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Abstract 
	
  Regenerative therapeutic solutions are required to address the increasing 

prevalence of bone and cartilage diseases within the population. Limitations of 

existing treatments, such as bone graft reconstructions or biomaterial implants, 

suggest that osteochondral tissue constructs with the ability to support differentiation 

of mesenchymal stem cells into both osteoblast and chondrocyte lineages is 

desirable. To date, tissue-engineering approaches have focused on developing 

individual scaffolds for each osteochondral lineage. Constructs are combined once 

tissues have developed sufficiently. Unfortunately, delamination often occurs under 

normal physiological loading and implants fail.    

  The overall aim of this research project was to develop a scaffold made from 

a single material with the capacity to maintain osteogenic and chondrogenic cells. In 

this manner, it was intended to overcome issues arising from delamination and the 

divergent differentiation requirements for each lineage by providing scaffolds with 

spatially resolved environments, each supportive of one of osteochondral cell 

lineages.  

  The work reported here describes a novel method to produce porous chitosan 

scaffolds with large pore regions (300-425 μm) to promote the osteogenic 

differentiation of mesenchymal stem cells, and smaller pores (180-300 μm) to 

encourage chondrogenesis. Porogen properties and cross-linker optimisation were 

fundamental for the production of a bi-layered chitosan scaffolds containing two 

distinct pore sizes, successfully achieved in the current project.  

  The architecture of the chitosan scaffolds also permitted the development of a 

culture medium that could activate simultaneous osteogenic and chondrogenic 

differentiation in mesenchymal stem cells. More specifically, it was determined that 

5-day transient serum treatments with fetal calf serum or human serum, allowed 

bone and cartilage development.  

  Finally, a perfusion bioreactor system was used to confirm the biocompatibility 

and osteochondral differentiation potential of the bi-layered chitosan scaffolds. 
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1. Introduction 
1.1 Osteochondral Defects 

 
Regenerative therapeutic solutions are required to address the increasing 

prevalence of bone and cartilage diseases, such as osteoarthritis within the 

population. In the natural joint, articular cartilage plays an important role in protecting 

the subchondral bone from high stresses, as well as reducing contact pressure and 

allowing low-friction movements (Iozzo, 1998; Steele et al, 2014). Both the articular 

cartilage and the underlying subchondral bone are often subjected to structural 

damage as a result of trauma and disease, leading to severe pain, joint deformity 

and loss of motion (Swieszkowski et al, 2007; Tampieri et al, 2011).  

In the next two decades, a 500% increase in the number of joint-related injuries is 

predicted in the United States (Iorio et al, 2008). In the UK, osteoarthritis is a leading 

cause of disability affecting 8.75 million people. This figure is estimated to double to 

17 million by 2030 (Arthritis Research UK, 2015). This is primarily a consequence of 

more active lifestyles and improved healthcare, allowing people to live longer. 

Unfortunately, one in 10 of these joint injuries require surgery and total knee 

replacement. Due to the avascular nature of cartilage, and its limited capacity for 

self-repair, there is demand for bioengineered solutions.  

Existing treatments such as biomaterial implants, demonstrate critical limitations 

– predominantly poor durability. These restraints necessitate follow-up surgery at 

least every 20 years. Furthermore, the indirect costs associated with osteoarthritis 

(£3.6 billion) are a burden to the UK economy from the days lost from work and the 

increased demand of welfare and social care (Conaghan et al, 2015). A significant 

treatment gap lies between the onset of osteoarthritis pain, managed conservatively 

through treatments such as non steroidal anti-inflammatory drugs and topical 

ointments, and the delayed surgical intervention of the disease at its end stage when 

cartilage degeneration, pain and immobility, are severe enough to justify total knee 

replacement. 

An alternative therapy is to use osteochondral grafts or constructs. These consist 

of a cartilaginous layer with underlying calcified tissue, representing cartilage and 

bone respectively. However, layers in such constructs often delaminate when 

subjected to the mechanics and stresses of the body (Martin et al, 2007).  
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A solution would be to use tissue engineering to develop an osteochondral tissue 

construct (scaffold) with the ability to support the differentiation of mesenchymal 

stem cells (MSCs) into both osteoblast and chondrocyte lineages. Through using a 

single scaffold that can support the differentiation of MSCs for both tissue layers, the 

complications of delamination can be overcome (Cengiz et al, 2014; France et al, 

2012). In addition to providing a potential regenerative therapy for minor joint 

damage, the osteochondral constructs can be applied as models of the basic 

articulate surface and used to test additional regenerative therapies and drugs.   

1.2 General Project Aims 

The overarching goal of this research is to develop a novel tissue engineered 

construct that closely represents the fundamental bone and cartilage interface in 

human joints – a new platform to progress the development of reliable, scalable and 

cost-effective regenerative therapies for joint injuries and defects. The research aims 

to overcome issues arising from scaffold delamination by providing scaffolds with 

spatially resolved environments, each supportive of one of the two principal cell 

lineages in the human joint. Furthermore, the project also aims to cellularise these 

graded scaffolds with a single cell source, and culture them in medium containing 

both osteogenic and chondrogenic factors to promote in situ differentiation in the 3D 

scaffold through the use of a perfusion bioreactor system. 

1.3 Experimental Objectives 
 
The experimental objectives of this project were to:  

1. Develop a culture medium with the ability to support both osteogenic and 

chondrogenic differentiation of mesenchymal stem cells in vitro. 

 

2. Explore the potential of fetal calf serum (FCS), human serum (HS) and 

transient-serum regimes for stem cell differentiation. 

 

3. Assess the contents of FCS and HS using biochemical analysis to improve 

understanding of the osteochondral differentiation process. 
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4. Develop a robust fabrication method for a scaffold exhibiting pore sizes from 

300-425 μm to 180-300 μm to represent the graded structure of the joint. 

 

5. Consider the effects of porogen type on scaffold characteristics. 

 

6. Investigate alternative cross-linking agents to glutaraldehyde. 

 

7. Characterise pore structure, mechanics and biodegradation in the scaffolds 

developed. 

 

8. Improve cell seeding and establish the biocompatibility of the scaffolds.  

 

9. Determine whether human mesenchymal stem cells can be differentiated into 

osteogenic and chondrogenic lineages via the control of scaffold architecture 

and a perfusion bioreactor system. 
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2. Literature Review 
	

This chapter provides a background to the relevant literature necessary to 

understand how osteochondral constructs are designed and produced. Focus is 

applied on bone and cartilage tissues, mesenchymal stem cells, current 

osteochondral defect repair solutions, chitosan scaffolds and the importance of 

bioreactors in tissue engineering. Each section is summarised below: 

 

• Section 2.1 outlines the literature behind in vivo bone structure and 

development, repair and the mechanical properties of the skeletal system. 

• Section 2.2 reviews cartilage structure and development.  

• Section 2.3 explores the characteristics of mesenchymal stem cells (MSCs), 

and their differentiation potential into osteogenic and chondrogenic lineages. 

• Section 2.4 explains first and second generation tissue-engineering 

approaches, with particular focus on the development of osteochondral 

constructs. 

• Sections 2.5 focuses on chitosan production and the benefits of using this 

polymer in regenerative applications. 

• Section 2.6 is an overview of the different types of bioreactors available, and 

the critical requirements for successful bioreactor design. 

• Section 2.7 is a summary of the literature review. This part is intended to 

define the aims and objectives of this project. 
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2.1 Bone Anatomy and Development 
Bone is the principal tissue in the skeletal system and functions to provide 

structural support. Furthermore, bone can be divided into two distinct subgroups, 

cancellous bone (also know as trabecular or spongy) and cortical (compact) (Marotti 

et al, 1985). Bone types can be further characterised into woven or lamellar bone.		

Cancellous bones have relatively low mineral content (5-10%) (Kozielski et al, 

2011) and can be identified in vertebrae and at the ends of long bones. In contrast, 

cortical bone is heavily mineralised and present in the channels of long bones 

(Hangartner & Gilsanz, 1996). 

Woven bone is established during the development of the skeletal system and 

also located at joint surfaces in adults (Turner et al, 1994). This subtype of bone 

lacks collagen and osteocyte organisation due to its rapid production rate (Su et al, 

2003). Weeks after initial production, woven bones are restructured into organised 

lamellar bone.  

The main components of bone are calcium phosphate with Type I and V 

Collagen, and water. Cell numbers are very sparse within the skeletal tissue, and 

composition varies significantly with age, diet and health (Marshall et al, 1996).   

 

2.1.1 Bone Structure 
The structural anatomy of long bones consists of diaphysis, metaphysis and 

epiphysis (Clarke, 2008). More specifically, long bones have a tubular shaft 

(diaphysis), comprising of compact bone surrounding a connective tissue membrane, 

known as the endosteum (Figure 2.1). In adults, this medullary cavity contains yellow 

bone marrow (Kojimoto et al, 1988). The epiphyses are located at the end of long 

bones. They consist of cancellous bone covered by a layer of cortical bone. The 

epiphyseal line or metaphysis interconnects the diaphysis and epiphyses. Finally, a 

layer of vascular connective tissue covers the external surfaces of bones, and this is 

referred to as the periosteum (Yoshimura et al, 2007). The outer surfaces of 

epiphyses are covered by articular cartilage instead of periosteum. 
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Figure 2.1 Anatomical structures of long bones. (A) The structure of long bones 
consists of diaphysis, metaphysis and epiphyses. (B) The epiphyses consist of 
cancellous/ spongy bone covered by layers of cortical/ compact bone and articular 
cartilage. (C) The tubular diaphysis is made of compact bone surrounding a 
connective tissue membrane, known as the endosteum. This membrane is filled with 
yellow bone marrow.	Image taken from: http://classes.midlandstech.edu/carterp/ 
Courses/bio210/chap06/lecture1.html	
	

2.1.2 Bone Composition 
Bone matrix is composed of around 70% inorganic mineral and 30% organic 

matrix and cells (Owen et al, 1990). The inorganic matrix consists of hydroxyapatite 

crystals, a mineral salt that is largely calcium phosphate, which accounts for the 

hardness of bone. The organic matrix is predominantly made of Type I Collagen, but 

also contains cells (osteoblasts, osteocytes, and osteoclasts). These organic 

components contribute to the flexibility and tensile strength of bone. During bone 

development, osteoblasts produce collagen fibres that are woven into sheet to 

enhance bone stiffness (Williams et al, 2005). Furthermore, osteoblasts have been 

confirmed to produce other proteins, proteoglycans and factors, which regulate the 

composition of bone. Proteins, such as osteocalcin, inhibit osteoblast activity and 

promote mineral maturation (Ducy et al, 1996).  
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2.1.3 Bone Development 
Bone development can be divided into two different subtypes, depending on 

the location and type of bone being produced. During endochondral ossification, 

articular cartilage is replaced by bone, to form all bones below the cranium except for 

clavicles (collarbones) (Day et al, 2005). The cranial bones and collarbones develop 

through the intramembranous ossification of fibrous connective tissue membranes. 

In this section, both types of bone formation will be covered in more detail.  

 

2.1.3.1 Cell Types 
Bone is living matter, which is continuously remodelled by native cells. The 

main cell types in bone are osteoblasts, which maintain a mineralised extracellular 

matrix (ECM) via synthesis of dense, cross-linked collagens, as well as other 

proteins including osteocalcin and osteopontin (Engler et al, 2006). Osteocytes are 

derived from osteoblasts, which have been embedded in the bone matrix. They 

continue to secrete new matrix but are also important for mechanosensing (Urist, 

1965). While osteoclasts are responsible to degrade redundant ECM (Long, 2001). 

All these cell types, apart from osteoclasts, are derived from a single multipotent 

progenitor cell type, known as mesenchymal stem cells (MSCs) (Lange et al, 2007).  

	

2.1.3.2 Endochondral Ossification 
Bone development via endochondral ossification involves bone tissue 

replacing hyaline cartilage. More specifically, endochondral ossification follows the 

hypertrophy of chondrocytes and synthesis of osteocyte and mineralisation factors 

(Bruder et al, 1994)(Figure 2.2). The process begins when osteoblasts produce 

osteoid around the fetal hyaline cartilage model (Sugiki et al, 2007). This leads to the 

calcification and deterioration of the cartilage matrix. As cavities form and the 

periosteal bone collars develop, calcellous bone replaces the remaining hyaline 

cartilage. Primary ossification centres cause the diaphysis to elongate and mature a 

medullary cavity via osteoclast activity (Noback & Robertson, 1951). Secondary 

ossification centres develop in the epiphyses and shortly after birth, these epiphyses 

ossify. Over time, bone fully replaces hyaline cartilage, except in the articular 

cartilages and epiphyseal plates. 
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Figure 2.2 Development of long bones by endochondral ossification. 
Endochondral ossification forms the majority of bones in the skeleton and occurs in 
the fetus. The process involves the remodelling and calcification of hyaline cartilage 
into bone tissue. Primary ossification centres develop in the diaphysis. Secondary 
ossification centers develop later, in the epiphyses. The epiphyseal plate separates 
the primary and secondary ossification centers, which are responsible for bone 
elongation. Image adapted from: http://histonano.com/books/Junqueira's%20Basic% 
20Histology%20PDF%20WHOLE%20BOOK/8.%20Bone.htm 
 
 

Postnatal growth in bone length occurs at secondary ossification centres in 

the epiphyses growth plates of long bones (Meirelles et al, 2006). Mineralisation of 

the growth plate can be divided into four regions; the resting zone, the proliferating 

zone, the hypertrophic zone and the calcified zone. The morphology and 

organisation of chondrocytes in the different zones is shown in Figure 2.3. The 

process involves rapid proliferation of chondrogenic progenitors (Zone 2), followed 

by cartilage calcification in the epiphyseal cores (Zone 4).  Calcified cartilage is 

subsequently replaced by osteogenic tissue (Zone 5). In contrast, bone thickness is 

increased when osteoblasts synthesize de novo bone matrix beneath the periosteum 

(Morrison & Scadden, 2014). 
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Figure 2.3 Epiphyseal growth plate. A plate of cartilage known as the epiphyseal 
growth plate separates primary ossification and secondary ossification centers. Cells 
in epiphyseal growth plates are responsible for continued elongation of bones until 
the body's full size is reached. Developments in epiphyseal growth plates occur in 
overlapping zones with distinct histological appearances. Moving from the epiphysis 
to the diaphysis, these zones include cells specialised for the following: (Zone 1) 
Resting hyaline cartilage, (Zone 2) proliferating chondrocytes aligned in lacunae as 
axial aggregates, (Zone 3) hypertrophic cartilage condensed matrix, (Zone 4) 
calcified cartilage, and (Zone 5) blood vessels and osteoblasts have invaded the 
lacunae of the old cartilage, producing marrow cavities and osteoid for new bone. 
Image adapted from: http://histonano.com/books/Junqueira's%20Basic%20Histology 
%20PDF%20WHOLE%20BOOK/8.%20Bone.htm and (Page-McCaw et al, 2007)	

	

2.1.3.2.1 Matrix Vesicles in Mineralisation 
Small, round, extracellular membrane bound organelles called matrix vesicles 

are the initiation site for the calcification of the bone matrix (Anderson, 1969). These 

vesicles form by budding from the plasma membranes of osteoblasts and 

hypertrophic chondrocytes (Kirsch et al, 1997). Importantly, matrix vesicles contain 

non-collagenous proteins called annexins, which have a strong affinity for calcium 

ions when associated with phosphatide serine. Phosphatases including alkaline 

phosphatase, trigger matrix mineralisation in three different ways (Majeska & 

Wuthier, 1975).  
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The mechanisms include increasing phosphate concentrations to begin calcium 

phosphate formation (Ali et al, 1970), hydrolysing inhibitors of hydroxyapatite 

formation, and connecting matrix vesicles to the bone matrix (Shapiro et al, 2015). 

Ossification of the bone matrix begins with an influx of calcium ions into the 

matrix vesicles via channel proteins on the membranes of osteoblasts and 

hypertrophic chondrocytes (Anderson et al, 2005). As calcium ions bind to 

phospholipids in the plasma membrane, the activities of annexin-II and -V calcium 

channels are up regulated (Worch et al, 1998). The concentration of calcium ions 

reaches saturation and this marks the onset of hydroxyapatite crystal formation. 

Concurrently, alkaline phosphatase activity leads to an increase of phosphate ions 

inside the matrix vesicles (Golub, 2009), and amorphous calcium phosphate starts to 

precipitate due to the presence of both calcium and phosphate ions. Over time, the 

calcium phosphate is transformed into insoluble hydroxyapatite crystals that grow 

until they burst out of the matrix vesicles.  

The newly formed hydroxyapatite crystals continue to grow outside the matrix 

vesicles, before large clusters are embedded between collagen fibres in the 

developing bone matrix. Crucially, hydroxyapatite formation is regulated by 

proteoglycans, osteocalcin and pH in the organic matrix. This inhibits detrimental 

mineralisation in regions such as cartilage and vascular tissue (Boivin et al, 2008). 

 

2.1.3.3 Intramembranous Ossification 
Bone growth through intramembranous ossification is a direct method of 

mineralisation observed during flat bone development and fracture healing (Ilizarov, 

1989)(Figure 2.4). Intramembranous ossification begins at ossification centres with 

MSC condensation (Otto et al, 1997). This is followed by the differentiation of the 

adult stem cells into osteoblasts, which are responsible for mineralisation via the 

synthesis of Type I Collagen-based matrix. Importantly, in contrast to endochondral 

ossification, intramembranous ossification does not involve chondrogenic precursors 
(De Spiegelaere et al, 2010). As a consequence of matrix mineralisation, osteoblasts 

are embedded in the matrix. This triggers them to transform onto osteocytes, which 

function in bone matrix remodelling. Finally, large multinucleated cells known as 

osteoclasts resorb the bone matrix via acid phosphatases and proteolytic enzymes 

(Trebec et al, 2007). 
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Figure 2.4 Intramembranous ossifications. This is a direct method of 
mineralisation observed during flat bone development and fracture healing. The 
process begins at ossification centres where MSCs condense and differentiate into 
osteoblasts. The osteoblasts start to secrete organic matrix in the form of Type I 
Collagen. The matrix calcifies as calcium salts are deposited and this leads to the 
fusion of trabeculae to form calcellous/ spongy bone. Over time, the spongy bone is 
remodeled into harder compact bone tissue. Image taken from: http://higheredbcs.wil 
ey.com/legacy/college/tortora/0470565101/hearthis_ill/pap13e_ch06_illustr_audio_m
p3_am/simulations/hear/ossification_intra.html 
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2.1.4 Osteogenic Homeostasis 
Homeostasis in the adult skeleton is a balanced activity of bone remodelling 

through the formation of new tissue and resorption of existing bone (Kramer et al, 

2010). Remodelling is primarily regulated by osteocytes and osteoclasts, which 

function in parallel to govern calcium homeostasis.  Although repair of micro cracks 

is a regular occurrence, bone formation is accelerated at sites of repeated stress, 

and this can lead to bone thickening (Madsen et al, 2013). In contrast, bone 

resorption is ordered by osteoclasts and this can release minerals into the vascular 

system.  

Parathyroid and calcitonin activities are balanced hormonal mechanisms for 

maintaining blood calcium homeostasis (Binnerts et al, 1992). Vitamin D is also 

important for systemic calcium concentrations (Sahota et al, 2004). In addition to 

this, bone homeostasis is influenced by mechanical stimuli and hormonal factors, 

including insulin growth factors (IGFs) and transforming growth factors (TGFs). 

	

2.1.5 Osteochondral Repair and Regeneration 
Cartilage has limited regenerative capacity after injury due to the lack of 

vasculature and limited numbers of chondrogenic progenitors in articular cartilage 

(Brittberg et al, 1994). Only injuries that infiltrate the subchondral bone can heal. 

However, the repaired articular cartilage does not match the biochemical or 

mechanical properties of the original tissue (Shapiro et al, 1993). Cartilage repair via 

autologous chondrocyte transplantation is unsuccessful because of limited cell 

numbers and the common calcification of transplanted tissues. Mesenchymal stem 

cells have been demonstrated to support chondrogenic repair. This happens through 

mechanisms observed in subchondral bone-facilitated repair where the stem cells 

can provide chondrogenic progenitors (Wakitani et al, 1994) and trophic factors 

(Caplan & Dennis, 2006). 
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In contrast to articular cartilage, bone fractures can been repaired with original 

structural and functional properties restored (Langer & Vacanti, 1993). Importantly, 

complete restoration only occurs in children. Bone repair through endochondral 

ossification involves four stages: hematoma formation, fibrocartilaginous callus 

formation, bone callus formation, and bone callus remodelling (Ferguson et al, 

1999)(Figure 2.5). Bone healing can also occur via intramembranous ossification, 

where osteogenic progenitors differentiate directly into osteoblasts. This method 

does not include cartilage intermediates. Similar to endochondral ossification, woven 

bone is remodelled into stronger lamellar bone.  

 

 
Figure 2.5 Long bone fracture repair. Bone repair through endochondral 
ossification involves four major stages: hematoma formation, un-mineralised 
cartilage callus formation, bone callus formation, and bone callus remodelling The 
metabolic phases (blue bars) of fracture healing overlap with biological stages 
(brown bars). Image taken from (Einhorn & Gerstenfeld, 2015). 
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Skeletal development and regeneration are complex processes, linked to 

various growth and transcriptional factors. Bone morphogenic proteins (BMPs) and 

transforming growth factors (TGFs) are the principal factors involved in joint healing. 

More specifically, TGF-βs are associated with chondrogenesis, while BMPs are 

responsible for cell proliferation and ossification, osteoblast recruitment and 

resorption of mineralised cartilage (van Beuningen et al, 1998). Although significant 

in joint repair, BMPs and TGFs function with a number of other signalling molecules, 

including insulin-like growth factors (IGFs), parathyroid hormone-related protein 

(PTHrP) and Wnt (Arvidson et al, 2011). These factors are not covered here. 
 

2.1.6 Osteochondral Mechanics 
Bone and cartilage are the principal tissue-types in joints and they both have 

different mechanical properties due to their different structure and function. Bone is 

load-bearing structural-tissue, while cartilage functions to reduce friction during joint 

movement and distribute loads (Hogan, 1985).  

Bone mechanics vary depending on bone-type, age, diet and health 

(Morrison, 1970). For these reasons and variable testing conditions, there is 

discrepancy in the literature regarding the biomechanics of bone. Bone matrix is 

mostly composed of inorganic mineral (apatite) (Young’s modulus of 130 GPa)(Khor 

et al, 2003) and Type 1 Collagen fibrils (Young’s modulus of 5-11.5 GPa)(Wenger et 

al, 2007). Porous, cancellous bone has an average Young’s modulus of 10-14 GPa, 

while cortical bone has an average modulus of 14-30 GPa (Rho et al, 1993; Rho et 

al, 1997). 

The mechanical properties of cartilage are primarily linked to synovial fluid 

flow through the tissue during exposure to pressure (Gu & Li, 2011). The presence of 

solid and fluid phases in cartilage means that fluid flow is systematic through the 

tissue. The solid phase is an incompressible elastic material and the fluid phase is 

incompressible with low viscosity. Under high loading rates, there is insufficient time 

for the synovial fluid to move. In contrast, under low loading rates cartilage 

demonstrates viscoelastic properties (Mow et al, 1984). Additionally, compressive 

stiffness in cartilage is enhanced by electrostatic repulsion between negatively 

charged proteoglycans (Franz et al, 2001). 
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2.1.6.1 Mechanical Properties of Biomaterials for Joint 
Repair and Regeneration 

Appropriate mechanical properties of materials are critical for the success and 

application of tissue engineering research. The material mechanics should be similar 

to the properties of the surrounding tissue. Nevertheless, this is not so important in 

biodegradable implants because over time, they are replaced by native tissue. 

Failure to meet mechanical requirements can lead to implant failure and the 

necessity for additional surgery. Table 2.1 lists popular biomaterials for orthopedic 

repair and compares their mechanical properties to native bone and articular 

cartilage. Osteochondral implants are often made of metals, but polymers and 

composites are becoming more popular as the technology is advanced. 

 

Material Tensile Strength 
(MPa) 

Young’s Modulus 
(GPa) 

Metals   
Titanium 785 105 

Stainless steel 465-950 200 
Cobalt-Chronium alloys 655-1896 210-253 

   
Polymers   

PMMA 
(Polymethylmethacrylate) 21 4.5 

PEEK 
(Polyetheretherketone) 139 8.3 

PLA (Polylactic acid) 28-50 1.2-3 
PLGA (Polylactic-co-glycolic 

acid) 17 2 

PCL (polycaprolactone) 10.5-16 0.3 
   

Ceramics   
Zirconia 820 220 
Alumina 300 380 
Bioglass  75 

Hydroxyapatite 117 40-50 
   

Biological Tissues   
Tibia 140 18.1 

Femur 121 17.2 
Radius 149 18.6 

Humerus 130 17.2 
Cervical 3.1 0.23 
Lumbar 3.7 0.16 

Articular Cartilage 27.5 0.01 
 
Table 2.1 Mechanical properties of skeletal tissues and commonly used 
biomaterials for orthopaedic repair. Adapted from (Katti, 2004).	
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2.2 Cartilage 
Cartilage is connective tissue in the skeletal system, which can be separated into 

three distinct subgroups; elastic, hyaline and fibrocartilage (Brittberg et al, 1994). 

Elastic cartilage contains elastin and is located in flexible tissue including the outer 

ear, larynx and epiglottis (Eyre & Muir, 1975). Hyaline cartilage is primarily found at 

joint surfaces, and in the larynx, trachea and bronchi of the respiratory system (Muir, 

1958). Importantly, articular cartilage refers to the hyaline cartilage at the surface of 

joints, and is derived from the interactions between ECM and chondrocytes at the 

end of long bones (Hunziker, 2002). Fibrocartilage is produced as a consequence of 

hyaline cartilage repair in tendons and ligaments. This type of cartilage can be 

defined by a dense and fibrous structure (Benjamin & Ralphs, 1998). Although 

fundamental and heavily utilised in the skeletal system, cartilage tissue is very 

restricted in its regeneration capacity. This is due to low metabolic activity and the 

lack of vasculature, lymphatic vessels and nerves (Buckwalter & Mankin, 1997). 

	

2.2.1 Cartilage Structure 
Articular cartilage comprises in an ordered structure of chondrocytes, 

collagens, proteoglycans and non-collagenous proteins (Mow et al, 1992). More 

specifically, the distance from the articular surface and their properties, classifies 4 

inter-connected histological zones in cartilage (Modl et al, 1991)(Figure 2.4).  

The superficial zone is defined by a Type II collagen fibre orientation, which is 

parallel to the joint surface (Schumacher et al, 1994). Proteoglycans are sparse and 

chondrocyte morphology is flattened. Furthermore, this is the only zone that contains 

articular cartilage progenitor cells (Dowthwaite et al, 2004). This zone accounts for 

10-20% of the structures in articular cartilage. 

The transitional zone is the thickest layer in articular cartilage and the 

orientation of collagen fibres is random (Thompson & Stockwell, 1983). 

Chondrocytes are round and proteoglycan content is high. Inter-connected to the 

transitional zone, is the radial zone. 

The radial zone can be distinguished via Type 2 collagen fibres/ tubules 

perpendicular to the articular surface, and very high concentrations of proteoglycans 

(Ap Gwynn et al, 2000). The collagen fibres infringe into the tidemark. Additionally, 

round chondrocytes are organised in columns.   
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The tidemark in the joint surface separates the articular cartilage, from the 

calcified zone (Lane & Bullough, 1980). Crucially, the calcified zone is a remnant of 

endochondral ossification in the development of subchondral bone. 

 

 
Figure 2.6 Structure of articular cartilage. The cellular organisation (left) and 
collagen fibre orientation (right) in the primary zones of articular cartilage. Image 
taken from (Newman, 1998).	

 

2.2.2 Cartilage Composition 
Articular cartilage has evolved the capacity to withstand high compressive 

forces through its structure and composition. The solid/ ECM phase of articular 

cartilage comprises up to a third of the whole tissue volume (Landis & Glimcher, 

1982). This phase is primarily made up ECM proteins, including Type II collagen, 

glycoproteins and proteoglycans. Chondrocytes, another contributor to the solid 

phase, are sparsely present and account for around 5% of the cartilage tissue 

(Kusuzaki et al, 2001). 

The fluid phase is accountable for the majority of the articular cartilage (65-

85% of the tissue volume) (Mukherjee & Wayne, 1998), and contains water and ions 

(Berberat et al, 2009). Importantly, the water content of articular cartilage decreases 

over time (Armstrong & Mow, 1982) and this is a primary source of age-related joint 

degeneration (Torzilli et al, 1999). 
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2.2.2.1 Collagens 
Collagens are the most abundant protein in mammals and account for more 

than 25% of the protein content in the body. Furthermore, collagens are the principal 

proteins in articular cartilage, and are fundamental for the structure and tensile 

strength of the joint tissue (Vanderrest & Garrone, 1991). To date, 28 types of 

collagen have been identified, but Type II and IX collagens are the main types 

specific to cartilage (Vondermark et al, 1977). In articular cartilage, Type II collagen 

makes up over 90% of the collagen and is responsible for fibril formation and 

structural strength in the matrix (Barry et al, 2001).  Type IX collagen supports 

proteoglycan interactions and is essential for Type II collagen cross-linking into fibrils 

(Mendler et al, 1989). 

