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Abstract 

Degeneration of articular cartilage and associated osteoarthritic changes are 
the leading cause of compromised joint articulation worldwide. Early stages of 
osteoarthritis (OA) are characterised by partial thickness chondral defects that 
fail to heal spontaneously. It is crucial to repair these defects during the early 
stages of cartilage degeneration to prevent the progression of OA. Currently 
used clinical interventions however have been unable to completely 
restore/regenerate damaged articular cartilage to its native state. This has led 
to considerable interest in the development of effective cartilage tissue 
engineering strategies for the treatment of chondral defects in an increasing 
ageing population. The present study aims to address some of the hurdles in 
cartilage regeneration, in particular, (i) identification of an appropriate cell 
source, (ii) an understanding the effect of oxygen on cartilaginous matrix 
formation, and (iii) the application of a novel bioreactor design for the 
generation of neocartilage grafts. Human articular chondrocytes (HACs) 
demonstrated excellent cartilage formation in both scaffold-free pellet culture 
and culture using three-dimensional biomaterial scaffolds. Chondrogenic 
differentiation of STRO-1-immunoselected skeletal stem cells (STRO-1+ SSCs) 
was significantly improved by the utilisation of scaffolds with a highly 
interconnected porous architecture in comparison to scaffold-free pellet 
culture. The predeposition of SSCs for hypertrophic differentiation however 
indicated a need for further development of cell culture protocols that may 
otherwise limit their application in cartilage bioengineering strategies. A 
combined experimental-computational approach was utilised to infer the likely 
effects of oxygen tension on cartilaginous matrix synthesis by HACs in the 3-D 
pellet culture model, from which a threshold oxygen tension (pO2 ≈ 8% 
atmospheric pressure) that separated collagenous matrix formation from PG 
deposition was determined. This study has also demonstrated the first 
successful application of perfusion bioreactor technology in combination with 
ultrasound cell trapping for the generation of “scaffold-free” neocartilage grafts 
of HACs that were analogous to native hyaline cartilage. Furthermore, the 
neocartilage grafts were able to adhere to host articular cartilage and mediate 
repair of partial thickness chondral defects. The work presented in this thesis 
has demonstrated the successful application of a multidisciplinary approach, 
encompassing skeletal cell biology, bioengineering, mathematical modelling 
and acoustofluidics, for the generation of neocartilage grafts ex vivo that could 
be ultimately scaled-up and subsequently used in the clinic for resurfacing 
articular cartilage defects. 
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1.1 Overview 

Articular cartilage is a highly specialised tissue type with distinct characteristics 
that are not only functionally important but also have significant implications for 
treatment options. Despite being only millimetres in thickness (1.6 – 2.5 mm 
thick in knee joints), articular cartilage functions as low-friction shock absorber 
to dissipate biomechanical loads and facilitates smooth synovial joint 
articulation (1, 2). Articular cartilage is avascular, aneural, alymphatic and 
hypocellular. On macroscopic level, chondrocytes, a mere 5% of the total 
weight, are the only cell type present in articular cartilage that synthesize and 
maintain the extracellular matrix (ECM) under the direction of the master 
chondrogenic transcription factor SOX9 (3, 4). Mature cartilage is thus by 
definition a poor source of regenerative tissue, resulting in limited self-repair 
capacity. 

Cartilage lesions that have left unrepaired or have undergone improper repair 
are often characterised by the formation of tissues of inferior biochemical and 
biomechanical properties, thus rendering the cartilage susceptible to 
development of osteoarthritis (OA). Osteoarthritis, the most common form of 
arthritis in the western world, affects approximately 8.5 million people in the UK 
alone (5). Clinical interventions for functional restoration of chondral defects (i.e. 
defects that do not penetrate the subchondral bone) can be divide into 
categories including reparative bone marrow stimulation techniques such as 
abrasion arthroplasty and microfracture; restorative approaches such as 
osteochondral autografts/allografts, periosteal/perichondral grafts and 
autologous chondrocyte implantation (currently the only FDA-approved cell-
based therapeutic strategy) (6, 7) (Figure 1-1). These treatment options 
however often result in the unpredictable formation of fibrocartilage containing 
Collagen Types I and II, which has less strength and resillience than native 
hyaline articular cartilage, thus fail to demonstrate long-term success in 
restoring the native properties of cartilage.  



!24 

 

Figure 1 - 1. Schematic of various marrow stimulation techniques used for the 
treatment of cartilage defects. (a-b) Diagram illustrating a typical partial 
thickness chondral defect in articular cartilage at the femoral region. (c) 
Abrasion arthroplasty. (d) Microfracture carried out by bent awl. (e) 
Subchondral drilling carried out by driller. (f) Spongialisation carried out by 
trephine. (g) Repair via fibrocartilage formation after marrow stimulation. Image 
reproduced from Redman SN et al (2005) Current strategies for articular 
cartilage repair. European cells and materials 9: 23-32 (6) and Ahmed TA and 
Hincke MT (2010) Strategies for articular cartilage lesion repair and functional 
restoration. Tissue Eng Part B Rev 16: 305-329 (82). 
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Treatment strategies for degenerative articular cartilage disease such as OA 
thus remain one of the major challenges of the 21st century. At present, 
degenerated joints with cartilage defects, as seen in OA, are often managed 
using pharmacological pain management and total joint replacement surgery is 
carried out only when the disease has reached its most advanced stage owing 
to the limited lifespan of the prosthesis. As such, the cost of treating OA places 
an ever-increasing economic burden on healthcare providers as the ageing 
population continues to rise. In the UK, one third of the population aged 45 and 
over (approximately 8.75 million people) have sought treatment for 
osteoarthritis (8). 

The limited success of current treatment methods makes cartilage 
regeneration through the application of tissue engineering approaches an 
attractive alternative. The field of cartilage tissue engineering is being 
advanced with the aim to create biologically compatible cartilage grafts. Many 
different components, including various constituent cell types, biomimetic 
scaffolds, chondroinductive bioactive factors and the use of bioreactors, are 
necessary to construct tissue-engineered neo-cartilage grafts.!The 
multidisciplinary approaches currently being developed to produce ex vivo 
cartilage grafts promise to bring to fruition the desire for cartilage regeneration 
in clinical use. 

1.2 The composition and structure of articular cartilage 

Articular cartilage is composed of chondrocytes in an ECM of collagen, 
proteoglycan (PG) and water (Figure 1-2). The exquisite organisation of the 
ECM results in the unique biochemical and biomechanical properties of 
articular cartilage, which can be regarded as a composite, organic solid matrix 
that is saturated with water and mobile ions (9). Collagen Type II is the 
predominant collagen, with Collagen Types IX and XI the most prevalent minor 
collagen types present in the ECM (10). The collagen bundles maintain a rigid 
framework and help cartilage to resist lateral expansion on axial compression. 
The cartilage-specific proteoglycan, Aggrecan, is the largest and most 
abundant molecule. Aggrecan, which binds hyaluronic acid (HA) to form 
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complexes within the ECM, is composed of a protein backbone bound to 
negatively charged chondroitin sulphate (i.e. sulphated 
glycosaminoglycan/GAG) and keratin sulphate groups. Due to the negative 
charge, these complexes attract and hold large quantities of ions and water 
(11). In response to compression, a proportion of water molecules are forced 
out, thereby causing reversible deformation of the cartilage and temporarily 
increasing the contact area. However, most water molecules remain at their 
original location due to the GAGs under hydrostatic pressure, thus contributing 
to the compression stiffness and lubrication properties of articular cartilage. 
Chondrocytes, the only cellular component of articular cartilage, have a low 
turnover rate and receive nutrients and oxygen from surrounding synovial fluid 
by means of diffusion (12). Chondrocytes respond to a complex array of 
factors, including matrix proteins, mechanical load and soluble mediators such 
as growth factors and cytokines, and synthesize and maintain the components 
of the ECM that regulate cartilage homeostasis (13).  

 

Figure 1 - 2. Extracellular matrix components of hyaline articular cartilage. The 
avascular, aneural and alymphatic articular cartilage is composed of 
chondrocytes in an extracellular matrix composed of mainly collagen, 
proteoglycan (PG) and water. 
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The matrix of articular cartilage has a highly specific structural arrangement 
varying with depth from the articular surface (Figure 1-3), i.e. a hierarchical 
structure that is divided into 4 zones: superficial/tangential zone, 
middle/transitional zone, deep/radial zone and calcified zone (14). The 
superficial zone is 10-20% of the cartilage thickness from surface. The 
collagen in this zone is oriented parallel to the articular surface and the 
chondrocytes are flattened and more dense than in other zones, resulting in 
high tensile strength to withstand the tensile stress encountered under joint 
loading (15). The major components of superficial zone include lubricin or 
superficial zonal protein, which functions as a lubricant and is normally only 
found in this area of the articular cartilage (16). The relatively small amount of 
PG attached onto the collagenous membrane likely acts as a barrier of high 
resistance against fluid flow when cartilage is compressed. In the middle zone, 
20-70% of the thickness, the collagen is more randomly oriented as are the 
chondrocytes, which are more spherical (17). The collagen in deep zone, 70-
100% of the thickness, is in bundles that are perpendicular to the underlying 
calcified cartilage and chondrocytes are larger and in vertical columns. The 
calcified zone includes the tidemark that separates the calcified cartilage from 
the subchondral bone and is integral for the adhesion of cartilage to bone. 
Collagen Type X is found in this region.  
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Figure 1 - 3. The hierarchical structure of articular cartilage. The matrix of 
articular cartilage has a highly specific structural arrangement varying with 
depth from the articular surface, i.e. a hierarchical structure that is divided into 
4 zones: superficial/tangential zone, middle/transitional zone, deep/radial zone 
and calcified zone. Image adapted from Landinez-Parra NS et al (2012) 
Mechanical behaviour of articular cartilage. In: Goswami T, editor. Injury and 
skeletal biomechanics (17). 

1.3 Cell sources for cartilage tissue engineering 

1.3.1 Chondrocytes 

Chondrocytes, the only cell type found in articular cartilage, are responsible for 
the formation and remodelling of the mature and functional ECM. Articular 
chondrocytes therefore are the obvious cell of choice for cartilage repair. 
Mature chondrocytes, upon release from the surrounding 3-D ECM, lose their 
spherical cell morphology and undergo dedifferentiation. Dedifferentiation of 
chondrocytes is characterised by significant down-regulation of chondrocyte 
specific genes (e.g. sox9, aggrecan and collagen type II), coupled with a switch 
to fibroblastic gene expression profile (e.g. collagen type I and versican) (18, 
19). Mature chondrocytes also have an inherently low rate of cellular 
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proliferation in monolayer culture. To eliminate the need for monolayer 
expansion, there is interest in the direct reimplantation of minced cartilage, 
though results are still preliminary (20). Recent studies have shown that 
chondrocytes have immunosuppressive properties that limit host immune 
reaction (21). Therefore, the use of allogenic chondrocytes is also under 
investigation. Allogeneic chondrocytes from adult donors are also under 
clinical investigation (22). Neonatal or fetal chondrocytes, in particular, prove to 
be a viable option given their significantly faster proliferation rate in comparison 
to adult chondrocytes and the ability to produce ECM that closely resemble 
native cartilage, with high PG and Collagen Type II content (23). DeNovo® ET, a 
de novo tissue derived from juvenile allogeneic chondrocytes, is currently in 
Phase III trial. However, the availability of both adult and juvenile chondrocytes 
can be limited. Cells from sources such as ear and nasal cartilage have also 
demonstrated chondrogenic potential (24, 25), albeit the robustness of the 
tissue generated and its biofunctionality in articular cartilage defects remain to 
be determined. 

Autologous chondrocyte implantation (ACI), which was first described by 
Brittberg et al. (7), represents one of the first cell-based therapies for repairing 
cartilage lesions (Figure 1-4). In ACI, biopsies of articular cartilage are 
harvested from non-load-bearing areas of the patellofemoral joint and 
chondrocytes are isolated and expanded ex vivo. In a separate surgical 
procedure, chondrocytes are reimplanted into the defect site under an 
autologous periosteal flap. Since the seminal work by Brittberg et al. in 1994, 
ACI (and various advances in surgical technique) has been widely adopted in 
clinic and is currently regarded as the standard cellular therapy for articular 
cartilage repair. Although this procedure reduces pain and swelling, the 
associated donor site morbidity as a result of harvesting the articular cartilage 
and periosteum cannot be overlooked (26).  
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Figure 1 - 4. Basic concept of autologous chondrocyte implantation. The 
procedure involves cell harvesting from biopsies of low load-bearing region of 
the cartilage, expansion in monolayer cell culture and reimplantation under a 
periosteal flap at the site of the defect. Image reproduced from Brittberg M et al. 
(2003) Articular cartilage engineering with autologous chondrocyte 
transplantation. A review of recent developments. J Bone Joint Surg Am 85-A 
Suppl 3: 109-115 (27) 
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1.3.2 Multipotent stem cells 

While chondrocytes are of great interest, a crucial advance in the field of 
cartilage tissue engineering has been the identification of multiple cell sources 
that can readily provide large numbers of undifferentiated progenitors with 
chondrogenic potential. Adult skeletal stem cells (SSCs), most commonly 
referred to as mesenchymal stem cells (MSCs) derived from bone marrow 
stromal tissue, are being studied extensively for the development of articular 
cartilage cell therapies since the work of Pittenger et al. who demonstrated the 
multipotent differentiation of MSCs into three cell lineages of adipocytes, 
osteoblasts and chondrocytes (28). The concept of a ubiquitous MSC with 
broad differentiation potential however represents a significant departure from 
the proven notion that SSCs are found in the bone marrow (and not in other 
tissues) (29). The alternative concept adopted in the present study, postnatal 
SSCs have an organ specific ontogeny and in vivo identity and thus organ 
specific progenitor function and therapeutic applications (30). In the case of 
SSCs, these relate specifically to the various tissues and cell types that 
compose the bone organ, namely bone, cartilage, adipocytes, fibroblasts and 
stromal tissue. Over the years, studies have attempted to isolate relatively 
homogenous populations based on the expression of one or more cell-surface 
markers that are characteristic of the skeletal stem cell phenotype, including 
the STRO-1 antigen, CD29, CD73, CD90, CD105, CD106, CD166, CD146, 
CD44 and CD271 or, by negative selection for haematopoietic markers such as 
CD34, CD45, CD19, CD14, CD11b, CD79α and HLA-DR surface molecules (31, 
32). 

