of chitosan scaffolds were used in this study. Briefly, The chitosan scaffolds were 

transferred gently, using sterile forceps, into the base of cell culture inserts 

(polycarbonate membrane insert, 6.5 mm with 3.0 µm pore size) (Corning Inc., NY). 

These cell inserts were already allocated in 24-wells plate (Corning Incorporated). The 

scaffold/cell culture inserts were filled with 800 ȝl DMEM-high glucose media for 
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equilibration and then were incubated at 370C/5% CO2 overnight. After 24 hrs, the 

media was removed from the scaffolds/cell culture inserts. 80-90% Confluent hIPFP-

derived MSCs at P3, were harvested, as described in Section 2.2, counted and then re-

suspended in chondrogenic medium consisting of DMEM-high glucose, 1% FBS, 1% 

ITS, 100 nM Dexamethasone, 50 ȝg/ml ascorbic acid, 1x antibiotic/antimycotic, 10 

ng/ml TGFȕ3 and 10ng/ml BMP6 followed by seeding in a sterile cell culture inserts. 

Cells with 2.5x105 cells/50 ȝl of media were seeded on top of the scaffolds followed by 

incubation the scaffolds at 37oC in 5% CO2 for 30 min. 200 ȝl of media was added 

inside the cell inserts and 600 ȝl was added outside the cell inserts. 800 ȝl of 

chondrogenic media was used in each cell insert (Figure 4.4). These cultures were 

incubated at 37oC in 5% CO2 for 7, 14, and 28 days and the media was changed every 

two days. The same protocol was used for media without growth factors and served as 

the negative control (control media).  

c) Histological evaluation 

One cell- chitosan scaffold construct for each time point (after 7, 14 and 28 days) of 

chondrogenic group and control group were harvested for histological and analysis. 

The cell-chitosan scaffold construct fixation, embedding and sectioning were performed 

according to the methods outlined in Section 2.5. The cell-chitosan scaffold construct 

sections were stained with H&E, TB and safranin O/fast green stains, as described in 

details in Sections 2.6. 

d) Immunohistochemical analysis 

The production of collagen type 2, PG aggrecan and collagen type 1 ECM within 3D 

chitosan scaffold after 28 days of chondrogenic differentiation were analyzed using IHC 

method. The immunohistochemical study was performed using the standarad indirect 

immunoperoxidase method, as described in Section 2.7. 
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Figure 4.4: In vitro culture of cell-chitosan scaffold constructs using cell culture 
inserts. Scaffolds were cut using a 6 mm disposable biopsy punch and seeded with 

2.5x10
5
 hIPFP-derived MSCs in a 24-wells plate cell inserts with an internal diameter of 

6.5 mm and permeable membrane of 3.0 µm pore size. 200 ȝl of media was added 

inside the cell insert and 600 ȝl was added outside the cell insert. 

 

e) Immunofluorescence analysis 

The production of collagen type 2 and cartilage PG within 3D chitosan scaffold after 28 

days of chondrogenic differentiation were also analysed by IF. The IF experiment was 

performed according to the procedure described in Section 2.7. 

4.3.6 RNA isolation from cell-chitosan scaffold constructs  

Snap frozen cell-chitosan scaffold constructs (two scaffolds) (three biological replicates 

(N=3) per time-point: at 7, 14 and 28 days of culture/group) were pulverised in liquid 

nitrogen using autoclaved mortar and pestle and then homogenised in 1.3 ml of Trizol 

solution (Ambion). The complete procedure for tissue (cell-chitosan scaffold constructs) 

homogenisation was described in section 2.8. 
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a) Quantitative Real Time PCR (qPCR) analysis 

Total RNA was extracted from undifferentiated group (day 0) and from cell-chitosan 

scaffold constructs after 7, 14 and 28 days of chondrogenic group and control group. In 

vitro expression of specific chondrocytic genes (SOX9, COL2A1, ACAN and COL1A2) 

by hIPFP-derived MSCs was determined by qPCR. Full protocol of RNA extraction, 

qPCR and the amplification conditions were outlined in Section 2.9. 

b) Microarray analysis 

The complete protocols for microarray experiment, including first and second cDNA 

synthesis, cDNA purification, IVT to synthesise biotin-labeled aRNA, biotin-labeled 

aRNA purification and direct hybridisation, labeling and scanning were described in 

Section 2.10. 

c) Statistical analysis 

The complete data for flow cytometry, qPCR and microarray genes expression 

experiments were analyzed, as outlined in Section 2.11. For microarray analysis, the 

Normalised data were subjected to GO and Pathway enrichment analysis and 

performed on the list of differentially expressed genes in Partek software and the 

enrichment score and enrichment p-value were calculated using a Fisher’s Exact test 

 

4.4 Results 

4.4.1 Immunphenotype characterisation 

 
Flow cytometry was performed on confluent P3 hIPFP-derived MSCs that isolated from 

three independents biological replicates (N=3). We tested the expression of CD29, 

CD31, CD34, CD44, CD45, CD73, CD90, and CD105 and the means and SDs of the 

percentage of the positive surface markers are summarised in Table 4.1; 
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representative flow histogram are shown in Figure 4.5. CD29, CD44, CD73, CD90, and 

CD105 were positive in expression (MSCs markers), while CD31 (endothelial cell 

marker), CD45 (leukocytic cell marker), CD34 (marker for hematopoietic cells) were 

negative. No staining was observed for the IgG1 isotype control. IPFP-derived MSCs at 

P3 exhibited high levels of expression of CD44, CD73, CD90 and CD105, which 

stained more than 90% of the total cell population.  

 

Table 4.1: Immunophenotypic characterisation of isolated cells at P3. 

The quantiatative expressions (percentage) of CD29, CD31, CD34, CD44, CD45, 

CD73, CD90 and CD105 were calculated. Data are presented as the mean r SDs 

obtained from the percentage of each CD marker. (ND: Not expressed). 

 

CD Markers Percentage (%); Mean r SDs / P3 (N=3) 

CD29 89.47 ± 1.05 

CD31 ND 

CD34 ND 

CD44 99.33 ± 0.50 

CD45 ND 

CD73 99.07 ± 0.56 

CD90 98.77 ± 0.50 

CD105 92.33 ± 0.87 
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Figure 4.5: Representative histogram plots for cell surface epitope 
characterisation of hIPFP-derived cells following flow cytometric analysis.   

Flow cytometric analysis of hIPFP-derived MSCs at P3 shows expression of 

stromal/MSCs markers: CD29, CD44, CD73, CD90 and CD105 and no expression of 

haematopoietic and endothelial markers: CD31, CD34 and CD45  (Red peaks). Isotype 

control was negative and used as negative control (Blue peak).  
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4.4.2 Chitosan scaffolds characteristcs and measurments 

Chitosan scaffolds were extrusion printed with a pre size of 420 ± 70 µm, a fibre 

thickness of 80 ± 20 µm, a height of 2.4 ± 0.7 mm and XY area 400 ± 40 mm2 (n=16), 

as showen in Table 4.2. 

 

Table 4.2: Chitosan scaffold characteristics. 

Material Chitosan 

Scaffold 
fabrication Extrusion printing 

Scaffold size 6 mm 

Pore size 420 ± 70 µm 

Fiber thickness 80 ± 20 µm 

Height 2.4 ± 0.7 mm 

XY area 400 ± 40 mm2 

Sterilisation Ultraviolet light (UV) 

 

 

4.4.3 Histologic evalutaion 

In the absence of TGFȕ3/BMP6 (control group), after 7 (Figure 4.6A), 14 (Figure 4.6B), 

and 28 (Figure 4.6C) days of differentiation, H&E staining of the cell-chitosan scaffold 

constructs showed a paucity of cells distributed between the chitosan scaffolds and 

appeared fibroblastic-like in morphology and were not surrounded by ECM. Cell-

chitosan scaffold constructs from the chondrogenic group cultured in the presence of 
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the TGFȕ3/BMP6, after 7 (Figure 4.6D), 14 (Figure 4.6E), and 28 (Figure 4.6F) days of 

chondrogenic differentiation, produced cells with chondrocytic morphology (rounded) 

and located mainly in the upper margin and distributed evenly throughout the entire 

chitosan scaffolds. These cells were present inside lacunae and surrounded by ECM 

structures after 14 and 28 days. The deposition of synthesised ECM around cells 

cultured in chondrogenic media increased gradually from day 7 until day 28. The 

chitosan scaffold structures in both groups were easily recognisable in the H&E stain, 

as they are stained pink by the eosin.  

The control group of cell-chitosan scaffold constructs did not exhibit any TB staining 

after 7 (Figure 4.7A), 14 (Figure 4.7B), and 28 (Figure 4.7C) days of culture. In 

contrast, the cell-chitosan scaffold constructs of the chondrogenic group, after 7 (Figure 

4.7D), 14 (Figure 4.7E), and 28 (Fig. 4.7F) days of differentiation, exhibited positive TB 

staining. In addition, more PG was deposited throughout the entire chitosan scaffolds 

at the upper side in the chondrogenic group and the PG accumulation increased 

gradually from day 7 until day 28. The negative TB staining of the chitosan scaffolds 

were apparent, as there was no staining between the scaffold cross-linked structures in 

the sections. This contrast between the control group and the chondrogenic was 

highlighted again by safranin O/fast green staining. The control group exhibited 

negative staining (Figure 4.8A). The cell-chitosan scaffold constructs of the 

chondrogenic group after 28 days (Figure 4.8B) of differentiation, stained positive for 

safranin O/fast green as demonstrated by intense red staining. The chitosan scaffolds 

were stained green by the fast green stain. 
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Figure 4.6: Histochemical analysis (hematoxylin and eosin) of hIPFP-derived 

MSCs cultured on chitosan scaffolds. 

Cultures were maintained in the absence (control) or presence (chondrogenic) of 

TGFȕ3/BMP6 for (A, D) 7, (B, E) 14, and (C, F) 28 days. Sections were stained with 

H&E staining. (A-C) There was a paucity of cellular attachment and growth (small 

arrows) in control culture and weren’t surrounded by ECM structure (large arrows). (D-

F) The cells (small arrows) cultured in chondrogenic media exhibited chondrocytic 

morphology at day 7, surrounded by ECM (large arrows) and located inside lacunae 

after 14 and 28 days of chondrogenic differentiation. Chitosan scaffolds are stained by 

eosin (dashed arrows). Magnification (10x). A-F represents magnified images with 

scale bars as indicated. 
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Figure 4.7: Histochemical analysis (toluidine blue) of hIPFP-derived MSCs 

cultured on chitosan scaffolds  

Cultures were maintained in the absence (control) or presence (chondrogenic) of 

TGFȕ3/BMP6 for (A, D) 7, (B, E) 14, and (C, F) 28 days. Sections were stained with TB 

staining. (A-C) The cells attached chitosan scaffolds in the control group were negative 

for TB staining (large arrows). (D-F) The cells (small arrows) that cultured under 

chondrogenic condition showed ECM deposition (large arrows) with strong toluidine 

blue staining, suggesting the presence of PG and the staining was increased gradually 

after 7, 14, and 28 days of differentiation. The negative TB staining of the chitosan 

scaffolds were apparent, as there was no staining between the scaffold cross-linked 

structures in the sections (dashed arrows). Magnification (10x). A-F represents 

magnified images with scale bars as indicated. 
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Figure 4.8: Histochemical analysis (safranin O/fast green) of hIPFP-derived MSCs 
cultured on chitosan scaffolds at day 28. 

Cultures were maintained in the absence (control) or presence (chondrogenic) of 

TGFȕ3/BMP6. Sections were stained with safranin O/fast green staining. (A) The cells 

(small arrows) attached chitosan scaffolds in the control group were negative for 

safranin O/fast green staining. (B) The cells (small arrows) that cultured under 

chondrogenic condition showed ECM deposition (large arrows) with strong safranin 

O/fast green staining, confirming the accumulation of PG. The chitosan scaffolds 

(dashed arrows) were stained green by fast green stain. Magnification (10x). Scale bar 

as indicated. 
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4.4.4 Immunohistochemical and Immunofluorescence evaluation 

After 28 days culture, the chondrogenic induction of hIPFP-derived MSCs in the in the 

absence (control) or presence (chondrogenic) of TGFȕ3/BMP6 in cell-chitosan 

scaffolds culture was detected by immunohistochemical assessment for the production 

of collagen type 2, cartilage PG, and collagen type 1 (Figure 4.9). Chondrogenic group 

of the cell-scaffold constructs exhibited immunopositive reaction for collagen type 2 and 

PG, as visualised by strong brown staining, when compared with isotype control and 

control group. The deposition of collagen type 1 was also present in cell-chitosan 

scaffold constructs of chondrogenic group. Also, IHC staining of the chondrogenic 

group showed chondrocyte-like cells encased in lacunae surrounded by ECM 

consisting of predominantly collagen type 2 and PG. As shown in H&E stains, there 

was a paucity of cellular attachment in the control group. Furthermore, non-specific 

staining of chitosan structure was detected in the PG stain.  

Furthermore, the production of cartilaginous ECM (collagen type 2, and cartilage PG) in 

chondrogenic group at 28 days of differentiation was assessed using 

immunofluorescence (Figure 4.10). Collagen type 2 and PG exhibited strong positive 

staining in the chondrogenic group when compared with isotype controls. Collagen type 

2 and PG proteins were mainly distributed within ECM surrounding the encapsulated 

cells within the chitosan scaffold. 
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Figure 4.9: Immunohistochemical sections of the hIPFP-derived MSCs-chitosan 
scaffold constructs. 

Cells were cultured up to 28 days in the absence (control) or presence (chondrogenic) 

of TGFȕ3/BMP6. All sections were stained for antibodies against PG, collagen type 2, 

and collagen type 1. Representative IHC results showed no staining in isotype negative 

control sections in control and chondrogenic group. There is a paucity of cellular 

attachment and no production (negative staining) of collagen type 2 and proteoglycan 

in the control group. The cells that induced under chondrogenic condition strongly 

expressed PG, collagen type 2 and collagen type 1. Magnification (10x). Scale bars 

indicated. 
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Figure 4.10: Immunofluorescence analysis of the hIPFP-derived MSCs-chitosan 
scaffold constructs cultured in chondrogenic condition at day 28. 

All sections were stained for antibodies against PG (red), collagen type 2 (red), the 

DNA strands within the nuclei of cells (blue), and cells/collagen type 2/PG merge 

(gray). Representative IF results showed no staining in isotype negative control.  The 

cells that have differentiated and attached to the chitosan scaffold structure under 

chondrogenic condition strongly produce collagen type 2, and PG. Collagen type 2 and 

PG proteins were mainly distributed within ECM surrounding the cells.  Each of these 

images was acquired using tiled field mapping at 10X magnification. Blue staining of 

nuclei is highlighted in the higher contrast grayscale images (Merge-Gray scale). The 

black scale bars (bottom RHS in white box) are 100 microns.
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4.4.5 Quantitative gene expression (qPCR) 

Expression of chondrogenic genes including: SOX9, COL2A1, ACAN, COL1A2 were 

determined by qPCR for relative quantification of RNA isolated from cell-scaffold 

constructs cultured under chondrogenic condition for 0, 7, 14 and 28 days of 

differentiation. Generally, there was a significant increase (p<0.05) in all mRNA 

expression levels of SOX9, COL2A1, ACAN and COL1A2 at day 28 compared to day 

0. At day 7, SOX9 gene was detected at low level and the expression was increased 

up to day 28.  The increase of SOX9 from day 0 to day 28 was statistically significant 

(p<0.05). COL2A1 gene was not expressed at day 0 and at early stage (day 7). The 

expression of COL2A1 gene was detected at day 14 and was increased significantly 

(6.5-fold; p<0.05) by day 28. ACAN was detected early at day 7 and increased 

significantly (3.4-fold; p<0.05) from day 14 to day 28. COL1A2 gene was detected at 

day 0 at low level. Between day 7 and day 28, the expression of COL1A2 was 

remained consistent and any changes across the cell-chitosan scaffold constructs 

during chondrogenesis were not statistically significant (Figure 4.11). 