 

2.2.2.2 Proteoglycans 
A major component of ECM, proteoglycans are proteins covalently bound to 

glycosaminoglycans (GAGs) (Iozzo, 1998). Their main function involves the 

formation of structural complexes with other proteoglycans and fibrous matrix 

proteins. Chondroitin sulphate, keratin sulphate and hyaluronic acid are the principal 

GAGs in articular cartilage, and provide structural support and strength in the tissue 

(Bashir et al, 1999). Proteoglycans are also responsible for binding positively 

charged ions, such as sodium, potassium and calcium. This role regulates the water 

content of cartilage via osmosis (Loret & Simoes, 2010). Fibronectin, another 

important proteoglycan in articular cartilage, interacts via integrins with chondrocyte 

plasma membranes and Type II collagens, to stabilise the ECM and control cartilage 

development (DeLise et al, 2000).  

 

2.2.3 Cartilage Development 
The main functions of articular cartilage involve delivering a low friction 

surface for articulating joints, structural support and a template for endochondral 

ossification in long bone development (Hollister, 2005). Cartilage development 

begins when mesenchymal stem cells (MSCs) commit to a chondrogenic lineage via 

the condensation of the cells (Oldershaw & Hardingham, 2010).  
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The chondrogenic progenitors mature into chondroblasts and then chondrocytes, 

which express chondrogenic-specific markers and produce matrix proteins, including 

Type II Collagen, aggrecans and proteoglycans.  Following chondrogenesis, the cells 

enter a resting phase to form articular cartilage or undergo proliferation (Goldring, 

2012). This leads to terminal differentiation and chondrocyte hypertrophy; the 

beginning of endochondral ossification, where hypertrophic cartilage is replaced by 

bone. Chondrocytes have limited regenerative potential, and cartilage growth is 

based on maturation of immature chondrocyte progenitors (Pittenger et al, 1999). 

The chondrocytes do not have the ability to produce new ECM with the same initial 

properties.  

 

2.2.3.1 Chondrocytes 
Chondrocytes are the only cell type in cartilage, and are responsible for the 

synthesis and maintenance of the fundamental ECM structure (Johnstone et al, 

1998). The shape, size and metabolic activity of chondrocytes varies depending on 

their location and level of maturity. Importantly, due to the high volume of ECM in 

articular cartilage, cellular interaction is limited. Cell response is regulated by other 

environmental factors, such as mechanical loading (Sun, 2010). Moderate 

mechanical loading is important for the maintenance of articular tissue. However, 

heavy use in joint tissue or lack of mechanical loading leads to matrix degradation. 

Nutrients are supplied to chondrocytes through diffusion in the synovial fluid and joint 

tissue. This process of nutrient supply is very inefficient and chondrocyte metabolism 

has to anaerobic (Egli et al, 2008). Furthermore, the level of metabolic activity is high 

for individual chondrocytes but low in the overall tissue due to sparse cell numbers. 

	

2.2.3.2 Primary Chondrogenic Growth Factors and 
Transcription Factors 

Differentiation of mesenchymal stem cells (MSCs) into chondrocytes is a 

complex process, which is tightly controlled by a range of chondrogenic growth and 

transcription factors (Figure 2.5). Here, the most important factors for chondrocyte 

differentiation and maintenance will be briefly described.  
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At the beginning of the chondrogenesis, transforming growth factor-βs (TGF-

βs) stimulate the condensation of MSCs and the onset of early chondrogenesis 

(Jakob et al, 2001). Later, TGF-βs delay cartilage degradation by inhibiting 

hypertrophic proliferation in chondrocytes.  

Bone morphogenic proteins including BMP-2 also promote mesenchymal 

stem cell condensation and the onset of joint formation (Grunder et al, 2004). The 

presence of BMP-2 factors is important through all stages of chondrogenic 

development. 

After the initial development of chondro-progenitors from MSCs, fibroblast 

growth factors (FGFs) encourage proliferation in progenitor and pre-hypertrophic 

chondrocytes (Martin et al, 1999). 

SOX9 transcription factor is expressed throughout articular cartilage 

development (Aigner et al, 2003). The factor is first detected after mesenchymal 

stem cell aggregation. Crucially, SOX9 is responsible for Type II Collagen gene 

expression and inhibition in the formation of hypertrophic chondrocytes to maintain 

cartilage.	

 

 

Figure 2.7 Differentiation of mesenchymal stem cells into chondrocytes. The 
expression profiles of the growth factors (below cells) and the main transcription 
factors (above arrows) involved in each step of chondrogenic differentiation. Proteins 
representative of the extracellular matrix (ECM) at various stages are highlighted. 
Image taken from (Vinatier et al, 2009).	
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2.3 Mesenchymal Stem Cells 
Multipotency of cells was first recognised in the late 19th century. However, 

the concept was later defined by (Friedenstein et al, 1968), and (Tavassoli & Crosby, 

1968). These researchers conducted original experiments in 1960s and 1970s to 

demonstrate multipotent potential of cells by transplanting bone marrow derived cells 

into heterotopic sites. Over time, the transplanted cells developed into osteogenic 

lineages. The mesenchymal stem cell term was later proposed by Arnold Caplan 

(Caplan, 1991). 

Mesenchymal stem cells (MSCs) have the potential to differentiate into 

multiple lineages including osteoblasts, chondrocytes and adipocytes (Pittenger et al, 

1999; Sottile et al, 2002). Furthermore, they have been proven to form muscle and 

connective tissue, as well as stromal cells for hematopoietic support (Caplan, 2007). 

 

 

Figure 2.8 Mesengenic process: mesenchymal stem cell proliferation and 
differentiation. Multipotent differentiation of mesenchymal stem cells to differentiate 
into; bone, cartilage, muscle, bone marrow, tendons/ ligaments, adipose tissue and 
connective tissue. Image adapted from (DiMarino et al, 2013). 
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2.3.1 Initiating Differentiation of Mesenchymal Stem Cells 
In the body, MSC differentiation is a tightly controlled process, which can be 

stimulated via lineage-specific chemical, topographical or mechanical cues.  

2.3.1.1 Chemical Stimuli 
Chemical influences in culture media, such as nutrient and growth factor 

supplementation, can initiate stem cell differentiation. Osteogenic differentiation is 

commonly achieved in 2D cultures via the addition of dexamethasone, ascorbic acid 

and β-glycerophosphate (Pittenger et al, 1999). More complex osteogenic media 

contain growth factors, such as bone morphogenetic proteins (BMPs). BMPs are 

important regulators in vertebrate development and promote osteogenesis (Hogan, 

1996).  In mesenchymal stem cells, up regulation of alkaline phosphatase activity is 

the trigger for extracellular matrix mineralisation and the onset of advanced-stage 

bone development (Weinreb et al, 1990).  

Chondrogenic differentiation of mesenchymal stem cells requires culture 

media supplemented with transforming growth factor-β (TGF-β) (Mackay et al, 

1998), dexamethasone, ascorbic acid, insulin-transferrin-selenium (ITS) and sodium 

pyruvate (Johnstone et al, 1998; Yoo et al, 1998). Chondrogenesis was originally 

conducted in 3D pellet cultures (Cao et al, 2015; Kafienah et al, 2007) but new 

protocols have been developed to allow differentiation in 2D monolayers (Caron et 

al, 2012; Henderson et al, 2011). Furthermore, cartilage formation has been 

enriched in low glucose media (Heywood et al, 2014) and low oxygen tension 

environments (Kurz et al, 2004; Saini & Wick, 2004). Increased synthesis of Type II 

Collagen proteins and proteoglycans are direct indicators of chondrogenic 

differentiation. This protein synthesis is a result in the up regulation of chondrogenic 

genes, such as SOX9 and collagen alpha 1 (II) (Bi et al, 1999). 

2.3.1.2 Topographical Stimuli 
Topographical microenvironments can effect mesenchymal stem cell 

differentiation, and moderate the necessity for growth factors. The use of surface 

roughness/ nanoscale disorder has been demonstrated to stimulate human 

mesenchymal stem cells (MSCs) to produce bone mineral in vitro, in the absence of 
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osteogenic supplements (Dalby et al, 2007). This approach had similar efficiency to 

that of cells cultured with osteogenic media. Importantly, the topographically treated 

MSCs displayed distinct differentiation profiles compared with those treated with 

osteogenic media. The biological testing considered cell morphology, cytoskeleton 

and adhesion formation, followed by cell growth and differentiation analysis (Dalby et 

al, 2006). 

Porosity and pore size of biomaterial scaffolds are important for in vitro and in 

vivo bone formation (Karageorgiou & Kaplan, 2005a). In vitro, lower porosity has 

been demonstrated to stimulate osteogenic differentiation via suppressed cell 

proliferation and forced aggregation of cells. This is the opposite of what is observed 

in vivo, where higher porosity and pore size lead to enhanced bone development. 

Pore size in scaffolds can vary between applications and research groups. However, 

100 μm is identified as the minimum requirement in pore size to accommodate for 

cell size, migration requirements and transport within the scaffold (O'Brien et al, 

2005). Pore sizes greater than 300 μm are promoted for osteogenesis due to 

enhanced differentiation and the formation of vascularisation/ capillaries. Well-

vascularised large pores lead straight to osteogenesis. In contrast, hypoxic 

environments in small pores favor osteochondral formation before bone 

development.  
	 (Duan et al, 2014) investigated the in vivo effects of pore size in bi-layered 

scaffolds using a rabbit model of osteochondral defects. They fabricated five types of 

bi-layered poly(lactide-co-glycolide) (PLGA) scaffolds with different pore sizes to 

support osteogenic and chondrogenic layers (50-100 μm, 100-200 μm, 200-300 μm, 

and 300-450 μm). A small proportion of bi-layered scaffolds with allogeneic bone 

marrow MSCs were implanted in rabbit osteochondral defects. The results showed 

that all constructs supported the regeneration of articular cartilage and subchondral 

bone. The best differentiations were found in PLGA scaffolds with 100-200 μm pores 

in the chondral layer and 300-450 μm pores in the osteogenic layer. 
 (Yan et al, 2010) prepared collagen/ chitosan composite scaffolds for articular 

cartilage regeneration. The biodegradable scaffolds were cross-linked with genipin. 

The researchers evaluated the effects of chitosan content and genipin concentration 

on the physiochemical and biological properties of the porous scaffolds. The results 

showed that increase chitosan concentrations led to structural transition from fiber to 

sheet morphology of the material.  
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At low concentration of chitosan (under 25%), genipin cross-linking had significant 

control on scaffold porosity and pore size. The swelling ratio of the biomaterial was 

regulated via chitosan content or cross-linking. Importantly, cross-linking improved 

the stability of the chitosan material in aqueous environments, such as cell culture 

media. The biocompatibility of the scaffolds was evaluated through in vitro culture of 

rabbit chondrocytes. The chondrocytes exhibited good cell viability and attachment 

to the biomaterial surface. Collagen/ chitosan composites cross-linked with genipin 

are a feasible solution for osteochondral regeneration.  

2.3.1.3 Mechanical Stimuli 
Mesenchymal stem cells are adapted to respond to mechanical stimulation in 

vivo and in vitro (Butler et al, 2008; Luu et al, 2009; Wang et al, 1993). Importantly, 

cell gene expression and differentiation is primarily regulated by growth factors but 

can be enhanced via compressive and tensile loading (Kelly & Jacobs, 2010). 

Tensile forces and shear stress have been demonstrated to control osteogenic gene 

expression (Carter et al, 1998; Morinobu et al, 2003), while cyclic compression 

loading is important for chondrogenic development (Angele et al, 2003; Huang et al, 

2004).  

2.3.2 Assessing Differentiation of Mesenchymal Stem Cells 
Differentiation of mesenchymal stem cells into osteogenic and chondrogenic 

lineages have been well documented and quantification methods are becoming more 

advanced (Caplan, 2007). Originally, stem cell differentiations were assessed using 

qualitative imaging techniques, which allowed limited quantification and required 

endpoint analysis (Zhu et al, 2006). Non-disruptive quantitative methods are 

preferred to allow assessments of cell proliferation, differentiation and viability during 

experiments.  

Osteogenic differentiation is commonly evaluated by analysing cell 

morphology, bone-specific alkaline phosphatase activity, mineral deposition and 

osteocalcin expression (Caplan, 1991). Notably, alkaline phosphatase can be 

quantified at multiple time points during differentiation experiments.  
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Alizarin red staining can also be quantified after imaging, by extracting the stain from 

the bone matrix (Tataria et al, 2006). Alizarin red stains for mineralisation by binding 

to calcium in the bone matrix. This is important because it allows more detailed 

understanding of the osteogenic differentiation process.  

Cartilage differentiation of mesenchymal stem cells is traditionally conducted 

in 3D pellet culture and confirmed by observing the cell pellet size and morphology. 

Histological stains, such as Safranin-O and 1,9-dimethylmethylene blue (DMMB), are 

used to imagine GAG production. In addition to this, immunohistochemistry and RT-

PCRs assess Type II and X Collagen expression (Chung & Burdick, 2008). These 

approaches rely on sectioning of pellets and staining, which is not quantitative but 

very time consuming. More recently, studies have explored chondrogenic 

differentiation in 2D monolayer culture to allow for more high throughput and 

quantitative assessments (Henderson et al, 2011).  
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2.4 Tissue Engineering and Osteochondral Repair 
Tissue engineering is a interdisciplinary scientific approach that combines the 

principals of biology and engineering to develop functional tissues (Langer & 

Vacanti, 1993). The purpose of this field of research is to improve healthcare by 

developing  (cell-seeded) biomaterials that can be implanted into patients to 

regenerate damaged tissues, such as bone, cartilage, skin, vascular vessels etc. 

(Hutmacher et al, 2001). Tissue engineered implants can either be permanent or 

biodegradable, where they are replaced by native tissues over time.  

The overall process of tissue development begins with the selection of suitable 

cells and/ or biomaterials for the intended application (Lutolf & Hubbell, 2005). These 

components are combined and cultured in supportive conditions, which contain 

biochemical and biophysical factors. At this stage, bioreactors are often utilised to 

enhance the culture environment by providing stimuli experienced by native tissue in 

vivo (El Haj & Cartmell, 2010). As tissues develop in vitro, cells proliferate and 

differentiate. Once sufficient development has been achieved, the constructs are 

implanted into patients where they continue to develop and remodel into functional 

tissues. 

Improved understanding of the regulatory roles of biological, chemical and 

physical factors in tissue development and repair, are necessary to improve the 

quality of engineered tissues (Drury & Mooney, 2003). This is particularly true for 

constructs in osteochondral repair.    

In recent years, with a progressively ageing population, pain and diseases of the 

joint such as osteoarthritis have become more common (Vater et al, 2011). There 

has also been a sharp increase in the number of joint-related injuries, due to more 

active lifestyles in the population. At present, such injuries are treated using a 

number of therapies, including surgical repair, transplantation of artificial devices and 

drug therapy (Martins et al, 2009). Joint injuries can be divided into two types; 

chondral when only the articular cartilage is damaged, and osteochondral when 

subchondral bone is also affected (Buckwalter, 2002). Spontaneous repair via 

mesenchymal stem cell mechanisms is observed in osteochondral injuries but this 

leads to the formation of fibrocartilage, and tissues may remain compromised.  
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In contrast, injuries only to cartilage do not have regenerative capacity because 

chondrocytes have limited self-renewal potential. Joint diseases are an obvious 

challenge for the near future and there is a clear demand for alternative regenerative 

therapies for osteochondral trauma (Pound et al, 2007). 

2.4.1 Current Approaches to Osteochondral Repair 
Treatment of joint trauma is currently inconsistent and the approach taken 

depends on the size, shape and location of the osteochondral defect (Newman, 

1998; Taniyama et al, 2015). Joints defects can be reconstructed in total knee 

replacement (TKR) procedures using bone grafts or biomaterial implants (Bentley et 

al, 2003). For less severe injuries there are a number of regenerative methods.  

The Ilizarov technique is used in large breaks to promote bone regeneration 

by maintaining a fracture for extended periods of time (Ilizarov, 1988; 1989; Paley, 

1990). Unfortunately, this complex procedure requires very long recovery periods.  In 

smaller defects, cartilage regeneration can be stimulated using microfracturing or 

laser therapy (Bedi et al, 2010; Steadman et al, 2003). Autologous mosaicplasty 

involves the transplantation of an osteochondral cylinder into a damaged joint 

(Hangody & Fules, 2003; Hangody et al, 2004). Limited donors and injury to donor 

sites are the main limitations of this technique.  

2.4.1.1 Cell-based Techniques 
Autologous chondrocyte implantation (ACI) has been applied to cartilage 

regeneration for over two decades (Brittberg et al, 1994). The procedure begins with 

a biopsy of cartilage from a healthy donor site and this is followed by enzymatic 

digestion of the cartilage tissue to remove extracellular matrix components. 

Autologous chondrocytes are expanded in vitro, before cells are delivered back into 

the patient (under the periosteal flap of the knee) (Peterson et al, 2000). The 

procedure promotes the formation of a ‘cartilage-like’ site with good chondral 

functionality. However, limitations such as the calcification of implants and fibrosis 

mean that research into osteochondral repair is concentrated on developing 3D 

scaffolds (Abarrategi et al, 2010; Chen et al, 2011; Duan et al, 2014; Haasper et al, 

2008; Malafaya & Reis, 2009; Oliveira et al, 2006; Rodrigues et al, 2012). 
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2.4.1.2 Tissue Engineering Techniques 
The necessities to improve the limitations of first generation techniques for 

osteochondral repair has focused research onto the potential of cell seeded 

constructs. These constructs are the basis of second-generation tissue engineering 

techniques.   

One approach uses fresh osteochondral allografts (Ghazavi et al, 1997). 

However, these grafts are very limited in number and require compatible donors, to 

avoid immune rejection. For these reasons, biomaterial scaffolds that are seeded 

with autologous cells seem to be the most promising solution. Scaffolds specific to 

osteochondral repair can be made up of one individual scaffold, or separate 

scaffolds for bone and cartilage. A range of commercial products for osteochondral 

repair are summarised in Table 2.2. More recently, third generation techniques have 

combined biomaterial scaffolds with growth factors to enhance tissue formation. 

 
Table 2.2 Commercially available tissue-engineered products for 
osteochondral repair.  

Product 
Chondro-

Gide ® 
ChondroMimetic® MaioRegen® Novocart ® 

Material 

Bovine 

Collagen I/ 

III 

Collage, GAGs and 

calcium phosphate 

Equine Collagen 1 

plus Mg-HA 

Biphasic 

Collagen I 

Culture time 
(days) 

N/A N/A N/A 
8-9 (2D  

and 3D) 

Transplant 
size (mm) 

40x50 Unlimited Unlimited 30x50 

Cell numbers N/A N/A N/A 15x106 

Fixation type Fibrin glue Fibrin glue Fibrin glue Suture 

Company 
Geistlich-

Pharma 
Collagen Solutions Finceramica Tetec-AG 
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2.4.1.3 Cell Sources 
In tissue engineering, cells for osteochondral constructs are typically derived 

from bone and cartilage grafts, or bone marrow progenitor cells (Chamberlain et al, 

2007). Primary cells from bone and cartilage are perfect for osteochondral repair, 

although they have restricted expansion and are obtained in limited numbers (Zuk et 

al, 2001). Furthermore, cell harvesting introduces additional sites of injury.  

Human mesenchymal stem cells (hMSCs) are the gold standard for 

osteochondral applications because they have the potential to differentiate into all 

the major cell types in joints (Caplan & Bruder, 2001). In addition to this, the cells are 

highly proliferative and have the capacity to adapt to their environment (Bruder et al, 

1994). MSCs have been discovered to be involved in paracrine signalling and 

immunomodulation (Chase et al, 2010). More specifically, MSCs can prevent graft-

versus-host disease after transplantation by regulating T-cell and B-lymphocyte 

proliferation and differentiation (Perez-Simon et al, 2011). This immunomodulation is 

achieved by the migration of MSCs to sites of injury (Aggarwal & Pittenger, 2005). 

Other paracrine signalling functions include the release of growth factors for 

hematopoietic stem cell proliferation (Zhou et al, 2012).  

All of the described properties of MSCs demonstrate the benefits for these 

cells to be used in the development of modern therapeutic applications including 

bone and cartilage regeneration, prevention of graft-versus-host disease, improved 

engraftment of bone marrow transplants and even the treatment of metabolic 

diseases (Bacigalupo, 2007). Consequently, many research groups have focused on 

studying MSCs in the laboratory. 

2.4.2 Properties of Effective Osteochondral Constructs/ 
Scaffolds 

Scaffolds are fundamental for the success of tissue engineering strategies 

because they provide a template for cellular interactions and tissue development. 

Scaffolds are required to mimic the physiological extracellular matrix and maintain 

the cell’s capacity to proliferate and differentiate (Hutmacher, 2000). Successful 

scaffolds should have the following properties:  
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• Inter-connected porous structure for cell growth and mass transport of 

nutrients and metabolic waste. Pore size and porosity to promote 

differentiation of cells, and possibly vascularisation. 

• Biocompatible scaffold material with a degradation rate similar to the 

healing rate in native tissue. 

• Biomaterial surface properties to promote cell attachment, proliferation 

and differentiation. 

• Mechanics to match the native tissues. 

2.4.2.1 Pore Size and Porosity 
Scaffolds should consist of highly porous 3D structures with inter-connected 

porosity in order to facilitate in vitro cell attachment and proliferation, and in vivo 

differentiation and vascularisation (O'Brien et al, 2005). Furthermore, highly porous 

architectures will enhance mass transport of nutrients and metabolic waste, and 

prevent the formation of necrotic cores (Silva et al, 2006). Although highly porous 

structures are good for mass transport, increased porosity has a detrimental effect 

on the mechanical characteristics of scaffolds (Marklein & Burdick, 2010).  

In osteochondral applications, scaffolds are required to be at least 70% 

porous to achieve good in vitro bone and cartilage tissue formation (Hutmacher, 

2000; Oliveira et al, 2006). In addition to this, scaffold pore size has a great effect on 

the differentiation potential of cells and this is an important consideration when 

designing osteochondral constructs (Table 2.3). Osteogenic differentiation can be 

achieved in a broad range of pore sizes, while chondrogenesis is realised in smaller 

pores (Duan et al, 2014). For this reason, osteochondral constructs should 

accommodate a gradient of pore sizes. This can be accomplished by combining 

individual scaffolds or by producing a single scaffold with graduated pore sizes.  

	
Table 2.3 Examples of pore sizes suitable for culturing a range of cell types 
related to osteochondral repair. Taken from (Im et al, 2012; Karageorgiou & 
Kaplan, 2005a; McHugh et al, 2013; O'Brien et al, 2005). 

Tissue Type Optimal Pore Size (μm) 
Bone 100-400 

Cartilage 50-200 
Vascular/ Endothelial <50 

Fibroblast 100-500 
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2.4.2.2 Biological Requirements 
Biocompatibility is an essential requirement of any biomaterial that is intended 

for tissue engineering applications (Hutmacher et al, 2001). Cell attachment and 

proliferation can be improved by regulating the surface properties of biomaterials in a 

biomimetic manner. Such surface modifications include altered material morphology, 

wettability, charge and roughness (Shin et al, 2003). 

In addition to this, cell response can be enriched through the attachment of 

biological molecules onto the biomaterial surface. This can be accomplished through 

mechanisms including adsorption and encapsulation in polymer particles. 

Coating scaffolds with extracellular proteins such as fibronectin, collagen and 

laminin can significantly improve initial cell attachment (Pierschbacher & Ruoslahti, 

1984). Cell attachment can further be maximised by incorporating RGD (arginine-

glycine-aspartic acid) integrin sequences into the scaffold material (Hersel et al, 

2003). Integrating growth factors, including bone morphogenetic proteins (BMPs), 

transforming growth factor-beta (TGF- β ) and vascular endothelial growth factor 

(VEGF), into biomaterials can also enhance cell differentiation (Lutolf & Hubbell, 

2005).  

2.4.2.3 Mechanical Requirements 
Engineered constructs are required to maintain their stability and mechanical 

integrity at least until the damaged tissues can regenerate (Carter et al, 1998). 

Furthermore, it is important for implants to match the mechanics of native tissue and 

prevent stress shielding, which can lead to reduced bone density (Sumner, 2015). 

Over time, a transfer of load from the construct to the tissue is desirable to 

encourage tissue repair via mechanotransduction mechanisms. Unfortunately, most 

osteochondral defect solutions do not match the mechanical properties of joints. 

Metal implants have significantly higher moduli to native tissues (Rho et al, 1997), 

while polymers are considerably weaker (Katti, 2004).  
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2.4.3 Current Approaches in Osteochondral Scaffold 
Engineering 

The approaches to osteochondral scaffold design can be categorised into six 

categories, each dependent on scaffold characteristics and cell source (Figure 2.9). 

 
 
 
 

 

 

 

 

 

 

 

 
	
Figure 2.9 Osteochondral scaffold design approaches. Osteochondral tissue 

engineering strategies can be defined as monophasic, biphasic or triphasic. 

Scaffolds are further characterised based on the physical/ chemical and cellular/ 

biological properties of the scaffold. 	Adapted from (Jeon et al, 2014). 
	

2.4.3.1 Individual scaffolds for bone and cartilage 
Individual monophasic scaffolds can be cultured in vitro for osteogenic and 

chondrogenic components, before they are fused together by suturing or gluing. A 

limitation of this strategy is that layers can often separate under mechanical loading 

(Martin et al, 2007). Nevertheless, (Ibrahim et al, 2013) utilised this approach to 

produce a novel construct with a hydroxyapatite layer for osteogenesis and a N,O-

carboxymethylated chitosan layer for cartilage. Human mesenchymal stem cells 

were successfully differentiated into both osteochondral lineages. When implanted 

into a rat model, the construct was not rejected by the host immune system and the 

scaffold layers did not delaminate. 



Literature Review 
 

 33 

 In a similar manner, (Gao et al, 2002) seeded osteogenic progenitors onto a 

porous ceramic, and cartilage progenitor onto a hyaluronic acid sponge. The 

individual constructs were joined together with fibrin glue and over time, lamellar 

bone was detected on the ceramic biomaterial. Notably, the results failed to 

demonstrate any chondrogenesis on the hyaluronic acid scaffold. 

(Schaefer et al, 2000) sutured PGA meshes seeded with autologous 

chondrocytes to collagen-HA sponges loaded with mesenchymal progenitor cells. 

This study showed that the Young’s modulus of tissue engineered cartilage (0.68-0.8 

MPa) was analogous to native articular cartilage (0.84 MPa).  

2.4.3.2 Bi-Layered/ Biphasic Scaffolds 
Biphasic scaffolds are composed of two different materials or one material 

with two layers of significantly different porosity (Jeon et al, 2014). The two layers 

must be interconnected and this can make fabrication of these scaffolds challenging.  

One example of biphasic scaffolds was produced by (Rodrigues et al, 2012). 

These researchers developed a bi-layered scaffold starch/ polycaprolactone (SPCL) 

scaffold for osteogenesis and an agarose hydrogel for chondrogenesis. Amniotic 

fluid-derived stem cells were cultured on the scaffolds for up to 2 weeks in medium 

containing osteogenic and chondrogenic differentiation factors. Both osteochondral 

lineages were achieved, although chondrogenic supplements appeared to be 

essential in generating cartilage. 

 (Oliveira et al, 2006) designed novel hydroxyapatite/ chitosan (HA/CS) 

biphasic scaffolds by combining sintering and freeze-drying techniques. Results 

demonstrated that the biomaterials were biocompatible, and supported the in vitro 

proliferation and differentiation of goat marrow stromal cells into osteoblasts and 

chondrocytes, respectively. In addition to this, the seeded cells were able to adhere 

to the scaffolds and remain viable. 

Further work by Oliveira in 2007, tested the suitability of corn starch-

polycaprolactone (SPCL) scaffolds for cartilage tissue engineering. Bovine articular 

chondrocytes were seeded on SPCL scaffolds under dynamic conditions using 

spinner flasks and cultured under orbital agitation for 6 weeks. SPCL construct 

results demonstrated typical chondrocyte morphological features, with good cell 

distribution and extracellular matrix deposition throughout the scaffolds. 
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Glycosaminoglycans, and collagen types I and II were detected with higher levels of 

collagen type II compared to collagen type I. 

Magalhaes et al., (2008) developed implantable stimuli responsive constructs 

from 2-ethyl (2-pyrrolidone) methacrylate (EPM) and hyaluronic acid (HA) 

composites. Investigating a range of different EPM-HA ratios and cross-linkers 

produced hydrogels with different porous structures. Due to the physical and 

structural properties of the developed hydrogels, the materials were proposed for 

cartilage tissue engineering. Bovine chondrocytes were seeded and cultured under 

agitation for a period of 6 weeks. Following the culture period, the bovine 

chondrocytes demonstrated good cell morphology, viability and cell distribution 

within the EPM-HA hydrogels. The presence of cartilage factors was not assessed. 

2.4.3.3 Homogenous Scaffolds 
Homogenous scaffolds allow dual differentiation of a single cell source, by 

providing spatially resolved environments, each supportive of one of principal 

osteochondral cell lineages. Furthermore, the inter-connected structure of these 

scaffolds avoids issues with delamination.  
(Malafaya & Reis, 2009) designed a homogenous biphasic scaffold using a particle 

aggregation method. One half was made from 100% chitosan, while the other was a 

4:1 mixture of chitosan and hydroxyapatite. The scaffold pore diameters were in the 

225-290 μm ranges, but the overall porosity of the scaffolds was only 30%. 

Importantly, scaffolds showed good mechanical properties compared to other 

chitosan-based porous materials (Young’s modulus of 6.26 ± 1.04 MPa). 