In contrast to mature chondrocytes, MSCs can be expanded considerably in 
vitro to relatively high cell numbers, making them an attractive option for 
cartilage regeneration. OA is associated with progressive and often severe 
inflammation. For cartilage tissue engineering or cell therapy to be successful, 
measures must be taken to control such an inflammatory environment. 
Although the precise mechanism has yet to be fully clarified, it is evident that 
MSCs have anti-inflammatory and immunosuppressive properties, which may 
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be useful in managing OA (33). Of the multiple sources of adult stem cells, 
including placenta, umbilical cord, skeletal muscle, synovium, synovial fluid 
and adipose (34-38), bone marrow derived stromal cells (BMSCs) are most 
commonly used. Following isolation, a number of protocols are currently used 
to induce chondrogenic differentiation of BMSCs. Typically, the protocol 
involves the application of exogenous transforming growth factor β (TGF-β) 
and dexamethasone (39). Although multiple animal studies have examined the 
capacity of BMSCs to repair cartilage defects (40, 41), there were only few 
reported clinical studies. BMSCs embedded in collagen gel implanted within 
an autologous periosteum cover to repair patellar articular cartilage defects 
allowed pain-free walking for at least 4 years post-operation (42). A separate 
study compared patients with and without BMSC transplant treatment for 
medial femoral condyle osteochondral defects (43). Although patients treated 
with BMSC transplantation demonstrated improved arthroscopic and 
histologic articular cartilage growth 42 weeks post-operation, clinical outcome 
were similar.  

There is however, an evident obstacle to the application of BMSCs as a cell 
source for cartilage tissue engineering applications. The chondrogenic 
differentiation of BMSCs is often accompanied with up-regulation of genes 
indicative of chondrocyte hypertrophy such as Collagen Type X, alkaline 
phosphatase (ALP) and matrix metalloproteinase-13 (MMP-13) (39, 44). It has 
been demonstrated that soluble factors such as parathyroid hormone-related 
protein (PTHrP) produced by articular chondrocytes during co-culture can 
reduce hypertrophic differentiation of BMSCs (45, 46). Further understanding 
and identification of these molecules will provide a promising strategy for 
improving chondrogenic cell therapies from BMSCs. 

Adipose derived stem cells (ASCs), despite having lower chondrogenic 
potential in comparison to BMSCs (47), are gaining increasing interest as they 
can be harvested in plentiful numbers during a relatively simple procedure 
such as liposuction. On the other hand, synovial-derived stem cells 
demonstrated superior chondrogenic capacity to those derived from bone 



! 33 

marrow, skeletal muscle and adipose tissue (48). However, synovial-derived 
stem cells may retain fibroblastic phenotype after implantation. How best to 
utilise these cells is therefore still open to discussion. 

The most common method used to isolate bone marrow, adipose or synovial 
cells is simple adherence to tissue culture plastic. Although no single marker 
can distinguish adult stem cells, a fraction may be selectively enriched using 
established stem cell surface markers (49). The current used sets of markers, 
however, are unable to select a pure homogeneous MSC subpopulation. 
Understanding of surface markers that can identify subpopulation of MSCs 
with robust chondrogenic potential will be beneficial to the field of cartilage 
tissue engineering. 

1.3.3 Pluripotent stem cells 

Pluripotent stem cells, such as embryonic stem cells (ESCs) and iPS cells, are 
attractive options for tissue regeneration because of their potential for 
indefinite self-renewal and ability to differentiate into multiple tissue types. 
Despite increasingly represented in the literature (50-52), chondrogenic 
differentiation using ESCs is much less common. In part, this is due to the 
ethical concerns and strict regulations raised from the derivation of ESCs, i.e. 
from the inner cell mass of blastocyst-stage embryos.  

The few methodologies investigated so far for the generation of chondrogenic 
cells from ESCs fall into mainly four categories: (a) co-culture of spontaneously 
differentiating ESC with mature adult chondrocytes (53, 54), (b) culture of ESCs 
in differentiation media supplemented with chondroinductive growth factors 
(55), (c) differentiation of ESCs to MSC-like cells (56, 57) and (d) targeted 
differentiation. The targeted differentiation strategy mimics the developmental 
pathways that occur during embryogenesis and involves segmenting the 
differentiation protocol into stages, e.g. Stage 1 – mesendoderm, Stage 2 – 
mesoderm and Stage 3 – chondrocytes, with differentiation in each stage 
driven by defined culture conditions supplemented with exogenous growth 
factors (50, 51). 
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Interest in induced pluripotent stem (iPS) cells is increasing as they possess 
high differentiation capacity comparable to ESCs, but have far less ethical 
restrictions. In addition, iPS cells can be produced from the patient’s own cells, 
reducing the risk of rejection and/or disease transmission (58). Although iPS 
cells were originally created by integrating viral vectors, development in 
technology has allowed the use of episomal vectors with increased safety (59).!
One interesting study incorporated the chondrogenic factor (SOX9), while 
reprogramming adult dermal fibroblasts (60). The resulting cells expressed 
chondrogenic markers (collagen type II) with extensively methylated collagen 
type I genes. iPS cells have also been shown capable of robust 
chondrogenesis and chondrogenic cells can be purified using Collagen Type II 
driven green fluorescent protein (GFP) expression (61). 

While pluripotent ESCs and iPS cells have significant potential for the 
development of tissue-engineered cartilaginous grafts in vitro research, their 
clinical application will require stringent safety trials (e.g. to prevent teratoma 
formation (62)) to become a reality. 

1.4 Differentiation cues 

1.4.1 Growth factors 

Growth factors are biologically active polypeptides. A large variety of growth 
factors have been utilised during the development of tissue-engineered 
cartilaginous grafts and were shown to regulate/induce chondrogenesis of 
chondrocytes and stem cell populations (Table 1-1).  
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Growth factor General effects on 
chondrocytes/MSCs References 
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TGF-β1 • Stimulate chondrogenic 

differentiation and ECM 
synthesis 

• Antihypertrophic 

(63, 64) 

TGF-β2 (65, 66) 

TGF-β3 (67, 68) 

BMP-2 • Stimulate chondrogenic 
differentiation and ECM 
synthesis 

• Increase ECM turnover 
• Inhibits catabolic factors (e.g.IL-

1/-6 and MMP-1/-13) and 
cartilage degradation  

(69, 70) 

BMP-4 (71, 72) 

BMP-6 (71, 72) 

BMP-7 (69, 73) 
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ow
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ct

or
 FGF-2 • Chondroprotective (inhibit 

aggrecanase activity) (74) 

FGF-18 • Increase chondrocyte 
proliferation (75) 

Insulin-like 
growth factor-1 

• Stimulate chondrogenic 
differentiation and ECM 
synthesis 

• Anti-immlammatory / stabilise 
chondrocytes  

(69, 76) 

Platelet-derived 
growth factor 

• Chemotactic factor for 
chondrocytes/MSCs 

• Suppress IL-1-induced cartilage 
degradation 

(77, 78) 

Parathyroid 
hormone-

related protein 

• Stimulate chondrogenic 
differentiation and ECM 
synthesis 

• Antihypertrophic 
(46, 79) 

Table 1 - 1. Common growth factors used in cartilage tissue engineering and 
their general effects on chondrocytes and stem cell populations. 

The most extensively investigated group of growth factors in the field of 
cartilage tissue engineering for the stimulation of chondrogenesis and ECM 
synthesis belong to the transforming growth factor beta (TGF-β) superfamily, 
including TGF-β1, TGF-β2, TGF-β3 (63-68) and various bone morphogenetic 
proteins (BMPs: BMP-2, BMP-4, BMP-6 and BMP-7) (69-73). It has become 
clear that the effect of application of signaling molecules is dependent on 
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parameters such as dose and timing of the administration and the cell type on 
which they act. In comparison to continuous application of TGF-β3 (up to 2 
months), transient application of TGF-β3 (up to 3 weeks) resulted in higher 
compressive properties and GAG content of both chondrocyte-laden and 
MSC-laden constructs (80, 81). These findings may suggest that the 
continuous application of TGF-β3 during long-term culture is superfluous. In 
most cartilage tissue engineering studies, the commonly used concentration of 
growth factors such as the TGF-β superfamily and FGF was 10 ng/ml (82). 
Treatment of chondrocytes in agarose with 1, 2.5, 5 and 10 ng/ml TGF-β3 
however resulted in comparable enhancement of both biochemical and 
biomechanical properties of the tissue-engineered constructs (82). It is 
noteworthy that deleterious side effects of TGF-β1 supplement have been 
reported in animal models, including stimulation of synovial proliferation and 
fibrosis, attraction of inflammatory leukocytes to the synovial lining and 
induction of osteophyte formation (65). Given these potential safety concerns, 
TGF-β1 therapy may not present a viable option for articular cartilage 
regeneration strategies in vivo. 

Sekiya et al performed a side-by-side comparison of the effects of BMP-2, 
BMP-4 and BMP-6 on in vitro cartilage formation of human adult stem cells 
from bone marrow stroma (71). All the BMPs tested were shown to enhance 
chondrogenic differentiation as assayed by immunohistochemistry and by size 
and weight of the cartilaginous construct synthesized. BMP-2 however was 
shown to be the most effective. Stimulation of human bone marrow-derived 
MSCs with BMP-2 resulted in chondrogenic differentiation and hyaline 
cartilage-like tissue formation as evidenced by the deposition of proteoglycan 
and Collagen Type II (70). In addition to its capacity to stimulate cartilage 
matrix synthesis, BMP-7 (also know as osteogenic protein-1/OP-1) can 
decrease catabolic activities of catabolic cytokines, including IL-1, IL-6, MMP-
1 and MMP-13, providing a promising modality for managing OA (73). 

The administration of a combination of growth factors to chondrocyte and/or 
stem cell cultures may potentially increase their positive impact. Sequential 
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addition of growth factors was employed with the goal of first increasing 
proliferation within the construct with a combination FGF-2 and TGF-β1, which 
was subsequently followed by enhancing matrix production with IGF-1 (83). A 
combination of IGF-1 and TGF-β1 demonstrated additive anabolic effects on 
chondrocytes and enhanced cartilaginous ECM synthesis (76). Similarly, 
combinations of IGF-1/TGF-β1 and IGF-1/BMP-7 acted synergistically in the 
stimulation chondrogenic differentiation and cartilage matrix synthesis by 
MSCs and HACs (66, 84).  

Several studies have demonstrated that Wnt signaling can influence 
chondrogenesis. It has been shown that Wnt3a enhances BMP-2- and TGF-
β1-induced chondrogenesis by MSCs (85). This observation however stands in 
contrast to other studies in which Wnt3a was shown to inhibit chondrogenic 
differentiation. Sox9 transcription factor has been suggested as a target for 
Wnt3a-mediated inhibition of chondrogenesis (86). Similarly, Wnt4 has been 
shown to block the initiation of chondrogenesis and accelerate terminal 
differentiation as well as ALP activity of chondrocytes in vitro (87). Despite the 
evidence for the Wnt components having an inhibitory effect on 
chondrogenesis, there are Wnt family members that can promote 
chondrogenesis. Studies have shown that Wnt5a and Wnt5b can promote 
chondrogenesis as indicated by an increase in the number of cartilaginous 
nodules formed by chondrocytes during micromass culture (87). 