4.4.6 Microarray profiling results 

To determine the molecular events during the chondrogenic differentiation of hIPFP-

derived MSCs induced by the combination of growth factors containing TGFȕ3 and 

BMP6, we utilised advance illumina microarray technology. When compared with the 

undifferentiated group (day 0) only a few hundreds represented genes of more than 

47,000 probe sets expressed on the chips were differentially up- or down-regulated 

during chondrogenic induction. Analysis in Partek Genomic 6.6 SuiteTM software 

highlighted a total of 888 genes that were up-regulated (Figure 4.12) and 494 genes 

that were down-regulated (Figure 4.13) during chondrogenic differentiation. In this 

study, compared with undifferentiated group (day 0), we also found that 487, 548 and 

596 genes were up-regulated at 7, 14 and 28 days of chondrogenic differentiation, 
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respectively (Figure 4.12). Furthermore, we found that 262, 325 and 357 genes were 

down-regulated after 7, 14 and 28 days of cultured in chondrogenic differentiation 

medium, respectively (Figure 4.13). The total of the significant expressed genes 

(p<0.05, more than 2 fold) were classified into 3, 51, 86, 186, and 1,305 genes sets 

exhibiting >70, 20 to <70, 10 to< 20, 5 to <10 and 2 to <5-fold changes, respectively at 

7, 14 and 28 days of chondrogenic induction (Table 4.3). 

 

 

Figure 4.11: Temporal gene expression analysis of the major components of 
chondrocyte associated ECM 

The expression of (SOX9, COL2A1, ACAN, and COL1A2) was analyzed in hIPFP 

MSCs (n=3) cultured under chondrogenic condition (chondrogenic group) at 0, 7, 14 

and 28 days. Relative gene expression was normalised against GAPDH expression 

and relative to gene expression in the control group. A significant increase in gene 

expression was observed (*p<0.05) in all genes between day 0 and day 28. Error bars 

represent SEM. 
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Figure 4.12: Venn diagram of common up-regulated genes during chondrogenic 
differentiation of hIPFP-derived MSCs cultured in chitosan scaffolds at 7, 14 and 
28 days of differentiation. 
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Figure 4.13: Venn diagram of common down-regulated genes during 
chondrogenic differentiation of hIPFP-derived MSCs cultured in chitosan 
scaffolds at 7, 14 and 28 days of differentiation. 
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Table 4.3: Fold-change classification of significant differentially expressed genes 
(p<0.05) at each time-point during chondrogenesis. 

Fold-change 7 days 14 days 28 days 

>70 0 0 3 

20 to <70 14 16 21 

10 to< 20 19 31 36 

5 to <10 65 56 65 

2 to <5 389 445 471 
 

Fourteen chondrogenic genes implicated in formation and remodelling of the ECM of 

the AC were significantly up-regulated (2- to 90-fold, p<0.05) during chondrogenic 

differentiation; this included COL2A1, COMP, ACAN, CRTL1, PRELP, SOX9, FMOD, 

COL1A1, COL1A2 COL9A1, COL9A2, COL10A1, COL11A1, and COL11A2 (Table 

4.4).  At day 7, several mRNA transcripts encoding for COL2A1, SOX9, COL9A1, and 

COL11A2 were not differentially expressed (< 2-fold). Additionally, SOX9, COL9A1 and 

COL11A2 genes were not up-regulated (<2-fold) at day 14 of differentiation. After 28 

days of chondrogenesis, the expression profiles of COL2A1, ACAN and SOX9 were 

consistent with the gene expression data observed by qPCR. Microarray profiling study 

analysis showed that COL2A1, COMP, CRTL1, FMOD, COL9A2, and COL10A1 

transcripts were highly increased (more than 30-fold) from the beginning of the culture 

period day 7 toward day 28. Specifically, COL10A1 was the highest, with 90.87-fold 

increase in chondrogenic tissue, followed by COMP, COL2A1, CRTL1, COL9A2 and 

FMOD, which were increased by 61.15-, 48.05-, 42.31-, 39.50- and 37.24-fold, 

respectively. Similar patterns, although with less up-regulated fold changes, were 

identified for other AC-specific genes including ACAN, PRELP, SOX9, COL1A1, 

COL9A1, COL11A1 and COL11A2. To identify gene expression profile similarities, 

Hierarchical clustering was performed on selected 14 genes associated with 
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chondrogenesis expressed by hIPFP-derived MSCs differentiating in chondrogenic 

media at 0, 7, 14 and 28 days. Normalised intensities extend from blue (down-

regulated) to red (up-regulated) through day 0 to days 14 and 28 on each set of 

selected chondrogenic genes (Figure 4.14). 

We observed that differentially expressed up-regulated genes (2-fold or more) during 

chondrogenesis belonged to several molecular functional categories as described by 

GO based on enrichment scores. Enrichment scores represent the level of differentially 

expressed of the genes in thesethe functional categories. A score of 3 or greater 

indicates a significant over-expression (p<0.05). The higher the enrichment score, the 

more over-represented this functional category is in the differentially expressed genes. 

The up-regulated genes, specifically, for the ECM structural constituent of the 

molecular functional category have an enrichment score of 16.31, 19.51 and 26.59 at 

days 7, 14 and 28, respectively (Table 4.5). At both both an early (day 7) and late (day 

28) stage of hIPFP-derived MSCs chondrogenesis in chitosan scaffold there 

werecontained many up-regulated genes related to functional categories including: 

ECM componentpart, skeletal system development, collagen fibril organisation, 

glycosaminoglycan binding and cell adhesion categories, as represented by GO 

enrichment score. Also, we showed that differentially expressed up-regulated genes (2-

fold or more) at 7, 14 and 28 days of chondrogenesis belonged to several pathway 

categories that based on cellular signaling pathway enrichment scoresscore. A score of 

3 or greater indicates a higher level of statistical significance (p<0.05) of over-

represented differentially expressed genes within a particular pathway. We found that 

differentially expressed up-regulated genes involved in the ECM-receptor interaction 

athway significantly scored for 19.1, 22.4 and 22.3, respectively, at early (day 7), 

middle (day 14) (and late (day 28) stages of chondrogenesis. 
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Table 4.4:  Chondrogenic genes that were significantly up-regulated during chondrogenesis in the cell-chitosan scaffold constructs.  

GeneName Gene Symbol Entr. 
Gene ID Fold 7d Fold 14d Fold 28d Gene function 

Collagen, type II, alpha 1 COL2A1 1280 1.09912 21.631 48.0568 Structural integrity of the ECM 

Cartilage oligomeric matrix protein COMP 1311 59.1882 62.8209 61.1507 Structural integrity of the ECM 

Aggrecan ACAN 176 2.14284 1.96502 4.38608 Integral part of ECM in cartilaginous tissue 

Cartilage linking protein 1 CRTL1 1404 3.52901 11.2795 42.3125 Interacting selectively with hyaluronic acid 

pro/arg-rich end leu-rich repeat protein PRELP 5549 4.21681 6.31924 7.78275 Bind type II collagen to cartilage 

SRY (sex determining region Y)-box 9 SOX9 6662 1.15622 1.36074 2.85128 Enables transcription of COL2A1 by RNApolII 

Fibromodulin FMOD 2331 7.4737 23.9818 37.2499 Plays a role in assembly of ECM 

Collagen, type I, alpha 1 COL1A1 1277 4.77675 4.28854 4.62684 Structural integrity of the ECM 

Collagen, type I, alpha 2 COL1A2 1278 2.14554 2.14554 2.14554 Structural integrity of the ECM 

Collagen, type IX, alpha 1 COL9A1 1297 -1.00878 1.75817 13.8175 Structural integrity of the ECM 

Collagen, type IX, alpha 2 COL9A2 1298 8.52733 21.218 39.5026 Structural integrity of a complex 

Collagen, type X, alpha 1 COL10A1 1300 31.9366 66.1388 90.875 Structural integrity of a complex 

Collagen, type XI, alpha 1 COL11A1 1301 9.57581 10.7532 11.6204 Structural integrity of the ECM 

Collagen, type XI, alpha 2 COL11A2 1302 1.0501 1.63844 5.76551 Structural integrity of the ECM 
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Figure 4.14: Heat map (Hierarchical clustering) of 14 chondrogenic genes 
associated with chondrogenesis expressed by hIPFP-derived MSCs 
differentiating in chondrogenic media at 0, 7, 14 and 28 days.  

Expression profiles were clustered by mean linkage hierarchical clustering. Normalised 

intensities extend from blue (down-regulation) to red (up-regulation). The experiments 

were performed using three independent biological replicates (N=3) per time-point: at 

0, 7, 14 and 28 days of chondrogenic culture. A: sample one; B: sample two; C: sample 

three; 0: undifferentiated; 1: 7 days; 2: 14 days; 4: 28 days.  
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Table 4.5: Level of differentially expressed gene sets (Enrichment score) during 
chondrogenesis specifically for the ECM structural constituent of the molecular 
functional classification (described by GO). An enrichment score of three or greater 

corresponds to significant over-expression (p<0.05). 

 

Time-
points 

Enrichment 
score 

Functional group Type 

7 days 16.31 ECM structural 
constituent 

Molecular function 

14 days 19.51 ECM structural 
constituent 

Molecular function 

28 days 26.59 ECM structural 
constituent 

Molecular function 

 

The top-ranking 10 genes with the most differentially expressed genes across time-

points (7, 14 and 28 days), with the highest HotellingT2-statistic for the chitosan study, 

were identified as shown in Figure 4.15. Functionally, within the top-ranking 10 genes, 

there are genes that have potential roles in hyaline cartilage formation, such as 

COL2A1, COL9A1, HAPLN1 and DPT. Also, there are two genes encoding 

hypertrophic chondrocytes stage including COL10A1 and MMP7. 
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Figure 4.15: Top 10 of the most differentially expressed genes at 7, 14 and 28 

days with the highest HotellingT2-statistic for the chitosan study. The curves are 

fitted values for A: sample one (red); B: sample two (green); C: sample three (blue) 

time courses. 

 

4.5 Discussion 

Stem cell–based tissue engineering is a promising therapeutic approach that focuses 

on the precise control over cell differentiation using the combination of appropriate 

cells, biomaterial scaffolds and soluble growth factors. Although significant progress 

has been made with stem cell-based tissue engineering of cartilage, major challenges 

remain in attempting to replicate the structural features and biomechanical functions of 

AC tissue [540, 541].  

Various stem cell types have been assessed for AC repair strategies including 

chondroprogenitor cells from bone marrow [542, 543] and adipose tissue, such as IPFP 

[544]. Adipose-derived MSCs offer a number of advantages over other sources such as 

bone marrow, placenta, amniotic fluid, and umbilical cord stem cells, including the ease 
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of isolation using minimally invasive techqniques and the ability to harvest abundant 

quantities [545].  

In our recent work and manuscripts, we have reported that hIPFP provides a reliable 

and abundant source of adult MSCs. We have isolated MSCs from hIPFP tissue, a 

source easily accessible by orthopedic surgeons during normal operative procedures 

and, for the purposes of cartilage repair, an autologous source of adequate cells for 

relatively large tissue repair; i.e. the scale of cells- to -cartilage for such engineering 

outcomes is scalable for actual repairs. Further, we have fully characterised the cell 

population and showing strong similarities with AC, these cells are promising 

candidates for consideration for 3D stem cell constructs for use in AC repair. In our 

previous study we established the chondrogenic potential of the pellet culture, 

optimised several parameters such as appropriate density of MSCs for the in vitro work 

and the volume of tissue required to achieve these outcomes. We also confirmed the 

chondrogenic potential of IPFP-derived MSCs by demonstrating the formation of cells 

in a 3D environment with possible regenerative capacity and hyaline-like cartilage 

phenotype when cultured as high-density cells in pellets. The next logical step, as 

presented in the current study, relate the data from this new study where we have used 

a 3D environment represented by a scaffold of a biomimetic material, chitosan. In this 

work we can now relate results from the seeding of cells into the natural biopolymer 

scaffold and using our inducing stimulus of a combination of TGFE3 and BMP6.   

Standard 3D pellet culture systems have been used previously for IPFP-derived MSC 

cartilage tissue engineering [259, 260, 262, 265, 266, 510]. The current report and our 

recent publications represent he first gene array analyses to investigate a broad range 

of genes as well as chondrogenic-specific genes. This analysis has been presented 

here in the context of a thorough analysis of chondrogenic outcomes using standard 

investigative techniques for cartilage formation. Despite the facts that pellet culture 
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promoted cell–cell interactions, had a high yield and density of hyaline-like cartilage 

that mimics the cellular condensation process and hypoxic environment of embryonic 

cartilage development, this method is impractical for surgical applications.  Pellets are 

difficult to handle and to fabricate into specific shapes needed for AC defect repair. 

However, simulation of the physiological environment of native hyaline cartilage can be 

achieved using biomaterials that are analogous to formed ECM. Biologically derived 

mimetic scaffolds offer a logical approach [387].  

In the present study, we demonstrate adherence and differentiation within 3D chitosan 

scaffolds while and using hIPFP-derived MSC infusion for chondrogenic induction.  In 

our previous study we showed that hIPFP-derived MSCs can generate hyaline-like 

cartilage tissue over 28 days of chondrogenic differentiation. Using this approach we 

can now further report the overall differentiated expressed genes (up-regulated and 

down-regulated genes) and results from a comprehensive gene array profiling study 

during chondrogenesis of IPFP-derived MSCs seeded into 3D chitosan scaffolds.  

The experimental design includes assessment of the chondrogenesis confirmed by: (1) 

hematoxylin and eosin and demonstration that cells exhibited appropriate chondrocytic 

morphology and were surrounded by ECM, (2) positive TB and safranin O/fast green 

staining to show high levels of accumulation of PG throughout hyaline-like cartilage 

formed within the porous chitosan structure, (3) the deposition and production of a 

cartilaginous ECM containing collagen type 2 and cartilage PG within the chitosan 

scaffolds, as demonstrated with IHC and IF analysis, and (4) the expression of specific 

cartilaginous mRNA, including SOX9, COL2A1, ACAN and COL1A2, as confirmed with 

real time qPCR reaction analysis. 

Hyaline cartilage matrix is mostly composed of a mixture of collagen fibrils and PG, 

which provide the tissue with high tensile and internal compressive strength [546]. The 

current study has demonstrated the following results for our unique approach of 
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chondrogenic induction in 3D printed chitosan.  