Differentiation potential was not assessed on the scaffolds but they were considered 

non-cytotoxic.  
Another homogenous scaffold with graduated pore characteristics was 

produced by (Duan et al, 2014). Scaffolds with five different pore sizes and 85% 

overall porosity were made from poly(lactide-co-glycolide) (PLGA). The pore sizes 

ranged between 50–100 μm, 100–200 μm, 200–300 μm, and 300–450 μm. To check 

biocompatibility and osteochondral differentiation potential, constructs were seeded 

with bone marrow derived mesenchymal stem cells and implanted into a rabbit knee 

defect model. The results showed that chondrogenic differentiation was observed in 

100-200 μm pores, while bone differentiation was detected in the 300–450 μm pores. 
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2.5 Chitosan 
2.5.1 Chitin and Chitosan 
Chitosan is a cationic, biodegradable polymer derived from the deacetylation 

of chitin (Drury & Mooney, 2003). Chitosan is the second most abundant 

polysaccharide after cellulose, and even has a similar structure composed of N-

glucosamine and N-acetyl-glycosamine units. The two biopolymer structures differ 

because of an amine group in chitosan instead of a hydroxyl group at position C(2) 

(Figure 2.9). The chitosan polymer contains reactive functional groups (amine group 

with two hydroxyl groups) that provide a high charge density when in solution. This 

allows for a number of chemical modifications, including the ability to form ionic 

complexes with therapeutically relevant anionic compounds, such as heparin (Shi et 

al., 2006). 
Chitosan has potential uses in wound healing, drug delivery systems, bone 

filling and regeneration, and tissue engineering of cartilage and bone (Sendemir-

Urkmez & Jamison, 2007). Chitosan promotes cell adhesion, proliferation and 

differentiation (Muzzarelli, 2011), while it shows biocompatibility, biodegradability by 

lysozyme (controlled by level of deacetylation) (Shi et al, 2006) and anti-

inflammatory/ antibacterial properties (Wang & Stegemann, 2011). Although, 

chitosan can promote chondrogenesis due to a fundamental structure related to 

GAGs (Chondroitin sulfates) in cartilage, the material lacks the mechanical strength 

necessary in initial bone development (Malafaya et al, 2007). 

 

 

 
 

	

	

	

Figure 2.10 Chemical structures of chitin and chitosan. 	 Structures of (A) chitin 
and (B) chitosan repeat units. (C) Partially acetylated chitosan, a copolymer 
characterised by its average degree of acetylation DA. Adapted from (Rinaudo, 
2006). 
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2.5.2 Production of Chitosan 
Chitosan can be derived from the exoskeletons of crustaceans, insects and 

marine invertebrates (Wang & Stegemann, 2011). The polymer has also been 

obtained from fungi (Yokoi et al, 1998). More specifically, chitosan is produced by 

the alkaline chemical or enzymatic N-deacetylation of chitin (Pillai et al, 2009). Alkali 

treatment results in the production of a more evenly deacetylated chitosan with a 

higher overall degree of deacetylation (Zhao et al, 2010)(Figure 2.10). In contrast, 

enzymatic deacetylation is less efficient due to the large enzyme molecules and their 

inability to access the highly crystalline chitin particles (Pangburn et al, 1982).   

During the deacetylation process, proteins are removed using 1-2% aqueous 

NaOH, while minerals are purified out using HCl. Carotenoids, responsible for the 

pigmentation of crustacean shells, can be removed with EDTA in warm ethanol. It 

has been demonstrated that aqueous acetic acid treatment can demineralise and 

decolour simultaneously.   

 
 
 
 
 
 
 
Figure 2.11 Producing chitosan from chitin through deacetylation. Image 
adapted from www.sigmaaldrich.com/materialsscience/biomaterials/tutorial.html 
 

2.5.3 Deacetylation of Chitin 
Deacetylation of chitin using alkaline chemicals is a harsh process due to the 

highly crystalline polymer structure, and the extensive inter- and intra-chain 

hydrogen bonding (Pugnaloni et al, 1988). For this reason, deacetylation requires 

high alkaline concentrations (40-50% NaOH), high temperatures (100-140 °C) and 

extended reaction times (Zhao et al, 2010). In these conditions the NaOH cleaves 

acetyl groups from the chitin to produce chitosan with 75% free amine groups. 

However, deacetylation is more efficient in amorphous regions compared to 

crystalline regions and this leads to heterogeneous products.  
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Homogeneous deacetylation has been explored where increased alkaline 

concentrations or temperatures greatly influenced the degree of deacetylation 

(Chang et al, 1997). Importantly, the degree of deacetylation was reduced when both 

variables were increased simultaneously.  

2.5.3.1 Degree of N-Acetylation in Chitosan 
Chitosans are a range of copolymers consisting of 2 repeating units of N-

acetyl-D-glucosamine (A unit) and D-glucosamine (D unit). The ratio of the two units 

is an indicator of the degree of deacetylation, degree of N-acetylation and number of 

free amine or acetyl groups (Pillai et al, 2009). The degree of N-acetylation and the 

number of free amine groups are inversely proportional. Crucially, the degree of N-

acetylation is an important characteristic in chitosan for consistent and reproducible 

results. 

2.5.4 Cross-linking 
Diepoxides, diacylchlorides and dialdehydes are usually utilised for the cross-

linking of chitosan. Examples of such chemicals used for this application include 

glutaraldehyde, genipin and tripolyphosphate (Monteiro & Airoldi, 1999; Wang & 

Stegemann, 2011).  

Glutaraldehyde is the most popular cross-linking reagent due to its availability 

and efficient cross-linking. The reaction involves the formation of a Schiff’s base 

(condensation between an amine and an aldehyde or ketone) between two amino 

groups (Muzzarelli, 2009b). Furthermore, cross-linking can occur within or between 

polymeric chitosan chains. Although glutaraldehyde increases the mechanical 

strength of the chitosan, this cross-linking reaction leads to cytotoxic properties in the 

biomaterial due to the presence of free aldehyde groups (Sung et al, 1999). Genipin 

is another suitable cross-linker of chitosan. 

Genipin is a naturally derived compound, with no reported cytotoxicity (Silva 

et al, 2008). Importantly, this cross-linker provides stable bonds via the same 

mechanisms as glutaraldehyde, while mildly enhancing the mechanical properties of 

chitosan more than glutaraldehyde (Jin et al, 2004).	
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2.5.5 Tissue Engineering with Chitosan 
Chitosan is a biocompatible, biodegradable material that is able to reduce 

inflammation and can be moulded into a range of porous structures (Dash et al, 

2011). Furthermore, the biological, physical and chemical properties of the material 

can tailored for tissue engineering application, including osteochondral defect repair 

(Abarrategi et al, 2010). 

Chitosan has received FDA approval for a number of commercially available 

wound healing products, including SoftSeal-C Pad® (Chitogen Inc., Minneapolis, 

USA) and Sentrex BioSponge MPD® (Bionova Medical Inc., Tennessee, USA). 

However, the polymer has not been approved yet for osteochondral repair.  

The cationic nature of chitosan allows for electrostatic interactions with 

negatively charged molecules, such as proteoglycans, glycosaminoglycans and DNA 

(Di Martino et al, 2005). The capacity to bind growth factors makes chitosan ideal for 

drug delivery applications (Shi et al, 2006). 

2.5.5.1 Chitosan in Bone Regeneration 
Chitosan has potential in bone regeneration because the polymer can 

promote osteoblast growth and mineralisation (Costa-Pinto et al, 2009). These 

properties are enhanced when chitosan composites are produced with ceramics, 

such as calcium phosphate, hydroxyapatite and β-tricalcium phosphate (Oliveira et 

al, 2006; Sendemir-Urkmez & Jamison, 2007).  

Porous chitosan sponges reinforced with β-tricalcium phosphate ceramics 

demonstrated improved mechanical properties compared to chitosan alone (Zhang & 

Zhang, 2002). The Young’s modulus and yield stress increased from 4 to 16 MPa 

and 1 to 4.5 MPa, respectively. This was significantly lower compared to native 

skeletal tissue.  Human osteoblast-like MG63 cells showed good cell attachment and 

migration when seeded onto the composite scaffolds. Additionally, osteocalcin 

expression and alkaline phosphatase activity were improved (Zhang et al, 2003). 

More recently, research has focused on optimising the biocompatibility, 

biodegradability and mechanical properties of composite scaffolds (Muzzarelli, 

2011). To achieve this aim, hydroxyapatite has been in situ combined into chitosan 

scaffolds (Kong et al, 2006). Monitoring apatite formation and osteoblast progenitor 

activity assessed the bioactivity of the scaffolds.  
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The results showed that addition of nano-hydroxyapatite improved the bioactivity of 

the scaffolds. The composition of the substrate affected apatite formation, and pre-

loaded hydroxyapatite enhanced the apatite coating. Furthermore, on the apatite-

coated composite scaffolds cells demonstrated increased proliferation and alkaline 

phosphatase activity compared to chitosan-only scaffolds coated with apatite.  

Other research has also focused of producing composite scaffolds in situ. 

Calcium phosphate cement was injected into chitosan to form biodegradable 

scaffolds with excellent osteoconductivity (Moreau & Xu, 2009). Furthermore, the 

chitosan reinforced the mechanical properties of the cement. Mesenchymal stem 

cells differentiated into osteogenic lineages and expressed high levels of alkaline 

phosphatase. The calcium phosphate cement-chitosan scaffold has potential for 

bone regeneration in moderate load-bearing orthopedic applications.  

β-glycerophosphate, an osteogenic medium supplement was used to initiate 

cross-linking of chitosan-collagen composites at physiological pH and temperature 

(Wang & Stegemann, 2010). Subsequently, human bone marrow-derived stem cells 

were encapsulated in the chitosan-collagen hydrogels, and exhibited good 

biocompatibility and osteogenic differentiation. This study shows that chitosan-

collagen composite materials may be advantageous for cell encapsulation and 

delivery, or as in situ gel-forming materials for tissue repair. 

2.5.5.2 Chitosan in Cartilage Regeneration 
Chitosan is a suitable for cartilage regeneration due to the polymer’s ability to 

mimic the natural environment of the articular cartilage matrix (Di Martino et al, 

2005). There are structural similarities between extracellular matrix components 

found in articular cartilage, such as Type II Collagen and glucosaminoglycans 

(GAGs), and chitosan (Muzzarelli et al, 2012). For this reason, chitosan is a popular 

scaffold material for cartilage regeneration. 

In one example of cartilage repair with chitosan, a chitosan-gelatin composite 

was produced via a freezing and lyophilising technique (Xia et al, 2004). Autologous 

chondrocytes were isolated from pigs and seeded onto the chitosan-gelatin 

scaffolds. 16 weeks after implantation, the engineered cartilages acquired the 

histological, biochemical and mechanical properties of native cartilage tissue.  



Literature Review 
 

 40 

More specifically, the engineered elastic cartilage showed chondrocytes enclosed in 

the lacuna as well as, the presence of elastic fibrils and Type II Collagen. 

Glucosaminoglycan concentrations were up to 90% of what is observed in native 

tissues. At the same time, mechanical stiffness in the engineered constructs was 

15% lower than in articular cartilage. 

Alves da Silva et al. (2007 and 2010) assessed extracellular matrix (ECM) 

formation in two types of chitosan-based scaffolds, using bovine articular 

chondrocytes (BACs). More specifically, the effects of scaffolds porosity, pore size 

and morphology, on the formation of chondrogenic tissues were evaluated. 

Compression moulding and salt leaching were utilised to produce chitosan-

poly(butylene succinate) scaffolds with different porosities and pore sizes. Next, 

BACs were seeded onto the scaffolds and cultured in static or dynamic conditions for 

4 weeks. Both materials permitted good cell attachment and the articular 

chondrocytes were able to secrete ECM. Proteoglycans and collagen type II 

production were enhanced in large pores with random geometry but pore structure 

had the opposite effect on GAG production. Notably, dynamic culture conditions 

improved GAG production in both types of scaffold. 

While porous scaffolds have been established to allow mesenchymal stem 

cell differentiation into chondrogenic lineages, hydrogels are being increasingly 

studied because they permit minimally invasive implantation (Garg et al, 2012; Hong 

et al, 2007). (Richardson et al, 2008) investigated temperature-sensitive chitosan-

glycerophosphate hydrogels for invertebral disk repair. Gels were seeded with 

mesenchymal stem cells before gene expression analysis for chondrocytic-cell 

marker genes, demonstrated differentiation of MSCs to an articular chondrocyte 

phenotype. Further, differentiated cells lacked the expression of osteogenic or 

hypertrophic markers and cells secreted both proteoglycans and collagens. 

The ability of chitosan to bind negatively charged molecules has been 

exploited to produce advanced scaffolds for tissue regeneration. One group 

designed novel porous chitosan scaffolds intended to enhance chondrogenesis, with 

the ability to release transforming growth factor-β1 (TGF-β1)(Kim et al, 2003). First, 

an emulsion method was used to load chitosan microspheres with the growth factor. 

Then the spheres were used to fabricate porous chitosan scaffolds. Finally, 

chondrocytes were seeded and the results showed that the chitosan scaffolds 

permitted good cell proliferation and production of extracellular matrix. 



Literature Review 
 

 41 

2.5.5.3 Chitosan in Osteochondral Regeneration 
Even though chitosan has been demonstrated to support chondrogenic 

lineages, osteochondral constructs made purely from chitosan are rare. This could 

be explained by the fact that the osteogenic response in chitosan is significantly 

improved when the polymer is combined with ceramics, such as calcium 

phosphates. 

The most popular method for fabricating osteochondral constructs involves bi-

layered structures with the ability to support osteogenesis and chondrogenesis, 

simultaneously.  

This is achieved by providing microenvironments tailored to each lineage. 

Furthermore, scaffolds for osteochondral regeneration are generally biphasic by 

incorporating composite materials. 

(Abarrategi et al, 2010) investigated the effects of chitosan molecular weight, 

degree of deacetylation, and calcium content on osteochondral repair. The 

researchers prepared porous chitosan scaffolds, and implanted them into rabbit knee 

osteochondral defects. The results were varied depending on the properties of 

chitosan used. Notably, chitosan with the lowest molecular weight (11.49 KDa), and 

lowest deacetylation degree (83%), and intact mineral content, allowed both 

subchondral bone and cartilaginous tissue regeneration. The results prove that 

scaffolds made purely from chitosan are suitable for osteochondral repair. 

In 2006, another group developed novel hydroxyapatite-chitosan bi-layered 

scaffolds for osteochondral applications by combining sintering and a freeze-drying 

techniques (Oliveira et al, 2006). The scaffolds produced contained open inter-

connected pores in the range of 50-350 μm. There was no evidence of material-

induced cytotoxicity, while goat bone marrow cells were able to adhere and 

proliferate. Osteogenesis was identified in the hydroxyapatite layer after 14 days and 

chondrogenesis was detected after 21 days. Notably, the researchers did not 

attempt to attain both lineages within the same construct and there are no 

mechanical tests. 
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Figure 2.12 Hydroxyapatite-chitosan composite scaffold produced by Oliveira 
et al. Image taken from (Oliveira et al, 2006). 

 
(Malafaya & Reis, 2009) produced bi-layered chitosan scaffolds using a 

particle aggregation method. More specifically, scaffolds were made with one side 

wholly chitosan and the other side containing a composite of 80% chitosan and 20% 

hydroxyapatite. The results showed that the developed scaffolds were highly inter-

connected and contained suitable pore sizes for osteochondral applications.  

Wet scaffolds were mechanically stable under dynamic compression and the 

composites had a Young’s modulus of 6.26 MPa. Crucially, scaffolds had distinct 

regions of chondrogenic and osteogenic cell lineages after differentiation in a 

perfusion bioreactor system. Risks of delamination were alleviated due to the nature 

of the particle aggregation method used.  
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2.6 Bioreactors 
The success of tissue engineering will depend on the ability to translate and 

scale-up research in a safe, reproducible and cost effective manner (Langer & 

Vacanti, 1993). Engineering of tissues necessitates the use of bioreactors, even for 

small-scale applications, as such systems allow for important parameters to be 

optimised. Bioreactors permit biological or biochemical processes to happen under 

tightly controlled conditions, with high degrees of reproducibility, control and 

automation (Hutmacher, 2000). Furthermore, bioreactors can improve in vitro 3D 

cultures by providing efficient cell nutrition and environmental stimuli, for controlled 

cell behavior. 

2.6.1 Bioreactor Design 
Bioreactors should create in vitro environments that are able to support fast 

and systematic tissue development (Martin et al, 2007). The ultimate characteristics 

of bioreactor systems include (Martin & Vermette, 2005): 

• The ability to support mass transfer between cells and their 

environment via efficient nutrient supply and waste removal. 

• Robust control of environmental variables, including temperature, pH, 

osmolality and oxygen content. 

• Physiologically relevant signaling, including shear stress, compression 

and stretch. 

 

From all the factors listed above, mass transfer has proved to be the most difficult to 

achieve and this has limited the potential to develop highly cellularised and 

vascularised tissues in vitro. Oxygen content is principal in extracellular matrix 

production. However, in terms of osteochondral applications there are discrepancies 

in the literature.  

This is because cartilage has been produced in both high and low oxygen 

environments (Lennon et al, 2001). Mechanical stimulation can also promote tissue 

regeneration, and shear stress has been identified as the most important signal for 

mechanotransduction (Wang et al, 1993). 
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2.6.2 Types of Bioreactors 
Bioreactors are designed depending on their intended application and each 

focuses on improving cell seeding, mass transfer or to provide external stimuli. The 

advantages and disadvantages of each of the major systems will be discussed. 

2.6.2.1 Spinner Flasks 
Issues with low seeding efficiencies and uneven cell distribution during static 

seeding of cells onto scaffolds, have been alleviated through the use of spinner 

flasks (Vunjak-Novakovic et al, 1998). Spinner flasks provide well-mixed 

environments, which allow for improved cell seeding and extracellular matrix 

production (Sikavitsas et al, 2002). Furthermore, this system is simple to use and 

results are reproducible. The size of tissue-engineered constructs can be a limitation 

for spinner flasks because mass transfer is not very efficient at low stirring rates. 

Turbulent flow as a consequence of faster spin speeds can lead to detrimental shear 

stress (Kurosawa, 2007). 

2.6.2.2 Perfusion 
Static culture of 3D scaffolds can cause the formation of necrotic cores and 

the subsequent failure of tissue engineered constructs (Martin et al, 2004). Perfusion 

bioreactors overcome this limitation by providing medium flow through the cores of 

scaffolds. More efficient nutrient transfer and hydrodynamic stimulation can improve 

cell proliferation and differentiation (Bilgen & Barabino, 2007). Furthermore, pulsatile 

perfusion has been shown to enhance osteogenic differentiation and mineralisation 

(El Haj & Cartmell, 2010). Interestingly, perfusion flow also creates cell alignment 

that can be important for tissue function, especially in cartilage (Temenoff & Mikos, 

2000). 
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Figure 2.13 Perfusion bioreactor system suitable for cartilage tissue 
engineering using porous cell-seeded scaffolds.  Image adapted from 
(Mahmoudifar & Doran, 2012). 

2.6.2.3 Pulsatile Flow 
Tissue engineering of vascular tissues is dependent on the ability of 

bioreactors to provide pulsatile forces, which mimic the in vivo environment. Vascular 

grafts have been produced using pulsatile perfusion bioreactors from marine 

collagen-PLGA fibres (Jeong et al, 2007; Jeong et al, 2005). The pulsatile perfusion 

system improved smooth muscle cell and endothelial cell proliferation, and 

alignment. Immunohistochemical analyses indicated the expressions of smooth 

muscle α-actin and myosin. Furthermore, endothelial cell nitric oxide was up 

regulated in constructs exposed to the hydrodynamic stimuli. 

 
 
 
 
 
 
 
 

Figure 2.14 Development of vascular tissues in a pulsatile perfusion bioreactor 
system. Western blot analysis for (A) smooth muscle α-actin and myosin heavy 
chain and (b) endothelial cell nitric oxide in tissues engineered under static and 
pulsatile flow conditions Image adapted from (Jeong et al, 2007). 
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2.6.2.4 Rotating-Wall Vessels 
Although shear stress is desirable for many tissue types it can also be 

damaging to others. For this reason, rotating-wall vessel bioreactors were first 

developed by NASA to provide minimal shear (Granet et al, 1998)(Figure 2.14). This 

bioreactor system is designed to balance gravitational, centrifugal and drag forces, 

while offering high mass transfer and limited shear stress (Schwarz et al, 1992; 

Unsworth & Lelkes, 1998). One disadvantage of rotating-wall vessels includes the 

fact that tissue growth is often non-uniform. In addition to this, prolonged exposure to 

centrifugal force can be detrimental to tissues, cell attachment and matrix deposition 

(Begley & Kleis, 2002). 

 
 
 
 
 
 
 
 
 
Figure 2.15 Rotating-wall bioreactors developed by NASA. This bioreactor 
system is designed to balance gravitational, centrifugal and drag forces, while 
offering high mass transfer and limited shear stress. Tissue constructs are cultured 
in microgravity environments. Image adapted from https://mix.msfc.nasa.gov/IMAGE 
S/HIGH/0101761.jpg  

2.6.2.5 Bioreactors for Osteochondral Constructs 
Tissue engineering is principally focused on generating single tissue types, 

however this is inadequate for more complex repairs where stratified tissues are 

required (Bhumiratana & Vunjak-Novakovic, 2015; Mikos et al, 2006; Mosher et al, 

2015). This is particularly important for developing osteochondral constructs, which 

contained both articular cartilage and subchondral bone. This aim can be achieved 

with the design of novel bioreactor systems capable of distinguishing between the 

different environments necessary to culture two tissues simultaneously.  
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The most popular bioreactors for osteochondral constructs are based on a 

double-chamber perfusion design, with individual chambers for bone and cartilage. 

(Malafaya & Reis, 2009) produced a double chamber system with the capacity for 

culturing six osteochondral constructs at the same time (Figure 2.15). The bioreactor 

setup proved to be successful with individual culture media for each tissue type. 

Furthermore, each compartment was separated by a silicon septum. 

 

Figure 2.16 Double-chamber perfusion system for osteochondral constructs. 
Malafaya et al. designed this bioreactor system, to provide individual compartments 
and culture environments for bone and cartilage within a single scaffold. Image taken 
from (Malafaya & Reis, 2009). 
 
 
A similar double-chamber system was utilised by (Gottardi et al, 2014). However, 

this setup allowed for high throughput culture via a bioreactor platform for the 

simultaneous culture of 96 osteochondral constructs (Figure 2.16). In addition to this 

study, there are a number of other research groups that have achieved independent 

culture of osteoblasts and chondrocytes within single-unit scaffolds, simultaneously 

(Chang et al, 2004; Kuiper et al, 2014; Liu & Jiang, 2013; Pei et al, 2014). 

 

 
 
 
 
 

Figure 2.17 96-well Double-chamber perfusion system for osteochondral 
constructs. Image taken from (Alexander et al, 2014).  
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A more advanced bioreactor for osteochondral constructs was designed by 

(Haasper et al, 2009). Here, perfusion and mechanical stress could be applied at 

different frequencies to different parts of the scaffold. More specifically, the 

bioreactor was able to apply cyclic mechanical stretching to bone regions and cyclic 

compressive loading to cartilage regions (Haasper et al, 2008). The setup improved 

the commitment of mesenchymal stem cells to osteochondral lineages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18 Cyclic-perfusion system for osteochondral repair, developed by 
Haasper et al. The bioreactor contains a chamber to enclose the construct.  A 
peristaltic pump provides perfusion flow, while an electric engine drives cyclic 
mechanical loading. Image taken from (Haasper et al, 2008).  
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2.7 Project Aims  
The overall aim of this project was to explore a model, and possible alternative 

therapy for osteochondral injuries. This literature review has discussed the 

background behind designing tissue-engineered scaffolds for this application. In 

producing osteochondral constructs, particular attention has to be applied to the 

biomaterial properties and architecture, as well as the cell source used.  

At present, the most common approach for producing osteochondral constructs 

involves the culture of individual scaffolds for bone and cartilage. Scaffolds are then 

joined through the use of sutures or fibrin glue. Unfortunately, these constructs often 

fail due to delamination. A solution to this problem involves the production of a single 

scaffold with the capacity to maintain two different cell lineages simultaneously.  

Furthermore, a scaffold with these properties would allow the use of a single cell 

source, such as mesenchymal stem cells.	

Tissue constructs made from chitosan, represent such a therapeutic strategy 

because they have been demonstrated to support the differentiation of human 

mesenchymal stem cells into both osteoblast and chondrocyte lineages. The current 

project intends to overcome limitations associated with specific differentiation media 

requirements for each lineage by providing scaffolds with spatially resolved 

environments, each supportive of one of these osteochondral lineages. More 

specifically, the understanding that scaffold pore size can regulate stem cell 

differentiation will be exploited.  

Additionally, osteochondral differentiation will be enhanced through the use of a 

perfusion bioreactor system. This type of bioreactor has been widely used for the 

development of osteochondral constructs although published setups often rely on 

culturing separate scaffolds for bone and cartilage. This project will use a perfusion 

system that is capable of housing a single material scaffold, and still achieve 

osteogenic and chondrogenic lineages. 
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3. Materials and Methods 
This section is dedicated to the materials and methods utilised throughout this 

whole research project. Section 3.2 describes the osteogenic differentiations of 

mesenchymal stem cells, and the subsequent analyses and quantifications. Section 

3.3 describes the same aspects in chondrogenic differentiation. Sections 3.4 and 3.5 

center on serum content analysis and polymerase chain reactions, respectively. 

Section 3.6 describes the use of ELISA to quantify osteocalcin expression. Sections 

3.7-3.9 outline the protocols for the fabrication of bi-layered chitosan scaffolds. 3D 

culture in a perfusion bioreactor is summarised in Section 3.10. Section 3.11 

describes the statistical analysis applied.   

3.1 Cell Culture and Analysis 
Immortalised bone marrow-derived human mesenchymal stem cells (hMSCs) 

(Sottile et al., 2003) and primary MSCs (Lonza) were maintained in a monolayer 

culture, stored in a humidified atmosphere at 37 ºC and 5% CO2. Cells were typically 

grown in standard medium consisting of low glucose Dulbecco’s Modified Eagle 

Medium (DMEM), 1% (v/ v) L-Glutamine, 1% (v/v) non-essential amino acids (NEAA) 

and 1% (v/v) antibiotics/ antimycotics (Invitrogen, UK), supplemented with either 

10% (v/v) foetal calf serum (SC+FCS) (Invitrogen, UK) or with human serum 

(SC+HS) (Lonza). Cells were passaged using trypsin/ EDTA (Invitrogen, UK), see 

(Sottile et al., 2003), and routinely split 1:4. Human embryonic kidney (HEK) 293 and 

NTERA carcinoma cells lines were cultured under the same conditions. 

3.1.1 Cryopreservation and Thawing 
After trypsinisation and centrifugation, cell pellets were resuspended in 1:1 

combination of culture media to freeze mix (80 % (v/v) culture media with serum, and 

20 % (v/v) DMSO). Cell suspensions were transferred to sterile cryotubes and stored 

at -80 ºC overnight. Tubes were then moved to liquid nitrogen for long-term storage. 

Frozen cells were thawed in a 37 ºC water bath for less than 1 minute. DMSO 

was neutralised with culture media and the thawed cell suspension was centrifuged 

at 200 g for 5 minutes. Cell pellets were resuspended in fresh culture media and 

stored in a humidified atmosphere at 37 ºC and 5% CO2.  



Materials and Methods 
 

 51 

It was important to ensure 80% confluency prior to the first passage. Cells were 

passaged at least twice after freezing before differentiation experiments were 

started. 

3.1.2 Plate Coatings for Cell Attachment 
Tissue culture plastic plates were coated to ensure constant cell attachment 

during 14 and 21-day differentiation experiments. Rat tail Collagen I (Life 

Technologies) was diluted in 0.02 M acetic acid to a working concentration of 50 µg/ 

ml. Plates were incubated at room temperature with collagen for 1 hour. Coated-

plates were then washed 3 times with PBS before immediate use or stored in the 

fridge for future use. 

Plates can also be coated with fibronectin from bovine plasma (Sigma). Stock 

fibronectin was diluted in PBS to 50 µg/ ml. Tissue culture plastic was then incubated 

with fibronectin for 45 minutes before immediate use. 

MatrigelTM-coating (BD Bioscience) was achieved by diluting the stock 

extracellular matrix gel (500X) in cold Dulbecco’s Modified Eagle Medium (DMEM). 

Plates were incubated with MatrigelTM at room temperature for 15 minutes before 

use. 

For gelatin coating (Life Technologies), stock gel from the fridge was liquefied 

at 37 ºC. Afterwards gelatin was diluted in PBS to a working concentration of 0.1%. 

Plates were incubated at room temperature for 1 hour, and then washed 3 times with 

PBS before use.    

Mouse laminin I (Trevigen) was diluted in cold DMEM to a working 

concentration of 1-2 µg/ ml. Plates were incubated at 37 ºC with laminin for 4 hours. 
Coated-plates were then washed 3 times with PBS and used straight away. 

3.2 Osteogenic Differentiation 
Human MSCs were seeded into 24-well plates at a concentration of 2x104 

cells/ ml and allowed to attach for 24 hours in standard culture (SC) medium with 

FCS before differentiation was initiated. Furthermore, cells were seeded on 

MatrigelTM-coated (BD Bioscience) tissue culture vessels to improve adhesion during 

osteogenic differentiation.  
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Osteogenic differentiation of hMSCs was assessed at various time-points 

following the replacement of the SC+FCS medium with one of the following 

treatments: 

 
(1) OS+FCS (osteogenic medium containing FCS): (DMEM) supplemented with 

10% (v/v) FCS, 1% (v/v) L-Glutamine, 1% (v/v) non-essential amino acids 

(NEAA), 1% (v/v) antibiotics/antimycotics, dexamethasone (0.1 µM), ascorbic 

acid phosphate (50 µM), and β-glycerophosphate (10 mM) (Sigma-Aldrich). 