1.4.2 Three-dimensional (3-D) environment 

1.4.2.1 Natural and synthetic biomaterial scaffolds 

The goal of the application of biomaterial scaffolds in cartilage tissue 
engineering is to (temporarily) replace the function of the native matrix and 
provide the cells with a 3-D niche that stimulates cells to undergo 
chondrogenic differentiation and synthesize cartilaginous matrix. Many scaffold 
biomaterials, both natural and synthetic polymers, have been used in cartilage 
tissue engineering (Table 1-2). 
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Scaffold material Example products References 
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Fibrin – (88, 89) 

Collagen NeoCart® (Histogenics) (90, 91) 

Silk – (92, 93) 
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Hyaluronic acid Hyalograft® C (Anika 
Therapeutics) (94, 95) 

Alginate – (96, 97) 

Chitosan BST-CarGel® (Piramal Life 
Sciences) (98, 99) 

Cellulose – (100, 101) 

Sy
nt

he
tic

 p
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ym
er

 PGA (poly-glycolic 
acid) 

Bioseed®-C (Biotissue), 
CAIS  (102, 103) 

PLA (poly-lactic acid) Cartilage Repair Device 
(Kensey Nash) (104, 105) 

PLGA (poly-lactic-co-
glycolic acid) 

TruFit Plug (Smith & 
Nephew) (106, 107) 

PEG (poly-ethylene 
glycol) 

GelrinC (Regentis), 
ChonDuxTM (Biomet) (108, 109) 

Table 1 - 2. Commonly used scaffolding biomaterials in tissue engineering of 
articular cartilage  

Many of the natural biomaterials are hydrogels that are highly hydrated with 
water content, similar to the 3-D environment in which chondrocytes reside in 
native cartilage. The most attractive advantage of hydrogels is that they 
promote chondrocyte attachment in a manner similar to native cartilage ECM 
and maintain spherical chondrocytic phenotype (110). The viscoelastic nature 
of hydrogels also permits the transfer of loads to chondrocytes (111). In 
addition, natural scaffold materials fabricated by biologics allow natural ECM 
remodelling with construct maturation (112). To improve poor mechanical 
strength and relatively fast degradation rate, natural materials are often treated 
with cross-linking and surface modification agents (e.g. cross-linked collagen-
GAG scaffolds) (113). 

Synthetic biodegradable polymers offer advantages such as high 
reproducibility and flexibility to allow manipulations of degradation rate, 
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mechanical properties, shape and biocompatibility. The most commonly used 
synthetic polymer-based scaffolds in cartilage tissue engineering are PLA, PGA 
and PLGA, which have better mechanical strength and load-bearing properties 
than hydrogels (114). A major concern related to the use of synthetic 
biodegradable polymeric materials remains the lack of biocompatibility. The 
degradation process through random hydrolysis of the ester bonds in the 
polymer chain results in the release of acidic by-products into the surrounding 
environment and subsequently, reduces the pH, which often contributes to the 
adverse inflammatory response, giant cell reaction and cell death (115, 116). 

There is increasing interest in surface or bulk modification of the biomaterial to 
create hybrid scaffolds that combine the advantages of both natural biologic 
polymers and synthetic biodegradable polymers (117, 118).!In comparison to 
PLGA alone, PLGA meshes filled with fibrin glue not only demonstrated 
controlled degradation rates, but also maintained the spherical phenotype and 
cartilaginous matrix production of chondrocytes (119). Chitosan and 
polyethylenimine (PEI) composites provided a suitable 3-D environment for 
preventing chondrocyte dedifferentiation, demonstrated the versatility of being 
able to be moulded into desired shape and the possibility of incorporation of 
bioactive factors into the gel network (120). Fibre-reinforced composite 
scaffolds such as the 3-D woven poly(epsilon-caprolactone) (PCL) scaffolds 
encapsulated with a fibrin hydrogel have been utilised to mimic the complex 
hierarchical structure as well as the anisotropic, nonlinear and viscoelastic 
biomechanical properties of native articular cartilage tissue (121). 

1.4.2.2 “Scaffold-free” technique 

Although scaffolds can provide desirable 3-D environment for cartilaginous 
tissue formation, the successful application of biomaterials in tissue 
engineering requires careful consideration of their 3-D architecture, 
biocompatibility, biomechanics, degradation rates and immunogenicity of the 
degradation products (122). Techniques have been developed to generate 
“scaffold-free” neocartilage by culturing chondrocytes or MSCs in high density 
3-D pellets/aggregates/spheroids, which can be formed by high-speed 
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centrifugation of cells and facilitate the generation of cartilaginous matrix (123-
126)  (Figure 1-5).  

 

Figure 1 - 5. Schematic of neocartilage formation in “scaffold-free” pellet 
culture model. High-density cell aggregation facilitates cell-to-cell contact, 
recognition and interaction in a 3-D environment. 

“Scaffold-free” pellet culture can generate hyaline cartilage-like tissue 
characterised by the presence of chondrocytes, which express SOX9, a key 
marker of chondrogenesis, in lacunae embedded in dense ECM composed of 
Collagen Type II and proteoglycan. Although the pellet culture technique 
serves as an excellent in vitro model for cartilaginous tissue formation, it is not 
capable of generating clinically relevant neo-cartilage grafts due to the 
limitations on the size of viable chondrospheres (typically 1 mm diameter) that 
can be generated. Attempts to scale up the chondrospheres using 
conventional static pellet culture are often met with suboptimal chondrogenic 
differentiation and cartilage formation due to the lack of mechanical stimuli and 
inefficient mass transfer. 

The combination of pellet culture and bioreactor technologies may serve as a 
robust culture technique for the successful generation of robust cartilaginous 
explants suitable for clinical use. Culture within a rotating bioreactor has been 
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shown to stimulate the formation of a large number of chondrocyte aggregates 
in response to gentle rotational movement (127). Various mechanical stimuli 
have also been used to optimise “scaffold-free” culture, wherein shear or 
hydrostatic force from bioreactor culture systems were shown to improve 
mechanical properties and expression of chondrogenic markers in “scaffold-
free” culture (127, 128). 

1.4.3 Mechanical stimuli 

Articular cartilage is sensitive to its mechanical environment and mechanical 
stimulation is one of the most important external cues for improving the 
biomechanical properties of tissue engineered cartilaginous grafts. Bioreactors 
have been developed to apply mechanical loading regimes to cells or cell-
seeded scaffold constructs. Direct dynamic compression and hydrostatic 
pressure are the two most investigated mechanical stimuli in cartilage tissue 
engineering.  

1.4.3.1 Dynamic compression 

Direct stimulation from mechanical loading as well as the enhanced nutrient 
transfer and waste removal rates are believed to contribute to chondrogenesis 
in response to a cyclic compressive load (129). Direct dynamic compression 
applied to chondrocyte-seeded constructs and pellet culture enhanced ECM 
production as well as the compressive properties of the tissue-engineered 
construct (130, 131). Dynamic compression has also been applied to induce 
chondrogenic differentiation of MSCs, which demonstrated enhanced 
cartilaginous ECM synthesis in comparison to unloaded controls (132, 133). 
The application of growth factors such as TGF-β3 and IGF-1 in addition to the 
dynamic loading regimen has been shown to have additive effects, tissue-
engineered constructs (e.g. agarose gel seeded with chondrocytes) achieved 
improved cartilaginous matrix contents and biomechanical properties when 
compared to each stimulant used alone (134, 135). Furthermore, these 
improved characteristics were shown to be uniform throughout the construct.  
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1.4.3.2 Hydrostatic pressure 

A number of studies have demonstrated that hydrostatic pressure can improve 
the biomechanical properties of cell-seeded constructs and pellet culture in 
vitro, with further additive effects achieved by the application of growth factors 
(136, 137). In addition, dedifferentiated chondrocytes resumed phenotypic 
spherical morphology in response to hydrostatic pressure (138, 139). Although 
the exact effects of hydrostatic pressure on chondrogenesis are not fully 
understood, as with dynamic compression, the beneficial effects are highly 
dependent on the loading regimen. Exposure of chondrocytes to 10MPa at 
1Hz frequency for 4 hours/day (up to 8 weeks) resulted in increased 
cartilaginous matrix (Collagen Type II and GAG) formation (140). However, 
prolonged exposure to static and/or higher hydrostatic pressures (greater than 
20MPa) was shown to suppress matrix synthesis and chondrocyte viability 
(141). Bone marrow derived (142), adipose derived (143) and synovium derived 
(144) MSCs all demonstrated enhanced gene/protein expression (including 
SOX9 and Collagen Type II) and ECM synthesis rate in response to a variety of 
hydrostatic pressure loading regimes when compared to static controls. 

1.4.3.3 Fluid shear 

Shear loading is one of the physiological conditions that provide mechanical 
stimuli in normal joint function. The amount of solid-on-solid shearing is 
minimal due to the fluid pressurisation in cartilage (145), therefore, fluid shear 
has been utilised routinely in cartilage tissue engineering. One of the simplest 
bioreactors to provide fluid shear is the spinner flask, such as the wavy-walled 
bioreactor (146). Depending on the level of shear exerted to the cells, cultures 
in spinner flasks have shown both positive and negative results. In particular, 
cell damage and poor retention of chondrocytic phenotype were reported at 
high-shear rates (147). 

Low-shear bioreactors, such as rotating “microgravity” bioreactors (Figure 1-
6a), have been developed with the aim to provide stimulatory effect on 
cartilaginous matrix synthesis while maintaining chondrocytic phenotype. 
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Studies have demonstrated increased GAG and Collagen Type II production 
following culture in rotating bioreactors when compared to both high-shear 
and static culture conditions (148). The drawbacks associated with the use of 
rotating bioreactors are the difficulty in determining an optimal flow pattern and 
the risk of collision between constructs or with the bioreactor wall when a 
number of samples are placed within a single bioreactor (149). 

Alternatively, shear bioreactors can incorporate fluid perfusion (Figure 1-6b). 
Flow perfusion bioreactors are designed to continuously perfuse culture media 
around and/or through cells or cell-seeded scaffold. The flow rate can be 
controlled to apply desired amount of mechanical stimuli in the form of fluid 
shear stress while enhance mass transfer rates of metabolites and nutrients 
otherwise limited by diffusion.  

 

Figure 1 - 6. Schematic of bioreactors designed to provide fluid shear stimuli 
in tissue engineering approaches. (a) Rotating wall bioreactors consists of a 
rotating cylindrical chamber, which is rotated at a speed such that a balance is 
reached between the gravitational force and the hydrodynamic force. (b) 
Perfusion bioreactors are designed to continuously perfuse culture media 
around and/or through cells or cell-seeded scaffold. Images of typical rotating 
wall bioreactor (c) and perfusion bioreactor (d) were adapted from NASA and 
3D Biotek LLC respectively. 
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Human articular cartilage pieces cultured within perfusion bioreactors were 
able to maintain hyaline cartilage morphology up to 56 days. The 
immunostaining of Aggrecan and Collagen Type II were also comparable to 
freshly isolated cartilage (150). Constructs generated in the perfusion 
bioreactors systems also demonstrated homogeneous cell distribution and 
cartilaginous ECM deposition (151, 152). In a perfusion system developed by 
Santoro et al. (152), human articular chondrocytes seeded on large scaffolds 
(50 mm diameter × 3 mm thick) were viable and homogeneously cartilaginous 
following two weeks of culture. In comparison, constructs without perfusion 
were highly heterogeneous and contained large necrotic regions. This presents 
an exciting practical perspective for generating large-scale functional explants 
for clinical treatment of cartilage defects. Culture time appeared to affect the 
overall response of the construct to fluid perfusion. Although GAG synthesis 
and retention was observed to be inhibited at early stage of culture (3 days), 
extended culture period (9 days) resulted in improved cartilaginous matrix 
synthesis and accumulation of GAG in comparison to static controls (153). The 
amount of shear stress (dependent on flow rate) exerted on cells in a perfusion 
bioreactor need to be stringently controlled. As with other types of fluid-
induced bioreactors, high-shear stress can result in adverse chondrocyte 
responses in the form of increased levels of IL-6 and nitric oxide, indicators of 
OA (147, 154). Conversely, the advantage over static culture was insignificant if 
perfusion rates were too low (155).  

1.4.3.4 Potential of “hybrid” bioreactors 

Each type of bioreactor has its own advantages and disadvantages. 
Successful application of mechanical stimulation can be difficult, as each 
bioreactor has to be optimised to take advantage of its benefits while 
minimising deficiencies. Combining two or more types of bioreactors may 
provide the possibility of complementing each other’s strengths and 
weaknesses. Having said that, it can prove challenging to combine the 
desirable characteristics of different types of bioreactors into one single device. 
Only few single-device hybrid bioreactors have been developed to date (156, 
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157). Alternatively, bioreactors do not necessarily need to be combined into 
one device. For example, cells can be first seeded in a dynamic environment 
(e.g. in a spinner flask) and then transferred to a separate bioreactor (e.g. 
application of hydrostatic pressure). Tissue constructs generated using this 
culture protocol exhibited significantly higher concentrations of both GAG and 
collagen content than constructs cultured entirely in either singular bioreactor 
system (158). 