As early as 7 days after chondrogenic induction (chondrogenic group) in the cell-

chitosan scaffold constructs in vitro, the phenotype was clearly representative of 

cartilaginous tissue; this was confirmed by the following: (1) Cytochemistry and 

histological staining; (a) Hematoxylin and eosin staining demonstrated the distribution 

of the ECM, which is surrounding cells with chondrocytic morphology as early as 7 

days up to 28 days of the chondrogenic induction. The deposition of ECM was detected 

at higher levels after 14 and 28 days of chondrogenesis that confirmed by an 

increasing of H&E staining intensity in a time-dependent manner. Cells were clearly 

contained in cavities similar to cartilage lacunae, as one of the defined features of the 

hyaline AC; (b) TB staining confirmed the deposition of sulfated PG within the cell-

scaffold constructs as early as 7 days after the chondrogenic induction with a gradual 

accumulation and production up to 28 days; (c) Safarin O showed a similar staining 

pattern, after 28 days of the chondrogenesis, was highlighted by positive red staining 

that indicates high accumulation of PG. (2) Immunohistochemistry and 

immunofluorescence staining were performed for collagen type 2, PG and collagen 

type 1. The formed tissue showed high protein expression of these ECM proteins 

throughout the cell-scaffold constructs after 28 days of chondrogenesis. This also 

highlighted cellular localisation and that ECM production was evenly distributed 

throughout the 3D chitosan scaffolds. (3) Gene expression by qPCR was performed for 

specific genes.  The expression of chondrogenic genes: COL2A1, ACAN, COL1A2, as 

demonstrated in IHC, and SOX9, were also analysed and detected in qPCR assays for 

relative quantification of RNA isolated from cell-scaffold constructs cultured under 

chondrogenic condition for 0, 7, 14 and 28 days of differentiation. Similar results of 

chondrogenic genes expressions to our previous study of inducing chondrogenesis in 

pellets culture at day 28 have reported (Felimban et al., 2014). In this study, the 
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expression of all mRNA levels including SOX9, COL2A1, ACAN and COL1A2 were 

significantly increased over 28 days of differentiation. Although, COL2A1 gene was 

detected at day 14 of chondrogenic induction similar to the pellets experiment, but the 

expression was increased higher by 2.5 fold change at day 28. Also, ACAN in this 

study was detected as early stage as day 7 and increased significantly up to day 28. 

This suggests that the chitosan scaffolds stimulated with TGFȕ3 and BMP6 and 

seeded with IPFP-derived MSC influence on cell behavior. In addition, it provided an 

optimal environment for enhancing the chondrogenesis and stimulating cells to express 

COL2A1 and ACAN at early stage of induction with higher fold-change compared with 

the pellet study.  

COL1A2 gene was detected at day 0 at low level and the expression was increased 

and remained unchanged between day 7 and day 28 under chondrogenic conditions. 

SOX9 plays a significant role, as a transcription factor, in all phases of the 

chondrogenesis from early condensations to the differentiation of proliferating 

chondrocytes into hypertrophic chondrocytes [547, 548]. Several studies have 

demonstrated that SOX9 activates the expression of chondrocytic genes such as 

COL2A1, COL11A2 and ACAN through binding to chondrocyte-specific enhancer 

elements in these genes [549-551]. In this study, highly expression of ECM genes in 

chitosan scaffolds was associated with up-regulation of SOX9 at low levels after 28 

days of chondrogenesis. This suggests the expression of SOX9, even at low levels, 

was sufficient to enhance ECM expression, indicating that other stimulating factors can 

contribute to chondrogenic potential in chitosan scaffolds. Collage type 2 is the main 

constituent of the AC matrix [516] and identified in small amounts a number of other 

tissues during early development such as intervertebral disc [552] and normal menisci  

[553]. The PG core protein aggrecan is the major protein constituent of cartilage and is 

essential in development and maintenance of mature cartilage [554]. In the current 
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study, a stronger production of collagen type 2 and PG in ECM, as expected and 

confirmed by IHC and IF; this reflects the outcome of hyaline-like cartilage generation. 

Moreover, the expression of COL2A1 mRNA was detected at day 7 and day 14-post 

differentiation by qPCR. COL2A1 gene is the splice variant of type II procollagen (type 

IIA and type IIB) that has been expressed in prechondrocytes and mature 

chondrocytes [25]. Abundant production of collagen type 1 protein was found in the 

fibrocartilaginous tissues. COL1A2 gene expression during chondrogenesis is also 

regulated at the translational stages that occur during prechondrogenic pathway in 

mesenchymal cells to chondrocytes. As the cells differentiate into chondrocytes, they 

initiate the production of cartilage-characteristic collagen type 2 and reduce 

synthesising collagen type 1. Our results in this study are consistent with other recent 

studies that indicate that COL1A2 gene expression during chondrogenesis is up-

regulated early in the process since the expression of COL1A2 was increased 

simultaneously and remained unchanged up to day 28. 

The focus of this study was the utility of 3D chitosan scaffolds to support 

chondrogenesis. We have shown that 3D chitosan scaffold cultures can enhance and 

maintain the differentiation of IPFP-derived MSCs into cartilaginous lineage through 

protein deposition and gene expression analysis. One of the features of chitosan is its 

cationic nature, which is thought to be responsible for electrostatic interactions with 

anionic molecules such as GAGs, PG, growth factors, tissue surfaces and other 

negative molecules that are key components required for hyaline-like cartilage 

formation. These ionic features may provide an optimal environment for retaining and 

accumulating ECM molecules within 3D chitosan scaffold during chondrogenic 

induction in vitro or in vivo [418]. Cellular interactions and adhesions within the 

microenvironment, from where soluble and insoluble signals trigger physiological 

responses, are considered as an important role in regulating cell behavior and ECM 
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deposition within regenerated tissue constructs. The 3D structure parameters, such as 

pore size and fiber diameter of the chitosan scaffold, designed in this study may 

improve IPFP-derived MSCs attachment to chitosan and differentiation and ECM 

deposition as shown in the regenerated hyaline-like cartilage tissue. Di Martino et al. 

showed that the mechanical properties of chitosan scaffold are determined by the pore 

size and orientation of the structure within the scaffold [388].  In addition, the design of 

scaffold pore structure is critical for controlling cellular colonisation rates and 

organisation within an engineered tissue [231]. In our previous study, we showed that 

the 250 ȝm porosity of the chitosan scaffold exhibited limited capacity for penetration of 

the IPFP-derived MSCs into the 3D chitosan scaffold network. This leads to the 

formation of a ‘cap’ of cartilaginous-like tissue above the scaffold. In the current study, 

however, we improved the pore size and increased to the mean pore diameter of 420 

µm to enhance cell penetration to the chitosan scaffold. Also, we optimised the fiber 

thickness at (80 µm diameter) that could maximise the attachment area and facilitate 

cells to adhere to the chitosan scaffold during chondrogenesis. Therefore, these two 

parameters, based on the observations we have seen in this study, may influence cell 

behaviour, particularly capacity for cell adhesion to the chitosan scaffold. Our findings 

in this current work appear to show an optimisation of structural properties of the 

chitosan scaffold; these results suggest that chitosan be an interesting biomaterial 

scaffold for engineering of hyaline-like cartilage tissue for AC repair.  

Microarray analysis in our previous study on micromass pellet culture system provided 

unique data and insight into the temporal expression of genes expressed in our model 

of chondrogenesis using hIPFP-derived MSCs. The microarray gene analysis enabled 

us to identify gene expression profiles and novel differentially expressed genes 

associated with hyaline-like cartilage formation. In that study, we confirmed 

chondrogenic differentiation of hIPFP-derived MSCs over time using standard histology 
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techniques and we assessed the expression of specific chondrogenic genes by qPCR. 

Interestingly, we determined gene expression profiles and provided novel information 

during chondrogenic differentiation of hIPFP-derived MSCs seeded in 3D printed 

chitosan scaffolds. The illumina microarray platform enabled us to determine gene 

expression changes over time for multiple genes and this has now facilitated the ability 

to compare this analysis with the data provided by the pellet study. 

In the current study we have identified a total of 888 genes that were up-regulated and 

494 genes that were down-regulated after 7, 14 and 28 days of differentiation in 

chondrogenic medium. This result suggests 3D chitosan biomaterial scaffold offers an 

excellent cell delivery vehicle by enhancing chondrogenic differentiation of hIPFP-

derived MSCs and improving differentially expressed genes (up- and/or down-

regulated) especially when compared with our pellet study. We found that 487, 548 and 

596 genes were up-regulated at 7, 14 and 28 days of chondrogenic differentiation, 

respectively. Also, we found that 262, 325 and 357 genes were down-regulated after 7, 

14 and 28 days of cultured in chondrogenic differentiation medium, respectively. All 

these results confirm the influence of TGFȕ3 and BMP6, as appropriate stimulating 

factors; for chondrogenic differentiation of hIPFP-derived MSCs seeded in 3D printed 

chitosan scaffolds; all data in this study was presented as fold-change when compared 

with the undifferentiated group at day 0. Our analysis of microarray data showed 

expected expression patterns for numerous known hyaline cartilage genes. 14 

chondrogenic genes, encoding for COL2A1, COMP, ACAN, CRTL1, PRELP, SOX9, 

FMOD, COL1A1, COL1A2 COL9A1, COL9A2, COL10A1, COL11A1, and COL11A2, 

were significantly up-regulated (2- to 90-fold, p<0.05) during chondrogenic 

differentiation. A highly up-regulation (more than 30-fold) up to 28 days of 

differentiation is associated with the expression of COL2A1, COMP, CRTL1, FMOD, 

COL9A2, and COL10A1 transcripts. We previously showed that successful in vitro 
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chondrogenesis of hIPFP-derived MSCs was always associated with COL2A1 and 

COL10A1 up-regulation [260]. Sekiya et al. demonstrated that the addition of BMP6 to 

TGFȕ3 resulted in a significant increase COL2A1 and COL10A1 gene expression over 

the 21-day culture period [555]. In AC, many different types of collagen molecules 

including collagen I, IX and XI are expressed as backbone polymeric template proteins 

during development to provide tensile stiffness and strength to the AC [20]. 

Chondrocytes within AC achieve a mature phenotype, which is characterised by 

expression of hypertrophic hallmarks such as COL10A1, suggesting an increase in 

cartilaginous ECM mineralisation.  In addition, Runx2 contributes to regulation of 

COL10A1 gene expression during chondrogenesis [556]. COMP proteins play a crucial 

role in ECM assembly through their interactions with a number of cartilage ECM 

proteins, including fibronectin, collagen type I, II, IX, XII and ACAN [557]. CRTL1 is a 

member of the hyaluronan and proteoglycan binding link protein (HAPLN) gene family, 

known as HAPLN1 [558]. CTRL1 has an important role in cartilage formation and ECM 

organisation and function through stabilisation of the HA/aggrecan complex [559] and 

the HA/versican complex [560]. Our previous study showed the importance of CTRL1 

in cartilage formation using the CRTL1-deficient mouse [561]. Fibromodulin (FMOD) is 

an abundant small leucine-rich proteoglycan (SLRP) of the cartilage ECM where it 

interacts with the collagen type 2 fibrils and regulates collagen fibrillogenesis and TGFȕ 

activities [562]. In addition to representing the expected expression patterns of 

established chondrogenic differentiation genes, microarray data were validated using 

quantitative real-time PCR for COL2A1, ACAN and SOX9. After 28 days of 

chondrogenesis, the expression profiles of COL2A1, ACAN and SOX9 analysed by 

microarray were consistent with the gene expression data observed by quantitative 

real-time PCR. All these data confirmed expression of major AC genes that have been 

reported in both in vitro and in vivo studies. Analysis of the Normalised probe 

intensities values showed that up-regulation (fold-change) of chondrogenic gene 
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expression increase (in the number of relevant genes) from day 7 through to day 28 of 

chondrogenic culture period compared to the control cultures. Changes observed 

between undifferentiated (day 0) and the early (day 7) stages were very small. This 

trend is consistent with the changes observed in the development of hyaline AC in 

which cells undergo condensation. These cells undergo differentiation and then begin 

to secrete the cartilage-specific ECM. As development progresses the chondrocytes 

continue to differentiate and produce more chondrogenic proteins within ECM which 

then calcifies as the cells enter the hypertrophic phase of differentiation [563].  

Finally, we found that expressed genes involved in other functional categories, such as 

ECM, skeletal development, collagen fibril organisation, glycosaminoglycan binding 

and cell adhesion, were represented in the up-regulated genes at early and late stages 

of hIPFP-derived MSC chondrogenesis in 3D chitosan scaffold.  In addition, in terms of 

pathway categories, we found up-regulated genes were involved in glycosaminoglycan 

biosynthesis and the ECM-receptor interaction pathways at all stages of chondrogenic 

induction. 

In this study, from the top-ranking 10 genes, we identified high expression of these 

target genes that were significantly up-regulated from day 7 up to day 28. The genes 

identified (COL2A1, COL9A1, HAPLN1 and DPT) have roles in chondrogenic 

differentiation as well as AC formation. COL9A1 has upstream promoter region called 

chondrocyte-specific promoter region. This promoter region of a long alpha1 (IX) chain 

has known to be express in cartilage tissue [564]. Collagen type IX is covalently bound 

to the surface of collagen type 2 fibrils within the cartilage ECM. Furthermore, the novel 

interaction between N-terminal, globular non-collagenous domain (NC4) of the alpha1 

(IX) chain and fibronectin may show an in vivo interaction in cartilage tissue and could 

contribute to the matrix integrity. In aging AC loss of collagen type IX may result in a 

weaker matrix that is more susceptible to degradation [565]. HAPLN1 (hyaluronan and 
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proteoglycan link protein 1) is a key component of the cartilage ECM and binds to 

aggrecan along the HA chain, resulting in a stable structure and contributing to 

compression resistance and shock absorption within the joints [566]. Watanabe et al. 

demonstrated that the cartilage of HAPLN1-null mice is significantly deficient in 

aggrecan deposits in the hypertrophic zone and contains low concentration of 

prehypertrophic and hypertrophic chondrocytes [567]. In addition, HAPLN1 acts as a 

growth factor that stimulates the production of collagen type 2 and aggrecan proteins in 

human hyaline cartilage [568, 569]. Dermatopontin (DPT) is a 22-kDa tyrosine-rich 

ECM protein that is present at high levels in cartilage and in demineralised bone matrix 

and may play an important role in skeletal tissue function [570]. The results reported 

here suggest that the chondrogenic differentiation of hIPFP-derived MSCs cultured in 

chitosan can induce significant up-regulation of DPT gene across time points (from day 

7 up to day 28) in vitro. This may indicate an important role for DPT in the induction of 

MSCs toward cartilaginous phenotype during cartilage development. However, using 

microarray analysis, we identified that MMP-7 had temporal expression patterns that 

positively correlated with COL2A1 up-regulation. MMP7 plays a crucial role in 

chondrogenesis [571] and supports cartilage development [572]. 