(2) OS+HS (osteogenic medium containing human serum): same as (1) but with 

HS instead of FCS. 

(3) OS 5-Day serum (osteogenic supplements with no FCS or HS). Cells were 

treated with OS+FCS or OS+HS for the first 5 days before switching to OS 

without serum. 

(4) SC+FCS (SC medium with FCS used as an undifferentiated control). 

(5) SC+HS (SC medium with HS used as an undifferentiated control). 

(6) SC 5-Day serum (SC medium with no FCS or HS used as a serum-free 

control). Cells were treated with SC+FCS or SC+HS for the first 5 days before 

switching to SC without serum. 

 

Six independent wells were cultured for each condition per assay, and the 

medium was changed every 3 days for 14 or 21 days, depending on the experiment. 

3.2.1 Flow Cytometry  
Human MSCs were characterised by assessing the expression of MSC-

specific surface markers using CD29 (Abcam), CD90 (eBioscience), CD105 (AbD 

Serotec) and SSEA4 (eBioscience) antibodies. Cells were harvested as described in 

section 3.1, and 1 ml of cell suspension was added to each Fluorescence Activated 

Cell Sorting (FACS) tube. The tubes were centrifuged at 200 g for 5 minutes, the 

supernatant was discarded and 5 µl of antibody was added to suspend the cells. 

Solutions were incubated at room temperature in the dark for 30 minutes, followed 

by the addition of 2 ml of medium to wash away unbound antibody. Tubes were 

centrifuged again for 5 minutes before pellets were re-suspended in 1 ml of fresh 

medium, and samples were stored on ice in the dark until analysis using a Beckman 

Coulter FC500 flow cytometer. 
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3.2.2 Phalloidin Stain for Actin Filaments 
Phalloidin is a bicyclic peptide belonging to a family of toxins isolated from the 

deadly Amanita phalloides “death cap" mushroom. The peptide is commonly used in 

imaging applications to selectively label filamentous actin. The phalloidin vial (Life 

Technologies) was dissolved in 1.5 ml methanol to yield a final stock concentration 

of 6.6 µM. After the culture period, cells were washed twice in PBS and fixed in ice 

cold 4% paraformaldehyde for 15 minutes. Samples were washed twice with PBS 

before a 0.1% Triton X-100 solution was used for 5 minutes to permeate the cells 

further. Samples were washed twice with PBS before 205 µl of phalloidin stain was 

applied to each slide (5 µl phallotoxin stock diluted with 200µl PBS). Slides were 

incubated with the stain in the dark for 20 minutes. Finally, samples were washed 

twice with PBS and mounted onto microscope slides, using Vectashield mounting 

medium containing DAPI (Vector Laboratories). Staining was observed using 
fluorescent light microscopy. 

3.2.3 Apoptosis Assay 
The percentage of live, apoptotic and necrotic cells after 14 days of 

osteogenic differentiation with FCS or HS was determined using a commercially 

available Annexin-V-FLUOS staining kit (Roche). Manufacturer’s instructions were 

followed. In short, cells were washed in PBS, centrifuged at 200 g for 5 minutes and 

pellets were re-suspended in 100 µl Annexin-V-FLUOS labeling solution. After 15 

minutes of incubation, cells were analysed using a Beckman Coulter FC500 flow 

cytometer.  

3.2.4 PrestoBlueTM Cell Metabolic Assay 
Cell metabolic activity/ viability was determined using a PrestoBlueTM assay 

(Invitrogen, UK) after 7 days of culture. The assay incorporates a fluorometric/ 

colourimetric oxidation-reduction (REDOX) indicator, known as resazurin (O'Brien et 

al, 2000). In brief, culture medium was aspirated and monolayers were washed with 

37 °C PBS. 500 µl of warm PrestoBlueTM working solution (10% v/v PrestoBlueTM 

stock solution, 90% v/v Hanks Balanced Salt Solution (HBSS)) was transferred to 

each well. Three empty wells were filled as blanks, and the plate was incubated at 

37 °C, 5% CO2 for 35 minutes.  
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The plate was then wrapped in aluminum foil and agitated on a plate shaker for 10 

minutes. 100 µl triplicates of the PrestoBlueTM solution per culture well were 

transferred to a 96-well plate and the fluorescence was measured at 560 nm 

excitation and 590 nm emission, using a Tecan Infinite 200 micro-plate reader. 

Subtracting the average fluorescence values for blank wells from culture well values 

eliminated background signals. 

3.2.5 Hoechst 33258 DNA Assay 
Cell proliferation was determined by assaying for total DNA contents after the 

21-day culture period, as previously described (Rashidi et al, 2012). The 

fluorochrome Hoechst 33258 (Sigma-Aldrich, UK) binds cellular DNA resulting in 

enhanced fluorescence, which is directly proportional to the DNA content. To lyse 

the cells, the culture medium was replaced with 1 ml sterile dH2O, and the well plate 

was stored at -20 ºC. Once frozen, the well plate was placed into the incubator at 37 

°C to thaw, and the cycle repeated 3 times. Aliquots of 100 μl from each well were 

transferred to a 96-well plate, along with 100 μl Hoechst stain (10mg/ ml in dH2O) 

used at a working dilution of 1:50 in TNE buffer (10 mM Tris (hydroxymethyl) 

methylamine, 1 mM EDTA and 2 mM NaCl in distilled water, pH 7.4). The plate was 

gently agitated in the dark and fluorescence was measured at 360 nm excitation and 

460 nm emission, using a Tecan Infinite 200 micro-plate fluorescence reader. A 

standard curve of DNA was produced using known concentrations of DNA from calf 

thymus (Sigma-Aldrich, UK) reconstituted in 0.01 M NaCl to a concentration of 20 

μg/ ml. 

3.2.6 PicoGreen DNA Assay 
The fluorochrome PicoGreen (Life Technologies) is a more sensitive 

alternative to Hoechst dye. PicoGreen binds cellular DNA resulting in enhanced 

fluorescence, which is directly proportional to the DNA content. To lyse the cells, the 

culture medium was replaced with 1 ml sterile dH2O, and the well plate was stored at 

-20 ºC. Once frozen, the well plate was placed into the incubator at 37 °C to thaw, 

and the cycle was repeated 3 times. The stock PicoGreen reagent was diluted 200-

fold in 1X dilution buffer. Aliquots of 100 μl from each well were transferred to a 96-

well plate, along with 100 μl 1X PicoGreen reagent. 
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The plate was gently agitated in the dark for 5 minutes. Fluorescence was measured 

at 480 nm excitation and 520 nm emission, using a Tecan Infinite 200 micro-plate 

fluorescence reader. A standard curve of DNA was produced using known 

concentrations of lambda DNA (Invitrogen). 

3.2.7 Alizarin Red Staining and Quantification 
After 14 days and 21 days of culture, cells were fixed using 4% 

paraformaldehyde (PFA) for at least 20 minutes. Wells were washed three times with 

PBS and 1 ml of 1% aqueous Alizarin red solution (Sigma-Aldrich) was added per 

well. Alizarin red was used to stain for calcium phosphate deposits in mineralised 

bone nodules. Briefly, the plate was incubated at room temperature for 10 minutes 

with occasional agitation. Following the incubation period, wells were washed with 

distilled water until all excess stain had been removed (Gregory et al., 2004).  

Bone nodules were viewed using a phase contrast microscope. Quantification of 

Alizarin red staining was attained using a de-stain solution (20% methanol, 10% 

acetic acid in dH2O) (Tataria et al., 2006). Plates were treated in the de-stain solution 

for 15 minutes with gentle agitation on a plate shaker and the Alizarin red 

concentrations per well were determined by measuring the absorbance at 405 nm 

using a Tecan Infinite 200 micro-plate reader. 

3.2.8 Von Kossa Staining 
Von Kossa staining was used to quantify mineralisation in osteogenic cell 

cultures and tissue sections from the bioreactor differentiations. The main principle 

behind the stain is a precipitation reaction in which silver ions react with phosphate 

(not calcium) in the presence of acidic material. Photochemical degradation of silver 

phosphate to silver then occurs under light illumination. In brief, samples were fixed 

in 4% PFA and washed three times with dH2O. Osteogenic sections were then 

covered with a 1% silver nitrate solution (Sigma) and placed under a UV light source. 

It was important to ensure that all wells were exposed before samples were covered 

with aluminium foil. During UV exposure, samples were inspected every 10 minutes 

for brown/ black nodule staining. This can take up to 1 hour for weakly mineralised 

samples. Afterwards, the silver nitrate solution was removed and disposed of in the 

appropriate toxic waste container.  
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Samples were washed three times in dH2O, before a 2.5% sodium thiosulphate 

solution (Sigma) was added. Samples were incubated for 5 minutes in the dark and 

thoroughly washed with dH2O. Bone nodules were viewed using a brightfield 

microscope. Alizarin red staining has to be performed after Von Kossa staining to 

avoid photo bleaching of the red dye during incubations. 

3.2.9 Immunocytochemistry 
Cells were fixed in ice-cold 4% PFA for 15 minutes and washed in PBS + 

0.1% Tween20 (PBT) for 10 minutes. Non-specific antibody binding was blocked via 

incubation for 1 hour with 1X Animal-Free Blocker™ (SP-5030) (Vector Laboratories) 

in PBT. Cells were then exposed to the primary antibody (bone-specific alkaline 

phosphatase antibody (B4-78) from DSHB; osteocalcin antibody (ab13418) from 

Abcam) at a dilution of 1:200 in PBT and stored at 4 ºC overnight. Next, samples 

were washed three times in PBT at 15 minute intervals, and the cells were incubated 

with a 1:200 dilution of Texas red-conjugated secondary antibody (Vector 

Laboratories) for 1 hour in the dark. Unbound secondary antibody was removed by 

washing four times in PBS for 15 min each. The samples were finally mounted onto 
microscope slides, using Vectashield mounting medium containing DAPI (Vector 

Laboratories) and analysed using fluorescent light microscopy. 

3.2.10 Alkaline Phosphatase 
Alkaline phosphatase (ALP) enzyme activity was used as a marker for early 

osteogenic differentiation (Mastrogiacomo et al., 2005), using a commercially 

available enzyme immuno assays kit (SIGMAFASTTM p-Nitrophenyl phosphate 

tablets from Sigma-Aldrich). Manufacturer’s instructions were followed. Briefly, wells 

were washed twice with warm PBS and 200 μl of p-Nitrophenyl phosphate substrate 

solution was added to each well. The plate was incubated in the dark for 30 minutes 

at room temperature before 100 μl duplicates of the p-Nitrophenyl phosphate 

substrate solution per culture well were transferred to a 96-well plate. The 

absorbance for the reactions was read at 405 nm using a Tecan Infinite 200 micro-

plate reader and 1:5 dilutions were required for readings outside the range of the 

plate reader. Untreated p-Nitrophenyl phosphate solution was added to three wells 

and these absorbance readings were used as blanks. 
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3.3 Chondrogenic Differentiation 
Human mesenchymal stem cells were grown in T175 flasks until the required 

number of cells were achieved. Cells were trypsinised for 30 seconds and washed in 

standard culture media (20 ml per T175 flask). After 5 minutes of centrifugation at 

200 g, pellets were re-suspended in chondrogenic medium without TGF-β (5x106 

MSCs per ml). 200 µl of cell the suspension was added per well of a V-bottom 96-

well plate. Plates were centrifuged for 5 minutes at 1000 g, before pellets were re-

suspended in 200 µl chondrogenic medium with TGF-β.   A final 5-minute 

centrifugation at 1000 g was used to condense the cells and begin chondrogenic 

pellet formation. Plates were then cultured at 37 ºC, 5% CO2. 

Chondrogenic differentiation of hMSCs was assessed at various time-points 

following the replacement of the SC+FCS medium with one of the following 

treatments: 

(1) CHO (serum-free chondrogenic medium): high glucose (4.5 g/ L) DMEM 

supplemented with 1% (v/v) L-Glutamine, 1% (v/v) non-essential amino acids 

(NEAA), 1% (v/v) antibiotics/antimycotics, dexamethasone (0.1 µM), ascorbic 

acid phosphate (50 µM), sodium pyruvate (1 mM), proline (40 µg/ ml), 1X 

insulin-transferrin-selenium (ITS) and TGF-β (10 mM) (Life Technologies 

PHG9204). 

(2) CHO 5-Day serum (chondrogenic supplements with 10% FCS or HS). Cells 

were treated with CHO+FCS or CHO+HS for the first 5 days before switching 

to CHO without serum (1). 

(3) SC 5-Day serum (SC medium with no FCS or HS used as a serum-free 

undifferentiated control). Cells were treated with SC+FCS or SC+HS for the 

first 5 days before switching to SC without serum. 

 

Six independent pellets were cultured for each condition per assay, and the 

medium was changed every 2 days for 14 or 21 days, depending on the experiment. 

3.3.1 Papain Digest and DMMB GAG Assay 
After the differentiation period, chondrogenic pellets were washed with PBS to 

remove any culture media. 100 μl dH2O was added to each well and plates were 

freeze-thawed three times. 
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The proteolytic enzyme papain was used to solubilise cell pellets further and 

allowed the dissociation of sulphated glycosaminoglycans (GAGs) from other 

glycoproteins. Samples were incubated with 100 µl papain solution for 24 hours at 

60 °C (0.1% papain (Sigma-Aldrich): papain buffer (sodium phosphate 0.1 M, 

cysteine hydrochloride 0.005 M, EDTA 0.005 M and dH2O)). The pH of the papain 

solution was adjusted to pH 6.5 using 1 M HCl or NaOH as appropriate. Plates were 

sealed with parafilm to prevent evaporation. Papain solution without cells was also 

incubated as a control solution of heat-treated papain.  

DMMB (1,9-dimethylmethylene blue) is a cationic dye that binds to sulphate 

and carboxylate groups within GAGs, to produce a concentration dependent colour 

change. 50 μl aliquots of papain-digested pellets were transferred to clean 96-well 

plates and 50 μl of DMMB solution (Sigma-Aldrich) was added to each sample. 

Wells were mixed well and the absorbance for the reactions was measured at 525 

nm using a Tecan Infinite 200 micro-plate reader. It was important to quantify the 

absorbance immediately because the GAG-DMMB complex is not stable in solution. 

3.3.2 Haematoxylin and Safranin-O Staining 
Chondrogenic pellets were processed and embedded in paraffin wax (see 

Sections 3.10.4-3.10.5). To prepare pellet sections for histological staining analysis, 

paraffin wax was removed by immersing slides in HistoclearTM for 10 minutes. This 

was repeated twice. The sections were then rehydrated in a decreasing methanol 

gradient (MeOH: 100% [v/v] x 2, 75% [v/v], 50% [v/v] and 25% [v/v]). Pellet sections 

were rinsed with dH2O. Sections were then incubated in Mayer’s haematoxylin for 5 

minutes and rinsed under running tap water, until blue cell nuclei were visible. Slides 

were then immersed in a 0.1% Safranin-O solution for 10 minutes to stain for 

proteoglycans in cartilage. Samples were then dehydrated through an increasing 

methanol gradient (MeOH: 25% [v/v], 50% [v/v], 75% [v/v] and 100% [v/v] x 2). 

Finally, sections were cleared in xylene and mounted using DPX. Staining was 

observed under a brightfield microscope. 
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3.4 Biochemical Serum Analysis 
In order to test for batch variability, as well as fundamental differences in fetal 

calf serum and human serum, 10 ml samples were sent to the Clinical Pathology lab 

at the Queen’s Medical Centre, Nottingham. Samples were analysed for the content 

of 1,25-dihydroxyvitamin D, albumin, alkaline phosphatase, calcium, cortisol, 

glucose, insulin and phosphate. 

 

3.5 RT-PCR 
3.5.1 RT-PCR Primers 
Primers used for PCRs were purchased from Eurofins MWG, Germany and 

are detailed in Appendix 2. Specific primers were used for bone-specific alkaline 
phosphatase and osteocalcin. Collagen II primers were designed for validation of 

chondrogenic samples. Clathrin was used as a positive control. 

3.5.2 RNA Extraction 
Cell suspensions were homogenised in TRI-reagent (Sigma) at a 

concentration of 1-5x106 cells per 0.5 ml. This allowed for DNA, RNA and proteins to 

be released from cells. The homogenised cultures were left at room temperature for 

5 minutes before 0.1 ml aliquots of chloroform were added per 0.5 ml TRI-reagent. 

Samples were mixed vigorously through shaking before they were left to stand at 

room temperature for 15 minutes. Next, centrifugation at 12,000 g for 15 min at 4 °C 

allowed the mixture to be separated into 3 phases: a red organic phase containing 

protein, an interphase containing DNA, and a colourless upper (aqueous) phase 

containing RNA. The upper aqueous phase was carefully transferred to a clean 2 ml 

tube and at this stage; the volume of the aqueous phase was measured. 

A column-based RNA Clean & ConcentratorTM-25 kit (Zymo Research) was 

used to purify the RNA from phenol residues left behind from the TRI-reagent.  

2 volumes of RNA Binding Buffer were added to each volume of RNA sample. The 

minimal recommended sample volume was 50 μl and samples with a volume less 

than this were adjusted with RNase-free water.  1 volume of ethanol (95-100%) was 

added to the RNA-RNA Binding Buffer mixture (e.g. 150 μl ethanol to 150 μl 

mixture). The mixture was then transferred to a Zymo-SpinTM II Column in a 

Collection Tube and centrifuged at ≥12,000 g for 1.5 minutes.  



Materials and Methods 
 

 60 

The flow-through was discarded and 400 μl RNA Preparation Buffer was added to 

the column before it was centrifuged at ≥12,000 g for 1.5 minutes. Again, the flow-

through was discarded and 800 μl RNA Wash Buffer was added to the column. The 

column was centrifuged at ≥12,000 g for an additional 1 minute and the flow-through 

was replaced with 400 μl RNA Wash Buffer. Then, the Zymo-SpinTM II Column was 

centrifuged in an emptied Collection Tube at ≥12,000 g for 2 minutes.  The column 

was carefully removed from the Collection Tube and transferred to a RNase-free 

tube. 25 μl RNase-free water was added directly to the column and left to stand for 4 

minutes at room temperature. Finally, the tube was centrifuged at 10,000 g for 1 

minute before the eluted RNA was used immediately or stored at -80 °C. 

RNA content was quantified in each sample using spectrophotometry. In brief, 

1 μl of each sample was analysed using a NanodropTM instrument, at wavelengths of 

260 nm and 280 nm. The 260 nm wavelength measured RNA and the 280 nm 

wavelength measured protein content. It was important that the ratio of the RNA: 

protein was around 2 because this was a good indicator of a pure RNA sample. 

Lastly, samples were then diluted for cDNA synthesis and reverse transcription with 

RNase-free water to a concentration of 10 μg/ μl. 

3.5.3 cDNA Synthesis Using SuperScript III 
RNA samples were diluted to a concentration of 15 μg RNA per 14 μl total 

volume. RNA aliquots were incubated with 2 μl 10X DNase Reaction Buffer and 2 μl 

DNase for 15 minutes at 25 °C. Afterwards, 2 μl of 25 mM EDTA (pH 8) was added 

to each sample and incubated for 10 minutes at 65 °C. This step was important to 

inactivate the DNase reaction. Each sample was then split into 2 aliquots (each 10 

μl), one for the +RT sample and one for the –RT sample. Samples were stored on 

ice. 

At this stage a primer master mix was prepared by mixing random primer 

(pdN15) with dNTPs (see manufacturers instructions for details). 7.9 μl of primer 

master mix was added to each sample and incubated at 65 °C for 5 minutes. 

Samples were then placed on ice while buffer master mix was prepared. The buffer 

master mix consisted of 5X First-Strand Buffer, 0.1 M DTT and dH2O (see 

manufacturers instructions for details).  
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The buffer master mix was split into 2 for the +RT and –RT. 12.1 μl –RT buffer 

master mix was added to each of the –RT samples on ice. Distilled H2O was added 

to the –RT buffer master mix instead of reverse transcriptase. Similarly, 12.1 μl +RT 

buffer master mix was added to each of the +RT samples on ice, however samples 

were supplemented with reverse transcriptase enzyme instead of dH2O. Next, 

samples were thermocycler incubated for 10 minutes at 25 °C, 1 hour at 50 °C, then 

for a further 15 minutes at 70 °C. Finally, samples were cooled at 4 °C for 2 minutes. 

The cDNA was used directly as input for PCRs or stored at -20 °C.  

3.5.4 Polymerase Chain Reaction 
Polymerase chain reaction was used to amplify cDNA fragments. Firstly, a 

master mix was made and stored on ice (0.9 μl dNTP, 2 μl 10x PCR buffer, 0.6 μl 

MgCl2, 0.15 μl Taq polymerase and 14.35 μl dH2O per reaction). 1.5 μl of primer mix 

was added per sample. Importantly, separate mixes were made for individual 

primers. The cDNA, master mix and primers were centrifuged at 10,000 g for 1 

minute to ensure that all the solution was at the bottom of the tube. The tubes were 

then placed in a Labnet Multigene PCR machine. The programme consisted of the 

following cycles: 95 °C for 5 minutes, then 30-40 cycles (dependent on primer) of 95 

°C for 1 minute, 60 °C for 30 seconds and 72 °C for 1 minute. The final cycle was at 

72 °C for 10 minutes. Samples were used immediately, or stored at -20 °C. 

3.5.5 Gel Electrophoresis 
A stock solution of 50X TAE buffer (242 g Tris base, 57.1 ml glacial acetic 

acid and 18.6 g EDTA diluted in 1 litre dH2O) was diluted to 1X TAE with dH2O. A 

1% agarose gel was prepared by dissolving agarose powder in 1X TAE buffer. The 

mixture was heated in a microwave to fully dissolve the agarose, before it was 

allowed to cool down. Next, 1 μl of ethidium bromide (10 mg/ ml)(Sigma) per 25 ml of 

gel was added. The gel was cast in a gel tray with the appropriate comb, and 

allowed to set at room temperature. Once set, the gel was submerged in a gel tank 

containing 1X TAE buffer and the comb was carefully removed. To each individual 

well, 15 μl of PCR product was added with 3 μl of loading buffer. 3 μl of molecular 

weight marker was loaded as a reference sample. Finally, the tank was closed and 

run at 100V for 60 minutes. The gel was assessed under UV at 290 nm wavelength. 
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3.6 ELISA for Osteocalcin 
An osteocalcin ELISA kit (Invitrogen, UK) was used to quantify osteocalcin 

concentrations after osteogenic differentiation of (primary) hMSCs. Manufacturer's 

instructions were followed. The assay uses monoclonal antibodies targetted against 

epitopes of human osteocalcin. Levels of labelled enzyme to antibody complexes are 

measured through a chromogenic reaction using tetramethylbenzidine. The assay is 

based on colorimetric absorbance of the sample, which is proportional to the human 

osteocalcin concentration. To lyse the cells, the culture medium was replaced with 1 

ml sterile dH2O, and the well plate stored at -20 ºC. Once frozen, the well plate was 

placed into the incubator at 37 °C to thaw, and the cycle repeated 3 times. 200 μl 

aliquots of samples, standards and controls were added to each well (well plate 

provided in kit). Next, each well was supplemented with 100 μl of Anti-OST-HRP 

conjugate and incubated in the dark at room temperature for 2 hours. After the 

incubation period, the solution was discarded and wells were washed 3 times with 

wash solution. Within 15 minutes of the washing, 100 μl of Stabilised Chromagen 

solution was added to each well. The plate incubated in the dark for a further 30 

minutes at room temperature. After the incubation period, 100 μl of Stop Solution 

was added to each well. At this stage, the plate was agitated to encourage a colour 

change from blue to yellow. The absorbance was measured at 450 nm within 1 hour 

of adding the Stop Solution. Untreated Stabalised Chromogen solution was added to 

three wells and these absorbance readings were used as blanks. A standard curve 

was generated from the osteocalcin standards in the kit. This allowed the 

concentration of unknown samples to be calculated. 
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3.7 Scaffold Components  
3.7.1 Clean-up of Heavy Metal Ions from Chitosan Powder 
Chitosan was initially cleaned of heavy metal ions to reduce any possible 

cytotoxicity. A chitosan slurry was produced by dissolving 250 g of chitosan powder 

and ~1.5 litres of distilled H2O. Glass wool was added to a filter column (to act as a 

sieve), before the chitosan slurry was poured into the column. Then, the column was 

topped-up with 1 M sulphuric acid and liquid was allowed to flow through the column, 

at 1 drop/ second. Next, the chitosan was treated with aqueous ammonia.  After all 

liquid had passed through the column, the chitosan was collected and washed 

thoroughly with distilled H2O, to remove any traces of sulphuric acid or ammonia. 

Finally, the chitosan was dried and ground to a powder.  

3.7.2 Production of 4% Chitosan Solution 
A 4% chitosan solution was prepared by adding 8 g of chitosan (degree of 

deacetylation 84%, MW: 471,000 Da)(Weifeng Kehai Ltd, China) to 200 ml of 

distilled H2O. The solution was mixed using a magnetic stirrer until uniformly 

dispersed, before 5 ml of glacial acetic acid was added. The acetic acid aided the full 

dissolution of chitosan in the solution and allowed gelation. The chitosan was stirred 

manually for 10 minutes before it was covered in cling film and left in a fume hood 

overnight.  

3.7.3 PCL Porogen 
Polycaprolactone (PCL) (MW: 65 kDa)(Sigma-Aldrich) was used as the 

porogen for the chitosan scaffolds. The porosity of the scaffolds was controlled via 

the volume fraction and the sieved particle size of the PCL. 

3.7.3.1 Granules 
PCL flakes were ground to a powder in a stainless steel coffee grinder. Liquid 

nitrogen was added to crystallise the PCL and prevent the hot metal blades from 

melting the porogen (low melting temperature of ~60 °C). The ground powder was 

sieved through 180-300 µm and 300-425 µm aperture sieves to achieve particles 

suitable for the required pore sizes of the scaffold. 
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3.7.3.2 Microspheres 
An alternative, emulsion method was also used to produce PCL microspheres 

as the porogen particles. First, a 0.3% polyvinyl alcohol (PVA) solution was prepared 

to act as an emulsion stabiliser, by dissolving 3 g of PVA (MW: 13-23 kDa, 87-89% 

hydrolysed) in 1 litre of distilled H2O. The solution was stirred at 400 rpm overnight, 

before any un-dissolved granules were filtered. Afterwards, PCL (24% w/v) was 

dissolved in 20 ml of dichloromethane. The dissolved PCL was added drop-wise to 

400 ml PVA solution and stirred at 400 rpm for 3 hours, and at room temperature. 

This allowed the dichloromethane to fully evaporate and leave PCL microspheres. 

The microspheres were thoroughly washed in deionised water, before they were 

freeze-dried for 24 hours. Finally, the PCL spheres were sieved, and 180-300 µm 

and 300-425 µm particles were collected. PCL outside these ranges was re-

emulsified in dichloromethane and recycled in the method. 

3.8 Scaffold Construction  
3.8.1 Glutaraldehyde Cross-linking 
After the 4% chitosan solution had gelled and become viscous, a cross-linking 

solution of 0.5% glutaraldehyde (Sigma-Aldrich) was prepared by diluting the 25% 

stock solution in distilled H2O. For scaffold production, 20 g of chitosan was mixed 

with 10 g PCL porogen (300-425 µm granules or microspheres). 4 ml of 0.5% 

glutaraldehyde solution was added to the chitosan-PCL complex and stirred 

vigorously. The 300-425 µm mixture was then poured into a mould lined with cling 

film, and allowed to cross-link until the composite began to set. At this point, a 

second scaffold layer was prepared in the same way as the first, but 10 g of PCL 

(300-425 µm granules or microspheres) was replaced with 10 g of PCL (180-300 µm 

granules or microspheres). The second layer was gently poured onto the first layer 

and the whole construct was allowed to completely set, before it was covered and 

stored at -20 °C overnight (Figure 3.1 illustrates the scaffold layering process).   

The frozen composite structure was removed from the freezer and treated in a 

1:1 solution of ethanol and aqueous ammonia. Importantly, the solution was pre-

cooled to -20 °C before use. The chitosan in ethanol-aqueous ammonia was stored 

at -20 °C in an airtight container for 48 hours.  
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Afterwards, the chitosan construct was copiously washed in ethanol before it was left 

to dehydrate in an ethanol bath for two days at room temperature.  

 

 

 

 

 

 

 

 

 

Figure 3.1 Layering of chitosan scaffolds. Mixing 4% chitosan solutions with PCL 
porogen particles at a 2:1 ratio produces scaffolds. Glutaraldehyde or genipin cross-
linking agents are added before individual layers are pored into a mould. Note: The 
second layer is prepared once the first layer begins to set. 

3.8.2 Genipin cross-linking 
Chitosan scaffolds were also produced using an alternative, less cytotoxic 

cross-linking agent to glutaraldehyde. In brief, the method outlined in 3.8.1 

Glutaraldehyde Cross-linking was followed but 4 ml of 0.5% glutaraldehyde solution 

was replaced with 4 ml of 0.3% genipin (MW: 226.2, ≥98% purity)(Cambridge 

Bioscience, UK). The stock genipin crystalline powder was dissolved in ethanol. With 

genipin cross-linking, it was obvious when chitosan layers had started to set because 

the chitosan turned from yellow to blue in colour. 