1.5 Role of oxygen tension 

1.5.1 Determining oxygen tension 

Articular cartilage, unlike most tissues, is maintained and functions in a low 
oxygen (O2) environment throughout life due to the absence of vasculature. 
Articular chondrocytes within the avascular cartilage tissue receive nutrients 
including O2 mainly via diffusion from the synovial fluid. The exact amount of O2 

within cartilage is dependent on a number of factors such as O2 tension in the 
synovial fluid, O2 diffusivity/diffusion coefficient, diffusion distance (i.e. cartilage 
thickness), cell density and cellular O2 consumption rate (159), and therefore its 
accurate measurement proves challenging. Oxygen tension in synovial fluid 
from rabbit and human knee joints were reported to be between 0% and 10%, 
lower than that of arterial blood oxygen tension, while an oxygen tension range 
of 1-5% was predicted by model calculations within adult human articular 
cartilage tissue in vivo (160, 161). 

Diffusion of O2 from the synovial fluid through cartilage is not homogeneous, 
permeability being higher in cellular and pericellular regions compared to 
regions rich in collagen fibrils, while the deepest calcified layers of adult 
articular cartilage are impermeable to fluid or gas (162, 163). Thus, a gradient 
of decreasing oxygen tension ranging from ~7-10% at the surface to possibly 
<1% in the deepest layer has been reported for articular cartilage (bovine) (159, 
164).  

In vitro, low oxygen tension plays an important role in chondrogenesis by way 
of restoration of the dedifferentiated phenotype of passaged chondrocytes and 
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stimulation of cartilaginous ECM accumulation (165, 166). However, previous 
studies including our observation (Figure 1-7) have shown that, in tissue-
engineered cartilaginous explants, chondrogenesis was initiated along the 
periphery, while the centre was characterised by the absence of cartilaginous 
tissue (148, 167). While low oxygen tension has been widely accepted to be 
favourable for chondrogenic differentiation, a minimal amount of oxygen is 
indeed required for cell survival and ECM production (168). 

 

Figure 1 - 7. Day-21 cartilaginous pellet of human articular chondrocytes (cell 
seeding number = 1×106). Alcian blue and Sirius Red stain demonstrated 
zones/bands corresponding to varying levels of chondrogenic differentiation (a), 
namely a peripheral collar of fibrous collagen (b), followed by a defined band of 
cartilaginous tissue stained with predominantly Alcian blue (c), in turn, followed 
by a region of sub-optimal chondrogenic differention (d) and a central necrotic 
region (e). Scale bar represents 200µm. 

Oxygen is one of the first nutrients to become limiting because of its relatively 
low solubility. If the exchange of nutrients is not improved, the supply of 
oxygen within the 3-D explants can only take place through diffusion, which 
inevitably leads to the formation of gradients in oxygen tension (169). Analysis 
of the effect of O2 tension on chondrogenesis requires a consistent 
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experimental set-up, which should ideally allow an accurate measurement or at 
least a reliable estimate of the actual oxygen tension experienced by the cells 
in the construct. Mathematical simulation can be applied effectively for the 
prediction of O2 tension and also the gradients within 3-D constructs. Although 
mathematical models that predict oxygen gradients in bioengineered cartilage 
constructs have been described in literature, these models were originally 
never related to measured oxygen gradients due to technical difficulties in 
measuring local oxygen tensions in situ (170, 171).  

A non-invasive technique was applied for time-resolved oxygen sensing of a 
full-thickness cartilaginous construct sealed to a plate using optically sensitive 
foils (172). Although this technique allowed measurement of oxygen gradients 
with high spatial resolution, it was only possible to obtain a 2-D map of the 
oxygen profile. The study by Malda and co-workers (169) adapted a glass 
microelectrode system developed by Revsbech and Ward (173) and reported 
that the microelectrode was strong enough to penetrate cartilage and 
cartilage-polymer constructs, and yield reproducible O2 measurements with 
high spatial resolution. Additionally, these researchers developed a 
mathematical model to predict oxygen profiles within the tissue-engineered 
constructs. These techniques can therefore potentially assist in providing an 
insight into the relationship between local oxygen tension and cellular 
behaviour. 

1.5.2 Computational modelling of cell viability, chondrogenesis and nutrient 
transport 

The energy required for chondrocytes to synthesize ECM and maintain 
cartilage biomechanics is provided by glycolysis (174). In glycolysis, cells 
consume oxygen and breakdown glucose into lactic acid to produce energy in 
the form of ATP. Cell viability and metabolic activity can be adversely affected 
by extremely low oxygen/glucose or high lactic acid content (175). Although 
nutrients and metabolic by-products are transported into and out of the 
cartilage by diffusion, experimental approaches struggle to provide a complete 
and reproducible understanding of the mechanism that orchestrate the nutrient 
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transport. Therefore, mathematical and computational modelling are essential 
complements for the analysis of nutrient transport and prediction of cellular 
response. A comprehensive review of different mathematical and 
computational modelling strategies for cartilage tissue engineering systems 
has been performed by Sengers and co-workers (176, 177). 

A model for the progression of chondrogenic differentiation was developed to 
determine temporal and spatial patterns of GAG deposition within cell-polymer 
explants during culture (167). This model accounted for the consumption of 
oxygen and GAG synthesis as a function of the local oxygen tension and 
diffusion of both species. Although the predicted profiles of GAG concentration 
in engineered cartilaginous constructs were quantitatively consistent with 
tissue samples, the model was unable to predict cell distribution and the rate 
of tissue growth. 

The concentration gradients of oxygen, glucose and lactic acid have been 
modelled individually or in combination for cartilage explants and tissue-
engineered constructs (169, 178, 179). These models described nutrient/lactic 
acid transport in terms of diffusion and provided predictions of their spatial 
distribution. However, most model predictions have not been validated 
experimentally. A model was proposed to elucidate the main mechanisms 
responsible for the growth of cartilaginous constructs cultured in a rotating 
bioreactors and the spatial distribution of nutrients, GAGs and cells within the 
structure (179). Experimental conditions assumed an adequate supply of 
nutrients and a limiting role of oxygen, and the model traced the temporal 
evolution of distribution profiles of oxygen, GAGs and cells. The model was 
able to capture the major phenomena and kinetics regulating the spatial and 
temporal characteristics of cartilaginous tissue cultured in a rotating bioreactor 
and validate these by comparisons with observations of i) GAG synthesis, 
aggregation and leakage (i.e. unbound and bound GAGs), ii) spatio-temporal 
distribution of GAGs and cells, and iii) tissue growth or construct enlargement. 
This model however did not consider complex cellular dynamics such as cell 
proliferation.  
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A more complex model has been developed to investigate factors that affect 
intervertebral disc by evaluating the concentrations of oxygen, glucose and 
lactic acid in the disc, while accounting for the coupling between these 
substrates via the pH level in the tissue and the nonlinear concentration–
consumption (for glucose and oxygen) and concentration–production (for 
lactate) relations (180). In addition, the study utilised finite element analysis to 
investigate the effects of mechanical loading on substrate distribution by 
altering the tissue geometry and diffusivity. The mechanical loading appeared 
to have opposing effects, on one hand it decreased the disc height that 
subsequently facilitated the transport of nutrient, but on the other, it decreased 
substrate diffusivities and transport. In situations with (i) increases in rates of 
oxygen and glucose consumption or lactic acid production (i.e. fall in pH) and 
(ii) fall in diffusivity, the nutrient concentration could fall to levels (e.g. pO2 < 
0.5% atmospheric pressure) inadequate to maintain cellular viability and/or 
activity.  

In a study by Zhou et al, the interdependence/relationships of (1) oxygen 
consumption to oxygen/glucose concentration and pH, (2) glucose 
consumption to oxygen/glucose concentration and pH and (3) lactate 
concentration to pH were experimentally determined. This information was 
subsequently fitted into diffusion-reaction models to allow the prediction of 
oxygen, glucose, lactate and pH profiles within tissue engineered constructs 
generated under three typical culture conditions, namely static culture, 
perfusion culture, and suspended culture (181). Perfusion cultures were 
demonstrated to support a considerably higher cell density than static cultures, 
while for batch cultures in a rotating bioreactor, the volume of culture media 
influenced the maximum cell density that could be supported. The combination 
of mathematical simulation and experimental validation therefore can provide 
valuable guidance for the design of tissue-engineered cartilaginous constructs. 
However, it is important to note that any theoretical modelling requires a trade-
off between accuracy and complexity. 
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1.6 Ultrasound 

Ultrasound (US) is an oscillating sound wave with a frequency above the upper 
limit of the human audible range (2-20kHz). A number of studies have 
investigated the cellular response of chondrocytes to low-intensity US (LIUS). 
The LIUS strategies typically involve pulse waves of acoustic pressure 
delivered directly onto a defect site or tissue in order to stimulate the cells 
(182). LIUS (1-5MHz) was employed to stimulate chondrocytes in both 2-D and 
3-D cultures (183-186). The positive influences included not only increased cell 
viability but also improved expression of phenotypic cartilage markers (e.g. 
SOX9, Aggrecan and Collagen type II). Furthermore, LIUS treatment has been 
developed to manage cartilage defects and, potentially OA, given its ability to 
modulate levels of MMPs such as MMP-3 (185, 187, 188).  

A number of studies have reported that LIUS can stimulate the proliferation of 
fibroblasts, osteoblasts, monocytes and tendon cells(189, 190), but not of 
chondrocytes (186). The positive effects of LIUS on chondrocyte proliferation 
appeared to be limited to monolayer culture. LIUS enhanced the proliferation of 
human articular chondrocytes in a monolayer culture, but not in 3-D alginate 
system (185). Surprisingly, adverse effects on chondrocyte proliferation were 
observed during the explant culture of a macroscopically non-affected area of 
human OA cartilage in the presence of LIUS (191).  

Although relatively few studies have investigated the effects of LIUS on 
chondrogenic differentiation of MSCs, the results have been promising. LIUS 
was able to induce and maintain chondrogenic differentiation of MSCs in 3-D 
cultures with or without the presence of TGF-β (192, 193). In addition, the TGF-
β-mediated chondrogenic differentiation of MSCs in “scaffold-free” pellet 
culture was enhanced by the application of ultrasound (194). Chondrogenic 
differentiation of MSCs seeded on PGA scaffolds was examined in a murine 
subcutaneous implantation model (195). LIUS treated samples demonstrated 
significantly enhanced total collagen and GAG content in comparison to non-
LIUS control group. However, the exact mechanisms that orchestrate the 
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stimulatory effects of LIUS on chondrocytes and MSCs require further 
investigation. 

Alternatively, ultrasound can be utilised in the form ultrasound standing wave 
trap (USWT), a non-invasive and non-destructive cell manipulation technique 
capable of simultaneously manipulate a large number of cells (196, 197). The 
USWT is an ultrasound resonator, which is normally consisted of a pair of 
acoustic transducer and reflector. When an ultrasonic pressure wave is 
incident on an acoustic reflector, the reflected wave interferes with the incident 
wave, resulting in the formation of an ultrasound standing wave field (USWF). 
The USWF are characterised by areas of maximum pressure, known as the 
pressure antinodes, as well as areas of minimum pressure, know as pressure 
nodes. The axial direction force created by the pressure gradient typically 
direct biological cells towards the pressure nodes, resulting in the alignment of 
cells into layers that are perpendicular to the direction of ultrasound 
propagation and spaced at half-wavelength intervals (198, 199). Then within 
the same nodal plane, cells move to aggregate at the centre of the field (Figure 
1-8).  

 

Figure 1 - 8. Schematic of the temporal progression of aggregation of 
suspended cells in a single pressure node half-wavelength ultrasound standing 
wave trap. (a) Cells in suspension distribute!homogeneously in the trap at time 
zero. (b) Axial direction force directs cells towards the nodal plane within only 
seconds. (c) Cells then move within the same plane and form concentrated 
agglomerate within tens of seconds. The reflector is often made of glass 
material, which has a thickness of an odd multiple of 1/4 of the ultrasound 
wavelength such that the pressure node is formed in the central region of the 
trap.  
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The USWT has been utilised to synchronously and rapidly form 2-D and 3-D 
cell agglomerates in suspension and levitate them away from the influence of 
solid substrates (200, 201). This technique was used as a unique tool to 
investigate and facilitate the development of F-actin cytoskeleton and 
formation of functional gap junctions between chondrocytes (202). In addition, 
USWT was able to maintain spherical cell morphology, thus preventing 
dedifferentiation in comparison to monolayer culture (203). Although USWT is a 
relatively less exploited technology in the field of cartilage tissue engineering, it 
presents an exciting opportunity to extend the application of ultrasound to 
augment conventional cartilage tissue engineering strategies. 

1.7 Summary 

Current clinical treatment methods for in vivo repair of articular cartilage 
defects, including autologous chondrocyte implantation, have been shown to 
relieve pain and improve joint movement, but long-term results remain 
unsatisfactory. The field of cartilage tissue engineering has made significant 
strides in recent years. However, current available protocols are still distant 
from being able to generate neo-cartilage grafts identical to those of native 
articular cartilage. This review reinforces the application of multidisciplinary 
strategy encompassing skeletal cell biology, material sciences, bioreactor 
technology, mathematics/computational modelling and acoustic engineering 
for the generation of clinically relevant cartilaginous grafts. With the emphasis 
on translational research, the emerging inter-disciplinary technologies have the 
potential to revolutionise and flourish the field of cartilage tissue engineering.  
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Hypothesis 

A multidisciplinary strategy is fundamental for the ex vivo generation of 
neocartilage explants that are analogous to native hyaline cartilage and have 
the potential to repair articular cartilage lesions. 