 

4.6 Conclusion 

In conclusion, our findings demonstrate that a 3D porous chitosan scaffold promoted 

differentiation of hIPFP-derived MSCs into hyaline-like cartilage. This was achieved 

using our previously reported combination hIPFP MSC under chondrogenic culture 

conditions in the presence of TGFȕ3 and BMP6. The production of chondrogenic 

proteins (collagen type 2 and aggrecan) were demonstrated and the expression of 

specific genes (SOX9, COL2A1 and ACAN) were inceased significantly. Further, using 

advanced microarray gene analysis we have found that a total of 888 and 494 genes 
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were up-and down-regulated, respectively, during chondrogenesis under these 

conditions. To our knowledge, this is the first study to demonstrate gene expression 

profiles in hIPFP-derived MSCs chondrogenesis after seeding into 3D chitosan 

scaffold. These data and this study provide novel insights into the cell differentiation 

and maturation that are expected to occur during chondrogenesis. This study provides 

important information that enhances our understanding of the molecular pathways and 

the temporal changes in gene expression during 3D tissue engineering of cartilage for 

AC repair. These new molecular insights about the potential cell differentiation 

improvements that can be achieved using 3D scaffolds will hopefully lead to improved 

approaches to AC repair and cartilage regeneration. Further work is required in this 

area as comprehensive analyses as presented here may highlight other types of 3D 

scaffolds that may assist us in the development of combined or hybrid scaffolds such 

as other natural biopolymer scaffolds for testing in preclinical in vivo models. 
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5.1 Background 

Knee problems cause significant pain and restricted movement, mostly because of 

cartilage damage. With limited therapeutic options for repair of focal chondral (i.e. 

articular cartilage) defect, 3D cartilage engineering offers hope for avoiding 

osteoarthritis and joint replacement. Over the past 25 years many tissue-engineering 

approaches have been developed, but as fibrocartilage forms, most patients develop 

osteoarthritis and require total knee replacement [573, 574]. 

As related earlier, traditional methods to repair chondral defect include debridement, 

marrow stimulation and whole tissue transplantation techniques. Cartilage repair has 

been focused on chondrocyte (cartilage cell) implantation with or without scaffolds. The 

current cartilage repair procedures tend to fail over time due to compromised quality of 

the regenerated tissue within the graft and also because of failure of the integration 

between the graft and host cartilage at the sites of union. We believe these traditional 

methods can be improved through application of novel 3D printing and cartilage tissue 

engineering techniques [196, 575]. 

Consequently, regeneration of AC from autologous stem cells is now a reality and 

whilst substantial work has been done to improve the quality of cartilage grafts, 

successful graft uptake and patency have been lacking [576]. Currently, adipose-

derived mesenchymal stem cells are considered as an optimal cell resource for AC 

tissue engineering since they can be isolated in relatively large numbers with low donor 

morbidity and can be easily expanded in vitro [577, 578]. 

The selection and design of 3D biomaterial scaffold to promote chondrogenic 

differentiation and enhance cartilage ECM synthesis, through cell morphology and 

organisation, intercellular interactions, mechanical forces, and the delivery of bioactive 

molecules, is a critical key approach to improve cartilage tissue engineering outcomes 

[579]. Thus, in this study, we have developed a 3D porous scaffold using HA and 
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gelatin polymers. Each polymer was methacrylated to produce UV-crosslinkable motifs 

and then printed to produce HA/GelMA scaffold. This work has been completed in 

collaboration with Dr. Zhilian Yue and Prof. Gordon Wallace through the IPRI at the 

University of Wollongong in New South Wales. 

Gelatin is a water-soluble protein produced by the hydrolysis of ECM-derived 

collagens, predominantly collagen type 1. It plays a significant role in 3D cell culture 

and tissue engineering applications due its biodegradability, biocompatibility, and ability 

to form hydrogels [580-582]. Extracellular matrices provide appropriate 

microenvironment for cell growth, survival, differentiation and morphogenesis [583]. 

Among the many different ECM molecules, HA is the main GAGs in the mesenchyme 

during the early stage of chondrogenesis and found natively in cartilage tissue [584]. A 

cartilage matrix component, HA, is a lead candidate for engineering of cartilage [363, 

467, 476, 585, 586]. Recently, Fau et al. and his group investigated the effect of HA on 

the biological and regenerative properties of IPFP-derived stromal. Results 

demonstrated that a strong potential of IPFP-derived stromal, specifically for 

chondrogenic differentiation has been seen in a 25% HA micro-environment [535]. 

̘Although the utilising of HA biomaterial as scaffolds for all clinical applications is 

limited due to poor mechanical properties and rapid degradation in an aqueous 

environment, but these drawbacks are improved by chemical modification.  

Crosslinking is considered as the most common modification of HA to form a hydrogel 

crosslinking based scaffold. The chemical structure of HA has two functional groups: 

the carboxylic acid and hydroxyl groups, which are used as primary sites for 

crosslinking and functionalisation of HA. Modification of these groups is often used to 

form photocrosslinkable moieties that allow chemical gelation of the polymer when 

exposed to UV light. Crosslinking modifications have been processed under acidic, 

neutral, and alkaline conditions using carbodiimide, polyfunctional epoxides, and 
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aldehydes [587-589]. There are two primary methods that used to chemically modify 

HA with photocrosslinkable functional groups including: (1) a free radical 

polymerisation with methacrylic anhydride in the presence of acid [590, 591]; and, (2) a 

ring opening reaction with glycidyl methacrylate [441, 592]. Autocrosslinking has also 

been reported [593]. A number of studies have been done to produce HA based 

hydrogel scaffolds through methacrylated and photocrosslinked using Irgacure 2959 or 

N-vinyl pyrrolidone as an initiator [592, 594, 595]. Gelatin/methacrylamide (Gel/MA) 

hydrogels can be fabricated by chemical modification of gelatin polymer, allowing 

hydrogels to be covalently crosslinked by radical polymersation via photoinitiation 

[596]. Recently, Levett et al. reported that the addition or incorporation of 

photocrosslinkable hyaluronic acid/methacrylate (HA/MA) to Gel/MA hydrogel, which 

encapsulated with human chondrocytes, enhanced chondrogenic differentiation as 

confirmed by COL2A1 and ACAN genes expression and increased production of the 

ECM (collagen type 2 and aggrecan) throughout the construct [597]. In addition, 

incorporation or co-deposition of HA to Gel/MA has shown to increase the viscosity of 

GelMA hydrogel and, so, to be utilised as the ‘‘ink’’ in bioprinting of HA/GelMA hybrid 

constructs which investigated for cartilage regeneration [598]. Therefore, the aims of 

this chapter were to investigate the chondrogenic potential of hIPFP-derived MSCs 

seeded in 3D printed HA/GelMA hydrogels and, as for the chitosan study, to utilise our 

gene microarray approach to investigate and define the outcomes by assessing the 

chondrogenic potential of this new approach. As described in the chitosan study 

(Chapter 4), numerous genes undergo significant changes in expression during 

chondrogenic differentiation of hIPFP-derived MSCs. This study will determine whether 

seeding our pre-chondorcytes under chondrogenic conditions in 3D printed HA/GelMA 

can improve in vitro generation of hyaline-like cartlage by comparing the outcomes of 

these two studies through our high throughput and sophisticated gene microarray 

analysis. 
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5.2 Hypothesis and aims 

The key hypothesis of this section of the work is that a 3D HA/GelMA scaffold, 

combined with hIPFP-derived MSCs, is an appropriate biomaterial for engineering 

hyaline-like cartilage. 

Therefore, the aims of this chapter are to: 

Aim (1): Integrate human IPFP-derived MSCs into HA/GelMA scaffold to generate 

cartilage tissue for engineering structural and functional outcomes in-vitro. 

Aim (2): Promote differentiation of IPFP stem cells to chondrogenic phenotypes in 3D 

HA/GelMA scaffold in vitro. 

Aim (3): Fully characterise chondrogenesis from MSCs derived from hIPFP tissue by 

conventional techniques (histological staining, IHC, IF & changes in expression of 

chondrogenic genes using qPCR. 

Aim (4): To identify regulated genes during chondrogenic differentiation using high 

throughput microarray analysis 

5.3 Materials and Methods 

5.3.1 Harvesting of human IPFP tissue 

Human IPFPs were obtained as described previously (St. Vincent’s HREC Ref: HREC-

A 117/10). Fat pads were harvested and processed as described in Section 2.1. In this 

part of the study, the three patients (3 females) had a mean age of 62 (aged 65, 65, 55) 

representing three independent biological replicates (N=3). Isolation and cultivation of 

hIPFP- derived MSCs.  

5.3.2 Isolation and cultivation of hIPFP- derived MSCs 

The isolation and expansion of IPFP-derived MSCs were performed according to the 

procedures outlined in Sections 2.1 and 2.2. 
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5.3.3 Fabrication of HA/GelMA scaffold 

Dr. Zhilain Yue at the IPRI at the University of Wollongong developed HA-GelMA 

hydrogel scaffolds. This technique was transferred to St Vincent’s Hospital Melbourne 

Bio-fabrication Facility, Department of Clinical Neurosciences, and Mr. Rhys Cornock 

completed extrusion printing of scaffolds for subsequent experiments. This work has 

been completed in collaboration with the ARC Centre of Excellence for 

Electroconductive Polymers, University of Wollongong, New South Wales, Australia. 

a) Preparation of HA-GelMA solution 

Each polymer (HA and gelatin type A, Sigma-Aldrich) was methacrylated to produce 

UV-crosslinkable motifs of the polymers. Briefly, this was done through the introduction 

of methacrylic anhydride to each solution. Hyaluronic acid (HA, 0.5 g, PHARMA 

GRADE 150, 1200-1900 kDa) was dissolved in sterile deionised water (120 ml), and 

methacrylic anhydride added (3.75 mL, 20 fold excess, calculated relative to a total of 4 

hydroxyl groups per HA disaccharide unit. The reaction was stirred at room 

temperature overnight, with the pH of the reaction mixture being maintained at 8.0 by 

dropwise addition of 5N NaOH. HA-MA was purified by dialysis against deionised water 

for 48h and collected by lyophilisation. Each stage of the procedure with the exception 

of the lyophilisation was conducted under sterile conditions. 

Gelatin (10 g, type A, Sigma-Aldrich) was dissolved in PBS (100 ml) at 50 °C and 

autoclaved. Methacrylic anhydride (8 ml) was then added, and the reaction was stirred 

at 50 °C for 3 h, before further addition of sterile PBS (300 ml) to terminate the 

methacrylation. The solution was dialyzed against deionised water at 40 °C for 1 week, 

and lyophilised. Each stage of the procedure with the exception of the lyophilisation 

was conducted under sterile conditions. 
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Lyophilised methacrylated HA and GelMA were mixed in 1x PBS in a ratio of 2% and 

10% (v/v), respectively at 37°C. The mixture was then stirred with a spatula to ensure 

no large aggregates of polymer were present. The resulting solution was covered and 

placed in shaking chamber at 200 rpm at 37°C for 48 hrs. Prior to printing, a 5% (w/v) 

solution of photo initiator (Irgacure 2959, BASF, Germany) in ethanol was added to the 

HAMA/GelMA mixture to attain a final concentration of 0.1%. The solution was then 

mixed thoroughly, covered and placed in shaking chamber at 200 rpm at 37°C for 5 

hrs. 

b) HA-GelMA scaffold bioprinting 

The steps involved in HA/GelMA hydrogel scaffold bioprinting are shown in Figure 5.1. 

Briefly, the printing solution was loaded into a 3cc luer-lok dispensing syringe and 

printed (in a dark room) at 37°C. A 27-gauge needle (Nordson EFD) was attached to 

the reservoir and the whole print head was fitted to a pneumatic regulator for 

bioprinting. The HA/GelMA solution was deposited onto a 4°C glass substrate in a grid 

with track spacing of 500 ȝm using a custom printing assembly which was adapted 

from a CNC milling machine. The system was equipped with a three-axis positioning 

platform and controlled using Enhanced Machine Controller software. The Sherline 

circuitry was modified to enable activation of the regulator using the M08 (coolant flood) 

command via G-code. The tooling path of the extrusion printer was coded manually 

using a G-code program. Following the printing of each individual layer, scaffolds were 

cured using a 75 W/cm2 ultraviolet (UV) for 10 sec. This method prevented each layer 

from combining and thus assisted in maintaining pore interconnectivity throughout all 

planes of the sample.  

HA/GelMA hydrogel scaffolds were then frozen at -80°C before use. The scaffolds 

were then washed prior to cell seeding. Individual scaffolds were fabricated to 12-14 
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layers. The average fiber diameter and pore size were measured through optical 

microscopy using an Olympus IX70 fluorescence microscope (4x/0.13 NA). 

Step 1:   
The HA/GelMA solution was loaded into a 3cc luer-lok 
dispensing syringe and printed (in a dark room) at 
37°C. A 27-gauge needle was attached to the reservoir 
and the whole print head was fitted to a pneumatic for 
bioprinting. 

 
Step 2:  The HA/GelMA solution was deposited onto a 4°C glass substrate in a grid with track 
spacing of 500 ȝm using a custom printing assembly which was adapted from a computer-
numerically controlled milling machine. 

               

Step 3: Following the printing of each individual layer, the scaffolds were cured using a 75 
W/cm2 ultraviolet (UV) for 10 sec. 

              

Step 4: Individual scaffolds were fabricated to 12-14 layers. The average fiber diameter and 
pore size were measured through optical microscopy using an Olympus IX70 fluorescence 
microscope (4x/0.13 NA) 

      

 

Figure 5.1: HA/GelMA scaffold bioprinting steps. 
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5.3.4 Chondrogenic differentiation of cell seeded HA/GelMA scaffold 

a) HA/GelMA scaffolds cutting and washing 

Following HA/GelMA scaffold printing, each scaffold (6 mm diam) was removed very 

quick from the glass substrate (-80oC) and randomly allocated into 48-wells plate. 

Scaffolds were then washed four times in milliQ water over a 2 hrs cycle (Figure 5.2). 

The MQ water was changed every half hour.  

 

 

 

Figure 5.2: Processing and washing of HA/GelMA scaffold. (A) 6 mm scaffold was 

removed from glass substrate (-80oC) and (B) randomly allocated into 48-wells plate 

and washed four times (30 min each wash) in milliQ water. 

�
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b) Integrating hPFP-derived MSCs into HA/GelMA scaffold 

Chondrogenic induction of hIPFP-derived MSCs (three biological replicates (N=3) per 

time-point: at 7, 14 and 28 days of culture/group) was induced using 3D HA/GelMA 

scaffold. Three scaffolds were used for each time point and for each condition. One 

scaffold was used for histological analysis. Two scaffolds were used to extract total 

RNA for qPCR and genes expression microarray studies. Briefly, The HA/GelMA 

scaffolds were transferred gently, using sterile forceps, into the base of cell culture 

inserts (polycarbonate membrane insert, 6.5 mm with 3.0 µm pore size. These cell 

inserts were already allocated in 24-wells plate. The sterilised HA/GelMA scaffolds 

were pre-wetted with DMEM-high glucose media by overnight incubation at 37°C in a 

humidified atmosphere of 5% CO2. After 24 hrs, the culture media was removed from 

the scaffolds/cell culture inserts. Confluent hIPFP-derived MSCs at P3, were harvested 

as described in Section 2.2, counted and then re-suspended in chondrogenic medium 

consisting of DMEM-high glucose, 1% FBS, 1% ITS, 100nM Dexamethasone, 50 ȝg/ml 

ascorbic acid, 1x antibiotic/antimycotic, 10 ng/ml TGFȕ3, and 10ng/ml BMP6 followed 

by seeding the cells into a sterile scaffolds/cell culture inserts. Cells with 2.5x105 cells/ 

50 ȝl of media were seeded on top of the scaffolds and then the scaffolds were 

incubated at 37oC in 5% CO2 for 30 min. 200 ȝl of media was added inside the cell 

inserts and 600 ȝl was added outside the cell inserts. 800 ȝl of chondrogenic media 

was used in each cell insert (Figure 5.3). These cultures were incubated at 37oC in 5% 

CO2 for 7, 14 and 28 days and the media was changed every two days. The same 

protocol was used for media without growth factors, and served as the negative control 

(control media).  
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Figure 5.3: In vitro culture of cell-HA/GelMA scaffold constructs using cell 
culture inserts. 6 mm HA/GelMA scaffold placed inside the cell inserts with an internal 

diameter of 6.5 mm and permeable membrane of 3.0 µm pore size and then sedded 

with 2.5x10
5
 cells/50ȝl of media on topside. Scaffolds were incubated at 37oC in 5% 

CO2 for 30 min. 200 ȝl of media was added inside the cell inserts and 600 ȝl was 

added outside the cell inserts 

 

5.3.5 Tissue fixation, embedding and sectioning 

Prior to histological examination, scaffolds were fixed in 4% PFA, overnight at 4oC.  