3.8.3 Porogen Extraction and L-glutamine Treatment 
Individual scaffolds were cut out from the chitosan composite block using a 9 mm 

cork-borer. At this stage, 5 g of potassium hydroxide granules were dissolved in 200 

ml ethanol. The mixture was magnetically stirred for 1 hour. The scaffolds were then 

immersed in the solution and incubated in an airtight container for 4 hours at 50 °C. 

Next, scaffolds were rinsed in ethanol and any cytotoxic, free aldehyde groups from 

the glutaraldehyde were tied up by soaking in cell culture-grade L-glutamine for 24 

hours. Finally, the porous chitosan constructs were allowed to dry in a fume hood.  
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3.9 Characterisation of Chitosan Scaffolds 
3.9.1 Porogen Particle Size Analysis 
The size distribution of PCL porogen particles was assessed using a Malvern 

Mastersizer 3000 laser diffraction particle size analyser.  

3.9.2 SEM Imaging 
Scaffold pore size was determined by firstly mounting scaffold slices onto 

aluminum stubs. Then, the samples were platinum-coated for 90 seconds in argon 

using an Emscope SC500 sputtering coater. Samples were examined using a Philips 

XL30 electron microscope, at accelerating voltages between 10-20 KeV and spot 

sizes between 3-5. 

3.9.3 Microcomputed Tomography 
Microcomputed Tomography was used to determine the porosity of the 

chitosan scaffolds. Samples were placed in a 16 mm holder and scanned in a 

Scanco µCT 40, operated at 55 kV with a voxel resolution of 16 µm. For high 

resolution scans, a XRADIA Versa XRM-500 was used with a voxel resolution of 1 

µm. The reconstruction threshold was set to 30. 

 

3.9.4 Scaffold Compression Testing 
The mechanical properties of porous scaffolds cross-linked with 

glutaraldehyde and genipin, were determined using a compression-testing machine 

(Instron Universal Testing Instruments, 5960 series). Compression properties data 

was analysed using Bluehill® 2 software. The test assessed the stress and strain of 

scaffolds at loads between 0-5 N. Scaffolds were tested dry, as well as after they 

were wetted in PBS for 2 hours. The compression test was performed at a rate of 1 

mm per minute. Each type of scaffold was tested in triplicate. Finally, stress and 

strain data was used to calculate the Young’s modulus of the chitosan scaffolds. 

3.9.5 Scaffold Degradation Study 
A degradation study of the chitosan scaffolds was conducted according to the 

standard BS EN ISO 10993-13 (2010). Scaffolds were placed individually into tubes.  
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The tubes were filled with 50 ml standard medium consisting of low glucose 

Dulbecco’s Modified Eagle Medium (DMEM), 1% (v/v) L-Glutamine, 1% (v/v) non-

essential amino acids (NEAA) and 1% (v/v) antibiotics/ antimycotics (Invitrogen, UK), 

supplemented with 10% (v/v) foetal calf serum (SC+FCS) (Invitrogen, UK). Scaffolds 

were maintained in a humidified atmosphere at 37 ºC and 5% CO2. At various time 

points, the samples were removed and freeze-dried for 24 hours before weighing. 

The scaffolds were placed back into the tubes containing the same culture media. At 

each time point, 5 scaffolds were measured and the average reported. The pH of the 

culture media was also recorded with the scaffold weight. The percentage mass loss 

(ML) was calculated using the following equation: 

 

𝑀" =
𝑀$ −𝑀&

𝑀&
×	100	(%) 

 
Where Mi	is the initial mass of the scaffold and Md is the mass of the degraded 

sample after freeze-drying for 24 hours. 

3.9.6 FTIR Analysis of Chitosan Films 
Structural changes in chitosan material cross-linked with glutaraldehyde were 

assessed after treatment with either L-glutamine or sodium borohydride for up to 24 

hours. Chitosan samples were treated in this way to neutralise cytotoxic free-

aldehyde groups from the cross-linking process. 10 μm thick films were cast from a 

4% chitosan solution and assessed using a Cary 630 FTIR Spectrometer with an 

ATR attachment (Agilent Technologies). All spectra were recorded at room 

temperature at the resolution of 8 cm−1 and 32 scans. The FTIR analysis was 

focused on identification of absorption bands with the vibrations of functional 

aldehyde groups. The band wave numbers (cm−1) were observed at: 

• 1740-1690 aldehyde C=O stretch (strong intensity). 

• 2820-2850 and 2720-2750 aldehyde =C-H stretch (medium intensity, 2 

peaks). 

 



Materials and Methods 
 

 68 

3.9.7 Rheology to Assess Rate of Cross-linking 
The rheological properties of 4% chitosan gels cross-linked with either 0.5% 

glutaraldehyde or 0.3% genipin were studied using an Anton Paar MCR 301 series 

rheometer. Rheology was applied to assess the rate of cross-linking of the gels. A 

parallel plate (PP50) measuring system was employed with 4 g of chitosan solution 

mixed with 800 μl cross-linking reagent as the volume per sample. Importantly, all 

gels were covered with mineral oil in order to prevent water evaporation and drying-

out of samples during the cross-linking reactions. The elastic/ storage modulus (G’) 

and the viscous/ loss modulus (G”), as a function of time, were determined from the 

oscillatory measurements at a frequency (ω) of 10 rad/ s. The strain (γ) was kept 

constant at 0.5%. Complete cross-linking and curing of the gels was determined as 

the time at which G’ reached a plateau.  

3.10 hMSC Culture on Chitosan Scaffolds 
3.10.1 Dynamic Cell-seeding of Scaffolds 
To prevent floatation and allow fluid flow to the scaffold-cores, the chitosan 

constructs were pre-wet and sterilised in ethanol, using a syringe-vacuum method 

developed by Felstead (University of Nottingham). See Figure 3.2 for details.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Pre-wetting and sterilisation of chitosan scaffolds. (Step 1) 50 ml 
syringe containing 10 ml ethanol and up to 3 scaffolds. (Step 2) Excess air is 
expelled from the syringe. (Step 3) A vacuum is formed and scaffolds are shook 
repeatedly under these conditions. (Step 4) Scaffolds are exposed to atmospheric 
pressure before the process is repeated twice more. 



Materials and Methods 
 

 69 

Cell seeding efficiency was improved when scaffolds were treated for 1.5 

hours with 50 µg/ ml fibronectin (Sigma-Aldrich) diluted in PBS. Then, scaffolds were 

washed in PBS and submerged in culture medium for at least 1 hour. Seeding 

involved gentle pipetting of 1x106 cells/ ml to the top of each scaffold, before plates 

were incubated overnight on a plate shaker (200 rpm) at 37 °C and 5% CO2.  

3.10.2 Bioreactor Sterilisation 
 To ensure sterility of the bioreactor system prior to the introduction of cell-

seeded scaffolds, components were autoclaved for 10 minutes at 15 psi and 120 °C. 

After sterilisation, each bioreactor was assembled inside a sterile class II culture 

hood. The assembled components were then transferred to a sterile incubator, 

where the complete loop for the bioreactor system was completed. Silicone tubing 

was selected with a 3 mm bore and high permeability to CO2. To guarantee thorough 

sterility of the system, each loop was perfused with ethanol for 1 hour. The system 

was then washed for 1 hour with PBS, before DMEM was circulated for a further 

hour. Finally, the cell-seeded scaffolds were introduced to the dynamic culture 

environment.  

3.10.3 Culture in Perfusion Bioreactor 
Bioreactors were manufactured in-house from polyetheretherketone (PEEK) 

(RS Components). The bioreactors are an adapted design from GKSS Research 

Centre, Germany and provide an inlet at the bottom, and an outlet at the top. Two 

glass-viewing windows enabled fluid flow to be monitored during experimental runs. 

To ensure leak-free bioreactors, silicone gaskets were inserted under each 

bioreactor cover. Figure 3.3 shows the whole perfusion bioreactor system. 

Scaffolds were introduced to the sterile, perfusion bioreactor system with 

specific orientation. Large pores were positioned at the bottom of the bioreactor 

(closest to the inflow), while small pores were at the top. This was designed to 

provide mechanical shear-stress to the bone-half of scaffolds only. The Watson 

Marlow 520S series peristaltic pump was switched on and basal culture medium was 

circulated at 1 ml per minute. After 48 hours, bioreactors were treated with 

differentiation-specific culture media, such as media containing factors for 

osteogenic and chondrogenic lineages. 
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Figure 3.3 Diagram of the perfusion bioreactor system. Arrows indicate direction 
of cell culture medium flow. 

3.10.4 Wax-embedding and Sectioning 
After the culture period, scaffolds were removed from the bioreactors and 

washed 3 times in PBS before they were fixed in ice-cold 4% PFA for 2 hours. The 

scaffolds were washed in PBS and dehydrated via an increasing ethanol gradient 

(EtOH: 70% [v/v], 95% [v/v], 100% [v/v]). Next, samples were xylene cleared and 

embedded in paraffin wax. The paraffin blocks were attached onto a Leica RM2165 

microtome and 10-20 µm sections were cut before they were stretched out in a 55 

°C water bath. Finally, sections were mounted onto SuperfrostTM microscope slides 

and dried at 50 °C overnight. The same protocol was also used to section cell pellets 

after chondrogenic differentiation. 

3.10.5 De-waxing of Sections 
To prepare chitosan sections for immunocytochemistry analysis, the paraffin 

wax was removed by immersing slides in HistoclearTM for 10 minutes. This was 

repeated twice. The sections were then rehydrated in a decreasing methanol 

gradient (MeOH: 100% [v/v] x 2, 75% [v/v], 50% [v/v] and 25% [v/v]). Slides were 

rinsed with PBT for 5 minutes and mounted using a DAPI-containing mounting 

medium, such as VectashieldTM. The same protocol was used to section cell pellets 

after chondrogenic differentiation. 
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3.11 Statistical Analysis 
Statistical significance at the 95% interval was determined using ANOVA 

analysis with Tukey post hoc comparison in GraphPad PrismTM 6 software. Mean 

values, standard deviations and standard error of the mean were calculated in Excel. 
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4. Transient FCS and HS Regimes to Support MSC Differentiation 
4.1 Introduction 
In the body, the structure of joints principally consists of bone, covered by a layer 

of articular cartilage for reduced friction. Bone is composed of hydroxyapatite 

crystals surrounded by a type I collagen matrix (Karageorgiou & Kaplan, 2005b). 

Furthermore, bone is living matter, which is continuously remodelled by native cells. 

The main cell types in bone are osteoblasts, which maintain a mineralised 

extracellular matrix (ECM), osteocytes, which produce new matrix and are important 

for mechanosensing, and osteoclasts, which degrade redundant ECM (Long, 2001). 

Cells from the osteoblast and osteocyte lineages are derived from a single 

multipotent progenitor cell type, known as mesenchymal stem cells (MSCs) (Lange 

et al, 2007). Articular cartilage comprises of a type II collagen and Chondroitin 

sulfate matrix (Hutmacher, 2000). Chondrocytes are present in cartilage to produce 

the ECM.   

The main source of MSCs in the body is the stromal layer of bone marrow, 

although MSCs can also be found in umbilical cord blood, adipose tissue and muscle 

(Mastrogiacomo et al, 2005). In 1976, Friedenstein was the first to study and 

characterise bone marrow stromal cells. It was found that the main trait of MSCs is 

their ability to differentiate into osteocytes, chondrocytes and adipocytes (Lange et 

al, 2007).  

These non-hematopoietic bone marrow cells (Vater et al, 2011) also have the 

ability to adhere to plastic surfaces without the need for pre-coating (Lange et al, 

2007). Importantly, there is no single specific surface marker for the isolation of 

MSCs. However, MSCs do express CD29, CD90, CD105 and CD106, while they 

lack the hematopoietic markers CD34 and CD45 (Aicher et al, 2011). 

Recently, MSCs have been discovered to be involved in paracrine signaling 

and immunomodulation (Chase et al, 2010). More specifically, MSCs can prevent 

graft-versus-host disease after transplantation by regulating T-cell and B-lymphocyte 

proliferation and differentiation (Perez-Simon et al, 2011). This immunomodulation is 

achieved by the migration of MSCs to sites of injury (Aggarwal & Pittenger, 2005). 

Other paracrine signalling functions include the release of growth factors for 

hematopoietic stem cell proliferation (Zhou et al, 2012).  
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All of the described properties of MSCs demonstrate the potential for these 

cells to be used in the development of modern therapeutic applications including 

bone and cartilage regeneration, prevention of graft-versus-host disease, improved 

engraftment of bone marrow transplants and even the treatment of metabolic 

diseases (Bacigalupo, 2007). Consequently, many research groups have focused on 

studying MSCs in the laboratory. 

Isolated MSCs usually demonstrate a fibroblastic morphology, although there 

is some variation in the size and shape of cells (Mastrogiacomo et al, 2005), due to 

heterogeneity in the populations cultured in vitro (Vater et al, 2011). Osteogenic 

differentiation is achieved by supplementing standard culture medium with β-

glycerophosphate, ascorbic acid, and dexamethasone. Once they have differentiated 

into osteoblasts, the MSCs morph from their fibroblastic morphology into a cuboidal 

shape. Alizarin red can be used to stain for calcium deposits and bone nodule 

formation after ECM has been produced by osteoblasts (Vater et al, 2011), while 

alkaline phosphatase activity is an early marker for osteogenesis (Jaiswal et al, 

1997). Controversially, serum in culture medium has been suggested to contain 

factors that reduce osteogenesis of MSCs (Kuznetsov et al, 2000). 

Serum is typically used for MSC culture as a source of nutrients, ECM proteins 

and growth factors (Bieback et al, 2009) (Liu et al, 2007). There is also evidence that 

serum may act as an antioxidant for cells (Meuleman et al, 2006). Nevertheless, 

there are problems associated with using serum such as batch-to-batch variation. 

Critically, foetal calf serum (FCS) contains animal-derived proteins/ molecules that 

may lead to the transmission of animal proteins, viruses and disease if cells cultured 

using FCS are used for human therapies (Lange et al, 2007). There is evidence that 

FCS may also induce hypersensitive reactions in patients. Methods of removing the 

majority of animal antigens in FCS exist, but all risks are not alleviated (Perez-Ilzarbe 

et al, 2009). Studies have demonstrated that bovine proteins remain in sera after 

many washes and most importantly, this can potentially lead to antibody formation 

and the non-engraftment of transplants (Stute et al, 2004). Hence, there has been 

increasing demands towards the development of serum-free media, and the possible 

use of human-derived serum (Aldahmash et al, 2011).  

The aims of this investigation were to develop new serum conditions for the 

osteogenic differentiation of human MSCs and reduce the exposure of cells to FCS.  
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The current standard of using continuous FCS-containing medium was compared to 

osteogenic medium containing an alternative human serum (HS). Further, the study 

investigated whether a 5-day only treatment with human serum may be sufficient to 

sustain MSC differentiation in culture for up to 21 days. Attempts to standardise 

osteogenic differentiation of MSCs can provide more reliable differentiation results 

(Schallmoser et al, 2010) and serum-free conditions would additionally allow better 

understanding of the differentiation process by removing batch disparity of serum as 

a variable factor (Solmesky et al, 2010). 

 
	

4.2 Results 
4.2.1 Cell Characterisation 
In order to successfully develop an osteochondral construct for joint repair 

using human mesenchymal stem cells (hMSCs), it is important for the cell culture 

conditions to be optimised. To come closer to achieving this aim, a comparison 

between the characteristics of MSCs cultured in foetal calf serum (FCS) or human 

serum (HS) was conducted.  

Human mesenchymal stem cells were cultured in either FCS or HS for 2 

passages before their morphology was observed using bright field microscopy. 

Figure 4.1A shows that cells cultured in both serum types exhibited the typical 

fibroblastic morphology associated with MSCs. Cells spread well across the surfaces 

of the culture flasks, suggesting that standard culture medium supplemented with 

either FCS or HS was suitable for maintaining MSCs. One difference between the 

two conditions was that cells cultured in HS appeared to proliferate at a greater rate 

than the equivalent cells cultured in FCS. Figure 4.3A demonstrates that cells in HS 

were over 1% more confluent than cells in FCS over a 24-hour period (not 

statistically significant). This observation is further supported in Figure 4.3B, where 

DNA content at Days 14 and 21, is significantly higher in HS culture than FCS 

culture (p<0.05 for both time points). 
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A further morphological difference between MSCs cultured in the two serum 

types was that HS-cultured cells seemed to be more cuboidal in shape than cells in 

FCS (Figure 4.1A). However, forward-scatter data from the flow cytometry analysis 

(Figure 4.1B) proved that there was no difference in cell size between MSCs cultured 

in FCS or HS. Interestingly, the side-scatter data from the same analysis indicated 

cells cultured in HS to be more granular than cells in FCS. This information was 

supported by bright field microscopy observations of the cells, where MSCs in HS 

appeared darker than cells in FCS when observed under the same light intensity 

(data not shown).  

The percentage of apoptotic and necrotic cells after 14 days of standard 

culture medium supplemented with FCS or HS (SC+FCS or SC+HS) was 

determined using a commercially available Annexin-V staining kit. Flow cytometry 

analysis indicated that there were higher numbers of apoptotic cells in FCS-culture 

than cells cultured with HS after 14 days (Figure 4.1C). Importantly, there were 

greater percentages of live MSCs in medium supplemented with HS than medium 

with FCS. Levels of necrosis were negligible for the two conditions. 

Further flow cytometry analysis of the MSCs included a comparative 

assessment of the expression of CD29, CD90 and CD105 surface markers. These 

surface antigens are important markers for identifying a purified MSC population. 

Figure 4.1D indicated marginally different levels of CD29, CD90 and CD105 

expression in cells cultured in HS and cells grown in the presence of FCS. 92.91% of 

MSCs cultured with HS expressed CD105, while 95.36% of FCS cells were positive 

for the same marker. CD90 expression was similar for the two conditions, whereas 

CD29 levels were 0.27% higher in FCS culture. Figure 4.2 shows detailed flow 

cytometry analysis of surface marker expression in mesenchymal stem cells cultured 

with FCS or HS. 

 

4.2.2 Cell Attachment 
Preliminary studies have shown that over prolonged culture periods, hMSCs 

begin to detach from their culture vessels as the cells proliferate and cell density 

increases. For this reason, initial studies compared the capacity of the hMSCs to 

remain attached to different types of commercially available tissue culture vessels, 

for up to 21 days in standard (SC) and osteogenic (OS) culture conditions. 
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Figure 4.2 Detailed flow cytometry analysis of human mesenchymal stem cells 
cultured in fetal calf serum (FCS) and human serum (HS) for 2 passages. (A, B 
and C) Histograms for the expression of the MSC-related surface markers CD29 [A], 
CD90 [B] and CD105 [C] in human cells. (D and E) Population plots comparing the 
size (FS Lin) and granularity (SS Lin) of cells cultured for 2 passages in SC+FCS [D] 
and SC+HS [E]. Each sample was analysed for 50000 events. N=3.	
	
	

First, the standard polystyrene plates available in our lab (BD FalconTM) were 

compared to an equivalent product from a different manufacturer, which has been 

frequently used for embryonic stem cell culture, and had demonstrated good cell 

attachment. The product used was the NUNC NunclonTMΔ polystyrene dishes. 

These experiments supported previous observations in terms of the fibroblastic 

morphology associated with MSCs and good cell spreading across the surfaces of 

the culture vessels. However, after 14 days of culture the layers of cells began to lift 

off at the well’s edges and curl-up into balls. This detachment was most substantial 

in OS conditions with HS.  

Next, it was decided that commercially available pre-coated culture dishes should 

also be tested, so samples of BD Purecoat Amine and BD Purecoat Carboxyl dishes 

were ordered. These plates are designed to improve cell attachment in serum-free 

conditions, increase cell proliferation and enhance post-thaw recovery. Furthermore, 

standardised pre-coating can reduce assay variability. After 7 days of culture, the 

hMSCs failed to attach in any conditions on the Amine-coated plates.  
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While cells on the Purecoat Carboxyl dishes successfully attached, they grew very 

sparsely and failed to demonstrate signs of osteogenic differentiation (data not 

shown).  

Figure 4.3 Human mesenchymal stem cell proliferation rates after culture in 
fetal calf serum (FCS) or LonzaTM human serum (HS). (A) Average cell confluency 
(%) after culture in SC+FCS and SC+HS for 24 hours. N=3. (B) DNA content (μg) 
per well after culture in SC+FCS and SC+HS for 14 and 21 days. n=6. *<0.05 and 
****<0.00005 significance threshold after ANOVA analysis with Tukey post hoc tests, 
comparing different sera types at the same time point. 
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 Since none of the commercial products designed to promote adherence 

worked with the hMSCs, the resulting step was to coat untreated polystyrene culture 

vessels with gelatin, collagen, fibronectin, MatrigelTM or laminin. MSCs attached well 

on all the coatings, apart from laminin after 7 days culture in proliferative media 

(Figure 4.4A). For this reason, the use of laminin was discontinued. 

	
Figure 4.4 Human mesenchymal stem cell osteogenic differentiation with fetal 
calf serum (FCS) or human serum (HS), on different substrates for cell 
attachment. (A) Day 7 hMSC morphology on plates coated with Collagen, 
Fibronectin, Laminin, Gelatin or MatrigelTM. (B) Day 21 Alizarin red staining intensity 
per well for hMSCs cultured on MatrigelTM, Collagen, Fibronectin and Gelatin plates 
in SC and OS culture media with FCS and HS. Means ± S.D. shown. n=6. *<0.05 
and ****<0.00005 significance thresholds after ANOVA analysis with Tukey post hoc 
tests, comparing the effects of substrate-type on mineralisation. 

 

Figure 4.4B illustrates that after 21 days, significant mineral deposition was only 

found in hMSCs treated with osteogenic media. The amount of mineral deposited in 

wells supplemented with FCS was lower on plates coated with gelatin, collagen or 

fibronectin, than in cells grown on MatrigelTM.  
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Mineral deposition on collagen, fibronectin and gelatin plates in OS+FCS conditions 

were significantly lower than the level observed on the same coatings with OS+HS 

media. Alizarin red levels were higher in the fibronectin-coated plates with HS, then 

any of the other coatings. 

In terms of cell attachment, MSCs began to detach from the culture vessels after 

14 days when collagen or fibronectin were used. MatrigelTM and gelatin coatings 

both revealed no signs of MSC detachment after 21 days of culture, although the 

mineralisation was consistently high on MatrigelTM, regardless of the serum-type 

used. For this reason, it was decided that Matrigel-coated plates were most suitable 

for the comparison in osteogenic differentiation of hMSCs in media supplemented 

with either FCS or HS. 

4.2.3 Serum Analysis 
Human sera from three different manufacturers were test for their effect on hMSC 

metabolic activity and ALP activity (Figure 4.5). Sera were selected from LonzaTM, 

CellectTM and SeralabTM, and it was shown that metabolic activity in hMSCs was 

lower with HS than FCS (Figure 4.5A). Human serum from LonzaTM allowed for the 

highest cell metabolism when compared to HS from CellectTM and SeralabTM. 

Interestingly, 0.2 μm filtration of all sera tested prior to medium preparation seemed 

to reduce the metabolic activity in hMSCs (not statistically significant). Further, 

analysis of DNA content per well indicates that cell proliferation is higher with HS 

than FCS. HS from LonzaTM and SeralabTM allowed for the highest rate of 

proliferation. 

ALP response in hMSCs was significantly higher with all batches of HS than with 

FCS (Figure 4.5B)(p<0.00005). LonzaTM and SeralabTM HS supported similar ALP 

activity, while CellectTM was closer to FCS. As seen for metabolic activity data, 

filtration of sera reduced the ALP activity.  

An important observation is that all the sera tested have natural ALP activity in 

the absence of cells. In terms of ALP activity in medium only, filtration had the least 

detrimental effect on the CellectTM HS (23.4% reduction) (Figure 4.5C). This is 

compared to 38% reduction in LonzaTM HS and 24% reduction in SeralabTM HS. 
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Biochemical analysis of human serum from LonzaTM, CellectTM and SeralabTM 

was conducted to quantify any content differences compared to fetal calf serum. 

Human serum samples were tested for the following constituents;  

• Glucose, 

• Albumin, 

• Calcium, 

• Phosphate, 

• Cortisol, 

• Alkaline phosphatase, 

• Insulin, 

• 25-Hydroxyvitamin D.  

The analysis showed that levels of glucose, albumin, cortisol, alkaline phosphatase 

and 25-Hydroxyvitamin D were higher in human serum than in fetal calf serum 

(Figures 4.6a and 4.6b). There were also differences between human serum 

samples. More specifically, samples that supported enhanced osteogenic 

differentiation (LonzaTM and SeralabTM), displayed higher levels of cortisol, alkaline 

phosphatase and 25-Hydroxyvitamin D (Figures 4.7a and 4.7b). The multivariate 

analysis of the human serum batches indicated that SeralabTM HS stimulated the 

highest ALP response from hMSCs (Figures 4.7a and 4.7b). LonzaTM HS was 

second best and CellectTM was significantly less effective. This data was supported 

by visual observations during differentiation experiments. Glucose levels were also 

higher in human serum than fetal calf serum. Interestingly, levels of calcium, 

phosphate and insulin were higher in the animal-derived serum. 

4.2.4 Osteogenic Differentiation 
Osteogenic differentiation of MSCs is crucial for the development of an 

osteochondral cellular construct. This type of differentiation is most commonly 

achieved using FCS in the laboratory, so it was important to determine if 

osteogenesis was different in osteogenic (OS) medium supplemented with LonzaTM 

HS and even in osteogenic medium with transient serum conditions (OS 5-Day FCS 

or HS). 
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Human MSCs underwent considerable morphological changes during their 

osteogenic differentiation (Figure 4.8A-4.8D). MSCs transition from a fibroblastic-like 

phenotype to more flattened, polygonal morphology.  Figure 4.8A shows that MSCs 

cultured in SC+FCS medium became very confluent after 14 days and therefore, the 

typical fibroblast morphology was not so obvious. Cells cultured in serum-free 

standard culture medium demonstrated less confluency (Figure 4.8C). In this culture 

condition, fibroblastic morphology was observed but cells were smaller in size than 

cells grown in serum-containing medium. Figure 4.8B shows significant mineral 

deposition in cells that had received osteogenic medium containing FCS. MSCs in 

complete osteogenic medium for the first 5 days of culture only (OS 5-Day FCS) had 

less mineral deposition than OS with FCS present throughout (Figure 4.8D). 

Importantly, these MSCs in differentiation medium had a stellate structure, which is 

characteristic of osteoblasts. Essentially, the same morphological trends in hMSCs 

were seen across all the serum conditions tested i.e. trends observed in osteogenic 

conditions are similar in media with FCS or HS, as well as trends with transient-sera 

treatments regardless of the serum type.  

A PrestoBlueTM assay was conducted to measure the metabolic activity of human 

MSCs undergoing osteogenic differentiation at Day 14 (Figure 4.8E). Overall, 

metabolic levels were higher in wells treated under osteogenic conditions than 

control medium (SC). After 14 days, the metabolism for MSCs cultured in OS 5-Day 

FCS medium, was marginally lowest. Levels of metabolism for standard culture were 

similar with both serum types. Cells cultured in medium containing serum throughout 

the duration of the experiment, did not show higher levels of metabolic activity or 

viability in comparison to transient serum conditions. 

In preliminary experiments, the observation that monolayers of cells detached in 

wells with human serum indicated that the initial results might be artifact. For this 

reason, osteogenic differentiation of MSCs was repeated on plates coated with 

MatrigelTM to promote adherence. Surprisingly, there were also signs of 

adipogenesis and lipid-droplet formation instead of osteogenesis in some HS 

differentiation experiment (data not shown).  

Alkaline phosphatase (ALP) activity was used as an early indicator of osteogenic 

differentiation. Figures 4.9A shows that ALP levels were higher in osteogenic 

medium than SC medium regardless of whether the medium was supplemented with 

serum. Figure 4.9A also illustrates that levels of enzymatic activity are higher in 
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osteogenic medium with serum, than serum-free medium, although the levels are 

comparable. Importantly, Figure 4.9A demonstrates that ALP levels were higher after 

21 days of culture than 14 days (p<0.0005). This was also observed in osteogenic 

medium with serum for the first 5 days only. Generally, culture conditions with FCS 

supported higher ALP activity than conditions with HS (Figure 4.9A). This data 

opposes the findings in 2.3 Serum Analysis. It was interesting to see at Day 14, that 

SC+HS medium showed similar levels of ALP to full osteogenic and OS-ve 

conditions with the same serum (Figure 4.4A). However, this trend had changed by 

Day 21 because the ALP activity was higher in osteogenic conditions than standard 

culture conditions. 

Alizarin red staining was used as an indicator of osteogenesis and more 

specifically, calcium deposition. Figure 4.9B specifies that mineralisation was only 

present in medium containing dexamethasone, ascorbic acid phosphate and β-

glycerophosphate. Direct comparison of cultures with FCS or HS at Day 14 indicated 

that the level of mineralisation was higher when osteogenic media was 

supplemented with HS than the equivalent media with FCS (Figure 4.10). This 

observation was also supported by quantitative analysis of the Alizarin red intensity 

(Figure 4.9B). Additional comparisons of Day 14 data show that hMSCs cultured in 

HS exhibited a cuboidal morphology before becoming more aligned than cells in 

media with FCS. Finally, mineralisation was greater after 21 days of differentiation 

than 14 days irrespective of which serum was used or whether serum exposure was 

transient. Furthermore, Figure 4.9B indicates that there was more intense Alizarin 

red staining in full osteogenic medium with FCS than the equivalent OS 5-Day 

Serum condition. Human serum results show the opposite trend where osteogenic 

conditions with transient serum showed greater mineral deposition than full 

osteogenic medium (Figure 4.9B).  