Aim  

The aim of this study was to generate 3-D hyaline neocartilage explants by the 
application of a multidisciplinary approach, which encompasses skeletal cell 
biology, tissue engineering, mathematical modelling, acoustofluidics and novel 
bioreactor technology. 

Objectives 

i. To compare the chondrogenic potential of human articular chondrocytes 
and STRO-1-immunoselected human skeletal stem cells using two 
bioengineering strategies, namely “scaffold-free” pellet culture and 
culture in 3-D scaffolds. 

ii. To investigate the effect of local oxygen tension on cartilaginous matrix 
synthesis by human articular chondrocytes. 

iii. To develop and optimise a novel perfusion bioreactor with integrated 
ultrasound standing wave trap for the generation of “scaffold-free” 3-D 
neocartilage grafts. 

iv. To assess biomechanical properties and biofunctionality of the 
neocartiage explants generated using the novel acoustic perfusion 
bioreactor. 
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Chapter 2 – General materials and methods 

Chapter 2 

General materials and methods 
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2.1 Reagents and materials overview 

Chemicals and reagents were purchased from Invitrogen (Life Technologies) 
UK and Sigma-Aldrich UK unless specified otherwise, including α-MEM 
(minimum essential medium, alpha modification, M0644), sodium bicarbonate 
(S5761), FCS (foetal calf serum, 10106-169), penicillin-streptomycin (P4333), 
PBS (phosphate buffered saline, tablet, P4417; solution, P5493), trypsin-EDTA 
(ethylenediaminetetraacetic acid, 10× solution, T4174), L-Ascorbic acid 2-
phosphate (A8960), dexamethasone (D4902), citric acid (C2404), ITS (human 
insulin, transferrin (substantially iron-free) and sodium selenite, liquid media 
supplement, 100× solution, I3146), BSA (bovine serum albumin, A3294), 
human serum (from male AB plasma, H4522), hyaluronidase (bovine, type I-S, 
H3506), CellTrackerTM green (CTG CMFDA, 5-chloromethylfluorescein 
diacetate, C2925) and Ethidium homodimer-1 (EH-1, E1169), DMSO (dimethyl 
sulfoxide, D2650), PFA (paraformaldehyde, P6148), Alcian blue 8GX (A3157), 
Sirius red F3B (365548), picric acid (saturated 1.3% in H2O, P6744), 
molybdophosphoric acid (P7390),!Weigert’s iron hematoxylin solution Part A 
(HT107), Weigert’s iron hematoxylin solution Part B (HT109), Hydrogen 
peroxide (216763), ExtrAvidin®-Peroxidase (E2886), AEC (3-amino-9-
ethylcarbazole, A5754), DPX Mountant (06522), CC/MountTM (C9368), papain 
(from papaya, 76218), sodium acetate (S2889), disodium EDTA (E7889), 
cysteine hydrochloride (monohydrate, C3290000), potassium phosphate 
(monobasic, P9791), potassium phosphate (dibasic, P9666), DMMB (1,9-
Dimethyl-Methylene Blue zinc chloride double salt, 341088),!sodium formate 
(71539),!chondroitin sulphate sodium salt (from shark cartilage, C4384).  

Additional chemicals were purchased from Fisher Scientific UK, including 
ethanol 99.8+% (10437341), methanol 99.9+% (10284580), embedding media 
TissuePrepTM (paraffin wax) (12313586), Histoclear® (12954900), tween 20 
(10485733), dimethylformamide (10294623), acetic acid glacial (1.04 g/ml, 
10005910), hydrochloric acid 1 M (10487830), sodium hydroxide 97+% 
(10675692).  
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Human bone marrow and femoral head samples were obtained from 
haematologically normal osteoarthritic individuals following routine total hip 
replacement surgery for late-stage osteoarthritis at Southampton General 
Hospital. Only tissues that would have been discarded were used in studies 
within this thesis with the approval of the Southampton and South West 
Hampshire Research Ethics Committee (Ref No. 194/99/1 & 210/01). 

2.2 Cell culture 

2.2.1 Isolation of human STRO-1-immunoselected SSCs using magnetic 
activated cell sorting (MACS) 

STRO-1+ cells were isolated as previously described by Tare et al (125). 
Following extraction of cells from bone marrow aspirates in plain α-MEM, red 
blood cells were removed from the cell suspension by centrifugation with 
Lymphoprep (1114547, Axis-Shield Diagnostic, UK) at 800×g and 18 °C for 40 
minutes. Bone marrow mononuclear cells (BMMCs) collected from the buffy 
layer at the interphase were incubated with blocking buffer (α-MEM with 10% 
(v/v) human AB serum, 5% (v/v) FCS and 10 mg/ml BSA at 4 °C for 30 minutes. 
BMMCs were further incubated in STRO-1 antibody (undiluted supernatant 
harvested from STRO-1 hybridoma, mouse monoclonal, IgM, generated in-
house) at 4 °C for 30 minutes. After washing away excess STRO-1 antibody 
with MACS buffer (PBS with 5 mg/ml BSA and 2 mM (0.75 mg/ml) EDTA), 
BMMCs were incubated with rat anti-mouse IgM magnetic microbeads (1:5 
dilution, 473-01, Miltenyi Biotech, UK) at 4 °C for 30 minutes. Following 
labelling of the STRO-1-immunoselected cells with magnetic microbeads and 
washing with MACS buffer, the cell suspension containing both labelled 
(STRO-1+) and unlabelled (STRO-1-) cells was added to the LS separation 
column held in the magnetic field of the VarioMACSTM (473-06, Miltenyi Biotech, 
UK). The initial flow-through (STRO-1 negative fraction) was discarded and the 
same column was washed thoroughly with MACS buffer. In absence of the 
magnetic field, additional MACS buffer was added to the column and STRO-1+ 
cell population was eluted using a plunger supplied with the column. STRO-1+ 
cells were seeded in 150 cm2 tissue culture flasks at a density of 5000 
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cells/cm2 and cultured to confluence in basal medium (α-MEM supplemented 
with 10% (v/v) FCS, 100 U/ml penicillin and 100 μg/ml streptomycin) in 
humidified atmosphere at 37 °C, 5% CO2 and 21% O2. 

2.2.2 Isolation of human articular chondrocytes 

HACs were isolated by sequential enzymatic digestion of deep-zone articular 
cartilage pieces dissected from femoral heads (204). Cartilage pieces were 
sequentially digested using 500 μg/ml trypsin-EDTA for 30 minutes, 1 mg/ml 
hyaluronidase for 15 minutes and 10 mg/ml collagenase B (11088807001, 
ROCHE Diagnostics, UK) overnight on a rotating mixer at 37 °C. The resulting 
suspension was filtered through a 70 μm filter to separate any traces of 
undigested cartilage from chondrocytes. The filtered chondrocytes were 
washed with PBS and plain α-MEM. Isolated chondrocytes were seeded in 150 
cm2 tissue culture flasks at a density of 5000 cells/cm2 and cultured to 
confluence in basal medium (α-MEM supplemented with 10% (v/v) FCS, 100 
μM (28.95 μg/ml) L-Ascorbic acid 2-phosphate, 100 U/ml penicillin and 100 
μg/ml streptomycin) in humidified atmosphere at 37 °C, 5% CO2 and 21% O2. 

2.2.3 Static pellet culture 

Pellet cultures were performed in accordance with the protocol published 
previously (125, 205). HACs and STRO-1+ SSCs were harvested at confluence 
from monolayer cultures by trypsinisation (500 μg/ml trypsin-EDTA). Cells were 
then suspended in serum-free chondrogenic media. Details of the final 
concentrations of the cell suspension were listed in each individual chapter 
and varied according to experimental designs. 1 ml of cell suspension was 
added to each sterile 25ml polycarbonate universal tube and centrifuged at 
400×g for 5 minutes at 4 °C. The resulting cell pellet was not dispersed and 
cultured in humidified atmosphere at 37 °C, 5% CO2 and 21% O2 for 21 days. 
Culture media were changed every 2 days once compact pellets were formed 
after day 3. Compact pellets were gently agitated during media change to 
ensure maximal access to media and prevent adhesion to the inner walls of the 
universal tube. 
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2.2.4 Serum-free chondrogenic media 

The serum-free chondrogenic media was made up of α-MEM supplemented 
with 10 ng/ml rhTGF-β3 (100-36E, PeproTech, UK), 100 μM (28.95 μg/ml) L-
Ascorbic acid 2-phosphate, 10 nM (3.92 ng/ml) dexamethasone and 1× ITS 
liquid supplement (10 μg/ml insulin, 5.5 μg/ml transferrin and 5 ng/ml selenite 
premix), a modification of the media described in previous studies (68, 206). 

2.3 Molecular analysis 

2.3.1 Isolation of RNA (with “on-column” DNase 1 treatment) 

Total RNA from tissue samples harvested at the end of the culture period were 
extracted using Qiagen RNeasy® kit (74106, Qiagen, UK) following 
manufacturer’s instructions. Each sample was washed in PBS and lysed in 600 
μl lysis buffer RLT on a rotating platform at 100 rpm for 10 minutes at room 
temperature. The lysate was homogenised by passing through a 20-gauge 
needle 10 times using a sterile plastic syringe. Equal volume (600 μl) of 70% 
ethanol was then added to the homogenised lysate and mixed by pipetting up 
and down 10 times. The resulting sample was transferred (up to 700 μl at a 
time) to an RNeasy® spin column in a 2 ml collection tube. The column was 
centrifuged at 8000×g for 15 seconds and the flow-through was discarded. 

“On-column” DNase digestion was performed. 350 μl buffer RW1 was added 
to the column, followed by centrifugation at 8000×g for 15 seconds and the 
flow-through was discarded. DNase 1 stock solution was prepared by 
dissolving DNase 1 (79254, 1500 Kunitz units, Qiagen, UK) in 1100 μl of 
RNase-free water. The working DNase 1 reagent was prepared by adding 10 μl 
DNase 1 stock solution to 70 μl buffer RDD and 80 μl DNase 1 reagent was 
added onto the column membrane. Following incubation at room temperature 
for 15 minutes, 350 μl buffer RW1 was added to the column, the column was 
centrifuged at 8000×g for 15 seconds and the flow-through was discarded. A 
further 700 μl buffer RW1 was added to the column and centrifuged at 8000×g 
for 15 seconds to wash the column. 
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Following “on-column” DNase treatment, 500 μl buffer RPE was added and the 
column was centrifuged at 8000×g for 15 seconds and the step was repeated. 
The column was centrifuged at full speed (13000×g) for 1 minute without any 
solution. 30 μl RNase-free water was added onto the column membrane and 
incubated at room temperature for 5 minutes. The RNA was then eluted off the 
column into a fresh collection tube by centrifugation at 8000×g for 1 minute. 
The collection tubes containing RNA were capped and stored at -80 °C until 
further use. 

2.3.2 NanoDrop® quantification of extracted RNA 

The extracted RNA samples was quantified using a NanoDrop® ND-1000 
Spectrophotometer (Thermo Scientific, UK). RNA concentration was 
determined by ultraviolet spectrophotometry at 260 nm. The purity was 
determined using the absorbance ratios of 260/280 and a ratio of around 2.0 
was accepted as “pure” for RNA. Three readings were taken for each sample. 

2.3.3 cDNA synthesis 

The extracted RNA samples were reverse-transcribed using the SuperScript® 
VILOTM kit (11754-250, Invitrogen, UK) according to the manufacturer’s 
instructions. RNA sample was diluted using ultra-pure water to a volume of 7 μl 
containing 200 ng RNA. 2 μl 5× VILOTM reaction mix and 1 μl 10× SuperScript® 
enzyme mix were then added to make a total volume of 10 μl. After gently 
mixing the contents, cDNA synthesis was performed by incubation at 25 °C for 
10 minutes followed by 42 °C for 120 minutes. Reverse-transcriptase reaction 
was inactivated by incubation at 85 °C for 5 minutes. The resulting cDNA 
samples were diluted with ultra-pure water (1:5) and the tubes containing 
cDNA were capped and stored at -20 °C until further use. 

2.3.4 Real-time quantitative PCR 

qPCR assays were carried out using the 7500 Real-Time PCR system (Life 
Technologies, Applied Biosystems, UK) for analysing the expression of genes, 
primer sequences (designed and validated by Rahul S Tare) for which are listed 
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in Table 2-1. Amplification was performed in a final reaction volume of 25 μl per 
reaction, which contained 12.5 μl of 2× SYBR Green Master Mix (4385612, Life 
Technologies, Applied Biosystems, UK), 2.5 μl of each forward and reverse 
primer (final concentration 0.5 μM), 6.5 μl of ultra-pure water and 1 μl of sample 
cDNA. Each reaction was performed in duplicate. The real-time qPCR assays 
were performed using the following thermal cycle conditions: 1 cycle at 50 °C 
for 2 minutes, 1 cycle at 95 °C for 10 minutes and 40 cycles each at 95 °C for 
15 seconds and 60 °C for 1 minute. β-actin served as the endogenous 
reference gene, and the expression for the genes of interest was normalised to 
β-actin expression. 