Scaffold constructs were processed, paraffin-imbedded and sectioned as described in 

Section 2.5. 

5.3.6 Hematoxylin and eosin staining 

Sections of cell-HA/GelMA scaffold constructs were stained with H&E stain to visualise 

cells distribution and morphology and production of ECM. H&E stain was performed 

according to the procedure outlined in Section 2.6.  
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5.3.7 Toluidine blue and Safranin O/Fast green staining 

Sections of cell-HA/GelMA scaffold constructs were also stained with TB and safranin 

O/fast green stains to assess accumulation of sulfated PG. TB and safranin O/fast 

green stains were performed as described in Sections 2.6.  

5.3.8 Immunohistochemical analysis 

The immunohistochemical study was performed to the standarad indirect 

immunoperoxidase method described in Section 2.7. 

5.3.9 Immunofluorescence analysis 

The immunoflouresence experiment was performed using the procedure described in 

Section 2.7. 

5.3.10 RNA isolation from cell-HA/GelMA hydrogel scaffold constructs 
homogenisation 

The cell-HA/GelMA scaffold constructs were homogenised following the procedure 

outlined in Section 2.8. 

a) Quantitative real-time PCR analysis 

The complete protocols for RNA extraction, qPCR and the amplification conditions 

were described in details in Sections 2.8 and 2.9. 

b) Gene expression profiling study (Microarray) 

Full protocols for the microarray experiment and analysis, including first and second 

cDNA synthesis, cDNA purification, IVT to synthesise biotin-labeled aRNA, biotin-

labeled aRNA purification and direct hybridzation, labeling and scanning, were 

described in detail in Sections 2.10. 
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c) Statistical analysis 

The complete data of qPCR and analysis protocol for the microarray gene expression 

experiments were dscribed in Section 2.11.  

 

5.4 Results 

5.4.1 3D HA/GelMA scaffold characteristics and measurements 

The 3D HA/GelMA scaffolds were printed (prior to hIPFP-derived MSCs seeding) with 

the following measurements:  6 mm diameter, 12-14 layers with an average pore size 

of 400 µm and fiber thickness of 200 µm (Table. 5.1). 

 

Table 5.1: 3D HA/GelMA scaffold characteristics and measurements. 

Material Chitosan 

Scaffold 
fabrication 

Extrusion printing 

Scaffold size 6 mm 

Scaffold Layers 12-14 

Pore size Average= 400 µm 

Fiber thickness Average= 200 µm 

Curing power 75 W/cm2 ultraviolet (UV) 
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5.4.2 Macroscopic and microscopic examination for chondrogenic 
induction of hIPFP-derived MSCs seeded in 3D HA/GelMA scaffold 

The chondrogenic differentiation of hIPFP-derived MSCs seeded in 3D HA/GelMA 

scaffold was assessed and determined based on macroscopic examination of the 

regenerated tissue including thickness and their appearance after 7, 14 and 28 of 

chondrogenesis (chondrogenic group). The original fabricated 3D HA/GelMA scaffold 

has a clear and glassy appearance (Figure 5.4A). However, the regenerated tissues of 

the chondrogenic group were changed and increased gradually in thickness with 

respect to time on day 7 (Figure 5.4B), 14 (Figure 5.4C) and 28 (Figure 5.4D) and 

displayed a translucent macroscopic appearance at day 7 and day 14 (Figure 5.2B,C). 

At day 28, changing in the appearance was noted and displayed a consistent white 

opaque structure throughout the formed tissue (Figure 5.2D).  

The chondrogenic differentiation of hIPFP-derived MSCs seeded in 3D HA/GelMA 

scaffold, at day 28 under both the control and chondrogenic groups, were examined 

microscopy. For the control group, hIPFP-derived MSCs were not differentiated and, 

so, the pores remained empty (Figure 5.5A). However, the cells, which have grown 

onto the 6 mm HA/GelMA, scaffold in chondrogenic medium, formed a new tissue that 

have attached to and completely filled the pores of the scaffold (Figure 5.5B). 
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Figure 5.4:  Time course of hIPFP-derived MSCs chondrogenesis. Macroscopic 

images of differentiating hIPFP-derived MSCs seeded in 3D HA/GelMA scaffold. (A) 

Representative image of the original fabricated 3D HA/GelMA scaffold, which has a 

clear and glassy appearance. The 3D HA/GelMA scaffolds were cultured in 

chondrogenic condition containing TGFȕ3 and BMP6 (chondrogenic group) on (B) day 

7, (C) day 14 and (D) day 28. Thicknesses of new tissues cultured in chondrogenic 

condition were increased gradually from day 7 up to day 28.  At day 7 and day 14, the 

formed tissue displayed a translucent macroscopic appearance, however, the 

appearance was changed to appear as white opaque structure at day 28. 
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Figure 5.5: Chondrogenesis of hIPFP-derived MSCs in 3D HA/GelMA scaffold at 
day 28. Microscopic images: (A) Under control condition, the pores appeared empty 

(Arrows). (B) Under chondrogenic condition, the pores were completely filled with a 

newly generated cellular material (Arrows).  

 

5.4.3 Histological analysis of hIPFP-derived MSCs-seeded HA/GelMA 
constructs 

In control group, H&E staining of the cell-HA/GelMA scaffold constructs, after 28 (Fig 

5.6A) days of differentiation, showed a paucity of cells distributed through the 

HA/GelMA scaffold and there was no ECM. Upon induction of differentiation in cell-

HA/GelMA scaffold constructs of chondrogenic group, hIPFP-derived MSCs readily 

differentiated to chondrocyte-like cells. By 7 days (Figure 5.6B), 14 days (Figure 5.6C), 

and 28 days (Figure 5.6D) post-induction in chondrogenic conditions, the differentiated 

cells exhibited a round morphology, the cells were attached to and distributed evenly in 

the area that surrounded the scaffold and were stained positive for H&E. In addition, 
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the cells, at each of the time points, were located inside lacunae and surrounded by 

ECM. In both groups, the HA/GelMA scaffolds were stained pink by the eosin.  

After 28 days of differentiation in control group (Figure 5.7A), TB staining were 

negatives. However, cartilaginous tissues were formed after 7 (Figure 5.7B), 14 (Figure 

5.7C), and 28 (Figure 5.7D) days in cell-HA/GelMA scaffold constructs of chondrogenic 

group, indicated by the positivity of TB staining and deposition of PG between cells in 

the area surrounded HA/GelMA scaffold. The intensity of TB staining was increased 

gradually from day 7 until day 28, indicating a higher accumulation of PG at day 28 

compared with day 7 and day 14. In both groups, the HA/GelMA scaffolds were stained 

blue by the TB stain. Also, PG staining by safranin O/fast green formed an intense red 

color in the cartilage matrix of the cell-HA/GelMA scaffold constructs of chondrogenic 

group at day 28 (Figure 5.8). The HA/GelMA scaffolds were stained red by the safranin 

O stain. 
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Figure 5.6: Histochemical analysis (hematoxylin and eosin) of hIPFP-derived 

MSCs cultured on HA/GelMA scaffolds. Cultures were maintained in (A) the absence 

(control) or presence (chondrogenic) of TGFȕ3/BMP6 for (B) 7, (C) 14, and (D) 28 

days. Sections were stained with H&E staining. (A) There was a paucity of cellular 

attachment and growth in control culture and weren’t surrounded by ECM structure. (B-

D) The cells (small arrows) cultured in chondrogenic media exhibited chondrocytic 

morphology, surrounded by ECM (large arrows) and located inside lacunae after 14 

and 28 days of chondrogenic differentiation. The HA/GelMA scaffolds were stained 

pink by the eosin (dashed arrows). Magnification (10x). A-D represents magnified 

images with scale bars as indicated. 
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Figure 5.7: Histochemical analysis (toluidine blue) of hIPFP-derived MSCs 

cultured on HA/GelMAscaffolds. Cultures were maintained Cultures were maintained 

in (A) the absence (control) or presence (chondrogenic) of TGFȕ3/BMP6 for (B) 7, (C) 

14, and (D) 28 days. Sections were stained with TB staining. (A) The cells 

attachedHA/GelMA scaffolds in the control group were negative for TB staining. (B-D) 

The cells (small arrows) that were cultured under chondrogenic conditions showed 

ECM deposition (large arrows) with strong TB staining, suggesting the presence of PG 

and the staining was increased progressively over 7, 14, and 28 days of differentiation. 

The HA/GelMA scaffolds (dashed arrows) were stained blue by the TB stain. 

Magnification (10x). A-D represents magnified images with scale bars as indicated. 
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Figure 5.8: Histochemical analysis (safranin O/fast green) of hIPFP-derived MSCs 

cultured on HA/GelMA scaffolds at day 28. Sections were stained with safranin 

O/fast green staining. The cells (small arrows) cultured under chondrogenic condition 

showed ECM deposition (large arrows) with strong safranin O/fast red staining, 

confirming the accumulation of PG. The HA/GelMA scaffolds (dashed arrows) were 

stained red by the safranin O stain. Magnification (10x). Scale bar as indicated. 
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5.4.4 Imunohistochemical and Immunofluorescence analysis 

After 28 days of the chondrogenic differentiation, the cartilaginous tissue formation in 

the chondrogenic group was confirmed by IHC analysis for the production of collagen 

type 2, cartilage PG, and collagen type 1 as shown in (Figure 5.9). A strong intensity of 

brown staining was indicated to immunopositive reaction for the cartilage ECM 

including collagen type 2 and PG when compared with isotype control. Collagen type 1 

was also produced throughout the cell-HA/GelMA scaffold constructs. As shown in 

H&E stains, IHC staining of the chondrogenic group showed a spatially uniform 

distribution of attached cells, which were encased in their lacunae and surrounded by 

ECM (predominantly collagen type 2 and PG).  

Furthermore, the synthesis of collagen type 2, and cartilage PG in chondrogenic group 

at 28 days post induction was analysed using IF method, as showen in (Figure 5.10). . 

Collagen type 2 and PG were strongly positive when compared with isotype controls 

and were mainly distributed within ECM in HA/GelMA scaffold constructs. 
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Figure 5.9: Immunohistochemical sections of the hIPFP-derived MSCs-HA/GelMA scaffold constructs cultured up to 28 days in the 

presence (chondrogenic) of TGFȕ3/BMP6. 

All sections were stained for antibodies against PG, collagen type 2, and collagen type 1. Representative IHC results showed no staining in 

isotype negative control section in chondrogenic group. The cells that induced under chondrogenic condition strongly produce PG, collagen 

type 2 and collagen type 1. Magnification (10x). Scale bars indicated. 
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Figure 5.10: Immunofluorescence analysis of the hIPFP-derived MSCs-HA/GelMA scaffold constructs cultured up to 28 days in 

chondrogenic condition 

All sections were stained for antibodies against PG (red), collagen type 2 (red), the DNA strands within the nuclei of cells (blue), and 

cells/collagen type 2/PG merge (gray). Representative IF results showed no staining in isotype negative controls.  The cells that have 

differentiated and attached to the HA/GelMA scaffold structure under chondrogenic condition strongly produced collagen type 2, and PG. 

Collagen type 2 and PG proteins were mainly distributed within ECM surrounding the cells. Each of these images was acquired using tiled field 

mapping at 10X magnification. Blue staining of nuclei is highlighted in the higher contrast grayscale images (Merge-Gray scale). The black 

scale bars (bottom RHS in white box) are 100 microns. 
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5.4.5 Quantitative real- time PCR gene expression 

Quantitative-PCR was used to assess the temporal gene expression of four key 

chondrocyte markers, namely, SOX9, COL2A1, ACAN, COL1A2 in the cell-HA/GelMA 

constructs cultured under chondrogenic condition for 0, 7, 14 and 28 days of 

differentiation. This assay revealed that all mRNA expression levels of four markers 

were increased significantly after 28 days, compared to day 0 and day 7, of 

chondrogenic differentiation (Figure 5.11).  

Although, SOX9 gene showed an early up-regulation peaking at low insignificant level 

on day 7, but its up-regulation level from day 7 to day 28 was statistically significant 

(p<0.05).  

COL2A1 and ACAN genes were not detected at day 0. COL2A1 and ACAN genes 

showed an early up-regulation peaking on day 7. 

COL2A1 mRNA levels increased significantly (5.07-fold; p<0.05) by day 14, followed by 

a continued gradual significant increase (7.63-fold; p<0.05) until day 28 of 

chondrogenesis. 

ACAN was highly up-regulated by as much as (2.78-fold; p<0.05) by day 14 and (4.76-

fold; p<0.05) by day 28 of chondrogenesis. 

Finally, COL1A2 gene was detected at low level on undifferentiated stage (day 0). The 

level of COL1A2 gene expression across the cell-HA/GelMA construct remained 

consistent over 28 days of chondrogenic differentiation and did not significantly 

increases beyond day 14. 
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Figure 5.11: Temporal gene expression analysis of the major components of 
chondrocyte-associated ECM. The expression of (SOX9, COL2A1, ACAN, and 

COL1A2) was analysed in hIPFP MSCs (n=3) cultured under chondrogenic condition  

(chondrogenic group) at 0, 7, 14 and 28 days. Relative gene expression was 

normalised against GAPDH expression and relative to gene expression in the control 

group. A significant increase in gene expression was observed (*p<0.05) in all genes 

between days 7, 14 up to 28. Error bars represent SEM. 

 

5.4.6 Microarray analysis of the differentially expressed genes. 

A comprehensive quantitative assessment of chondrogenic markers changes, during 

the chondrogenic differentiation of hIPFP-derived MSCs seeded in HA/GelMA scaffold 

was performed by advance illumina microarray. When compared with undifferentiated 

group (day 0), of more than 47,000 probe sets expressed on the chips, only a few 

thousands represented genes at each time points (7, 14 and 28 days of chondrogenic 
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groups), which were differentially expressed up or down-regulated during the 

chondrogenic induction. 

By applying statistical analysis, the differentially expressed genes could be divided into 

a total of the up-regulated genes (3,187 genes) (Figure 5.12) and down-regulated 

genes (2,896 genes) (Figure 5.13) during chondrogenic differentiation. 

Specifically, we found that 1,751, 1,723 and 2,506 genes were up-regulated (Figure 

5.12) and 1,518, 1,456 and 2,330 genes were down-regulated (Figure 5.13) after 7, 14 

and 28 days of cell-HA/GelMA constructs cultured in chondrogenic differentiation 

medium, respectively. Changes in differentially expressed genes showed in this 

microarray analysis trended highly toward down-regulation and up-regulation of genes 

at the latest time point (day 28).  