Osteocalcin ELISA and immunocytochemistry for ALP were completed. The 

reason for this was because in the past it has proved difficult to demonstrate the 

presence of osteocalcin protein using immunocytochemistry. The Day 21 ELISA data 

was also inconclusive because osteocalcin protein was only found in osteogenic 

cultures with FCS (Figure 4.11A). For all other treatments, osteocalcin was not 

detected. The data does suggest that immortalised hMSCs have higher expression 

of the protein than primary hMSCs (p<0.0005). Primary MSC osteogenic 

differentiation is covered later in Section 4.2.4.  
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Further, with transient exposure to fetal calf serum the osteocalcin expression was 

diminished. Differentiation samples with human serum failed to show any osteocalcin 

signal, even though previous analysis for Alizarin red staining and alkaline 

phosphatase suggested good osteogenic differentiation of these samples. Figure 

4.11B illustrates that ALP protein is found in Day 14 osteogenic cultures 

supplemented with FCS and HS. The location of ALP in FCS cultures is more 

defined than with HS. Further, the immunostaining also confirms that ALP is 

expressed at low levels in proliferative cultures with HS.    

Pico Green DNA assays were conducted, as an indicator of MSC proliferation via 

correlating DNA content with relative cell numbers. This was important to allow 

metabolic activity, ALP and mineral deposition data to be normalised to well 

contents. Generally, DNA content in cultures was higher after 21 days than 14 days 

of culture. Also, cell numbers were generally higher in standard culture compared to 

osteogenic culture. Conditions with transient-serum exposure had less DNA content 

than serum-containing environments.  

In addition to this, osteogenic differentiation of hMSCs was further analysed using 

RT-PCRs for the bone-specific genes, Runt-related transcription factor 2 (RUNX2), 

osteopontin (OPN) and osteocalcin (OCN)(Figure 4.9C). After primers were carefully 

chosen for each gene, the parameters for each primer pair were optimised. 

Temperature and cycle numbers were adjusted to allow the expression of single, 

clear bands on the PCR gels. The data for OS Control samples showed that RUNX2 

was always detected, and up regulated during osteogenic differentiation. 

Osteopontin and osteocalcin were detected after Day 7 of osteogenic differentiation. 

The level of osteocalcin expression was highest at Day 12 of differentiation. Trends 

in the control samples were also observed in osteogenic differentiations with 5-Day 

exposures to FCS or HS. However, the expression level of the 3 genes in samples 

with transient FCS, were significantly lower.  
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The osteogenic differentiation potential of primary mesenchymal stem cells was 

assessed, to evaluate whether the culture conditions were suitable for cells from 

multiple sources (previously tested immortalised cell line)(Figure 4.12). 

Differentiation was evaluated through Alizarin red staining and alkaline phosphatase 

quantification. The results showed that primary mesenchymal stem cells have the 

ability to successfully respond to differentiation media supplemented with either fetal 

calf serum or human serum, and that transient serum regimes were also able to 

trigger this response. At Days 14 and 21, cells cultured in osteogenic conditions 

supplemented with HS appeared to mineralise more than primary hMSCs in FCS 

(Figure 4.12A and 4.12B). However, once mineral deposition was quantified and 

normalised to DNA content, cells cultured in FCS showed higher levels than HS cells 

(Figure 4.12C). An interesting observation was that cells treated with 5-Day FCS 

deposited more mineral than cells in FCS throughout the differentiation. MSCs 

cultured in OS+FCS also had higher ALP activity than cells in HS (Figure 4.12D). 

Overall the Alizarin red and ALP analysis showed that primary MSCs demonstrated 

lower levels of osteogenic differentiation than immortalised MSCs. 

4.2.5 Chondrogenic Differentiation 
Since the overreaching aim of the project is to develop an osteochondral cellular 

construct, chondrogenic differentiation of MSCs is just as important as osteogenic 

differentiation. Differentiation of MSCs to cartilage is generally achieved in serum-

free conditions, so it was important to determine if chondrogenesis is possible in 

chondrogenic (CHO) medium supplemented with transient serum conditions (CHO 5-

Day FCS or SeralabTM HS). 

Chondrogenic pellets were formed successfully in serum-free and transient-

serum differentiation samples (Figure 4.13B). Pellets in control medium could not 

hold their shape. Serum-free chondrogenic pellets and pellets with 5-Day HS 

exposure were large and similar in size, while 5-Day FCS pellets were smaller.    

Dimethylmethylene blue (DMMB) assays were used on chondrogenic samples to 

test for the presence of the glycosaminoglycan (GAG) chondroitin sulfate (Figure 

4.13A). Serum-free chondrogenic and chondrogenic samples with 5-Day exposure to 

FCS samples demonstrated the highest levels of GAGs, compared to control 

samples and chondrogenic samples with 5-Day exposure to SeralabTM HS 

(p<0.005).  
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However, when data was normalised to cell metabolic activity, chondrogenic 

samples with transient exposure to HS had the highest GAG levels. The remaining 

chondrogenic samples had similar levels to untreated controls. 

 Safranin-O staining for proteoglycans in cartilage pellets and, immunostaining 

for Collagen II and SOX9 expression were successfully achieved in serum-free 

chondrogenic samples (Figure 4.13C). Control samples in proliferative media (SC) 

stained negatively for these chondrogenic markers. Immunostaining in chondrogenic 

samples with transient exposure to FCS or SeralabTM HS was not as effective as 

serum-free differentiations (data not shown).  

4.2.6 Live Alkaline Phosphatase 
A new Life Technologies Alkaline Phosphatase Live StainTM was tested as an 

alternative method to end-point ALP detection. The main advantage of this kit is that 

cells remain viable and differentiations can be maintained after the assay. Human 

MSCs, HEK293 and NTera2 cells were chosen (Figure 4.14A). HEK293 were used 

as a negative control, while the natural ALP activity in NTera2 cells allowed for a 

positive control. Human MSCs were tested in proliferative and osteogenically 

differentiated states. Figure 4.14B confirm that differentiated MSCs and NTera2 cells 

express ALP activity using the standard enzymatic end-point method. However, ALP 

cannot be detected using the Alkaline Phosphatase Live StainTM (Figure 4.14C). 
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4.3 Discussion 
4.3.1 MSC Culture and Osteogenic Differentiation 

Serum is an important supplement in culture media for stem cells because it 

provides cells with nutrients, ECM proteins and growth factors required for 

proliferation and differentiation (Bieback et al, 2009). The primary objective of this 

investigation was to compare osteogenic differentiation of hMSCs in medium 

containing either FCS or HS. Although most commonly used, FCS may not be 

suitable for regenerative therapies because of possible transmission of animal 

viruses to patients (Lange et al, 2007). Testing of HS rather than FCS may allow for 

autologous serum use (Honmou et al, 2011). Therefore, commercially available HS 

was tested, as well as the possibility of transient serum-treatment of cells (Choi et al, 

2013; Cobb & Walker, 1961).  

First, comparisons were made between hMSCs cultured in SC+FCS or SC+HS 

media. The results suggest that cells in SC+HS medium were more cuboidal than 

the stereotypical fibroblastic morphology of hMSCs cultured with FCS. Flow 

cytometry analysis indicated that there was no significant difference in cell size 

between the two serum conditions, although cells in HS were more granular. MSCs 

in HS did not express hMSC-specific surface antigens at a significantly higher level 

than cells in SC+FCS, indicating that HS does not induce a more purified population 

of hMSCs than FCS.  

Furthermore, proliferation and DNA content/ cell number data indicates that 

hMSCs in HS proliferated at a higher rate than cells cultured in FCS. This 

observation is reinforced by other research in the literature by (Mizuno et al, 2006) 

and (Tateishi et al, 2008). Apoptotic analysis showed that after 14 days in SC+HS 

there was less cell death and more live cells, than MSCs in SC+FCS. However, 

Meuleman et al. (2006) propose that during prolonged cell culture periods, small, 

proliferating cells are replaced by large, slow growing cells. Continued use of 

heterologous HS in culture leads the hMSCs to exhibit growth arrest and death 

within 6 weeks (Lange et al, 2007). Here, cells were only cultured for up to 3 weeks 

and therefore further experiments with prolonged culture periods would be required 

to confirm what the literature indicates. Importantly, there are similar studies into the 

use of heterologous HS, which demonstrate that the cells do not degenerate over 

time (Abdallah et al, 2006; Mannello & Tonti, 2007).  
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All known studies comparing FCS with autologous HS suggest higher cell numbers 

in HS culture (Lange et al, 2007) (Mizuno et al, 2006). The higher cell death in FCS 

could be explained by the fact that, due to high levels of ECM formation, Day 14 cells 

were difficult to detach from culture vessels and required extended trypsinisation 

during harvesting. 

According to some reports, transient serum exposure reduces the viability of 

hMSCs. MSCs adopt a distinct growth pattern and smaller, fibroblastic morphology 

than cells in serum treatments (Chase et al, 2010). The literature also proposes that 

completely serum-free media cannot support proliferation of MSCs without initial 

transient serum exposure (Tonti & Mannello, 2008). These suggestions are 

sustained by the findings of this study, as cells in transient-serum environments 

adopt obvious growth patterns, and growth rates are reduced compared to MSCs in 

continued serum exposure. Notably, MSCs cultured in serum-free conditions 

apparently exhibit longer telomeres and an increased proliferative capacity 

(Pochampally et al, 2004). The study into transient-serum regimes with HS is an 

extension to an initial paper from our group, which investigated transient FCS 

treatment and the differentiation potential of MSCs (France et al, 2012).   

Next, the ability of hMSCs to differentiate into osteogenic lineages was studied. 

The results here put forward that metabolic activity is lower in the proliferative 

conditions than in osteogenic media (Munoz et al, 2014). More specifically, metabolic 

activity is higher in osteogenic media supplemented with FCS than HS. While in 

transient-serum condition, HS leads to increased MSC metabolism. (Pattappa et al, 

2011) found that there were no metabolic differences in MSCs during proliferation 

and subsequent differentiation into osteogenic lineages.  

ALP activity, an early marker of osteogenic differentiation that is involved in 

preparing ECM for mineralisation (Sendemir-Urkmez & Jamison, 2007), was 

quantified using colorimetric assays. The results here validate that ALP activity is 

significantly higher in osteogenic conditions, than in standard culture. Furthermore, 

the ALP levels in MSCs treated with osteogenic medium containing FCS for the first 

5 days only were lower than when serum was present throughout the whole culture 

period. The opposite was observed in osteogenic cultures with HS.  This observation 

would signify that the onset of osteogenic differentiation is slower in cells cultured in 

transient FCS conditions (Shahdadfar et al, 2005) but not in transient HS.  
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Interestingly, initial ALP levels of cells cultured in SC+HS media were very similar to 

those revealed in osteogenic conditions with human serum, and in general cells in 

HS have greater ALP levels than cells in FCS, regardless of the conditions. This is 

especially true at Day 14. High levels of ALP enzymatic activity have also been 

confirmed in other undifferentiated cultures, such as embryonic stem cells (Adewumi 

et al, 2007).  

There is research, which indicates that MSCs expressing high ALP levels in 

standard conditions, do not mineralise in OS medium (Vater et al, 2011). This cannot 

be supported in this investigation, as mineralisation was greater in osteogenic 

cultures with HS than FCS.  As expected, there was no osteogenic differentiation in 

conditions without dexamethasone, β-glycerophosphate and ascorbic acid 

supplementation (Kyllonen et al, 2013; Sekiya et al, 2002). Transient-serum 

exposure allows for the osteogenic differentiation of MSCs, but the intensity of 

mineralisation is lower (Pisciotta et al, 2012). This supports the ALP findings that 

differentiation is slower in the absence of serum. 

Differentiation samples with human serum failed to show any osteocalcin signal, 

even though previous analysis for Alizarin red staining and alkaline phosphatase 

suggested good osteogenic differentiation of these samples. Osteocalcin is a protein 

secreted by osteoblasts and is involved in mineral deposition and calcium 

homeostasis (Ducy et al, 1997; Komori et al, 1997). One possible explanation for the 

absence of osteocalcin could be the higher levels of calcium mineral deposits and 

ECM production in human serum samples. Therefore, it was more difficult to break-

up these samples and release the osteocalcin protein for the ELISA kit to detect. 

Runt-related transcription factor 2 (RUNX2), Osteopontin (OPN) and Osteocalcin 

(OCN) genes are all fundamentally involved in the osteogenic differentiation of 

MSCs. The data showed that RUNX2 was always detected, and up regulated during 

osteogenic differentiation. RUNX2 controls MSC commitment to osteogenic lineages 

and there is a direct correlation between gene expression and the level of osteoblast 

differentiation (Zhang et al, 2009). Osteopontin and Osteocalcin were detected after 

Day 7 of osteogenic differentiation. Both proteins are important in the later stages of 

bone development and remodelling, therefore it is expected that gene activation is 

delayed (Kyllonen et al, 2013; Merry et al, 1993).  
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The osteogenic differentiation potential of primary mesenchymal stem cells was 

assessed, to prove that the culture conditions are suitable for cells from multiple 

sources (Kartsogiannis & Ng, 2004). The majority of experiments described in this 

study are based on an immortalised MSC line. Differentiation was evaluated through 

Alizarin red staining and alkaline phosphatase quantification. The results showed 

that primary mesenchymal stem cells have the ability to successfully differentiate into 

bone lineages in media supplemented with either fetal calf serum or human serum. 

Transient serum regimes were also suitable. Levels of differentiation were lower in 

primary cells than in the immortalised cell line. However, there is conflicting data in 

the literature, as some groups suggest that primary MSCs have the highest 

differentiation potential (Zhao et al, 2009). 

4.3.2 Serum Analysis 
Chemical composition of sera is highly variable between types, manufacturers or 

batches and this can provide significant impact on cell function. Samples that 

supported enhanced osteogenic differentiation (LonzaTM and SeralabTM), displayed 

higher levels of cortisol, alkaline phosphatase and 25-Hydroxyvitamin D. All of these 

have been documented in the literature as being important factors for the osteogenic 

differentiation of mesenchymal stem cells.  

In the literature, cortisol has been revealed to decrease expression of bone 

formation markers and reduce bone density via resorption (Misra et al, 2004). For 

this reason hypercortisolism can be a direct cause of osteoporosis (Mundy et al, 

1976). Here it was shown that human serum with high cortisol levels lead to 

increased osteogenesis. Therefore, cortisol levels in serum may not be very 

important in MSC bone development.  

Alkaline phosphatase is essential in the onset of MSC osteogenic differentiation 

and preparation for mineral deposition (Roach, 1999). Data in this study supports 

this fact because sera with naturally high alkaline phosphatase levels performed 

better during bone differentiations.        

25-Hydroxivitamin D is another factor that was present at high levels in serum 

samples with greater osteogenic potential. Deficiency in vitamin D like 

hypercortisolism is linked to increased bone resorption and disease (Girgis et al, 

2015; Morrison et al, 1994).   
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Vitamin D and its associated receptors regulate mineral and skeletal homeostasis by 

increasing calcium transport in the intestines (Goltzman et al, 2015).  

Furthermore, vitamin D has been demonstrated to increase osteocalcin expression 

(Staal et al, 1998). However, there is contrasting data in the literature as some 

studies suggest that increased sensitivity to vitamin D in joints may be linked to 

osteoarthritis development (Mabey & Honsawek, 2015).   

Glucose levels were also higher in human serum than fetal calf serum and this 

could explain the higher rates in proliferation observed with human serum (Li et al, 

2007). Some researchers disagree with this observation and suggest that glucose 

levels do not effect growth factor production and proliferation in mesenchymal stem 

cells (Weil et al, 2009).  

Interestingly, levels of calcium, phosphate and insulin were higher in the animal-

derived serum. These are also well-documented factors involved in osteogenic 

differentiation. However, they do not appear to be as important as cortisol, alkaline 

phosphatase and 25-Hydroxyvitamin D. Calcium and phosphate are major minerals 

in bone, and there is a co-dependence of both factors during bone development 

(Shapiro & Heaney, 2003). For this reason, calcium phosphates are popular ceramic 

biomaterials for bone regeneration (Hench, 1991). Nevertheless, calcium levels may 

only be crucial in diseased tissue, which is prone to bone resorption. (O'Brien et al, 

1998). High levels of insulin are also linked to low bone mineral density (Sayers et al, 

2012). Here, FCS contained the highest level of insulin and didn’t allow for the 

highest level of mineral deposition. Human serum with low insulin levels did. Thus, 

insulin levels in serum may be an important factor for osteogenic differentiation in 

MSCs. 

Fetal bovine serum is more commonly utilised in cell culture supplementation 

than human serum. For this reason, Vetsch and colleagues (2015) studied the 

impact of four different FBS types on the mineralisation of acellular and cell-seeded 

silk fibroin (SF) scaffolds. The results presented that spontaneous mineralisation on 

SF scaffolds with certain FBS types, was observed even in acellular conditions. 

Furthermore, cell-mediated mineralisation was only detected under osteogenic 

conditions but the ion composition was the same for both types of mineralisation. 

The research provides clear evidence for the influence of FBS type on mineralisation 

but highlights that FBS medium supplementation can reduce reproducibility of results 

due to batch variability. 
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4.3.3 Chondrogenic Differentiation 
Chondrogenic differentiation of MSCs is usually achieved in serum-free 

conditions because serum has been shown to inhibit cartilage formation (Lee et al, 

2009). Here cartilage development was assessed in a number of ways. 

Dimethylmethylene blue (DMMB) assays were used to test for the presence of the 

glycosaminoglycan (GAG) chondroitin sulfate (Templeton, 1988). Serum-free 

chondrogenic and chondrogenic samples with 5-Day exposure to FCS samples 

exhibited the highest levels of GAGs. Proliferative control samples with FCS, and 

chondrogenic samples with 5-Day exposure to SeralabTM HS had lower levels of 

expression. The data suggests that it is feasible to achieve proteoglycan synthesis in 

transient-FCS conditions but not with transient-HS.  

Additional Safranin-O staining for proteoglycans in cartilage pellets and, 

immunostaining for Collagen II and SOX9 expression were successfully achieved in 

serum-free chondrogenic samples. However, staining could not be demonstrated 

with transient exposure to serum. Collagen II is a major protein in cartilage and 

levels can be associated with intensities of chondrogenic differentiation (Johnstone 

et al, 1998). SOX9 is present after MSC condensation and has a primary function in 

collagen production (Akiyama et al, 2002; DeLise et al, 2000). Therefore, it is 

unexpected that the proteins were absent in transient-serum regimes, when 

successful cartilage differentiation was demonstrated via proteoglycan synthesis. 

FCS is good for chondrocyte culture but not for the differentiation of MSCs into 

chondrocytes (Tallheden et al, 2005). Enhanced chondrogenesis has been achieved 

with HS (Chua et al, 2007) and this indicates that the presence of serum is not an 

issue for cartilage culture, as long as stem cells are already committed to 

chondrogenic lineages.  
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4.4 Summary 
HS supports a highly proliferative MSC population that avoids the risks 

associated with FCS culture. Rates of osteogenic differentiation are higher using HS 

compared to FCS culture. Significantly, all known studies comparing FCS with 

autologous HS have similar conclusions as described in this investigation (Mizuno et 

al, 2006). However, HS is expensive and can have batch variation leading to 

unreliable results, as indicated in this study. Furthermore, obtaining sufficient 

quantities of HS from an autologous donor is difficult (Lange et al, 2007). In addition 

to this, it was demonstrated that chondrogenesis in MSCs could be achieved with 

transient exposure to FCS but not HS. Further analysis is required. Although serum 

is important for good viability and differentiation of MSCs, cells can survive in 

transient-serum conditions, but express reduced proliferation and differentiation 

rates. Alternative solutions to FCS and HS include the use of human platelet lysate 

(Perez-Ilzarbe et al, 2009) or serum-free defined medium (Lange et al, 2007). Serum 

content analysis here, has shown that high levels of alkaline phosphatase and 25-

Hydroxyvitamin D could enhance osteogenic differentiation of MSCs. It is important 

to keep levels of cortisol and insulin low because they are linked to bone resorption. 
This study provides evidence that the use of HS is a feasible alternative to FCS.  
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5. Production of Bi-layered Chitosan Scaffolds 
5.1 Introduction 
In recent years, with a progressively ageing population, diseases of the joint such 

as osteoarthritis and rheumatoid arthritis have become more common (Vater et al, 

2011). There has also been a sharp increase in the number of joint-related injuries, 

due to more active lifestyles in the population. At present, such injuries are treated 

using a number of therapies, including surgical repair, transplantation of artificial 

devices and drug therapy (Martins et al, 2009). For more details see Section 2.4 

Tissue Engineering and Osteochondral Repair. Osteochondral pathologies are an 

obvious challenge for the near future and there is a clear demand for alternative 

regenerative therapies for joint trauma (Pound et al, 2007). 

The majority of research relating to regenerative medicine is conducted in a 

2D environment to allow easy culture and good cell viability. However, culture in 2D 

may misrepresent in vivo conditions required for the generation of tissues (Mazzoleni 

et al, 2009). In particular, 2D culture in vitro lacks the architecture that ECM provides 

in vivo, and the vasculature required for regulated transport of nutrients to cells.  

Constructs for cell seeding, known as scaffolds, can present more 

physiological culture conditions for cells by providing an artificial 3D environment for 

tissue development (Thein-Han et al, 2008). Scaffolds for developing osteochondral 

constructs, such as sponges, fibers and gels, are made from a variety of polymers, 

including chitosan (Muzzarelli, 2009a). For more details, see Section 2.4.2 

Properties of Effective Osteochondral Constructs/ Scaffolds. 

 Chitosan is a polysaccharide obtained from the exoskeletons of crustaceans 

(Wang & Stegemann, 2011). It is the second most abundant polysaccharide after 

cellulose and has potential uses in ‘wound healing, drug delivery systems, bone 

filling and regeneration, and tissue engineering of cartilage and bone’ (Sendemir-

Urkmez & Jamison, 2007). Chitosan promotes cell adhesion, proliferation and 

differentiation (Muzzarelli, 2011), while it shows biocompatibility, biodegradability by 

lysozyme (controlled by level of deacetylation) (Shi et al, 2006) and anti-

inflammatory/ antibacterial properties (Wang & Stegemann, 2011).  
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Although, chitosan can promote chondrogenesis due to a fundamental structure 

related to GAGs (Chondroitin sulfates) in cartilage, the material lacks the mechanical 

strength necessary in initial bone development (Malafaya et al, 2007). 

The aim of this investigation was to explore a model, and possible alternative 

therapy for osteochondral injuries. Tissue constructs made from chitosan, represent 

such a therapeutic strategy where the ability to support the differentiation of human 

mesenchymal stem cells (hMSCs) into osteoblast and chondrocyte lineages, in a 

single scaffold would be desirable. To date, osteochondral repair strategies have 

relied on separate scaffolds for bone and cartilage, before they are combined as 

single a graft (Martin et al, 2007). These implants often fail due to delamination. In 

addition to this, the current project intends to overcome problems associated with 

specific differentiation medium requirements for each lineage by providing scaffolds 

with spatially resolved environments, each supportive of one of these cell lineages. 

More specifically, this research aims to produce a scaffold with graduated porosity 

and the capacity to regulate stem cell differentiation (Duan et al, 2014; Karageorgiou 

& Kaplan, 2005a). An important distinction is that whereas cultures aimed at 

osteogenic lineages include the use of sera, such as foetal calf serum (FCS)(Vater et 

al, 2011), culture protocols for in vitro chondrogenesis are fundamentally serum-free.  

The work reported here describes the influence of porogen type on the production of 

bi-layered, chitosan scaffolds containing two distinct pore sizes to control 

mesenchymal stem cell differentiation into osteogenic and chondrogenic lineages. 

Furthermore, a comparison of scaffolds that are cross-linked with glutaraldehyde and 

genipin is investigated to maximise biocompatibility. 
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5.2 Results 
5.2.1 Chitosan Scaffold Development 
In the development of an osteochondral construct for joint repair, a 3D cell 

culture environment is required and this can be achieved by seeding MSCs onto a 

biomaterial scaffold. This section describes how a suitable scaffold was produced 

from chitosan.  

A number of different scaffolds were manufactured from chitosan (Figure 5.1). 

A preliminary study was performed to find the optimum concentration of 

glutaraldehyde solution for the cross-linking of chitosan. A range of glutaraldehyde 

concentrations between 0.1-1% were tested, and it was concluded that 4 ml of 0.5% 

glutaraldehyde solution was most suitable because it allowed the chitosan to set in a 

relatively quick time (20 minutes). This was also sufficient time for air bubbles 

caused by the production process, to escape before the chitosan had completely set. 

Further preliminary studies compared setting times of 4% and 5% chitosan solutions. 

4% chitosan was chosen because 5% solutions proved to be too viscous and air 

bubbles were formed, which led to uncontrolled scaffold porosity (data not shown). 

The chitosan material is derived from the shells of crustaceans living in the 

sea. For this reason, the material is naturally polluted with heavy metal ions and this 

can have cytotoxic effects. For this reason, before scaffold development began, the 

chitosan powder was filtered in a sulphuric acid column to remove heavy metal 

residues (Ozer, 2007). Untreated chitosan stained black with Remazol Blue dye 

(Santos et al, 2008). However, the same material did not stain after the heavy metals 

were removed. It was also important to wash away all sulphuric acid deposits after 

the treatment cycle because any acid bound to the chitosan prevented the full 

dissolution of the material. This problem was identified when the chitosan began to 

sediment during the making of chitosan solutions from powder (data not shown). 

The first chitosan scaffolds were made from 4% chitosan, 4 ml of 0.5% 

glutaraldehyde solution and, 300-425 µm and 180-300 µm polycaprolactone 

granules. These scaffolds were frozen directly after the second layer was poured 

and left to set in a -20 °C freezer for 72 hours.  
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This length of time proved to be too extensive because when individual scaffolds 

were cut out (Figure 5.2), the pores were enlarged and deformed due to obvious ice 

crystal formation. It was also established that the chitosan had to be fully cross-

linked at room temperature before it could be frozen. 

 

 
Figure 5.1 Bi-layered chitosan scaffold preparation and post-crosslinking 
processing. (A) 4% chitosan scaffold produced with 0.5% glutaraldehyde solution 
and, 180-300 µm and 300-425 µm polycaprolactone (PCL) granules as porogen. (B) 
Chitosan scaffold produced with 2.5X more glutaraldehyde solution than scaffold (A) 
and, 180-300 μm and 300-425 μm PCL particles.  (C) Scaffold [A] after treatment 
with 8% (w/v) glutamic acid in 0.5 m HCl for 24 hours. This was intended to reduce 
cytotoxicity by removing any free aldehyde groups in the scaffolds. (D) Chitosan 
scaffold produced with glutaraldehyde solution and, 180-300 μm and 300-425 μm 
poly-hydroxy-byruvate (PHBV) porogen particles, instead of PCL. (E) Chitosan 
scaffold produced with 2X less glutaraldehyde solution than scaffold (A) and, 180-
300 μm and 300-425 μm PCL particles. Scale bar represents 1 mm. 
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Subsequently, the second chitosan scaffold batch was made in the same way 

as the first, except these scaffolds were allowed to fully set at room temperature. 

Then, they were frozen in a -20 °C freezer overnight, to prevent significant ice crystal 

formation. These scaffolds appeared suitable for the culturing of cells until the 

scaffolds were treated with glutamic acid to tie up free, cytotoxic aldehyde groups 

from the glutaraldehyde cross-linking solution (Figure 5.1C).  

At one stage of the scaffold development, due to low stocks of 

polycaprolactone, it was suggested that an alternative material should be used as a 

porogen. 300-425 µm and 180-300 µm particles of poly-hydroxy-byruvate (PHBV) 

were tested (Figure 5.1D). The different molecular weight of PHBV to 

polycaprolactone meant that 60 g of chitosan had to be mixed with the PHBV 

porogen (instead of the suggested 20 g in the Materials and Methods) to achieve a 

similar consistency in solution. In the end, the construct that was produced was 

found to be of a powdery consistency, not suitable for a scaffold. Furthermore, the 

PHBV porogen could not be extracted using potassium hydroxide. 

The initial protocol proposed that scaffolds are soaked in 8% (w/v) glutamic 

acid diluted in 0.5 M hydrochloric acid for 24 hours (Mann & Weiner, 1999). 

However, the scaffolds initially swelled-up and later started to dissolve in the acidic 

solution. Figure 5.1C shows the dimensional instability of these chitosan scaffolds 

after they were treated and dried in a fume hood. To alleviate this issue, the same 

manufacturing process was repeated. However, this batch of scaffolds was treated 

with less concentrated cell culture L-glutamine to tie up free aldehyde groups. These 

scaffolds were successfully treated. However, it was decided that a stronger 

reducing agent would be more efficient at reducing cytotoxicity.  

For this reason, another batch of scaffolds was treated for 1 hour in 1% 

NaBH4. FTIR analysis of chitosan treated with either L-glutamine or NaBH4 

confirmed that the latter was more efficient at reducing aldehyde groups, thereby 

reducing cytotoxicity (Figure 5.3). The scaffolds reduced in 1% NaBH4 were chosen 

for seeding and culturing of human MSCs.  

In addition to this, chitosan scaffolds were produced with PCL microspheres. 