Gene Primer Sequences Amplicon 
Size 

Human sox9 
( NM_000346) 

F: 5’ CCC TTC AAC CTC CCA CAC 
TA 3’ 
R: 5’ TGG TGG TCG GTG TAG TCG 
TA 3’ 

74 bp 

Human col2a1 
(NM_001844, 
NM_033150) 

F: 5’ CCT GGT CCC CCT GGT CTT 
GG 3’ 
R: 5’ CAT CAA ATC CTC CAG CCA 
TC 3’ 

58 bp 

Human aggrecan 
(NM_001135, 
NM_013227) 

F: 5’ GAC GGC TTC CAC CAG TGT 
3’ 
R: 5’ GTC TCC ATA GCA GCC TTC 
C 3’ 

90 bp 

Human col10a1 
(NM_000493) 

F: 5’ CCC ACT ACC CAA CAC CAA 
GA 3’ 
R: 5’ GTG GAC CAG GAG TAC CTT 
GC 3’ 

95 bp 

Human β-actin 
(NM_ 001101) 

F: 5’ GGC ATC CTC ACC CTG AAG 
TA 3’ 
R: 5’ AGG TGT GGT GCC AGA TTT 
TC 3’ 

82 bp 

Table 2 - 1. Primers used for quantifying expression of the chondrogenic 
marker genes by real-time qPCR. 



! 63 

2.3.5 Data processing 

The relative transcript levels of genes of interest were analysed using the 
comparative CT method (ΔΔCT method) according to “Applied Biosystems - 
Guide to Performing Relative Quantitation of Gene Expression Using Real-Time 
Quantitative PCR” (URL: 
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/ge
neraldocuments/cms_042380.pdf). For a valid ΔΔCT analysis, the efficiencies of 
target (gene of interest) and reference (endogenous control) amplification were 
confirmed to be equal. 

The threshold cycle (CT) values for all the genes were determined by the 
instrument software (Applied Biosystems 7500 Software) using the same 
threshold setting. The ΔCT value of each gene of interest was calculated by 
subtracting the CT value of reference (β-actin) from the CT value of each gene 
of interest. Subsequently, the ΔΔCT was calculated by subtracting the lowest 
ΔCT value within the entire group from the ΔCT value of each other member. 
The amount of target, normalised to the endogenous reference and relative to 
the calibrator (i.e. the target that had the lowest ΔCT value), was determined by 

the formula 2-∆∆CT. The standard deviation of ΔCT was calculated from the 
standard deviation of CT values of the gene of interest (s1) and the standard 
deviation of CT values of the housekeeping gene β-actin (s2), using the 

equation s'= s12+s22 (207). Bar graphs were plotted and statistical analysis 
was performed at the level of ΔCT. 

2.4 Histological analysis 

2.4.1 Cell viability 

Cell viability in tissue samples at the end of the culture period was examined 
by “live-dead” staining using a combination of CellTrackerTM and EH-1. 
Harvested samples were washed in PBS and incubated in 1 ml of CTG (10 
μg/ml) and EH-1 (5 μg/ml) dye working solution for 45 minutes in humidified 
atmosphere at 37 °C, 5% CO2 and 21% O2. The dye working solution was then 
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replaced with fresh, pre-warmed culture media and samples were incubated 
for further 30 minutes at 37 °C, 5% CO2 and 21% O2. 

2.4.2 Sample processing, paraffin wax embedding and slide preparation 

At the end of the culture period, tissue samples were fixed with 
paraformaldehyde (PFA, 40 mg/ml in PBS, pH 7.4) overnight at 4°C. PFA-fixed 
samples were processed through graded ethanol (50-100%) and histoclear 
(100%) prior to embedding in paraffin wax. Sequential sections were cut at 7 
μm on the microtome and mounted on glass microscope slides for histological 
and immunohistochemical staining. 

2.4.3 Alcian blue and Sirius Red histological staining 

To demonstrate the overall matrix (proteoglycan and collagen) production, 
Alcian blue and Sirius red (A/S) staining was used as previously described 
(208). Following nuclear staining with Weigert’s haematoxylin (equal volume of 
Weigert’s haematoxylin solution A – 10 mg/ml in methanol and Weigert’s 
haematoxylin solution B – 12 mg/ml ferric chloride in 1% (v/v) hydrogen 
chloride) for 10 minutes, sections were stained with Alcian blue 8GX (5 mg/ml 
in 1% (v/v) glacial acetic acid) for 10 minutes. Sections were then treated with 
phosphomolybdic acid (10mg/ml) for 20 minutes prior to staining with Sirius 
red F3B (10 mg/ml in saturated picric acid) for 1 hour. Sections were mounted 
in DPX mountant with coverslips for microscopy imaging. 

2.4.4 Immunohistochemistry 

After quenching endogenous peroxidase activity with 3% (v/v) H2O2 and 
blocking with 10 mg/ml BSA in PBS for 5 minutes each, sections were 
incubated with relevant primary antiserum at 4 °C overnight. This was followed 
by hour-long incubation each with the appropriate biotinylated secondary 
antibody and ExtrAvidin®-Peroxidase. Visualisation of the immune complex 
involved the avidin-biotin method linked to peroxidase and AEC, resulting in a 
reddish brown reaction product. Negative controls (omission of the primary 
antiserum) were included in all immunohistochemistry procedures. No staining 
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was observed in all negative control sections. All sections were counter-
stained with Alcian blue 8GX.  

The anti-SOX9 antibody (rabbit polyclonal, IgG, AB5535, Millipore, UK) and 
anti-Cx43 antibody (rabbit polyclonal, IgG, AB11370, Abcam, UK) was used at 
a dilution of 1:150 in 10 mg/ml BSA in PBS following the antigen retrieval 
procedure, which involved treating sections in 0.01M (3 mg/ml) sodium citrate 
buffer (pH 6.0) in a microwave for 5 minutes before the application of the 
standard immunohistochemistry procedure. 

For Collagen Type I, II and X immunostaining, sections were treated with 
hyaluronidase (520 U/ml) at 37°C for 20 minutes in order to unmask the 
collagen fibres and render extracellular epitopes accessible. The LF68 anti-
Collagen Type I antibody (rabbit polyclonal, IgG, gift from Dr. Larry Fisher), 
anti-Collagen Type II antibody (rabbit polyclonal, IgG, 234187, Calbiochem, 
UK) and anti-Collagen Type X antibody (rabbit polyclonal, IgG, 234196, 
Calbiochem, UK) were used at a dilution of 1:1000, 1:500, and 1:100 
respectively. 

Sections were mounted in CC/MountTM for microscopy imaging. 

2.5 Microscopy imaging 

CTG and EH-1 “live-dead” staining were visualised directly in paraffin wax 
sections of the samples using a Zeiss Axiovert 200 inverted fluorescence 
microscope with FITC filter (excitation wavelength 485 nm, emission 
wavelength 515 nm, Carl Zeiss, Cambridge, UK) and images were captured 
using a CCD camera with Axiovision software. 

Images of A/S and immunostained sections were captured using Olympus BX 
51 dotSlide virtual slide microscope system (Olympus Microscopy, UK). 

2.6 Statistical analysis 

All results were presented as means ± S.D unless specified otherwise. 
Statistical analysis was performed using Mann-Whitney U test (for two groups) 
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and Mann-Whitney U test with Bonferroni correction (for three or more groups). 
Results were deemed significant if the probability of occurrence by random 
chance alone was less than 5% (i.e. p<0.05). n numbers are stated in each 
individual results chapter. 
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Abstract 

Cartilage bioengineering strategies have increasingly focused on the 
application of multipotent skeletal stem cells (SSCs), or more commonly 
referred to as mesenchymal stem cells derived from bone marrow stroma, in 
response to concerns such as donor site morbidity, dedifferentiation and 
limited lifespan associated with the use of articular chondrocytes. The 
suitability of SSCs for cartilage regeneration however remains to be fully 
determined. This study has evaluated the chondrogenic potential of human 
STRO-1-immunoselected SSCs (STRO-1+ SSCs) in comparison to human 
articular chondrocytes (HACs), using two bioengineering strategies, namely 
“scaffold-free” pellet culture and culture in 3-D biomaterial scaffolds. STRO-1+ 
SSCs were isolated by magnetic-activated cell sorting from bone marrow 
aspirates of haematologically normal osteoarthritic (OA) individuals. 
Chondrocytes were isolated by sequential enzymatic digestion of deep zone 
articular cartilage pieces from femoral heads of the same individuals. Following 
monolayer expansion, cells were centrifuged to form high-density 3-D pellets 
and seeded in commercially available scaffolds, and cultured for 21-28 days in 
serum-free chondrogenic media. Chondrogenic differentiation was determined 
by gene expression, histological and immunohistochemical analysis. Day-21 
pellets of STRO-1+ SSCs demonstrated suboptimal cartilage formation. 
Chondrogenic differentiation of SSCs was significantly improved by the 
application of scaffolds with a highly interconnecting porous architecture. In 
contrast, robust cartilage formation was observed in both day-21 pellets and 
day-28 explants generated using HACs. The advantages of application of 
multipotent skeletal stem cells in tissue engineering are widely recognised, 
however, the results of this study highlight the need for further development of 
cell culture protocols that may otherwise limit their application in cartilage 
bioengineering strategies. 
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3.1 Introduction 

Osteoarthritis (OA), the most common form of arthritis in the western world, is 
a progressive debilitating disease due to the limited capacity of adult articular 
cartilage for self-repair. Early stages of OA are characterised by the 
development of partial thickness defects in articular cartilage, referred to as 
chondral defects, which fail to heal spontaneously, primarily because the 
defects do not extend into the marrow spaces of subchondral bone and hence, 
do not have access to bone marrow skeletal stem cells to promote repair (209). 
It is crucial to repair these defects during the early stages of OA because, if left 
untreated, the defects typically grow larger over time and contribute to 
progressive articular cartilage degeneration and joint immobilisation. Currently 
there are no effective pharmacological agents that promote comprehensive 
healing of articular cartilage defects. Interventions for functional restoration of 
articular cartilage defects include reparative bone marrow stimulation 
techniques such as abrasion arthroplasty, drilling and microfracture; restorative 
approaches such as osteochondral autografts/allografts, 
periosteal/perichondral grafts and autologous chondrocyte implantation, the 
current gold standard treatment for resurfacing cartilage defects (6, 7). To date, 
however, no technique has been completely successful in 
restoring/regenerating damaged articular cartilage to its native state.  

In an attempt to improve cartilage repair, autologous chondrocyte implantation 
(ACI) procedures have been refined. The third generation technique, i.e. matrix-
assisted  ACI, focused on the placement of chondrocytes onto biomaterial 
scaffolds and application of ex vivo generated three-dimensional (3-D) 
cartilaginous constructs for the repair of articular cartilage defects (210, 211). 
This has led to considerable interest in the development of effective cartilage 
tissue engineering strategies utilising articular chondrocytes for the treatment 
of chondral defects in an increasing ageing population. This, in turn, has been 
aided by the development of a variety of ex vivo 3-D culture systems to either 
prevent chondrocyte dedifferentiation or induce redifferentiation, given the 
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phenotypic instability of chondrocytes in conventional monolayer culture (212, 
213). 

Skeletal stem cells (SSCs), commonly referred to as mesenchymal stem cells 
(MSCs) derived from bone marrow stromal tissue, have attracted much 
attention due to their self-renewal potential and the ability to differentiate into 
various stromal cell lineages (28, 214). MSCs can be induced by chondrogenic 
medium containing growth factors (e.g. TGF-β3) to differentiate into 
chondrocytes in vitro (215) and pre-clinical studies using MSCs have shown 
encouraging results (216-218). However, inconsistent chondrogenic 
differentiation, fibrocartilage formation, along with cartilage calcification have 
been reported in a number of studies that applied MSCs in cartilage 
regeneration strategies (219, 220). Therefore, it is not yet clear which cell 
source is optimal for cartilage tissue engineering and whether adult stem cells 
possess the desirable characteristics to replace or surpass articular 
chondrocytes in terms of hyaline cartilage-like tissue formation.  

Tare and colleagues have previously reported established techniques for 
isolating populations of human articular chondrocytes (HACs) and STRO-1-
immunoselected  (STRO-1+) human bone marrow SSCs (125, 205). In this 
chapter, HACs and STRO-1+ SSCs were isolated from the same individuals. 
The potential of these two cell populations for neo-cartilage generation in vitro 
and in vivo was evaluated using two tissue-engineering strategies, namely 
“scaffold-free” pellet culture and culture in 3-D biomaterial scaffolds. 
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3.2 Materials and methods 

3.2.1 Isolation of human STRO-1-immunoselected SSCs and articular 
chondrocytes 

Human STRO-1+ SSCs and articular chondrocytes were isolated and cultured 
as described in Section 2.2.1 and Section 2.2.2 respectively. A total of 8 sets 
of bone marrow and femoral head samples were obtained from 
haematologically normal osteoarthritic individuals (3 female and 5 male, mean 
age: 80 years). 