In this study, values of +2 or more/-2 or less fold change difference were considered as 

a regulated (up- and down-) genes during hIPFP-derived MSCs chondrogenesis. The 

cumulative total of significant differentially expressed genes (p<0.05, more than 2 fold) 

were classified into 44, 99, 148, 428, and 2,682 genes sets exhibiting >70, 20 to <70, 

10 to< 20, 5 to <10 and 2 to <5-fold changes, respectively at 7, 14 and 28 days of 

chondrogenic induction (Table 5.2) 
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Figure 5.12: Venn diagram of common up-regulated genes during chondrogenic 
differentiation of hIPFP-derived MSCs cultured in HA/GelMA scaffolds at 7, 14 
and 28 days of differentiation.  
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Figure 5.13: Venn diagram of common down-regulated genes during 
chondrogenic differentiation of hIPFP-derived MSCs cultured in HA/GelMA 
scaffolds at 7, 14 and 28 days of differentiation. 

 

To identify novel genes unique to the individual chondrogenic stages designated in this 

study, we assayed gene expression patterns at each of the three differentiation stages 

by microarray and developed an appropriate shortlist of genes by the analysis 

described in the ‘‘Materials and Methods’’ section. Analysis of individual genes 

revealed varied patterns of chondrogenic gene regulation over the experimental period. 

Thus, 14 chondrogenic genes made up the ECM constituent of native hyaline AC, were 

significantly very highly up-regulated (2- to 167-fold, p<0.05) during chondrogenic 

differentiation; this included COL2A1, COMP, ACAN, CRTL1, PRELP, SOX9, FMOD, 
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COL1A1, COL1A2 COL9A1, COL9A2, COL10A1, COL11A1, and COL11A2 (Table 

4.3).  

 

Table 5.2: Fold-change classification of cumulative total of significant 
differentially expressed genes at each time-point during chondrogenic 
differentiation of hIPFP-derived MSCs seeded in HA/GelMA scaffold. (significant 

expression, p<0.05). 

Fold-change 7 days 14 days 28 days 

>70 8 12 24 

20 to <70 27 28 44 

10 to< 20 35 41 72 

5 to <10 111 126 191 

2 to <5 754 785 1143 

 

The expression of chondrogenic target genes, namely COL2A1, ACAN and SOX9 data 

that determined by qPCR exhibited a high similarity with microarray results. Several 

genes including COL2A1, COMP, ACAN, CRTL1, FMOD, COL9A1, COL9A2, 

COL10A1 and COL11 showed progressive increases in expression levels (more than 

30-fold) over the entire experimental period toward later stage (day 28) of 

chondrgenesis. COL10A1, CRTL1 and COL2A1 genes were the highest, with 553.762-

, 289.949- and 167.051-fold, respectively up-regulation, followed by COMP, COL9A1, 

COL9A2, COL11A2, FMOD and ACN which were up-regulated by 137.381-, 131.054-, 

105.127-, 100.098-, 98.5811- and 37.1852-fold, respectively.  Similar patterns of up-

regulated genes were identified with less fold changes including COL11A1, PRELP, 

COL1A1, SOX9 and COL1A2 (Table 5.3). 
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Table 5.3: Chondrogenic genes that were significantly up-regulated (p<0.05) during chondrogenesis in the cell-HA/GelMA scaffold 
constructs.  

GeneName Gene Symbol Fold 
7d 

Fold 
14d 

Fold 
28d 

Gene function 

Collagen, type II, alpha 1 COL2A1 28.8226 118.029 167.051 Structural integrity of the ECM 

Cartilage oligomeric matrix protein COMP 140.313 133.432 137.381 Structural integrity of the ECM 

Aggrecan ACAN 7.15069 13.4909 37.1852 An integral part of the extracellular matrix in 
cartilaginous tissue 

Cartilage linking protein 1 CRTL1 20.8067 95.912 289.949 Interacting selectively with hyaluronic acid 

proline/arginine-rich end leucine-rich 
repeat protein 

PRELP 12.5196 12.2218 23.1275 Bind type II collagen to cartilage 

SRY (sex determining region Y)-box 9 SOX9 1.79233 3.78612 3.23198 Enable the transcription of COL2A1 by RNA 
polymerase II 

Fibromodulin FMOD 17.6808 33.8479 98.5811 Plays a role in assembly of ECM 

Collagen, type I, alpha 1 COL1A1 4.82979 4.82072 4.80355 Structural integrity of the ECM 

Collagen, type I, alpha 2 COL1A2 1.5732 1.6083 1.62545 Structural integrity of the ECM 

Collagen, type IX, alpha 1 COL9A1 2.185 19.798 131.054 Structural integrity of the ECM 

Collagen, type IX, alpha 2 COL9A2 27.6642 66.0375 105.127 Structural integrity of a complex 

Collagen, type X, alpha 1 COL10A1 219.18 397.367 553.762 Structural integrity of a complex 

Collagen, type XI, alpha 1 COL11A1 14.8596 19.5648 27.5371 Structural integrity of the ECM 

Collagen, type XI, alpha 2 COL11A2 *3.08066 15.8123 100.098 Structural integrity of the ECM 
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14 chondrogenic genes, which up-regulated during chondrogenic differentiation of 

hIPFP-derived MSCs seeded in HA/GelMA scaffold at 0, 7, 14 and 28 days, were 

subjected to clustering as mean linkage hierarchical clustering. Normalised intensities 

extend from blue (down-regulated) to red (up-regulated) through day 0 to days 14 and 

28 on each set of chondrogenic genes (Figure 5.14). 

In the present study, we show that scinderin (SCIN) gene is gradually up-regulated 

during chondrogenic differentiation with 19.009- and 65.637-fold changes at day 14 

and day 28, respectively. 

In order to explore the related functions of the differentially expressed genes, the up-

regulated genes were subjected to GO enrichment analysis using Partek software. 

Enrichment score represent the level of differentially expressed of the genes in the 

functional categories. A score of 3 or greater indicates to a significant over -expression 

(p<0.05). The higher the enrichment score, the more over represented this functional 

category in differentially expressed genes. Analysis of the differentially expressed 

genes at 7, 14 and 28 days of chondrogenesis revealed GO enrichment of several 

functional categories relevant to chondrogenesis and/or chondrocyte physiology. At 

early stage (day 7), a highly represented functional ontology grouping includes Golgi 

vesicle transport, intracellular part and intracellular transport categories. A functional 

GO of chondrocytic relevant, namely, collagen, ECM part and collagen fibril 

organisation were also included. All differentially expressed genes linked to functional 

categories include ECM structural constituent, skeletal system development, fibrillar 

collagen and ECM part, were up egulated at day 14 and day 28. 

In addition, the up-regulated genes were subjected to pathway enrichment analysis 

using Partek software. Up-regulated genes (2-fold or more) at 7, 14 and 28 days of 

chondrogenesis associated with several pathway categories that based on pathway 

enrichment score. A score of 3 or greater indicates better significance (p<0.05) of 
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overrepresented differentially expressed genes within particular pathway. Pathway 

enrichment analysis indicated that the up-regulated genes were mainly involved in 

protein processing in endoplasmic reticulum, ECM-receptor interaction and metabolic 

pathways. 

 

Figure 5.14: Heat map (Hierarchical clustering) of 14 chondrogenic genes 
associated with chondrogenesis expressed by hIPFP-derived MSCs 
differentiating in chondrogenic media at 0, 7, 14 and 28 days. Expression profiles 

were clustered by mean linkage hierarchical clustering. Normalised intensities extend 

from blue (down-regulation) to red (up-regulation). The experiments were performed 

using three independent biological replicates (N=3) per time-point: at 0, 7, 14 and 28 

days of chondrogenic culture. A: sample one; B: sample two; C: sample three; 0: 

undifferentiated; 1: 7 days; 2: 14 days; 4: 28 days.  
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In this HA/GelMA study, Figure 5.15 shows the top-ranking 10 genes with the greatest 

differential expression across time-points (7, 14 and 28 days). As was expected, and 

again reiterating and extending our previous studies in pellet and chitosan cultures, 

many of the top-ranking 10 differentially expressed genes have known roles in 

chondrocyte growth and hyaline cartilage formation. These genes included CLEC3A, 

LECT1, COL10A1, HAPLN1 and PTH1R. 

 

Figure 5.15: Top 10 of the most differentially expressed genes at 7, 14 and 28 

days with the highest HotellingT2-statistic for the HA/GelMA study. The curves 

are fitted values for A: sample one (red); B: sample two (green); C: sample three (blue) 

time courses. 
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5.5 Discussion 

Articular hyaline cartilage defects still represent a big challenge to orthopaedic 

surgeons; especially these defects have poor capacity for intrinsic repair. Recently, 

MSCs have been explored as an alternative cell source for cartilage regeneration and 

repair due to their chondrogenic potential and their ease of harvesting from different 

sources such as adipose tissue [578, 599]. To this end, 3D scaffolds have been 

developed to offer optimal microenvironments for stem cells, where numerous factors 

play a role in directing stem cell differentiation. Therefore, the fabrication of a 3D 

biomaterial scaffold and seeded with autologous adult MSCs to regenerate a new AC 

tissue may offer a viable clinical option.  

Our previous studies and this study indicate that the MSCs derived from hIPFP tissue 

also have multipotent differentiation capacity, including chondrogenesis [260, 600]. 

These populations of hIPFP-derived MSCs, used in this study, were characterised 

previously using flow cytometry as described in Section 4.3.3. Therefore, hIPFP-

derived MSCs can be an excellent cell source for autologous AC tissue engineering.  

Our previous results demonstrated that porous chitosan scaffolds are useful as a 

natural biomaterial and appeared to enhance the chondrogenesis of hIPFP-derived 

MSCs in vitro, but the chitosan scaffold requires use of acetic acid solvent in its 

fabrication; the solvents requiredare incompatible for cell survival especially with long-

term cultures and whne cells are printed within the biomaterial. These effects limit the 

utility of chitosan for cartilage engineering. However, HA is the main non-sulfated 

GAGs in the mesenchyme during the early stages of chondrogenesis and is considered 

to be a major physiological component of the native AC matrix. The role of HA in the 

cartilage development has been well studied, but its uses in tissue engineering 

application have yielded variable results. In development of cartilage tissue, HA has a 

critical role during mesenchymal condensation that results in cartilage formation. At 



225 

 

early stage, the limb mesenchyme is composed of dispersed cells throughout an ECM 

that contains significant quantities of HA. Upon initiation of condensation, 

mesenchymal cells aggregate, hyaluronidases are up-regulated, and HA 

concentrations drop. After condensation, HA synthesis is up-regulated again as the 

cells differentiate toward a functional cartilage tissue [601, 602].  In addition, HA 

represents unique advantages for fabricating 3D scaffolds and has been used 

extensively as ECM-based scaffold in cartilage tissue engineering. HA is water soluble, 

and can be printed after modification with methacrylic anhydride or other hydrogel 

materials [478, 595].  

In this study, we investigated the potential of hIPFP-derived MSCs to undergo 

chondrogenesis seeded in 3D printed HA/GelMA scaffold. This HA/GelMA printed 

scaffold with TGFȕ3 and BMP6 growth factors promoted the differentiation of hIPFP-

derived MSCs towards cartilaginous lineage associated with formation of cells with 

chondrocytic morphology and deposition of AC matrix within HA/GelMA scaffold, as 

confirmed by cytochemical staining (H&E, TB and safranin O/fast green). These cells 

appeared to have begun to differentiate down the chondrocytic pathway, evidenced by 

their encapsulated rounded appearance inside lacunae structure, as one of the defined 

feature of the hyaline AC, and distribution collagen type 2 and PG into the ECM. A 

highly distribution and deposition of chondrocytic of ECM was demonstrated at day 28 

and the level of ECM increased gradually as confirmed by an increasing of H&E and 

TB staining intensity in a time-dependent manner. Collagen type 2 is the most 

abundant collagen in AC and aggrecan the predominant PG. Thus, commonly 

accepted indicators of chondrogenesis include production and expression of these two 

ECM components. Commonly accepted down-regulated markers of chondrogenesis 

often include collagen type 1 and collagen type 10 genes. Although collagen type 1 is 

the most abundant collagen in several tissues such as skin, tendon, ligament, 
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fibrocartilage, vascular walls, and bone, but collagen type 1 is also present in the 

surface zone of normal AC [274, 603, 604]. Tissue expression of collagen type 1 

protein is characteristic of fibrocartilaginous tissues. However, COL1A2 gene 

expression occurs during early chondrogenesis and is also regulated at the 

translational stages that occur during prechondrogenic pathway transition of 

mesenchymal cells to chondrocytes [274]. As the cells differentiate into chondrocytes, 

they initiate the production of cartilage-characteristic collagen type 2 and collagen type 

1 synthesis is reduced. In pellet culture, our results show that COL1A2 increased over 

7 and 14 days above control (i.e. compared to stem cells grown in absence of 

chondrogenic medium) but that Col1A2 did not increase beyond day 14, indicating a 

pro-chondrogenic response. Also, the level of COL1A2 gene expression across the 

chitosan and HA/GelMA timecourse increased only between 0 time and to 7 days and 

then the level of expression remained consistent between day 7 and day 28.  Again, 

this highlights that the chondrogenic cultures promoted expression of the Col2A1 

genes over Col1A2. This is good support for that our chondrogenic protocol is 

supporting chondrogenesis and formation of hyaline-like cartilage. In vivo 

osteochondral repair experiments need to be performed to demonstrate that 

regeneration of cartilage occurs with production of hyaline cartilage and, by definition, 

suppression of Col1A2 gene regulation and decreased Collagen type 1 protein 

production. 

Human IPFP-derived MSCs seeded in HA/GelMA synthesised ECM throughout the 28 

days study. It is noteworthy that the collagenous ECM produced in HA/GelMA scaffold 

was predominantly collagen type 2 and PG aggrecan, as confirmed by qPCR and gene 

microarray and also as indicated by immunohistology. Furthermore, HA/GelMA scaffold 

promoted the expression of specific chondrogenic genes including: SOX9, COL2A1 

and aggrecan, as confirmed by qPCR.  
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Interestingly, in comparison with pellet experiment (Chapter 3) and chitosan experiment 

(Chapter 4), COL2A1 and ACAN were expressed at higher fold-change at day 28. 

COL2A1 gene expression was detected as early as day 7 post chondrogenic 

differentiation. These results indicated that hIPFP-derived MSCs, seeded in HA/GelMA 

scaffold and stimulated with strong growth factors, have capability to regenerate 

hyaline-like cartilage tissue up to 28 days of chondrogenic differentiation.  

In addition to overall enhancement in chondrogenic differentiation observed with 

HA/GelMA scaffold seeded with hIPFP-derived MSCs, the temporal dynamics of tissue 

formation seems to more closely resemble the embryologic development of cartilage 

tissue. Histological staining, IHC, IF and gene expression analysis all reported and 

confirmed early detections at day 7 of PG deposition, aggrecan production and 

aggrecan gene expression, with lower collagen type 2 production. However, by day 14 

and day 28, collagen type 2 production and expression were significantly increased. 

Previous work has shown that pericellular GAGs molecules help in the organisation 

and production of collagen type 2 during chondrogenesis [605]. Therefore, this may 

explain the gradual increase in collagen type 2 productions and expression by day 14 

and day 28 during chondrogenic differentiation. The PG interacts to the HA/GelMA 

scaffold through HA cores, may help in the deposition and organisation of collagen type 

2.  