This aimed to establish if pore characteristics could be better controlled with uniform 

spheres instead of granules as porogen material. It should be noted that all the 

chitosan scaffolds produced in this investigation had high elasticity  (spongy texture) 

and were easily compressed. 
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5.2.2 Characterisation of Scaffold Porosity 
The final chitosan scaffold batches produced with PCL granules (Figure 5.5A) 

and PCL microspheres (Figure 5.5B) were characterised in terms of pore 

morphology, size, interconnectivity and overall porosity.  To investigate this, 5 

scaffolds made with each of the two porogen-types were cut in half, mounted and 

sputter coated with platinum for SEM imaging. It was determined that chitosan 

scaffolds require weeks to fully dry, due to their strong affinity to water. Problems 

were encountered during the coating process as the argon molecules in the sputter 

coater caused the molecules in the damp chitosan scaffolds to be excited. This 

prevented the sputter coater from generating the required vacuum, and platinum 

from being deposited on the surface of the chitosan. A solution to this setback was to 

freeze-dry the chitosan in a vacuum for 2 hours before coating.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4. SEM image of bi-layered chitosan scaffold prepared with PCL 
granules as porogen. Cross-section shows dual porosity with 180-300 µm pores for 
the chondrogenic section of the scaffold, and 300-425 µm pores for the osteogenic 
region. The image highlights inter-connectivity between layers and non-uniform pore 
morphology when PCL granules are used for scaffold production 
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Once coated, scanning electron microscopy (SEM) was used to determine the 

pore sizes and morphologies within the scaffold. Figure 5.4 shows that there were 

pores present throughout the whole cross-section of the chitosan scaffolds, and that 

pores were relatively evenly distributed. The scaffolds were intended to have large 

300-425 µm pores at one half and small 180-300 µm pores at the other half of the 

chitosan. Importantly, there are midsections within the scaffold where large and 

small pores were inter-connected (Figure 5.4). This same fundamental structure was 

also observed in scaffolds manufactured with PCL microspheres. However, pore size 

was more uniform with microspheres than with PCL granules.  

 

Figure 5.5 SEM analyses of chitosan scaffold pore size and morphology. (A-
B) Polycaprolactone (PCL) porogen particles used in the production of bi-layered 
chitosan scaffolds for osteochondral modelling and repair. (A) PCL granules lead to 
non-uniform pore morphology in scaffolds (C). (B) PCL microspheres with uniform 
shape allow for more spherical/ controlled pore structure (D). (E) Scaffold core 
showing un-extracted PCL porogen after a 4-hour treatment with Potassium 
hydroxide solution [highlighted by arrow].  
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SEM imaging highlighted that pores within the scaffold produced with PCL 

granules were deformed. It was proposed that the compressive forces experienced 

by the spongy scaffolds, during scaffold cutting and trimming (Figure 5.2), caused 

this deformation. An attempt to resolve this included the soaking of scaffolds in 

phosphate buffer saline (PBS), freezing to expand the pores and drying in a vacuum. 

The method did not work since the pores shrunk again, once the scaffolds were 

exposed to atmospheric pressure. It was determined that the non-uniform nature of 

the granule porogen (Figure 5.5A) was the primary cause for deformed pores.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Particle size distribution of PCL granular porogen assessed using a 
Malvern Mastersizer 3000 laser diffraction particle size analyser. (A) PCL 
granules considered in the 300-425 μm size range after sieving. (B) PCL granules 
considered in the 180-300 μm size range after sieving. 
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Laser diffraction particle size analysis of the PCL granules suggested that 

these particles had a broad size-distribution (Figure 5.6) due to their non-uniform 

morphology. This problem was not observed when PCL microspheres were used as 

the porogen because these particles had a very uniform morphology, as illustrated in 

Figure 5.5B. Significantly, the compressive forces experienced by the spongy 

scaffolds, during scaffold cutting and trimming, did cause further deformation. 

X-ray micro computed tomography (microCT) was utilised to evaluate the 

porosity of scaffolds produced with PCL granules and microspheres. Notably, this 

analysis showed that all scaffolds were at least 70% porous (Table 5.1), and that the 

porosity in scaffolds produced with porogen granules was slightly higher than with 

microspheres (Table 5.1). This correlated with the SEM observation of slightly larger, 

non-uniform pores when PCL granules are employed. Furthermore, three-

dimensional image reconstruction pointed out that some of the polycaprolactone 

porogen had not been fully extracted from the scaffold cores. This was also 

illustrated via SEM analysis (Figure 5.5E).  The observation changed the protocol of 

the porogen extraction time to be extended from 2 hours to 4 hours. 
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5.2.3 Genipin Cross-linking 
After batches of chitosan scaffolds were successfully produced with 

glutaraldehyde cross-linking, alternative cross-linking procedures were investigated 

to identify less cytotoxic reagents, in an attempt to increase scaffold 

cytocompatibility. For this reason, a new batch of scaffolds was produced with the 

same PCL microsphere porogen and genipin as a cross-linking agent, instead of 

glutaraldehyde (Figure 5.7) (Muzzarelli, 2009b; Silva et al, 2008). SEM analysis 

showed that these scaffolds had the desired pore sizes (data not shown), while 

microCT scans of the genipin scaffolds indicated 72% average porosity and more 

uniform pore characteristics than in scaffolds produced with glutaraldehyde (Table 

5.2). Genipin scaffolds were also shorter than glutaraldehyde ones. Furthermore, a 

colour change was noticeable when the chitosan had been completely cross-linked 

with genipin, as the material changed from yellow to blue/ green (Figure 5.8). Cross-

linking time was estimated using time-lapse imaging and it took around 15 hours for 

cross-linking to occur when a 0.3% genipin solution was used (Figure 5.9). Although 

a range of genipin concentrations was tested (0.15% and 0.3%), time-lapse imaging 

was not a quantitative method for predicting the rate of chitosan cross-linking. 

Rheological analysis demonstrated that chitosan cross-links in 1.5 hours with 0.5% 

glutaraldehyde, and in around 18 hours with 0.3% genipin (Figure 5.10).   

Further, by sourcing genipin from a cheaper supplier in China, it was possible 

to produce genipin scaffolds using a 1% cross-linking solution. Compared to the 

0.3% concentration initially used, scaffolds were cured in 4 hours instead of 18 

hours. This was a very important advance because it alleviated issues of porogen 

sedimentation due to slow cross-linking rates.  
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Figure 5.10. Quantification of the rate of chitosan cross-linking with 0.5% 
glutaraldehyde and 0.3% genipin solutions. The storage modulus (G’)/ viscosity 
of 4% chitosan solutions was measured over 24 hours to assess the rate of cross-
linking with glutaraldehyde and genipin. G’ was measured using an Anton Paar MCR 
series rheometer and PP50-SN11649 attachment. All measurements were 
conducted at 20 °C. N=3.	
	

5.2.4 Chitosan Degradation 
A degradation study of chitosan scaffolds cross-linked with 0.5% 

glutaraldehyde was conducted over a 52-week period to assess the biodegradability 

potential of the constructs (Figure 5.11A). Scaffolds (n=5) were placed in cell culture 

media at 37 °C. Scaffold weight and medium pH were recorded at regular intervals. 

In the first 7 weeks of the experiment, scaffolds significantly increased in weight from 

40 mg to 370 mg. Over the remainder of the degradation experiment, the chitosan 

scaffolds gradually decreased in weight to around 70 mg at week 52. Importantly, 

this was higher than the weight of the scaffolds at the beginning of the study. In 

terms of cell culture medium pH, a drop from 7.3 to 4.9 was observed over the 52-

week study. 
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5.2.5 Scaffold Compression Testing 
Compression testing of scaffolds produced with 0.5% glutaraldehyde and 

0.3% genipin was completed (Figure 5.11B). Note: all scaffolds were tested in their 

elastic region. The results of the mechanical tests indicated that dry genipin scaffolds 

have a Young’s modulus of 0.493 ± 0.08 MPa; this was about twice that observed in 

glutaraldehyde scaffolds (0.241 ± 0.12 MPa) (Figure 5.11C). The compressive 

moduli for both types of scaffolds were lower than in native cartilage tissue (0.45-0.8 

MPa)(Mansour, 2013). Once pre-wetted, the scaffold stiffness was significantly 

reduced. The modulus in genipin scaffolds dropped to 0.032 ± 0.01 MPa, while in the 

glutaraldehyde scaffolds the mechanical strength dropped to 0.019 ± 0.01 MPa. 

Detailed stresses against strain curves are also shown for both dry (Figure 5.12) and 

wet (Figure 5.13) scaffolds. Additionally, scaffolds produced with 1% genipin 

appeared to withstand compressive forces better than scaffolds cross-linked with 

0.3% genipin (data not shown).  

The compression results did not express the true moduli of the chitosan 

scaffolds because the conditions assumed that a solid, non-porous material was 

tested. All constructs were over 70% porous and only ~30% was chitosan. The true 

modulus of the chitosan was calculated with: 

 

𝐸∗

𝐸 = 𝑝4 

 
The formula is used to calculate the true Young’s modulus in porous materials using 

the apparent modulus and porosity values (Straffelini et al, 1999). E* is the apparent 

modulus, E is the true modulus and p is the fraction of chitosan material presented 

as a decimal. Table 3.2 shows the true moduli of the chitosan scaffolds cross-linked 

with glutaraldehyde or genipin. 
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Cross-linker p E* (MPa) E  (MPa) 

0.5% Glutaraldehyde (Dry) 0.27 0.214 2.936 

0.5% Glutaraldehyde (Wet) 0.27 0.019 0.261 

0.3% Genipin (Dry) 0.28 0.493 6.288 

0.3% Genipin (Wet) 0.28 0.032 0.408 
 

Table 5.2 True and apparent of compressive moduli of chitosan scaffolds. 
Compassion of chitosan scaffolds cross-linked with 0.5% glutaraldehyde or 0.3% 
genipin. All scaffolds were compression tested dry and wetted in PBS for 1 hour. E* 

is the apparent modulus, E is the true modulus and p is the fraction of chitosan 
material presented as a decimal. N=3. 
 

5.2.6 Scale-up of Microsphere Production 
Following the success in improved morphology of the scaffold by using a 

spherical porogen it became important to develop a scale-up method to deliver 

sufficient amounts in a practical time scale. Therefore, the manufacturing process 

based on an emulsion method for the PCL microsphere porogen was modified, to 

improve efficiency and allow for the scale-up of scaffold production. The original 

methodology worked well but did not produce sufficient quantities of microspheres to 

allow fast production of scaffolds. From every 1 g of PCL only 0.63 g is utilised, and 

the maximum capacity was 5 g at any one time. The first step was to improve the 

capacity of the porogen manufacturing process. This was achieved by using 5 litre 

glass vessels instead of the 600 ml beakers that were initially employed. Automated 

syringe pumps were also added instead of manual pipettes for the droplet formation 

process.  

Different setups were tested to allow the scale-up of the PCL microsphere/ 

porogen production. Spin speed, needle bore size and the concentration of PCL/ 

PVA were shown to be crucial for the efficient production of spheres in the 180-300 

μm and 300-342 μm ranges (Figure 5.14). Higher concentrations in the continuous 

phase (PVA solution from 0.3% to 0.6%) or dispersion phase (PCL in 

dichloromethane from 24% to 48%) led to a greater proportion of microspheres in the 

smaller, <300 μm range.  
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However, the concentration of the continuous phase had a greater effect by 

producing nearly 50% more spheres in the 180-300 μm range than in the 300-425 

μm sizes.  

Needle bore size and spin speed also exhibited effects on microsphere size. 

Higher gauge needles with smaller diameter bores produced smaller porogen 

particles (Figure 5.14).  In addition to this, smaller microspheres were principal at 

higher spin speeds. Figure 5.15 shows the experimental setup for the scale-up of 

PCL microsphere production.  

In summary, using larger vessels increased the capacity of microsphere 

production. Automation also improved the efficiency of the process. The original 

manual method led to 63% useful porogen, while automation using identical 

parameters produced 80.2% of useful microspheres. The highest proportion of both 

180-300 μm and 300-425 μm PCL spheres was attained in the 0.3% PVA, 24% PCL 

and 16 Gauge needle batch. 
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Figure 5.14. Batch yield and method comparison in the production of 
polycaprolactone (PCL) microspheres as porogen material for bi-layered 
chitosan scaffolds. The percentage of PCL microspheres in the <180 μm, 180 μm, 
300 μm and 425 μm porogen size ranges was measured by sieving and weighing. 
Batches produced using a range of methodologies were compared. The Manual 
batch refers to the original production method where 600 ml glass beakers were 
used. For this, 24% PCL was added drop-wise using a manual pipette, to a 0.3% 
polyvinyl alcohol (PVA) solution and stirred for 3 hours at 400 rpm. All other batches 
were scale-up attempts in 5 litre glass vessels with a rotor-stirring blade. PCL droplet 
formation was automated using syringe pumps for more efficient and controlled 
droplet formation. The name of each batch refers to the variable that was altered 
from the original production method. 
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5.3 Discussion 
In regenerative therapies, chitosan scaffolds can provide the necessary 

biodegradability, together with anti-inflammatory and, toxin- and allergen-free 

characteristics (Abarrategi et al, 2010). For many years, chitosan has also been 

explored as a possible protein and drug delivery system (Illum, 1998). Together, 

these features can significantly accelerate the recovery time of patients.   

In this project, an integrated bi-layered scaffold suitable for seeding 

mesenchymal stem cells was successfully developed from chitosan. This novel 

construct, which offers a progressive transition from a bone-like to a cartilage-like 

architecture, is degradable, amenable to scaled-up production, and can be combined 

with bioactive substances to further enhance its therapeutic potential as a surgical 

implant.  

The methodology is readily adaptable without the necessity for complex 

equipment and can be scalable with no limit to thickness and cross sectional area. 

More importantly graded functionality can be easily achieved without the instability 

typically associated with the combination of distinct layers for each osteochondral 

lineage. This is important as the performance of current commercially available 

collagen-based scaffolds aimed at joint repair suffer delamination failure upon 

arthroscopic delivery (Fonseca et al, 2014; Tuan et al, 2013). 

Chitosan also resolves concerns associated with commercially available 

collagen scaffolds for osteochondral repair, which rely on bovine or equine 

components (Moran et al, 2015). Xenogeneic collagen scaffolds run a potential risk 

of generating antigenic responses or facilitating disease transmission, despite the 

use of processing routes designed to alleviate such possibilities.  

5.1.1 Glutaraldehyde and Genipin Cross-linking 
Cross-linking is an important aspect of developing tissue engineered 

constructs from hydrogels because the process can significantly improve the stability 

and mechanical strength of the biomaterials (Lutolf et al, 2003; Peppas et al, 2006). 

Initially in this study, glutaraldehyde was used to cross-link the chitosan hydrogels. 

Chitosan is commonly cross-linked in this manner via interaction between primary 

amine or hydroxyl groups in the chitosan (Campos et al, 2013), and aldehyde groups 

in the glutaraldehyde cross-linker (Poon et al, 2014).  
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The bonds are stabilised by resonance with the adjacent ethylenic double bonds 

(Monteiro & Airoldi, 1999). However, this cross-linking reaction leads to cytotoxic 

properties in the biomaterial due to the presence of free aldehyde groups (Sung et 

al, 1999; Wang & Stegemann, 2011). Glutaraldehyde has also been demonstrated to 

increase scaffold autofluorescence and this is a major limitation for visualising cell 

seeding (Baschong et al, 2001).  

To alleviate these potential cytotoxic effects, scaffolds were treated with L-

glutamine to tie-up any free aldehyde groups (Karadeniz & Astley, 2013). The results 

here indicated that cell culture L-glutamine was not effective at neutralising these 

cytotoxic groups. Citric acid was identified as an alternative treatment to improve cell 

attachment after glutaraldehyde cross-linking but acidic conditions are detrimental to 

chitosan (Gulbins et al, 2003). This is because protonated amino groups on 

glucosamine increase the solubility of the chitosan polymer (Thein-Han et al, 2008). 

For this reason, aldehyde groups in scaffolds were successfully reduced with NaBH4 

(AbdelMagid et al, 1996). Interestingly, NaBH4 is most commonly used for hydrogen 

evolution and fuel cell applications (Amendola et al, 2000; Moon et al, 2008). 

Even though cytotoxicity in the chitosan scaffolds was successfully reduced 

with NaBH4, it is desirable to utilise cross-linking reagents with no initial cytotoxicity.  

Here we demonstrated that genipin is a suitable cross-linker of chitosan (Silva et al, 

2008; Yan et al, 2010). The main advantages of genipin are that it is a naturally 

derived compound, with no cytotoxicity at low concentrations. The cross-linker 

provides stable bonds via the same mechanisms as glutaraldehyde (Muzzarelli, 

2009b). Additionally, genipin can mildly enhance the mechanical properties of 

chitosan more than glutaraldehyde (Jin et al, 2004) and provides visual confirmation 

of cross-linking with a colour change. It was demonstrated that the compressive 

moduli of genipin cross-linked scaffolds is nearly double that observed when 

glutaraldehyde is used. 

A significant drawback in using genipin is the cost involved; it is very 

expensive when used in higher concentrations that allow fast cross-linking times. In 

this study, low genipin concentrations (≤0.3%) led to problems in scaffold production 

because the PCL porogen was able to sediment over time. This is a significant 

drawback in producing scaffolds with spatially resolved microenvironments, however 

the issue was resolved when 1% genipin was tested.  
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Unfortunately the use of genipin, like that of glutaraldehyde, also caused scaffold 

autofluorescence (Chen et al, 2005), which may complicate the cellular 

characterisation procedures when using biological components for tissue 

engineering approaches. Other cross-linker alternatives such as β–

glycerophosphate have also been used for scaffold production (Wang & Stegemann, 

2010), and could be further tested alongside genipin to evaluate their respective 

performance. 

5.1.2 Scaffold Compression Testing 
All chitosan scaffolds produced were spongy and did not have the mechanical 

strength required for skeletal tissue engineering. In this study it was established that 

wet chitosan scaffolds cross-linked with genipin (0.408 MPa) had a higher 

compressive modulus than scaffolds cross-linked with glutaraldehyde (0.261 MPa). 

The Young’s modulus in native articular cartilage is in the range of 0.45-0.8 MPa 

(Mansour, 2013). Additionally, higher concentrations of cross-linker tolerated 

compressive forces better than constructs produced with lower concentrations of 

cross-linker. Mechanical strength can further be increased by using chitosan with 

higher deacetylation, although biodegradability rates will decrease (Thein-Han et al, 

2008).  

The most popular methods of increasing mechanical strength in chitosan are 

based on composites materials (Karageorgiou & Kaplan, 2005b). Incorporating 

hydroxyapatite or calcium phosphate into chitosan can improve the mechanics as 

well as the osteoconductive properties of the material (Moreau & Xu, 2009). This can 

be achieved in the bi-layered scaffolds produced here, simply by mixing the fillers 

into the chitosan hydrogels before cross-linking (preliminary data not shown). 

Importantly, β-tricalcium phosphates are preferential to hydroxyapatites because 

they exhibit bioresorbable properties (Mathieu et al, 2006). Significantly, the level of 

improvement is highly dependent on the method used to incorporate the fillers 

(Reves et al, 2012).  
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5.1.3 Chitosan Degradation 
An important characteristic of constructs for osteochondral repair is controlled 

biodegradability, where the whole implant can be replaced with native tissue as the 

site of injury regenerates. Notably in this investigation, the chitosan scaffolds cross-

linked with glutaraldehyde failed to degrade after 1 year. Within the first few weeks, 

scaffolds increased in weight. This can be explained by the well documented 

swelling and adsorptive properties of chitosan. Fundamentally, it is suggested that 

the scaffolds adsorbed proteins from the cell culture media (Amidi et al, 2010). Later 

in the degradation experiment, scaffold weight did decrease but never below the 

initial weight. Scaffolds cross-linked with genipin were not assessed for degradation, 

but other groups have shown that genipin leads to slower degradation compared to 

glutaraldehyde (Mi et al, 2001).  

Producing scaffolds from chitosan with an increased degree of deacetylation 

can increase the rate of degradation (Pillai et al, 2009). The chitosan used here had 

a deacetylation degree of 84%, which is reported to have a weight half-life in excess 

of 84 days (Ren et al, 2005). The literature further suggests that the degradation rate 

of the scaffolds produced here, may be accelerated in vivo, due the presence of 

lysozymes (Tomihata & Ikada, 1997). 

5.1.4 Characterisation of Scaffold Porosity 
Pore size and porosity are important factors in the differentiation of MSCs 

(Karageorgiou & Kaplan, 2005b). Most importantly, the distribution of pores requires 

greater control to support the differentiation of MSCs into osteoblasts and 

chondrocytes within different parts of the same scaffold. Similar work, where 

differentiation was controlled by pore size, has been described by (Oliveira et al, 

2006) and (Chen et al, 2011).  

Oliveira (2006) produced scaffolds with open inter-connected pores in the 

range of 50-350 μm. Osteogenesis was identified in the hydroxyapatite layer after 14 

days and chondrogenesis was detected after 21 days. Notably, the researchers did 

not attempt to attain both lineages within the same construct and there is no 

mechanical testing. 
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It is believed that smaller scaffold pores provide low oxygen tension, which 

has been proven to regulate the chondrogenic differentiation of MSCs (Lennon et al, 

2001). Furthermore, smaller pores allow cells to grow in confined spaces and this is 

similar to condensation of MSCs during in vivo chondrogenesis (Goldring et al, 

2006). More details on the effects of scaffold porosity and pore size on differentiation 

of cells can be found in Sections 2.3.1.2 Topographical Stimuli and 2.4.2.1 Pore Size 

and Porosity. 

The scaffolds produced here with PCL granules as porogen, had pores in the 

appropriate size ranges. There were large (300-425 μm) pore regions for 

osteogenesis and smaller (180-300 μm) pores for chondrogenesis. However, pores 

were deformed and not spherical. When PCL microspheres were applied, scaffolds 

showed more uniform pore characteristics. Likewise, an increase in mechanical 

strength of the chitosan scaffold would prevent further pore deformation during the 

forming process of individual scaffolds. Cutting scaffolds out before the PCL porogen 

is extracted with potassium hydroxide, is a partial resolution to this problem. 

Significantly, it has been recently presented that more uniform, rounder pores 

improve MSC proliferation and differentiation on biomaterial surfaces (Tunesi et al, 

2013).  

5.1.5 Scale-up of Microsphere Production 
Due to the importance of controlled scaffold porosity, a method for producing 

PCL microspheres in a coordinated manner has been developed to improve the 

quality and efficiency of scaffold fabrication. In brief, dissolving PCL in 

dichloromethane solvent and adding this drop-wise to a PVA solution produced 

microspheres (Luciani et al, 2008). The size distribution of the microspheres was 

controlled by the stirring speed (Corrin et al, 2012). Faster speeds produced smaller 

particles.  

Initially, it was very time consuming to produce sufficient quantities of particles 

in the 180-300 μm and 300-425 μm size ranges. For every 20 g of PCL in the 

method, less than 5 g were useful microspheres. Nonetheless, a major advantage of 

the emulsion protocol was that the microspheres that were not in the correct size 

range could be recycled.  
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Regardless, it was important to improve the efficiency of the fabrication method and 

this was successfully achieved via scale-up and automation. Larger vessels and 

stirring rotors were utilised instead of magnetic stirrers, to increase the yield to 63% 

useful porogen. Automation of droplet formation further improved efficiency to 80%.  

The porogen technique used in this project is based on solvent casting/ 

particle leaching. This involves the dispersion of porogen with controlled particle size 

into a polymer solution (Yang et al, 2006).The method strengthens the polymer to 

produce a polymer-porogen network. Finally, the porogen particles are leached, or 

dissolved in a solvent to produce a porous network (Johnson et al, 2010). Although 

the leaching of PCL is employed, the literature shows that there are many other 

options (Smith et al, 2009). 

 Free-drying also known as lyophilisation, has been widely used for the 

fabrication of porous hydrogels (Deville, 2008). In this technique, rapid cooling of 

polymers causes thermodynamic instability and phase separation to create pores 

(Kang et al, 1999). (O'Brien et al, 2004) improved on conventional freeze-drying 

processes and created scaffolds with more defined pore characteristics. This was 

achieved by employing homogeneous freezing and the tight control over the rate of 

freezing during fabrication. Unfortunately, freeze-drying does not allow the control 

necessary to create bi-layered pore structures for osteochondral applications. 

Dense gas foaming with CO2 exploits the idea that the CO2 gas is a fluid when 

above its critical temperature and pressure (Annabi et al, 2010). Furthermore, the 

physical properties of CO2 in those conditions are intermediate to those of a true gas 

or liquid. However, this technique is not suitable for chitosan because dense gas 

CO2 has a low solubility in hydrophilic polymers. It is more suitable for hydrophobic 

polymer scaffolds such as PLA, PLGA and PCL (Tai et al, 2007). 

 Finally, additive manufacturing and 3D printing techniques are becoming 

increasingly popular in all aspects of life, including the fabrication of macro-porous 

scaffolds for tissue engineering applications (Habibovic et al, 2008). In one recent 

example, (Petrochenko et al, 2015) manufactured porous scaffolds via the two-

photon polymerisation (2PP) of biodegradable urethane and acrylate-based 

photoelastomer, with porosities greater than 60%. Most significantly, printing 

techniques permit the design and fabrication of scaffolds, which a considered to be 

structurally ‘perfect’.  
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5.2 Summary 
A number of different dual porosity scaffolds were produced from chitosan, 

aimed at osteochondral modelling and repair. The work here demonstrates that PCL 

microspheres used as porogen allowed improved control of scaffold porosity and 

pore size, compared to PCL granules. This close control is important in order to 

achieve dual porosity within the scaffold, and provide differential environments for 

MSC differentiation towards osteogenic and chondrogenic lineages. In addition to 

this, two different cross-linking agents were tested. Although more difficult to use due 

to longer cross-linking times, genipin was able to generate scaffolds with improved 

mechanical strength compared to glutaraldehyde. The mechanical properties could 

be further improved by using higher concentrations of genipin, and this would also 

alleviate problems associated with slow cross-linking rates. Scaffolds cross-linked 

with glutaraldehyde failed to biodegrade in 1 year in vitro, while genipin scaffolds 

were not tested here. Significantly, it is suggested that genipin scaffolds degrade 

more slowly than glutaraldehyde (Jin et al, 2004; Muzzarelli, 2009b). For this reason, 

detailed degradation profiles of both scaffold-types need to be attained in future. 

Additionally, further analysis is required to assess the biocompatibility of the 

scaffolds and their suitability for osteochondral repair. This can be found in Section 6 

Assessing scaffold biocompatibility in a perfusion bioreactor system.	
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6. Assessing Scaffold Biocompatibility in a Perfusion Bioreactor 
System 
6.1 Introduction 
As previously described, chitosan is suitable for osteochondral defect repair 

because it displays chondroinductive properties and can be produced in a range of 

geometries/ scaffolds (Elder et al, 2013). These desirable properties make the 

biomaterial appropriate for implantation in a variety of regenerative therapies, 

including bone and cartilage repair, and intervertebral disc surgery (Di Martino et al, 

2005). 

Tissue engineered scaffolds act as an interim synthetic extracellular matrix 

(ECM) that cells interact with prior to forming a new tissue (Smith et al, 2009). The 

success of constructs for tissue regeneration and 3D culture depend on a number of 

factors including: 

• Good initial cell seeding (Sobral et al, 2011); 

• Optimal nutrient supply to prevent necrotic core formation in scaffolds 

(Vunjak-Novakovic et al, 1998); 

• Biocompatibility and no biomaterial-induced cytotoxicity (Smith et al, 1992); 

• Chemical, topographical and mechanical cues to promote MSC differentiation 

(Caplan & Bruder, 2001), including biomimicry (Lu et al, 2010). 

 

Scaffolds with spatially resolved environments (different pore sizes) were 

produced to support both osteogenic and chondrogenic differentiation of 

mesenchymal stem cells (see Section 5 Production of bi-layered chitosan scaffolds). 

This study investigated procedures to maximise cell-seeding efficiencies and 

determined the biocompatibility of the different chitosan scaffolds using human 

mesenchymal stem cells. A novel perfusion bioreactor system was used to optimise 

nutrient supply and investigate whether graded scaffold pore size can support 

osteochondral differentiation of mesenchymal stem cells. Furthermore, the bioreactor 

was designed to enhance osteogenic differentiation by applying mechanical shear 

stress to one half of scaffolds. 
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6.2 Results 
6.2.1 Chitosan Biocompatibility 

The biocompatibility of a range of chitosan scaffolds was assessed after seeding 

with human mesenchymal stem cells. Proliferation was monitored in scaffolds cross-

linked with either glutaraldehyde or genipin, using an inverted light microscope and 

cell metabolic activity was quantified using the PrestoBlueTM assay at day 7 (Figure 

6.1). As well as displaying improved pore morphology (Figures 6.1A and 6.1B, and 

also see Section 5 Production of bi-layered chitosan scaffolds), genipin scaffolds 

allowed for higher metabolic activity compared to scaffolds cross-linked with 

glutaraldehyde (p<0.00005) (Figure 6.1C). Importantly, cell metabolism in genipin 

scaffolds was similar to the levels observed in tissue culture plastic. 

In an attempt to decrease the cytotoxic effects of glutaraldehyde, scaffolds were 

treated with either L-glutamine or NaBH4 to reduce any free aldehyde groups in the 

biomaterial. Afterwards, cell viability was measured using the neutral red assay 

(Figure 6.2). In this assay, culture media was conditioned with the different scaffolds 

before MSCs were cultured in each medium for 24 hours. The level of neutral red 

uptake into the lysosomes/ endosomes and vacuoles of live cells correlated with 

their viability. For all the cultures treated with chitosan-conditioned media, cell 

viability was above the 70 % threshold for cytotoxicity. A small but non-statistically 

significant increase in viability was observed between untreated chitosan scaffolds 

and ones treated with L-glutamine (Figure 6.2). Significant differences were found 

between control scaffolds and NaBH4-treated material (p<0.001). The positive 

control, phenol-conditioned cultures, had viability below 40% and this was 

significantly lower than any of the chitosan-conditioned cultures (p <0.00005).	