3.2.2 Static pellet culture 

Pellet cultures were performed as described in Section 2.2.3. HAC and STRO-
1+ SSC pellets were generated using initial cell seeding number of 3×105 cells. 
A total of 4 pellets were generated using each cell type per patient sample. 
Additionally, 2 pellets were generated using each of the initial cell seeding 
numbers of 0.6×104, 1×105, 2×105, 5×105 and 1×106 cells for HACs and STRO-
1+ SSCs from patients M85 and M52. 

3.2.3 Cell culture in Alvetex® 3-D scaffold inserts 

Commercially available Alvetex® (Reinnervate, UK) 3-D scaffold membranes 
mounted in well inserts suitable for 6/12-well plates were used in this study 
(Figure 3-1). The Alvetex® scaffold inserts were prepared according to 
manufacturer’s instructions. The scaffold inserts were initially immersed in 70% 
ethanol for less than 1 minute, then washed thoroughly with PBS prior to 
incubation in plain α-MEM for 15 minutes in humidified atmosphere at 37 °C, 
5% CO2 and 21% O2.  
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Figure 3 - 1. Alvetex® scaffold for three-dimensional cell culture. Alvetex® is a 
commercially available highly porous (>90% porosity) interconnected 3-D 
scaffold made from cross-linked polystyrene. The average void size was 
approximately 36-40 μm in diameter with interconnections of approximately 12-
14 μm in diameter (Alvetex® Product Brochure, Reinnervate, UK). (a) Structure 
of the highly porous polystyrene 3-D scaffold of Alvetex® visualised by scanning 
electron microscope. (b) Alvetex® scaffold supplied in well-inserts format. (c) 
The well inserts consisted of a two-part assembly that fitted together to clamp 
the scaffold membrane in position. Image reproduced from Alvetex® Product 
Brochure, Reinnervate, UK. 

To determine the optimal method of cell culture, cells were seeded and 
cultured in the scaffolds using the three manufacturer recommended methods 
below: 

i. Cell culture in scaffolds at air-liquid interface (Figure 3-2a). Scaffold inserts 
(with adapters) were placed in 6-well plates. A high-density cell suspension of 
1×106 cells in 150 μl of chondrogenic media was carefully seeded onto the 
central region of each scaffold membrane. The scaffold seeded with cells were 
incubated in humidified atmosphere at 37 °C, 5% CO2 and 21% O2 for 90 
minutes to facilitate cell attachment. Each well was then gently filled with 3.5 
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ml of chondrogenic media along the side of the insert, ensuring that cell-
seeded scaffold membrane was maintained at the air-liquid interface and not 
immersed in the media. The plate was incubated in humidified atmosphere at 
37 °C, 5% CO2 and 21% O2 for 28 days and media were changed every 3 days. 

iia. Cell culture in scaffolds immersed in media (a) (Figure 3-2b). Scaffold 
inserts (with adapters) were placed in 6-well plates. A similar cell seeding 
techniques as described above was used here. However, in this method, each 
well of the 6-well plate was gently filled with 7.5 ml of chondrogenic media to 
ensure that the culture media gradually flooded the insert and the cell-seeded 
scaffold membrane was completely immersed in the media. The plate was 
incubated in humidified atmosphere at 37 °C, 5% CO2 and 21% O2 for 28 days 
and media were changed every 3 days. 

iib. Cell culture in scaffolds immersed in media (b) (Figure 3-2c). Scaffold 
inserts (without adapters) were placed in 12-well plates. A cell suspension of 
1×106 cells in 3.5 ml of chondrogenic media was gently added onto each 
scaffold membrane. The scaffold membrane was completely immersed in the 
media due to large volume of media used for cell seeding. The plate was 
incubated in humidified atmosphere at 37 °C, 5% CO2 and 21% O2 and the 
inserts were not disturbed for the initial 3 days to allow cell attachment. Media 
were changed thereafter every 3 days during the 28-day culture period. 
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Figure 3 - 2. Schematic of cell culture methods in Alvetex® 3-D scaffold well 
inserts. (a) Cells were seeded onto the scaffold membrane prior to culture at 
air-liquid interface. (b) Cells were seeded onto the scaffold membrane and cell-
seeded membrane was immersed in the media during the culture period. (c) 
The well insert was immersed in cell suspension to allow cells attach freely onto 
the scaffold membrane. Cell-seeded membrane was immersed in the media 
during the culture period. Image reproduced from Alvetex® Product Brochure, 
Reinnervate, UK. 

STRO-1+ SSCs from patient M85 were first seeded onto the scaffold 
membrane using all three methods to determine the most suitable cell culture 
method for inducing chondrogenic differentiation. Method iib was identified as 
the optimal culture method (see results section 3.3.2a). HACs and STRO-1+ 
SSCs from all patient samples were therefore cultured using method iib and, a 
total of 5 inserts were seeded with each cell type per patient sample. One day-
28 explant was fixed in PFA for histological analysis, two day-28 explants were 
digested for quantitative glycosaminoglycan (GAG) assay while the remaining 
two explants were harvested for RNA extraction and molecular analysis. 
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3.2.4 Molecular analysis 

Day-21 chondrospheres and day-28 Alvetex® explants were fragmented using 
a 20-gauge needle prior to RNA extraction and real-time qPCR analysis of 
genes of interest following the methods described in Section 2.3. 

3.2.5 Histological analysis 

PFA-fixed samples were processed, embedded in paraffin wax and sectioned 
as described in Section 2.4.2. Sections were stained with Alcian blue and 
Sirius red (A/S) as described in Section 2.4.3. Immunohistochemical staining to 
analyse the expression of SOX9, Collagen Types I, II and X were performed in 
accordance with procedures described in Section 2.4.4. Images of A/S and 
immunostained sections were captured as described in Section 2.5. 

3.2.6 Dimethylmethylene blue (DMMB) assay for GAG quantification 

The quantity of sulphated GAGs synthesized by the two cell types following 
28-day culture using Alvetex® scaffolds was determined using the DMMB 
assay (221, 222). Day-28 cartilaginous constructs were digested overnight at 
60 °C with papain (working solution of 0.7 U papain prepared in papain buffer 
containing 8.2 mg/ml sodium acetate, 37 mg/ml disodium EDTA and 0.79 
mg/ml cysteine hydrochloride in potassium phosphate buffer consisting of 27.2 
mg/ml monobasic potassium phosphate and 34.8 mg/ml dibasic potassium 
phosphate, pH 6.4). The digested samples were briefly centrifuged to sediment 
undigested debris from the extracts. 20 μl of the diluted extract (1:10 dilution in 
papain buffer) was then mixed with 200 μl DMMB reagent (16 μg/ml DMMB, 2 
mg/ml sodium formate, 0.5 % (v/v) ethanol and 0.2 % (v/v) formic acid) and 
optical density of the resultant solution was measured at 540 nm using a 
multiwell plate reader. Each extract was assayed in triplicate in a 96-well plate. 
The GAG content of samples was extrapolated from a standard curve derived 
from the optical density values of standard solutions of chondroitin sulphate 
from shark cartilage (concentration range: 0-100 μg/ml) (Figure 3-3). The 
absolute GAG content for each sample was normalised to the weight of blank 
Alvetex® scaffold measured on day 0. Results were expressed as mean ± SD. 
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Figure 3 - 3. A typical standard curve derived from optical density values of 
standard solutions of chondroitin sulphate from shark cartilage. Concentration 
rage of 0-100 μg/ml was used. Each known concentration was assayed in 
triplicate. 

3.2.7 Statistical analysis 

Statistical analysis was performed using Mann–Whitney U test as described in 
Section 2.6. 
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3.3 Results 

3.3.1 Chondrogenic differentiation of HACs and STRO-1+ SSCs in “scaffold-
free” pellet culture 

Following the 21-day culture period, pellets were assessed for chondrogenic 
differentiation by analysis of gene expression, histology and 
immunohistochemistry. 

Analysis of chondrogenic gene expression was performed using real-time 
qPCR. The expression levels of genes of interest were normalised to the 
expression level of housekeeping gene β-actin (Figure 3-4). Although 
expression of Sox9, a key marker of chondrogenesis, was detected in day-21 
pellets of HACs and STRO-1+ SSCs, levels of the Sox9 transcript were 
significantly higher in HAC pellets compared to pellet cultures of STRO-1+ 
SSCs. Expression of Col2a1, the gene encoding Collagen Type II – the hyaline 
cartilage-specific collagen, and Aggrecan, the gene encoding the major 
proteoglycan present in articular cartilage was significantly lower in pellet 
cultures of STRO-1+ SSCs compared to HACs. In contrast, expression of 
Col10a1, the gene encoding Collagen Type X – a marker of terminally 
differentiated or hypertrophic chondrocytes, was significantly increased in 
pellet cultures of STRO-1+ SSCs compared to HACs. 
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Figure 3 - 4. Analysis of expression of Sox9, Aggrecan, Col2a1 and Col10a1 
transcripts by real-time qPCR in day-21 pellet cultures of HACs and STRO-1+ 
SSCs. Relative expression levels of the chondrogenic genes were normalised to 
the expression of the housekeeping gene, β-Actin. Bar graphs were plotted and 

statistical analysis was performed at the level of ΔCT (n=8), ∗ p<0.05. 
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Sequential sections of day-21 pellets of HACs (Figure 3-5) and STRO-1+ SSCs 
(Figure 3-6) were stained using a range of routine histological and 
immunohistochemical techniques for the analysis of cartilage formation and 
chondrogenic differentiation. The overall histology of HAC pellets was 
reminiscent of native hyaline cartilage and demonstrated chondrocytes in 
distinct lacunae embedded in dense proteoglycan matrix stained with Alcian 
blue. Regions of red-stained collagen were observed, especially in the 
peripheral region of the pellets that was characterised by the presence of a thin 
dense collagenous fibrous layer. SOX9 was immunolocalised to the majority of 
chondrocytes of the pellets and the presence of Collagen Type II was observed 
in areas of collagenous matrix. Further immunohistochemical analysis of HAC 
pellets confirmed negligible expression of Collagen Type I, a constituent of 
fibrocartilage, and Collagen Type X, a phenotypic marker of hypertrophic 
cartilage, in the extracellular matrix. 

In contrast, STRO-1+ SSCs exhibited suboptimal chondrogenic differentiation 
in day-21 pellets (Figure 3-6). Sections of day-21 pellets of STRO-1+ SSCs 
stained with Alcian blue and Sirius red demonstrated extensive areas of 
suboptimal cartilage formation surrounding discrete regions/patches of 
cartilaginous tissue. Expression of SOX9 and Collagen Type II in STRO-1+ SSC 
pellets was not as widespread in comparison to day-21 HAC pellets. Moreover, 
a significant proportion of cells in the STRO-1+ SSC pellets, typically in regions 
of cartilage-like tissue, were found to express Collagen Type X. Thus, the 
expression of chondrogenic proteins in day-21 HAC and STRO-1+ SSC pellets 
complemented the chondrogenic gene expression profile.       
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(Figure 3-5 continues on next page) 
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Figure 3 - 5. Histological and immunohistochemical examination of day-21 
HAC pellet cultures. HACs isolated from pieces of deep zone articular cartilage 
from femoral heads of 8 osteoarthritic individuals were cultured in the form of 
high-density “scaffold-free” 3-D pellets (3×105 HACs per pellet) over a period of 
21 days in chondrogenic media. Sequential sections stained with Alcian blue 
and Sirius red (A/S) demonstrated robust hyaline cartilage formation in all day-
21 pellets. High magnification images revealed chondrocytes in distinct lacunae 
embedded in dense proteoglycan matrix stained with Alcian blue. Areas of 
Sirius red staining indicated the presence of collagen-rich matrix, particularly 
along the periphery of the pellets. Chondrogenic differentiation was confirmed 
by immunostaining, which demonstrated expression of SOX9 in chondrocytes 
and synthesis of Collagen Type II by chondrocytes in the extracellular matrix. 
Chondrocyte hypertrophy was not observed, as confirmed by negligible 
expression of Collagen Type X. Scale bars for low and high magnification 
images represent 200 µm and 50 µm respectively. 
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(Figure 3-6 continues on next page) 
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Figure 3 - 6. Histological and immunohistochemical examination of day-21 
STRO-1+ SSC pellet cultures. STRO-1-immunoselected SSCs from bone 
marrow of the same osteoarthritic individuals were also cultured in the form of 
high-density “scaffold-free” 3-D pellets under the same condition. The 
suboptimal chondrogenic differentiation of STRO-1+ SSCs was characterised 
by the inhomogeneous formation of patches of cartilaginous tissue and limited 
expression of SOX9 and Collagen Type II. In addition, the STRO-1+ SSC pellets 
demonstrated a significant amount of Collagen Type X, which was negligible in 
HAC pellets. Scale bars for low and high magnification images represent 200 
µm and 50 µm respectively. 