HA has a role in enhancing cell-to-cell cross bridging for cell aggregation by modulating 

the pericellular matrix in the condensation process, which is the initial stage of 

chondrogenesis. This interaction with cells has been shown to be mediated through 

multivalent binding to HA receptors, notably CD44, prior to precartilagous condensation 

[425, 606]. Thus, the seeding of hIPFP-derived MSCs into HA/GelMA scaffold may be 

better for both proliferation and chondrogenic differentiation compared to the pellet and 

3D chitosan culture system. 
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In our 3D printing facility, unmodified HA and gelatin type A polymers were successfully 

reacted with methacrylic anhydride to produce UV-crosslinkable motifs of the polymers 

as described in Section 5.3.3. Cross-linking of HA, GelMA or their combination by UV 

[607-609] has proven successful for cell encapsulation with good cell survival [487, 

607]. 

As related in Chapter 4, we have used chitosan seeded with hIPFP-derived MSCs to 

engineer AC in vitro. We conducted the microarray analysis on differentiated hIPFP-

derived MSCs and identified gene expression profiles and novel differentially 

expressed genes in a time-dependent manner. Chitosan scaffold was useful to 

establish our 3D printing platform, especially the chitosan scaffold has provided a 

suitable environment for differentiated hIPFP-derived MSCs and successfully 

regenerated hyaline-like cartilage tissue, as confirmed by temporal gene expressions 

using qPCR and microarray analysis. In this study, the illumina microarray used 

enabled determination of the fold changes over the time icourse for up-regulation and 

down-regulation of multiple genes. Statistical advice and support from the AGRF and 

from a specialist in this area (Prof. Terry Speed) was taken to ensure probity of these 

analyses [610].  

Chondrogenesis is a well-coordinated developmental differentiation process that 

results in formation permanent AC in the knee joints or to transient cartilage during 

endochondral bone formation. In this study, we characterised the differentiation of 

hIPFP-derived MSCs into cartilaginous lineage under defined conditions in 3D 

HA/GelMA in vitro, and importantly, observed that temporal changes in gene 

expression in this system (microarray analysis) largely paralleled the spatial pattern of 

in vivo AC formation in many important aspects. Specifically, the results in the early 

gene expression profiles (day 7) showed that during chondrogenesis of hIPFP-derived 

MSCs seeded in HA/GelMA, stable hyaline cartilage characteristics in which COMP, 
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COL2A1, COL9A2, CRTL1, FMOD, COL11A1, PRELP, ACAN, COL1A1, COL11A2 

and COL9A1 were induced. Further, at day 14 and day 28, the differentiated cells 

demonstrate progressive increase in these differentially expressed genes of 

chondroprogenitors followed by that of hypertrophic chondrocytes defined by robust up-

regulation of COL10A1. 

These data have demonstrated that TGFȕ3 and BMP6 represent a promising 

combination of growth factors for chondrogenesis of hASCs in vitro [611-613]. 

Recently, Lu et al. reported that the baculovirus-engineered rASCs that persistently 

express TGFȕ3/BMP6 improved the chondrogenesis in vitro cartilaginous constructs 

production and in vivo hyaline cartilage regeneration [614]. BMP6 is expressed in 

prehypertrophic chondrocytes during embryogenesis. BMP6 enhanced the expression 

of collagen type 10 gene in monolayer cultures of immature chondrocytes and a 

chondrogenic cell line, ATDC5 [615, 616]. Similarly to the findings and results to other 

studies [555, 612], in this study, we observed that BMP6 combined with TGFȕ3 

strongly stimulated hIPFP-derived MSCs and, so resulted in a significant up-regulated 

of differentially expressed COL10A1 gene at 7, 14 and 28 days after chondrogenic 

induction compared with undifferentiated group (day 0). This result confirms the 

gradual expression of COL10A1 from day 7 through to day 28 post chondrogenesis in 

response to BMP6. Our array data also revealed the differential expression of 

additional genes that may serve as novel stage-specific differentiation markers for 

chondrocytic differentiation. Up-regulation of SCIN gene, a known marker of 

prehypertrophic and hypertophic cartilage of the embryonic growth plate [617], was 

detected at day 14 and day 28, suggesting that by day 14, cells in our culture have 

begun to become hypertrophic. Therefore, the seeding of hIPFP-derived MSCs into 

HA/GelMA scaffold, based on both qPCR of key chondrogenic genes (SOX9, COL2A1 

and ACAN) and gene microarray heat map results for ECM components, as well as 
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cytochemistry and immunohistochemistry, indicates that HA/GelMA provides better 

support for chondrogenic differentiation compared with pellet culture and chitosan 

scaffold. We suggest that protocols of in vitro chondrogenesis could be improved so 

that permanent chondrocyte differentiation can be induced in the absence of 

hypertrophy. We wish to emphasise that the in vitro environment is not representative 

of an in vivo cartilage repair situation, and therefore further studies should be 

conducted to investigate the chondrogenic differentiation of hIPFP-derived MSCs 

seeded in HA/GelMA in vivo after transplantation in animal cartilage defects. 

The analysis of the differentially expressed genes indicated that the up-regulated 

genes were mainly involved in the intracellular part, ECM structural constituent and 

skeletal system development. Pathway enrichment analysis showed that the 

differentially expressed genes were mainly enriched in the protein processing in 

endoplasmic reticulum pathway and metabolism pathway.  

Cartilage development is characterised by temporal changes of genes expression in 

which chondrocytes undergo sequential morphological and metabolic transformation 

involving regulatory and signalling networks that combine cell–ECM interactions with a 

tightly regulated gene expression pattern [618]. Our array data suggest that 

sequentially up-regulated gene expression that highly mimics native cartilage 

developmental changes also occur during chondrogenesis of hIPFP-derived MSCs 

cultured in HA/GelMA scaffold.  

The change in expression of the top-ranking 10 genes is consistent with increased 

hIPFP-derived MSCs chondrogenic differentiation and chondrocytes growth, leading to 

the formation of cartilaginous lineage seen in cartilage tissue. In this study, CLEC3A, 

LECT1, and PTH1R gene expressions are highly up-regulated from day7 up to day28. 

CLEC3A (C-type lectin domain family 3), which was originally determined as a cartilage 
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protein from shark and bovine [619]. Later, the structures of CLEC3A gene and cDNA 

in human were identified [620]. LECT1 (leukocyte cell derived chemotaxin 1) gene is 

expressed in the pre-hypertrophic cartilage and its expression decreases during 

chondrocyte hypertrophy and vascular invasion [621]. LECT1 gene encodes a 

glycosylated transmembrane protein called chondromodulin1 [622]. Recombinant ChM-

I has been found to result in increased DNA and proteoglycan synthesis of cultured 

growth plate chondrocytes [621]. The PTH1R acts as a common receptor for the 

Parathyroid hormone (PTH) and the Parathyroid hormone-related peptides (PTHrP) 

[623]. Also, the PTH1R is highly expressed in the prehypertrophic chondrocytes zone 

[624]. It has been reported that PTH increases chondrocyte cell diameter in 

prehypertrophic and proliferative regions while decreasing chondrocyte apoptosis in the 

hypertrophic zone [625]. The PTH1R acts as a common receptor for the Parathyroid 

hormone (PTH) and the Parathyroid hormone-related peptide (PTHrP) [623]. The 

PTH1R is highly expressed in the prehypertrophic chondrocytes zone [624]. Activation 

of PTH1R receptors inhibits the conversion of proliferating chondrocytes into 

hypertrophic and calcifying chondrocytes in culture [626]. Also, PTH1R receptor 

signaling halts or delays exit of proliferating chondrocytes from the cell cycle and 

negatively regulates progression of late-phase differentiation of chondrocytes. These 

actions regulate the coordinated development of the growth plate and adjacent bone 

[627]. In transgenic mice study with over expression of PTHrP, PTHrP acts through 

PTH1R to regulate longitudinal bone growth by controlling chondrocyte differentiation in 

the epiphyseal growth cartilage [628]. In the rabbit model, Kudo et al. studied the 

effects of the transient activation and release from PTH/PTHrP signaling upon the 

repair response in 5-mm-diameter large full-thickness defects of AC. PTH/PTHrP 

signaling successfully induces the chondrogenic repair response in these defects and 

facilitates the induction of regenerative repair in full-thickness articular cartilage defects 

[629]. Recently, Zhang et al. investigated the effect of PTH on chondrogenic 
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differentiation of MSCs and the therapeutic potential for cartilage regeneration. They 

demonstrated that a higher concentration of PTH inhibited chondrogenic differentiation 

of MSCs, whereas chondrogenesis of MSCs was promoted with up-regulated gene 

expressions of SOX9, COl2A1, and PTH1R at a lower concentration of PTH [630].  The 

role of PTH and PTHrP and related receptors may be important in chondrogenesis and 

control of tissue engineering of cartilage. 

 

5.6 Conclusion 

From these data, we can conclude that hIPFP-derived MSCs undergo chondrogenesis 

in 3D HA/GelMA scaffold in this in vitro experiment. Further, microarray analysis 

highlighted the fact that selected mechanisms associated with production of ECM 

components are activated and these ECM products are expressed. In the current 

study, a total of 3,187 up-regulated and 2,896 down-regulated genes have been 

highlighted. This study provides novel information that enhances our understanding of 

the temporal changes in gene expression and molecular pathways during hIPFP-

derived MSCs chondrogenesis seeded in 3D HA/GelMA scaffold.  

Finally, the highly regulated differentially expressed genes fall into particular 

categories, which, as one would expect, that are asoociated with cell differentiation 

pathways and matrix productions relevant to formation of hyaline-like cartilage. 

However, additional work is required to assess chondrogenic differentiation of hIPFP-

derived MSCs in HA/GelMA scaffold in long-term studies using a large weight-bearing 

animal model of cartilage repair. 
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6.1 Summary and future directions 

Cartilage damage causes substantial pain and loss of function and constitutes a 

significant cost to the medical health system and leads to high morbidity. Current 

cartilage repair techniques provide relief but osteoarthritis usually develops as repaired 

tissue deteriorates over several years. This occurs because fibrocartilage forms instead 

of normal cartilage, called hyaline cartilage. There is no consensus on the best 

therapeutic treatment or definitive clinical data to support current treatment modalities 

and the plethora of tissue engineering constructs to date have not improved outcomes 

for patients. Also, complications due to non-compatability of graft materials lead to 

inflammation and degeneration of the repair site. Current cartilage repair techniques fail 

over time due to compromised quality of the regenerated tissue within the graft and 

failure of integration between the graft and host cartilage at the sites of union.  

Over the past 25 years, numerous tissue-engineering approaches have been 

developed to address this issue with little if any significant benefit. Many of these 

tissue-engineering constructs are based on the concept that the primary goal is to 

recapitulate functional and structural features of the mature AC and that engineered 

cartilage should be indistinguishable from mature cartilage with respect to zonal 

organisation, biochemical composition and mechanical properties.  

This study was designed to induce robust chondrogenesis with formation of quality 

hyaline matrix throughout the entire graft in vitro. This outcome can be achieved by 

taking advantage of recent developments, to which we have contributed, in the fields of 

additive biofabrication of printed scaffolds and human MSCs to produce viable graft 

tissue. The key goal of this study was to combine our current success of producing 

hyaline-like cartilage from hIPFP-derived MSCs with one of three 3D cultures: pellet, 

chitosan and HA/GelMA scaffolds for the treatment of focal chondral defects. The 

outcome will be a better quality of the cartilage for development as a novel tissue 
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engineering procedure for treatment of cartilage damage in patients in the orthopaedic 

clinic. Consequently, much consideration has been paid to study the cellular and 

molecular mechanisms, at gene expression level, that regulate chondrogenesis and 

chondrocyte differentiation. This thesis has investigated the chondrogenic potential of 

hIPFP-derived MSCs cultured under 3D pellet, chitosan and HA/GelMA scaffolds 

cutlture conditions with the aim of providing a broader overview of overall significant 

gene expression profiles during chondrogenesis using advance microarray technology.  

The production of hyaline-like cartilage has now become better established as the cell 

differentiation pathways and key steps required for production of appropriate ECM in 

the cartilage have been described [260, 631]. This has been achieved by investigating 

various combinations of scaffolds, careful selection of high purity mesenchymal stem 

cells and local delivery of specific factors to improve differentiation [196].   

We have completed comprehensive in vitro studies of (i) pellet cultures; (ii) 3D printed 

chitosan chondrogenic cultures; and (iii) using 3D printed HA/GelMA in in vitro 

chondrogenic cultures. In this work we have identified, within each of the pellet, 

chitosan and HA/GelMA experiments, the key genes for AC cartilage formation and 

genes for maintenance of cartilage produced. 

 We have demonstrated that HA/GelMA, over and above either pellet cultures or 3D 

printed chitosan chondrogenic cultures, initiates expression of the key AC genes (at 28 

days of chondrogenesis) including COL2A1, COMP, ACAN, CRTL1, COL9A1, COL9A2 

(Table 6.1) and improved formation of hyaline cartilage as demonstrated by 

cytochemistry, IHC, IF and expression of genes in the anabolic sequence leading to 

collagen type 2, aggrecan and genes specific for cartilage formation such as COMP. 

This was initially demonstrated in our pellet cultures with subsequent data from 

chitosan scaffolds and recently, using 3D HA/GelMA scaffolds for our chondrogenic 
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protocol. Our understanding of this area of work, and the practical experience we have 

with these in vitro models, have been a major impetus for this current project. 

Data from these three series of experiments, particularly gene microarray information, 

highlights the value of providing a biologically based scaffold to improve phenotypic 

development of cartilage. Cytochemistry, immunohistochemistry and quantitative qPCR 

of key genes were done in parallel with Illumina gene microarray experiments. 

Comparison of the gene microarray data from week four in each of the chondrogenic 

cultures (see Table 6.1) highlights the benefits of the biologically based scaffold, 

HA/GelMA. As related earlier, our gene microarray analysis was based on multivariate 

analyses using an empirical ‘Bayes statistic’ for replicated microarray time-course data, 

a method developed by our collaborators (Tai and Speed 2005 Ref 506). The gene 

expression value is derived from algorithms that refer to expression of multiple control 

genes to enable comparison, of a particular gene, across the different experiments. In 

this analysis this is valid for each particular gene but ‘between gene comparisons’ 

cannot be made. On this basis, progressive changes were noted over our time-course 

studies; 1, 2 and 4 weeks for each of the key chondrogenic genes. The 4 week data in 

Table 6.1 has been presented to highlight that improved expression of the key 

chondrogenic genes. As noted earlier, the expression Col12A increased for each 

culture condition over 1 and 3 weeks but did not increase for any of the pellet, chitosan 

or HA/GelMA cultures from 2 weeks through the 4 weeks. 

Chondrogenesis performed in HA-GelMA induced higher expression of all the key 

chondrogenic genes (Table 6.1) including COL2A1 (for collagen type II), COMP (for 

cartilage oligomeric matrix protein), ACAN (for aggrecan) and CRTL1 for cartilage 

linking protein that binds selectively to hyaluronic acid. This correlated with formation of 

hyaline cartilage in each culture condition, as shown by cytochemistry and 
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immunohistochemistry; note that these latter techniques provide indicative outcomes 

and do not provide valid comparative data.  

 

Table 6.1: Gene microarray data (significant articular cartilage up-regulated 
genes) of in vitro cultures; pellet, chitosan and HA/GelMA at 28 days post 
chondrogenesis. 