6.2.2 Cell Imaging 
It is desirable to be able to monitor cells after seeding onto scaffolds and 

during prolonged periods of culture. In this study, it was important to confirm that 

MSCs had successfully attached to the bi-layered chitosan scaffolds before 

osteochondral differentiation was initiated.  
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Figure 6.4 Imaging hMSCs after seeding on chitosan scaffolds cross-linked 
with glutaraldehyde. (A and B) Toluidine blue staining for DNA and membranes. 
Cell nuclei cannot be distinguished as chitosan material absorbs the stain. (C and D) 
UV fluorescence stereomicroscope images of cell nuclei (blue dots), 24 hours after 
seeding. DNA was stained with Hoechst 33258 dye.  
 

Human MSCs tagged with green fluorescent protein were dynamically seeded 

onto fibronectin-coated chitosan scaffolds. Unfortunately, the chitosan constructs 

had strong auto-fluorescent properties when exposed to green fluorescent light; 

therefore, cells could not be distinguished from the porous biomaterial. It was 

determined that both chitosan scaffolds cross-linked with either glutaraldehyde or 

genipin, were autofluorescent when exposed to UV light and observed using a DAPI, 

GFP or DS-Red filters (Figure 6.3). Compared to glutaraldehyde, genipin scaffolds 

were less autofluorescent in the UV channel. This was proven when mesenchymal 

stem cells were treated with the nuclear dye Hoechst 33258 and visualised on 

scaffolds after UV exposure (Figures 6.4C and 6.4D). Additionally, MSCs were 

stained with Toluidine blue. Toluidine blue is a basic thiazine metachromatic dye, 

which has a high affinity for acidic tissue components. The dye successfully stained 

cellular DNA and membranes but was also absorbed by the chitosan scaffolds 

(Figure 6.4A and 6.4B). It was impossible to leach out excess staining from the 

chitosan and to image the cell seeding efficiency.  

To resolve issues with cell imaging on the chitosan scaffolds, an innovative 

method was developed where MSCs were loaded with barium.  
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Barium was added to cell culture medium and over a 24-hour period, cells actively 

took-up the barium into their cytoplasm (Figure 6.5A). After this, loaded cells were 

seeded onto chitosan scaffolds and imaged using X-ray micro computed 

tomography. Groups of barium-loaded cells were visible as white dots on the 

chitosan scaffold (Figure 6.5B).   

 
Figure 6.5 Imaging cell-seeding on chitosan scaffolds. (A) hMSCs loaded with 
barium nanoparticles after 24-hour incubation. (B) MicroCT reconstruction of 
chitosan scaffolds seeded with hMSCs loaded with barium nanoparticles. Clumps of 
cells are represented by the white barium dots and imaged 24 hours after seeding.  

6.2.3 Scaffold Seeding  
Cell seeding protocols were explored to establish the most efficient method 

for even distribution of cells throughout the scaffolds. It was also important that cells 

remained attached to scaffolds for the duration of differentiation. Four different 

seeding methods were tested (Figure 6.6): 

 

• Standard seeding (control) where cell suspensions were slowly 

pipetted onto scaffolds. This was followed by static culture or dynamic 

culture on a plate shaker. 

• Centrifuged scaffolds in cell suspension for 10 minutes at 350 g, to 

drive cells through the scaffold. Preliminary tests showed that longer 

centrifugation allowed for higher metabolic activity/ cell numbers 

(Figure 6.6A).  
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• A prototype scaffold-seeding chamber was produced using 3D rapid 

prototyping. The chambers were designed to enclose a scaffold, while 

2 syringes on each side flushed cell suspensions through.  2 different 

chambers were manufactured using either small bead extrusion 

deposition or resin photopolymerisation (Figures 6.6B and 6.6C). 

 

The seeding efficiency of each method was compared when barium-loaded 

MSCs were seeded onto scaffolds and imaged using MicroCT after 24 hours (Figure 

6.7). All four methods allowed for even cell distribution throughout the scaffolds. 

However, standard seeding led to the formation of large cell clumps (Figure 6.7A), 

compared to centrifugation (Figure 6.7B) and chamber seeding (Figure 6.7C).   In 

addition to this, the efficiencies were quantified using a PrestoBlueTM metabolic 

assay 24 hours after seeding (Figure 6.7D). Standard seeding followed by dynamic 

culture presented the highest metabolic activity of all the approaches tested, and 

was thus adopted for further experiments. The levels were significantly higher than 

standard seeding followed by static culture (p <0.00005). Notably, the metabolic 

levels in the seeding device/ chamber sample were lowest and this could indicate 

poor seeding or cell damage.  

6.2.4 MSC Differentiation for 21 Days in Perfusion Bioreactor 
This section focused on assessing the biocompatibility of the chitosan 

scaffolds seeded with mesenchymal stem cells, and cultured in a perfusion 

bioreactor system. First, human MSCs were dynamically seeded onto scaffolds 

cross-linked with glutaraldehyde and genipin. After 24 hours, the MSCs had 

effectively attached to both types of chitosan scaffold. The seeded constructs were 

transferred to perfusion bioreactors for 14-day culture in standard culture medium. 

Figure 6.8 shows the bioreactor setup used. After culture for 7 and 14 days, the 

scaffolds were wax-embedded, sectioned and stained with DAPI to allow 

assessment of cells in centre of the scaffolds (Figure 6.9). This showed MSCs had 

attached to both types of chitosan scaffolds, and some cells were proliferating inside 

the pores. Notably, fewer cells were seen in smaller pores than larger pores. At Day 

14, glutaraldehyde scaffolds were more sparsely populated, than the equivalent 

genipin scaffolds. No cells could be observed at Day 7 (Figure 6.9). 
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Next, the differentiation of mesenchymal stem cells into osteogenic and 

chondrogenic lineages in the perfusion bioreactor system, was tested. Scaffolds 

cross-linked with glutaraldehyde were cultured for 21 days in the bioreactor system.  

Scaffolds were either cultured in standard medium or differentiation medium 

containing osteogenic and chondrogenic factors (Figure 6.10). In differentiation 

conditions, there was strong evidence of cell clustering in the scaffold region with 

smaller pores. There was no evidence of aggregate formation in the scaffold 

sections with larger pores. In the intermediate region between large and small pores, 

cells formed smaller clusters than those observed in small pores. Day 21 imaging of 

the scaffolds cultured in standard medium did not indicate any visible cell clustering. 

Further, the metabolic activity of MSCs in standard and differentiation 

conditions was analysed after 21-day culture in the perfusion bioreactor system 

(Figure 6.11). Metabolic activity was lower in differentiation conditions than in the 

standard medium controls. However, this was not statistically different. 

 

Figure 6.9. Porous chitosan scaffolds after 7 and 14 days of culture in 
PEEK perfusion bioreactors. DAPI staining of cross-sections in chitosan scaffolds 
cross-linked with glutaraldehyde and seeded with hMSCs. (A and B) Scaffolds 
cultured in standard medium for 7 days. (C and D) Scaffolds cultured in standard 
medium for 14 days. Cells formed clusters inside scaffold pores. Scale bar 
represents 100 μm. 
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6.2.5 Histochemical Analysis of MSC Differentiation 
After 21 days of differentiation culture in the perfusion bioreactors, the 

scaffolds were fixed, wax-embedded, sectioned and stained to assess the levels of 

differentiation. Histochemical staining was examined using Alizarin red and Von 

Kossa to stain for mineral deposits/ calcium as indicator of osteogenic differentiation. 

The chitosan scaffolds were shown to absorb Alizarin red stain more intensely than 

cellular samples (Figure 6.13B), and it was decided that only Von Kossa staining 

should be used. 

Hematoxylin and eosin staining confirmed the presence of cells, and showed 

that MSCs formed comprehensive multi-layered structures inside scaffold pores 

(Figure 6.12). Furthermore, there were distinct growth differences and cellular 

alignment between samples in standard or differentiation media, indicating suitable 

growth conditions. 

Safranin-O staining, a marker for the presence of proteoglycans found in 

cartilage, was used to assess the chondrogenic differentiation. Importantly, sections 

confirmed that the chitosan scaffolds did not absorb much Safranin-O stain, allowing 

the observation of proteoglycan-based positive staining (Figure 6.13D). 

The orientation of the scaffold within the bioreactor system had an impact on the 

differentiation of the MSCs (Figure 6.14). The large 300-425 μm pores supported 

osteogenic differentiation (Figure 6.14C and D). This was defined by Alizarin red and 

Von Kossa staining, which were more intense in the large pores cultured at the 

bottom. This was where the bioreactor provided mechanical shear. In addition to this, 

analysis of the scaffolds confirmed that the differentiation conditions used supported 

osteogenic differentiation in the large pores by detecting the expression of 

osteocalcin and alkaline phosphatase with peroxidase staining. Small pores (180-

300 μm) promoted chondrogenic differentiation. This was confirmed by Safranin-O 

staining and bright-field imaging of cell clusters (Figure 6.14E and 6.14F).  
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6.3 Discussion 
The purpose of this chapter was to combine the developments in Sections 4 

and 5, and to advance the osteochondral differentiation of MSCs in a perfusion 

bioreactor system. More specifically, the perfusion system used here was intended 

to improve cell proliferation and differentiation by enhancing nutrient transportation 

and initiating mechanical stimulation via exposure of cells to fluid shear. 

6.3.1 Chitosan Autofluorescence 
In preliminary studies, human MSCs tagged with green fluorescent protein (GFP) 

were dynamically seeded onto fibronectin-coated chitosan scaffolds. Unfortunately, 

the chitosan auto-fluoresced when exposed to green fluorescent light, so cells could 

not be distinguished from the scaffold. Further investigation showed that chitosan 

scaffolds cross-linked with genipin and glutaraldehyde auto-fluoresce in the UV, GFP 

and DS-Red channels. Notably, chitosan scaffolds cross-linked with genipin were 

least auto-fluorescent in the UV channel. The auto-fluorescent nature of chitosan 

scaffolds is well documented and is principally caused by the cross-linking agents 

used in scaffold fabrication (Hwang et al, 2011; Wei et al, 2007). Acetic acid, which is 

essential in the production of the chitosan hydrogels, can also contribute to the auto-

fluorescent properties of the scaffolds (Caric et al, 2004).  

To mitigate this problem and allow good cell imaging on chitosan constructs, 

mesenchymal stem cells were successfully loaded with barium. The high molecular 

weight of barium allowed the visualisation of cells on the scaffolds using MicroCT 3D 

reconstructions. In the literature, liver cells and liposomes have also been loaded 

with barium to improve the quality of imaging tissues (Chakrabarti et al, 1992; 

Debbaut et al, 2009). Similar techniques have been applied to superparamagnetic 

iron oxide nanoparticles, where the active uptake of particles into cells improves the 

imaging contrast but also allows for the controlled migration of cells via magnetic 

fields (Gupta & Gupta, 2005; Laurent et al, 2008; Pankhurst et al, 2003). Importantly, 

the uptake of nanoparticles does not influence cell viability and differentiation 

potential (Harrison et al, 2014).   
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6.3.2 Scaffold Seeding 
Before 3D differentiations into osteochondral lineages were attempted in the 

perfusion bioreactor system, it was important to improve the seeding efficiency of 

cells onto the scaffolds. Cell seeding is a fundamental part in developing tissue 

engineered constructs because it governs the success of tissue formation. More 

specifically, high seeding efficiencies can augment the use of limited cells and 

enhance tissue development (Jung et al, 2010; Sobral et al, 2011). Uniform seeding 

is also important for uniform extracellular matrix formation (Sendemir-Urkmez & 

Jamison, 2007). 

 Tissue engineered scaffolds can be seeded in static or dynamic conditions 

(Wendt et al, 2003). Static protocols involve surface seeding, while dynamic methods 

involve the movement of cell suspensions. Common methods for dynamic seeding 

include orbital shakers, centrifugation and spinner flasks (Godbey et al, 2004; 

Sikavitsas et al, 2002; Vunjak-Novakovic et al, 1998; Zhang et al, 2015).  

In this project, barium-loaded cells were seeded onto scaffolds using a 

dynamic method (pipette the cells onto the material and leave on a plate shaker for 

24 hours), as well as a centrifugation method (cells are forced into the scaffold cores 

through centrifugation). Additionally, 3D printing was used to produce a unique 

seeding chamber, which allowed 2 syringes to pipette cell suspensions through the 

scaffolds multiple times.  

 The literature suggests that centrifugal seeding is an efficient approach to 

achieve uniform cell distribution, especially at low cell concentrations (1.33 x 105 

cells/ ml) (Godbey et al, 2004). Here, the results confirmed that centrifugal seeding 

leads to uniform distribution, but the nature of the method had a detrimental effect of 

cell metabolism.  

 The seeding chamber fabricated in this project utilised a similar strategy to 

scaffold seeding in a perfusion bioreactor system. This is a popular approach among 

the tissue engineering community (Kitagawa et al, 2006; Koch et al, 2010; Maidhof et 

al, 2010; Wendt et al, 2003). Unfortunately, this method led to the lowest seeding 

efficiencies and metabolic activities in the mesenchymal stem cells. The result could 

be explained by the fact that the chamber diameter was marginally larger than the 

scaffold diameters. This means that cell suspensions were flushed around the 

scaffold, instead of into their cores.  
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From the three seeding strategies, dynamic seeding was the simplest and the most 

efficient because it allowed for the highest metabolic activity.  

 Following the optimisation of cell seeding protocols, it was important to assess 

the biocompatibility of the chitosan scaffolds. Mesenchymal stem cell proliferation 

was investigated on chitosan scaffolds that have been treated with reducing agents 

to improve cell compatibility.  

Chitosan scaffolds are commonly cross-linked with glutaraldehyde (Hsieh et 

al., 2007), but this leaves cytotoxic aldehyde groups on the surface of the material. 

For this reason, chitosan scaffolds cross-linked with glutaraldehyde were treated with 

glutamine or sodium borohydride (AbdelMagid et al, 1996; Baschong et al, 2001). 

The purpose of the reducing agents was to tie up any cytotoxic aldehyde groups 

from the glutaraldehyde. The results showed that both agents improved cell viability 

on the chitosan scaffolds, although sodium borohydride was more effective.  

6.3.3 Perfusion Bioreactor Differentiations 
Following the cell seeding tests, MSCs were dynamically seeded onto 

scaffolds cross-linked with either glutaraldehyde or genipin. Constructs were then 

cultured in the perfusion bioreactor for 7 days. These preliminary studies were 

important to determine scaffold biocompatibility. It was revealed that MSCs 

proliferate more on scaffolds cross-linked with genipin than they do when 

glutaraldehyde is used. Additionally, the metabolic activity of mesenchymal stem 

cells was significantly improved through the use of genipin instead of glutaraldehyde 

(Silva et al, 2008). This is possibly caused by the cytotoxic properties of 

glutaraldehyde (Sung et al, 1999). Genipin is a naturally derived compound with no 

cytotoxic effects, which cross-links via the same mechanisms as glutaraldehyde 

(Muzzarelli, 2009b). 

Once biocompatibility of the scaffold was confirmed, osteochondral 

differentiations were conducted for 21 days in the perfusion bioreactor system. 

Chemical supplements were used in the cell culture medium to regulate the 

differentiation process. However, the purpose of this investigation was to 

demonstrate that scaffold architecture can guide mesenchymal stem cell 

differentiation into osteogenic and chondrogenic lineages.  
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Following the differentiation period, scaffolds were wax-embedded and 

sectioned. Sections were then stained with Von Kossa and Safranin-O.  

Staining illustrated that there were both osteogenic and chondrogenic lineages 

present in single scaffolds.  

 Chondrogenesis was detected in small pore (180-300 μm) regions, and this 

was illustrated via cluster formation analogous to chondrogenic pellet culture 

(Mackay et al, 1998). The literature also suggests that cartilage differentiation of 

mesenchymal stem cells is preferential in smaller pores (Duan et al, 2014; Im et al, 

2012). As well as forcing cell cluster formation, small pore regions can be considered 

to have hypoxic microenvironments. Hypoxia is considered beneficial for 

chondrogenic differentiation because it mimics the natural environment of cartilage 

tissues (Kanichai et al, 2008; Khan et al, 2007). Positive Safranin-O staining of small 

pore clusters was a good indication of proteoglycan synthesis (Barry et al, 2001).   

Osteogenic differentiation of mesenchymal stem cells was observed in large 

pore (300-425 μm) regions of the bi-layered chitosan scaffolds. Von Kossa and 

Alizarin red staining in large pores recognised calcium deposition and the presence 

of bone-like mineral matrix. The quality and the methods of staining could be 

improved because the stains used here are specific to calcium. Chitosan can bind 

calcium from its environment (Bravo-Osuna et al, 2007) and this can lead to false 

positive staining.  

Porosity and pore size of biomaterial scaffolds are important for in vitro and in 

vivo bone formation (Karageorgiou & Kaplan, 2005a). In vitro, lower porosity has 

been demonstrated to stimulate osteogenic differentiation via suppressed cell 

proliferation and forced aggregation of cells. Stem cells only begin differentiating 

after attaching to a substrate and lower scaffold porosity could influence this 

(Hutmacher, 2000). The opposite is observed in vivo, where higher porosity and pore 

size lead to enhanced bone development. Interestingly, (Gomes et al, 2006) showed 

that in vitro, larger porosities of 80% enhanced osteogenic differentiation compared 

50% porous constructs. 

 Pore size in scaffolds can vary between applications and research groups. 

However, 100 μm is identified as the minimum requirement in pore size to 

accommodate for cell size, migration requirements and transport within the scaffold 

(O'Brien et al, 2005). Pore sizes greater than 300 μm are promoted for osteogenesis 

due to enhanced differentiation and the formation of vascularisation/ capillaries.  
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Importantly, the majority of chitosan scaffolds for osteogenic application are 

composites made with ceramic materials (Abarrategi et al, 2010; Malafaya & Reis, 

2009; Oliveira et al, 2006). In this study, bone differentiation was achieved without 

osteogenic promoters, such as hydroxyapatite and calcium phosphates. However, in 

future ceramic fillers may be incorporated into the bi-layered chitosan scaffold to 

improve the mechanical characteristics and enhance the differentiation process 

(Zhang et al, 2003).  

The perfusion bioreactor runs were a good preliminary test of the whole 

differentiation system and in future the differentiation period will have to be extended 

to allow whole scaffolds to be populated with differentiated cells. In this manner, 

scaffolds will mimic native osteochondral environment more closely and allow for 

improved tissue formation. Perfusion promoted fluid sheer to cells that were attached 

to the bi-layered chitosan scaffolds and mitigated mass transfer limitations (Bilgen & 

Barabino, 2007). More specifically, the novel bioreactor design allowed for this 

mechanotransduction to be applied to the osteogenic regions of the constructs, only. 

These forces are important in bone development (El Haj & Cartmell, 2010). 

6.4 Summary 
This chapter focused on optimising biocompatibility and maximising seeding 

efficiencies in the development of a construct for joint repair. It was demonstrated 

that chitosan scaffolds could be cross-linked with genipin to allow maximum viability 

of mesenchymal stem cells. Cell viability with glutaraldehyde scaffolds could also be 

improved through treatments with aldehyde-reducing agents, such as sodium 

borohydride. Due to the nature of the scaffold fabrication process, it was difficult to 

visualise fluorescently tagged cells on the scaffolds. A novel approach was utilised 

where cells were loaded with barium and imaged using MicroCT. Next, a range of 

scaffold seeding methods was explored. These included dynamic, centrifugation and 

perfusion-based seeding. Dynamic seeding proved to be most efficient and it was 

applied for all future experiments. Finally, the differentiation potential of the bi-

layered chitosan scaffold was tested in a perfusion bioreactor. Preliminary results 

showed that mesenchymal stem cell differentiation could be regulated by scaffold 

pore size. Osteochondral lineages were detected after 21 days, however culture 

periods need to be extended significantly in future, to improve tissue development. 
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7. Conclusions and Future Work 
This research project has explored the development of a novel chitosan 

scaffold for oteochondral modelling and potential repair. A range of relevant aspects 

were investigated, including transient FCS and HS regimes to support osteogenic 

and chondrogenic differentiation of human MSCs, the production of a novel chitosan 

scaffold with graduated pore sizes, and the assessment of scaffold biocompatibility 

in a perfusion bioreactor system. 

7.1 Serum Conditions for MSC Differentiation 
Human serum (HS) has been demonstrated to support a highly proliferative 

mesenchymal stem cell population, while avoiding the xeno-associated risks in FCS 

culture (Doucet et al, 2005). Rates of osteogenic differentiation are higher using HS 

compared to FCS culture. This was established via analyses including, Alizarin red 

staining, quantification of alkaline phosphatase activity and, PCRs for bone-specific 

genes. Alizarin red staining has important limitations because the assay stains for 

calcium ions the presence of which, may not be specific to early osteogenesis. 

Therefore, observations in this study need to be further validated with additional 

immunostaining and ELISA for proteins, such as osteocalcin, osterix, collagens type 

1 and 2, and RUNX2. Significantly, all known studies comparing FCS with 

autologous HS have similar conclusions as described in this investigation (Mizuno et 

al, 2006). However, HS is expensive and can have batch variation leading to 

unreliable results, as indicated in this study. Furthermore, obtaining sufficient 

quantities of HS from an autologous donor is difficult (Lange et al, 2007).   

Serum is an important component of culture medium for good viability, 

proliferation and osteogenic differentiation in MSCs. Nevertheless, in this project it 

has been shown that MSCs can survive transient-serum treatments with FCS and 

HS. Although the cells remain viable, they exhibit reduced proliferation and 

differentiation rates. 
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In addition to this, it was revealed that chondrogenesis in MSCs could be 

achieved with transient exposure to FCS but HS results are inconclusive. For this 

reason, more work is necessary on the chondrogenic differentiation of MSCs in 

transient-serum conditions. It is also desirable to test alternative culture 

environments, such as hypoxia and culture medium with high/ low glucose content. 

Substitute solutions to FCS and HS include the use of human platelet lysate 

(Perez-Ilzarbe et al, 2009) and serum-free defined medium (Lange et al, 2007). 

Serum content analysis conducted here, is a novel and important approach in 

improving the understanding of stem cell differentiations. The results showed that 

high levels of alkaline phosphatase and 25-Hydroxyvitamin D could enhance 

osteogenic differentiation of MSCs. Furthermore, it is important to keep levels of 

cortisol and insulin low because they are linked to bone resorption (Goltzman et al, 

2015).  

This study provides evidence that the use of HS is a feasible alternative to 

FCS. However, alternatives such as platelet lysate and defined media should be 

explored. One strategy to realising defined media and improving the reliability of 

stem cell differentiations is through the use of growth factor mimics. Finally, FCS 

from different manufacturers should also be considered in future to strengthen the 

findings in the HS investigations. 

7.2 Production of Bi-layered Chitosan Scaffolds 
Production of scaffolds with the capacity to maintain osteogenic and 

chondrogenic cell lineages is a significant aspect in developing effective 

osteochondral constructs. In this project, a number of different dual-porosity 

scaffolds were produced from chitosan using novel freeze-gelation and porogen 

fabrication methods. Fundamentally, the scaffolds were designed with graduated 

pores sizes (180-300 μm and 300-425 μm) to regulate the differentiation of 

mesenchymal stem cells into subchondral bone and articular cartilage.  

The work here, demonstrates that PCL microspheres used as porogen 

material allowed improved control of scaffold porosity and pore size, compared to 

PCL granules. This close control is important in order to achieve dual porosity within 

the scaffold, and provide differential environments for MSC differentiation towards 

osteogenic and chondrogenic lineages.  
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In addition to this, two different cross-linking agents were tested. Although 

more difficult to use due to longer cross-linking times, genipin was able to generate 

scaffolds with improved pore characteristics and mechanical strength compared to 

glutaraldehyde. The mechanical properties of scaffolds could be further improved by 

using higher concentrations of genipin.  

This would also alleviate problems associated with slow cross-linking rates. As well 

as optimising genipin concentrations, it is desirable to further explore alternatives 

cross-linkers, such as β-glycerophosphate. 

Scaffolds cross-linked with glutaraldehyde failed to biodegrade in 1 year in 

vitro, while genipin scaffolds were not tested here. Notably, the degree of 

deacetylation in chitosan has a large influence on cell adhesion and on the 

degradation properties of the scaffold, so it would be wise to investigate materials 

with a range of deacetylation degrees.  

To maintain development and progress in future, more detailed 

characterisation of the mechanical and degradation properties of the glutaraldehyde 

and genipin constructs is compulsory. It is also important to scale-up production of 

the scaffold constructs and try to modify fabrication methods to alleviate the use of 

toxic chemicals, which can be detrimental to cell health. Additionally, the 

incorporation of dispersed degradable fillers such as calcium phosphates could 

improve the osteoconductive and mechanical properties of constructs. In brief, 

further developments and analyses are required to determine the biocompatibility of 

the scaffolds and their suitability for osteochondral repair. 

7.3 Scaffold Biocompatibility in a Perfusion Bioreactor 
The final aspect of this research focused on optimising biocompatibility and 

maximising seeding efficiencies in the 3D culture of osteochondral constructs. It was 

demonstrated that chitosan scaffolds could be cross-linked with genipin to allow 

maximum viability of mesenchymal stem cells. While, cell viability on glutaraldehyde 

scaffolds could also be improved through treatments with aldehyde-reducing agents, 

such as sodium borohydride.  
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Due to the nature of the scaffold fabrication process, it was difficult to 

visualise fluorescently tagged cells on the scaffolds. An innovative approach was 

utilised where cells were loaded with barium and imaged using MicroCT.  

Scanning electron microscopy can be applied in future to compliment current 

MicroCT data. 

A range of scaffold seeding methods was also explored. These included 

dynamic, centrifugation and perfusion-based seeding. Although the simplest to 

accomplish, dynamic seeding proved to be most efficient. For this reason, it was 

applied to all future experiments.  

Finally, the differentiation potential of the bi-layered chitosan scaffold was 

tested in a perfusion bioreactor. Preliminary results showed that mesenchymal stem 

cell differentiation could be regulated by scaffold pore size. Osteochondral lineages 

were detected after 21 days, however culture periods must be extended significantly 

in future, to improve tissue development. The levels of osteogenic and chondrogenic 

differentiation must be quantified. 

Once culture periods are prolonged, understanding of the scaffold 

biocompatibility and differentiation potential in the in vitro model will be enriched. 

Consequently, osteogenic and chondrogenic differentiations of mesenchymal stem 

cells can be enhanced by optimisation of scaffold pore sizes accordingly.  There is 

also necessary scope to investigate the reasons for controlled differentiation i.e. cell 

cluster formation and hypoxic environments.  Further, flow rates and fluid shear may 

have significant positive effects on osteogenic differentiation if parameters are 

optimised and/ or mathematical modelling is applied.  
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7.4 Overall Conclusions 
The use of tissue-engineered scaffolds is an established strategy for the 

repair of joint trauma. Nevertheless, the application of single scaffolds to control 

simultaneous osteogenic and chondrogenic differentiation is a relatively novel 

concept. Importantly, the results of this project provide good foundations for the 

development of effective osteochondral constructs.  

In the future, focus needs to be applied to demonstrating solid evidence on 

the capacity of the bi-layered chitosan scaffold to control stem cell differentiation. 

This must be achieved before further developments in the differentiation conditions 

and scaffolds characteristics are made. Examples of overarching improvements 

include the incorporation of osteoconductive fillers and encapsulated growth factors 

into the scaffold architecture. Finally, it would be realistic to include animal studies 

and explore the osteochondral potential of the chitosan scaffold in vivo.
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Appendices 
	

1. PicoGreenTM DNA Assay   

The bacteriophage lambda DNA (100 μg/mL) standard provided with the 

Thermo Fisher Quant-iT PicoGreen® kit was diluted 50X in TE buffer to make a 2 

μg/ mL working solution. Aliquots were transferred to sterile vials and stored at -20 

°C. A high range standard curve was created by diluting the 2 μg/ mL DNA stock 

solution according to Table A1. 1 ml of the aqueous working solution of Quant-iTTM 

PicoGreen® reagent was added and the mixture was incubated for 2 to 5 minutes at 

room temperature, protected from light. The fluorescence was then measured at 

excitation 480 nm and emission 520 nm, to create a DNA standard curve (Figure 

A1).  

Volume of TE (μl) Volume of 50 ng/ ml DNA (μl) Final DNA Concentration 
0 1000 1 μg/ ml 

900 100 100 ng/ ml 
990 10 10 ng/ ml 
999 1 1 ng/ ml 

1000 0 BLANK 

Table A1 Preparation of high-range DNA standard curved for the PicoGreenTM 
DNA assay. 
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2. RT-PCR Primers 

Osteocalcin (OC) 
Forward primer: CATGAGAGCCCTCACACTCC 

Reverse primer: CAGCAGAGCGACACCCTAGACC 

Product size: 319bp 
 

Osteopontin (OP) 
Forward Primer: GACCTGACATCCAGTACCC 

Reverse Primer: GTTTCAGCACTCTGGTCATC 

Product size: 184bp 

 
RUNX2 

Forward Primer: CCAGATGGGACTGTGGTTACC 

Reverse Primer: ACTTGGTGCAGAGTTCAGGG 

Product size: 395bp 
  

 

 