 

 

 

However, further studies are required to optimise the tissue environment within the 

graft for production of hyaline-like cartilage and to enhance union with host cartilage 

and cartilage cells. We believe that crucial advances that will promote uniform and 

robust cartilage formation are encapsulation of cells during the printing of the 3D 

scaffold and local supply of the factors by covalently linking growth factors and 

cytokines within the scaffold to promote chondrogenesis. Therefore, future work will 

focus on: (1) Printing of 3D HA/GelMA with in situ immobilisation of growth factors; (2) 
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3D printing of encapsulated stem cell-laden HA-GelMA constructs to create the correct 

structural as well as functional environment for the promotion of chondrogenesis; and, 

(3) Long-term in vivo transplant experiments in large animal models of cartilage repair. 

 

6.2 Characterisation and expansion of stem cells from human 
infrapatellar fat pad 

In this thesis, the cell isolation procedure has been established in our laboratory, where 

we routinely obtained hIPFP tissue intraoperatively from total knee arthroplasties in 

surgery. 

Before cells can be used in the chondrogenic differentiation studies, they should be 

characterised. One of the various characterisation procedures is the analysis of the cell 

surface markers (CD markers) using flow cytometry technique. 

In Chapter 3 of this thesis, the isolated cells were expanded in primary monolayer 

culture until P3. However, the surface markers of the isolated cells at P3 were 

determined prior to in vitro chondrogenic differentiation. Cells typically reached 70-80% 

confluence by day 5 after expansion. Additionally, characterisation procedures resulted 

in homogenous positive cell markers for CD29+, CD44+, CD73+, CD90+ and CD105+. 

Exclusion of haemopoietic, endothelial and leukocytic cell markers ensure cultures are 

not contaminated with other cell types (CD31-, CD45- and HLA-DR-).  

In Chapter 4 of this thesis, the quantitaive expressions (% mean r SDs) of cell markers 

(CD29, CD44, CD73, CD90 and CD105) for the isolated cells (N=3) were calculated. 

Characterisation of cells at P3 resulted in a cell population at >90% purity based on CD 

antigen expression assessed by flow cytometry for CD44, CD73, CD90 and CD105. 
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Conclusion 

The isolated and expanded cells at P3 were positive for MSCs surface markers 

including: CD29, CD44, CD73, CD90 and CD105. However, markers for haemopoietic 

cells (CD34 and HLA-DR), endothelial cells (CD31) and leukocytic cells (CD45) were 

negative. 

 

6.3 Chondrogenesis of mesenchymal stem cells from human 
infrapatellar fat pad tissue: induction by TGFȕ3/BMP6 
growth factros in 3D pellet culture 

This In vitro study of chondrogenesis has demonstrated that hIPFP-derived MSCs have 

substantial ability to differentiate into cells of the cartilaginous lineage when grown in 

3D pellet culture system under appropriate chondrogenic conditions. 

In Chapter 3 of this thesis, we sourced hIPFP-derived MSCs utilising chondrogenic 

growth factors: TGFȕ3 and BMP6, to form hyaline-like cartilage in 3D pellet culture and 

we studied chondrogenic development at different time points. The production of 

cartilage ECM proteins, collagen type 2 and aggrecan, was confirmed using 

conventional techniques and multiple cartilage-specific genes were increased 

significantly over the time course. 

Normalised microarray highlighted a total of 555 genes that were up-regulated and 610 

genes that were down-regulated during chondrogenic differentiation. A number of 

ccartilage-specific genes were significantly up-regulated. 

Conclusion 

Human IPFP-derived MSCs, stimulated with TGFȕ3 and BMP6, have the potential to 

produce hyaline-like cartilage tissue in 3D pellet culture. Microarray has provided 

information concerning genes involved in chondrogenesis of hIPFP-derived MSCs. Our 
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approach offers a viable strategy for generating clinically relevant cartilage for 

therapeutic use. 

 

6.4 Directing chondrogenic differentiation of hIPFP-derived 
MSCs in 3D porous chitosan scaffolds for cartilage tissue 
engineering 

No studies to date have analyzed gene expression profiles during chondrogenic 

differentiation of hIPFP-derived MSCs cultured in 3D chitosan scaffold. With recents 

studies highliting on the potential of chitosan scaffold as a cell delivery for cartilage 

tissue engineering, still the molecular mechanisms and the temporal changes in gene 

expression profiles are yet to be completely defined. 

In Chapter 4 of this thesis, we established our 3D printing platform using chitosan 

scaffold. The primary potential advantages of chitosan compared with other polymers 

are its chemical similarity to and ability to interact with the GAGs of cartilage. We aimed 

to assess the chondrogenic potential of hIPFP-derived MSCs seeded in chitosan 

scaffold. Also, to better define temporal aspects of relevant gene expression profiles 

and phenotypic changes; we studied differentiating hIPFP-derived MSCs at four distinct 

time points using microarray.  

Abundant hyaline cartilage ECM was produced almost exclusively in the periphery of 

the scaffolds. A number of cartilage genes were detected by qPCR. Additionally, others 

cartilage–specific genes were noted to be up-regulated in our microarray analysis. 

Normalised microarray highlighted a total of 888 genes that were up-regulated and 494 

genes that were down-regulated during chondrogenic differentiation 

Conclusion 

3D porous chitosan scaffold enhanced hIPFP-derived MSCs differentiation after 

culturing in chondrogenic medium, supported an early increase in aggrecan deposition, 
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and significantly increased SOX9, collagen type 2 and ACAN gene expressions. 

Microarray data provide novel informations about gene expression profiles at different 

time points during hIPFP-derived MSC chondrogenesis. This cell-chitosan scaffold 

construct may provide the basis of a viable chondral graft suitable for in vivo 

implantation. These data provide comprehensive insights on chondrogenesis of hIPFP-

derived MSCs in 3D chitosan scaffold.  

 

6.5 In vitro chondrogenesis of hIPFP-derived MSCs in 3D 
HA/GelMA scaffolds 

We have optimised the matrix component of choice, a scaffold comprising HA-

methacrylate in our construct design. HA-methacrylate, used with GelMA to create 

scaffolds (HA/GelMA) with high stability and adaptability will mean that the construct 

can support the growth and chondrogenic development of our hIPFP-derived MSCs. 

However, the existence of HA may be especially beneficial for cartilage regeneration 

given its abundance in native AC and its anabolic effect leading to apparently improved 

ECM synthesis. 

In Chapter 5 of this thesis, we believe traditional repair methods can be improved 

through application of novel 3D printing, In particular a cartilage-matrix component 

based on HA and biogel. The key aim was to apply our skills in generating 3D printed 

UV-curable HA/GelMA scaffold and then integrating hIPFP-derived MSCs to create the 

correct structural as well as functional environment for the promotion of 

chondrogenesis. As first study, we characterised the temporal changes and expression 

profiles in chondrogenic genes and developed a staging scheme for in vitro 

chondrogenic differentiation of hIPFP-derived MSCs in 3D HA/GelMA scaffold.  

Histology and IHC were confirmed the temporal changes in cell morphology and 

distribution of cartilaginous markers in cell-scaffold constructs. Quantitative PCR 
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revealed that cartilage-specific genes had temporally distinct patterns of induction in 

cells from chondrogenic constructs. In this study, HA/GelMA scaffold strongly promoted 

chondrogenesis, as confirmed by temporal gene expression profiles and particularly for 

the expression of COL2A1 and ACAN. Normalised microarray highlighted a total of 

3,187 genes that were up-regulated and 2,896 genes that were down-regulated during 

chondrogenic differentiation in HA/GelMA. Gene ontology analyses (functional and 

signaling pathway) also demonstrated specific expression patterns of several putative 

and novel marker genes for chondrogenesis. 

Conclusion 

3D printing of HA combined with seeding hIPFP-derived MSCs provided an appropriate 

3D scaffold environment for formation of hyaline-like cartilage. The combined 

evaluation of cells and regenerated hyaline-like cartilage tissue by advance gene 

arrays will be a valuable approach to provide optimal in vitro system for chondrogenic 

differentiation of hIPFP-derived MSCs. These findings represent a significant step in 

the development of a functional MSCs-natural scaffold construct for cartilage repair.  

6.6 Future directions 

6.6.1 Printing of 3D HA/GelMA with in situ immobilisation of growth 
factors 

Future work on 3D scaffold development for osteochondral repair could involve additive 

manufacturing and development of a ‘chondrogenic matrix’ by incorporation of 

bioactive molecules in the HA/GelMA scaffolds. A simple approach, based on the well-

established thiol-ene click chemistry, could be employed for rapid coupling of 

chondrogenic factors under physiological conditions [632]. The addition of 

chondrogenic growth factors/cytokines may lead to optimised chondrogenesis. Growth 

factors containing thiol groups, such as TGFȕ3 and BMP6, could be immobilised onto 

the polymer backbones of HA/GelMA via UV-initiated click coupling reaction, which 
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activates concurrently under UV-initiated chemical crosslinking. A key feature of this 

approach is that the release of the chemically bound growth factors relies on 

degradation of the polymer chains, which is regulated by the proteases and 

hyaluronidase secreted by surrounding cells and is therefore cell-mediated in nature. In 

vitro release of the growth factors could be designed in such a way that the presence of 

hyaluronidase and type I collagenase at their physiological concentrations present in 

AC tissue could initiate the growth factor/cytokine release and intercation with the cells. 

6.6.2 3D printing of cell-laden HA/GelMA constructs to promote 
chondrogenesis of IPFP-derived MSC 

The next phase of this work, as part of future studies, relates to 3D of scaffolds using 

our stem cell techniques but with the cells ‘embedded’ into the printing material  (HA-

GelMA). 3D  ‘emapsulated printing’ may generate a more uniform and, potentially, a 

more viable cartilage. This proposal is now the subject of research applications for the 

continuation of this work. In the current study we have generated 3D printed scaffolds 

using UV-curable HA/GelMA scaffold to cure the material. Preliminary testing has been 

done to optimise the printing and the viability fo the printed cells. . 

A further feature of such a development, using HA/GelMA printing of encapsulated 

stem cells for chondrogenesis, will be 3D printed ‘sculpting’ of the construct shape and 

size to the appropriate dimensions of the repair site. This could be with the inclusion of 

growth factors into the HA/GelMA to ensure expansion of cells at the repair sites and in 

the appropriate framework to avoid tissue retraction.  

UV-curable HA/GelMA scaffold has proven to be an excellent material for biofabrication 

with a further advantage of utilisation of multiple print heads in our ‘Bioplotter’. We have 

adapted our system to include a fibre optic cable to deliver UV beam to the printer head 

for cross-linking (curing) of the HA/GelMA with minimal UV exposure of ̘cells that 

enables printing of multiple layers of the cell-laden material. It is proposed that the cell-
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laden HA/GelMA constructs be printed onto 18 mm (0.17 mm thick) coverglass, 

mounted in live-cell perfusion chambers and the cellular viability in the printed scaffold 

assessed using calcein-green vital dye staining (a process and design developed by 

the collaborators involved with this platform project, Figure 6.1). The mounting chamber 

and perfusion system have been developed by A/Prof. Damian Myers and Mr. James 

Pringle. Additionally, viability of hIPFP-derived MSCs can be assessed using a 

fluorescence-based ‘live-dead cell assay’. Advanced gene microarray, histology and 

IHC methods, as per the methods developed for this thesis, could then be used to 

assess chondrogenesis in vitro. Effects of encapsulation on chondrogenesis and ECM 

production could then be compared to results obtained using pre-printed HA/GelMA 

infused with hIPFP-derived MSCs as described in Chapter 5.  
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Figure 6.1: Bioplotter printing IPFP MSC encapsulated in HA/GelMA. Different 

stages of preparation of cartilage graft, in this case for in vitro testing. (A) bioplotter; (B) 

printing cells onto 18 mm coverglass; (C) mounting of sample into live-cell perfusion 

chambers device; (D) the sample mounted on our CSLM; (E) a transmission detection 

image of scaffold; (F) calcein-green vital dye staining of IPFP MSC in the scaffold. 

(Concepts and IP of techniques by A/Prof. Damian Myers and the design of chambers 

and perfusions systems developed by A/Prof Damian Myers and Mr James Pringle). 
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6.6.3 Long-term in vivo transplant experiments in animal models of 
cartilage repair to demonstrate persistent hyaline cartilage 
properties of the graft and integration of graft-to-host by using our 
cell-encapsulated HA/GelMA scaffold 

The final step for testing of a new cartilage repair technique requires input from 

clinicians and would require substantial funding as well as recruitment of volunteers 

and ethics approval. Such a study would bring together the key groups to provide 

production of additive biofabrication constructs, access to a pre-clinical large animal 

model and extensive post-treatment advanced imaging and assessment procedures, 

as described in this thesis. The focus or the aim for the study would be to demonstrate 

that HA/GelMA scaffold-cartilage constructs could effectively repair osteochondral 

damage by formation of an appropriate hyaline-like cartilage and a robust interface 

between tissue- engineered cartilage and the host tissues. The goal is to generate 

long-term repair within the cellular microenvironment by chemical control of surfaces 

and to build an integrative matrix that, with promotion of chondrogenesis, will develop 

characteristics similar to surrounding cartilage.   

These substantial developments in 3D printing technology mean that multifunctional 

constructs with quite different components can be printed. The ‘Bioplotter’ that has 

been used in our studies has 5 print heads so standard scaffold materials, with or 

without cells, can be 3D printed using several types of other formulations between or 

around the entire construct (Figure 6.2). The bulk of the construct could be printed 

using one formulation (Formulation A), comprising HA/GelMA, selected growth factors 

and hIPFP-derived MSCs. Peripheral printing (1-2 mm thickness) could be used to 

provide a special tissue interface to facilitate integration (Formulation B) and this could 

be done with addition of HA adhesive, GelMA, selected growth factors and/or hIPFP-

derived MSCs. The versatility is further emphasised when one can consider the printing 

of an independent “biointegrative base” for the construct as well. The lower part of the 

graft (lower 1-2 mm) could be printed using a different material (Formulation C) that 
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could comprise HA/GelMA, selected growth factors and hIPFP-derived MSCs or 

hydroxyapatite nanoparticles to form a homogenous paste to promote integration with 

the cartilage-to-bone interface.   

 

 

 

Figure 6.2: Schematic illustration of possible additive fabrication for building 
integrative cartilage tissue constructs. Formulation (A) to promote optimal cartilage 

regeneration in the scaffold; (B) to bind the surrounding cartilage; (C) for interfacing 

with subchondral bone.  
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Finally, cartilage tissue contains certain compounds that cause the migration of cells 

that interact with and respond to the surrounding stimulators (inducing factors); additive 

3D biofabrication offers the capability of innate control of cell functions including 

proliferation, differentiation and maturation of cells in the in vivo environment.  

To conclude, the world of 3D printing and additive biofabrication is, currently, 

revolutionalising biomedical sciences and the way that we think about problems and 

how we solve them. There will be many more exciting and innovative developments in 

the future for intervention for common diseases. 

These advanced 3D printing techniques in biomedical and tissue engineering are about 

to change our view of medicine and how we approach treatment of diseases. We have 

to be able to move with this tide of change and think about practical outcomes. It is 

important for us to promote new projects and new designs whilst considering the 

impacts on individual outcomes as well as the ethical and community outcomes that 

will evolve with these new technological developments. 

“The best way to predict the future is to design it.”  –  Buckminster Fuller 
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