To confirm whether the sub-optimal chondrogenic differentiation observed in 
pellets of STRO-1+ SSCs was restricted to pellets generated using the initial 
cell seeding number of 3×105 cells, additional pellets were generated using 
initial cell seeding numbers of 0.6×104, 1×105, 2×105, 5×105 and 1×106 STRO-
1+ SSCs from patients M85 and M52 and analysed histologically for 
chondrogenic differentiation. For comparison, the same cell seeding numbers 
were used to generate pellets of HACs from the same patients (Figure 3-7). 
Although both HACs and STRO-1+ SSCs were able to form pellets by day-21 
of the culture period, robust chondrogenic differentiation was observed only in 
HAC chondrospheres, which were characterised by the presence of individual 
chondrocytes in lacunae embedded in hyaline cartilaginous matrix stained with 
dense Alcian blue and Sirius red. In contrast, pellets of STRO-1+ SSCs 
generated using cell seeding numbers ranging from 6×104 to 1×106 
demonstrated suboptimal chondrogenic differentiation and lack of 
cartilaginous matrix formation. 
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(Figure 3-7 continues on next page) 
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Figure 3 - 7. Examination of chondrogenic differentiation in day-21 HAC and 
STRO-1+ SSC pellet cultures using a range of cell seeding number. Alcian blue 
and Sirius red staining was used to demonstrate the overall histology of 
paraffin-embedded sections of day-21 HAC and STRO-1+ SSC pellet cultures. 
STRO-1+ SSCs demonstrated sub-optimal chondrogenic differentiation in 
comparison to HACs. Scale bars for low and high magnification images 
represent 200 µm and 50 µm respectively. 

3.3.2 Generation of neocartilaginous explants by HACs and STRO-1+ SSCs 
cultured using 3-D scaffolds 

3.3.2a Optimising cell seeding and culture method in 3-D scaffolds 

Since no published study have demonstrated the efficacy of Alvetex® 3-D 
scaffolds for the purpose of cartilage tissue engineering, a preliminary study 
was carried out to determine the optimal cell seeding technique and culture 
method utilising the Alvetex® 3-D scaffolds.  

STRO-1+ SSCs isolated from the bone marrow of M85 patient sample were 
seeded onto the 6/12-well format scaffold inserts using the three manufacture 
recommended methods (Refer to section 3.2.3). Submerging scaffold inserts 
directly into chondrogenic media containing 1×106 STRO-1+ SSCs resulted in 
the most robust chondrogenic differentiation of STRO-1+ SSCs (Figure 3-8). 
The overall histology of the explant ECM generated using this method was 
comparable to typical hyaline cartilage. Differentiated chondrocytes within 
lacunae were embedded in a dense proteoglycan matrix stained with Alcian 
blue. Presence of Sirius red-stained collagenous matrix was also observed in 
the explant. In addition, the 28-day culture period appeared to be optimal for 
robust chondrogenic differentiation and cartilaginous matrix synthesis. The 
comparison between the chondrogenic potential of HACs and STRO-1+ SSCs 
cultured using the Alvetex® 3-D scaffolds was therefore performed only using 
this seeding technique and culture method.  
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Figure 3 - 8. 28-day scaffold culture of human STRO-1+ SSCs using different 
seeding and culture methods. Alcian blue and Sirius red demonstrated overall 
histology of the construct. Top row (method i): 1×106 cells suspended in 150 
μm chondrogenic media were seeded on the scaffold membrane only. Scaffold 
membranes were cultured at air-liquid interface for 28 days following cell 
attachment. Middle row (method iia): 1×106 cells suspended in 150 μm 
chondrogenic media were seeded on the scaffold membrane only, Scaffold 
membranes were submerged in culture media for 28 days following cell 
attachment. Bottom row (method iib): Scaffold membrane was submerged 
directly in 3.5 ml of chondrogenic media containing 1×106 cells and cultured for 
28 days. Same chondrogenic media formulation and culture condition were 
used for all three methods. STRO-1+ SSCs demonstrated robust chondrogenic 
differentiation when cultured using method iib. Scale bars for low and high 
magnification images represent 200 µm and 50 µm respectively. 

3.3.2b Comparison between the chondrogenic potential of HACs and STRO-1+ 
SSCs in 3-D scaffolds 

Following the 28-day culture period, expression of the key chondrogenic genes 
including Sox9, Aggrecan, Col2a1 and Col10a1 by HACs and STRO-1+ SSCs 
cultured in 3-D scaffolds was analysed by real-time qPCR (Figure 3-9). Robust 
expression of Sox9, Aggrecan and Col2a1 was observed in day-28 HAC 
explants. Interestingly, the expression of the three key chondrogenic genes by 
STRO-1+ SSCs in day-28 explants was comparable to day-28 HAC explants. 
Expression of the hypertrophic gene Col10a1 by STRO-1+ SSCs in day-28 
explants, however, remained significantly higher than day-28 HAC explants. 
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Figure 3 - 9. Analysis of expression of Sox9, Aggrecan, Col2a1 and Col10a1 
transcripts by real-time qPCR in day-28 explants of HACs and STRO-1+ SSCs 
cultured in Alvetex® 3-D scaffolds. Relative expression levels of the 
chondrogenic genes were normalised to the expression of the housekeeping 
gene, β-Actin. Bar graphs were plotted and statistical analysis was performed 

at the level of ΔCT (n=8), ∗ p<0.05. 
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The analysis of gene expression was supplemented by histology, 
immunohistochemistry and GAG quantitation. Overall histology of HAC and 
STRO-1+ SSC explants, stained with Alcian blue and Sirius red, was 
reminiscent of hyaline cartilaginous structure composed of chondrocytes in 
lacunae embedded in dense proteoglycan matrix with a thin covering of fibrous 
collagen along the periphery. The expression of SOX9 confirmed robust 
chondrogenic differentiation. The collagenous matrix of day-28 explants of 
HACs consisted predominantly of Collagen Type II (Figure 3-10).  

In contrast, STRO-1+ SSCs expressed Collagen Type X in addition to Collagen 
Type II (Figure 3-11). The expression of Collagen Type X in the ECM of STRO-
1+ SSCs explants suggested the differentiation of STRO-1+ SSCs towards the 
hypertrophic stage, an observation reflected in gene expression analysis. 
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(Figure 3-10 continues on next page) 
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Figure 3 - 10. Histological and immunohistochemical examination of day-28 
explants of HACs in 3-D scaffolds. HACs isolated from pieces of deep zone 
articular cartilage from femoral heads of 8 osteoarthritic individuals were also 
cultured in 3-D scaffolds (1×105 HACs per scaffold) over a period of 28 days in 
chondrogenic media. Sequential sections stained with Alcian blue and Sirius 
red (A/S) demonstrated robust hyaline cartilage formation comparable to day-
21 pellets. Chondrogenic differentiation was also confirmed by immunostaining, 
which demonstrated expression of SOX9 in chondrocytes and synthesis of 
Collagen Type II by chondrocytes into the extracellular matrix. Furthermore, the 
negligible expression of Collagen Type X indicated minimal chondrocyte 
hypertrophy. Scale bars for low and high magnification images represent 200 
µm and 50 µm respectively. 
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(Figure 3-11 continues on next page) 
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Figure 3 - 11. Histological and immunohistochemical examination of day-28 
explants of STRO-1+ SSCs in 3-D scaffolds. STRO-1-immunoselected SSCs 
from bone marrow of the same osteoarthritic individuals were also cultured in 
3-D scaffolds under the same condition. The formation of cartilaginous explants 
by STRO-1+ SSCs was significantly improved by the application of the highly 
porous 3-D scaffolds. The overall histology as revealed by Alcian blue and 
Sirius red (A/S) staining was comparable to that of HAC explants. There was 
also abundant expression of both SOX9 and Collagen Type II throughout the 
ECM of STRO-1+ SSC explants. However, the expression of Collagen Type X 
confirmed the differentiation of STRO-1+ SSCs towards hypertrophic 
phenotype. Scale bars for low and high magnification images represent 200 µm 
and 50 µm respectively. 
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The quantity of sulphated GAGs synthesized by both cell types within 3-D 
scaffolds was determined using DMMB GAG assay (Figure 3-12). The amount 
of GAGs synthesized after 28 days of culture were normalised to the weight of 
scaffold measured at day 0. At day 28, scaffolds seeded with HACs and 
STRO-1+ SSCs demonstrated comparable levels of sulphated GAG content. 

 

Figure 3 - 12. Analysis of sulphated GAG content in day-28 explants of HACs 
and STRO-1+ SSCs in 3-D scaffolds. The quantity of sulphated GAGs 
synthesized by the two cell types following 28-day culture period within the 
scaffolds was determined using DMMB assay. Total GAG content after 28 days 
of culture was normalised to the weight of scaffold at day 0. No significant 
difference in GAG contents was observed. n=4 for both HAC and STRO-1+ 
SSC explants. 
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3.4 Discussion 

This chapter investigated the chondrogenic potential of two distinct but 
clinically relevant cell populations, namely HACs and STRO-1+ SSCs using 
“scaffold-free” pellet culture and culture in 3-D biomaterial scaffolds. HACs 
demonstrated robust chondrogenic potential in both 3-D pellet and scaffold 
cultures. In contrast, pellets of STRO-1+ SSCs showed suboptimal 
chondrogenic differentiation, which was improved by culture in 3-D scaffolds.  

Femoral heads and bone marrow aspirates were acquired from 8 osteoarthritic 
individuals undergoing hip replacement surgery for the isolation of HACs and 
STRO-1+ SSCs respectively. By obtaining the two cell populations from each 
donor, the study was able to make a reliable donor-matched comparison 
between the chondrogenic potential of articular chondrocytes and bone 
marrow-derived adult stem cells. Deep zone articular chondrocytes were 
utilised in this work since previous studies have reported that, in osteoarthritis, 
degenerative changes were initiated in the superficial zone of articular cartilage 
with expression of matrix metalloproteinases, including MMP-2, MMP-3, MMP-
11 and ADAMTS5 significantly up-regulated in the superficial zone of 
osteoarthritic cartilage (223, 224). The monoclonal antibody, STRO-1, which 
recognises a trypsin-resistant cell-surface antigen expressed by a subset of 
bone marrow mononuclear cells enriched in stem/progenitor cells, was used in 
this study to immunoselect the STRO-1+ cell population from bone marrow 
aspirates (225-227).  

Chondrocytes that are cultured in conventional monolayer cultures exhibit 
dedifferentiation i.e. the cells assume a fibroblastic morphology, down-regulate 
expression of Collagen Type II and synthesize Collagen Type I, in response to 
the 2-D culture environment (212, 213). This, in turn, has highlighted the 
significance of the 3-D culture environment in promoting chondrogenic 
differentiation of dedifferentiated chondrocytes and multipotent MSCs by 
stimulating crucial cell-cell and cell-matrix interactions (217, 228, 229). The 3-D 
pellet culture model has been widely employed to stimulate chondrogenesis 
and generate “scaffold-free” cartilaginous explants in vitro that are 



!102 

characterised by morphological, gene and protein expression profiles matching 
in vivo hyaline cartilage (205, 230). In this study, day-21 pellets of HACs 
exhibited the presence of hyaline cartilaginous tissue composed of numerous 
chondrocytes lodged within distinct lacunae embedded in dense proteoglycan-
rich matrix. Furthermore, robust expression of chondrogenic genes, namely 
Sox9, Col2a1 and Aggrecan, was matched by the synthesis of SOX9 protein by 
chondrocytes and hyaline cartilage-like matrix composed of Collagen Type II 
and proteoglycans. Negligible expression of Col10a1 and Collagen Type X in 
the cartilaginous matrix confirmed the absence of chondrocyte hypertrophy in 
day-21 HAC pellets.  

While the pellet culture served as an excellent in vitro system to facilitate 
generation of hyaline cartilaginous tissue from monolayer-expanded and 
dedifferentiated HACs, STRO-1+ SSCs exhibited suboptimal chondrogenic 
differentiation potential within the pellet culture model. In a separate study 
involving 30 osteoarthritic subjects, two cell populations, chondrocytes and 
bone marrow-derived MSCs, were procured from each individual to carry out a 
valid comparison of their chondrogenic potential (231). In micromass cultures, 
chondrocytes were shown to exhibit a higher chondrogenic potential than 
MSCs, which expressed significantly higher levels of Col1a1 (Collagen Type I) 
and Col10a1 (Collagen Type X), indicative of a terminally differentiated 
hypertrophic chondrocyte phenotype. The chondrogenic differentiation of adult 
bone marrow-derived MSCs (BMSCs) was characterised by drift towards 
hypertrophy, which resembled the process present in endochondral 
ossification (44, 45, 220, 232). In addition, studies that utilised in vivo ectopic 
transplantation of BMSC-derived cartilaginous explants have reported risks of 
undesirable vascular invasion and mineralisation (44, 219). Since these studies 
applied tissue culture plastic adherence strategy to isolate BMSCs, they 
cannot claim to have examined the chondrogenic potential of a homogenous 
adult stem cell population. Isolation based on tissue culture plastic adherence 
has been shown to yield a heterogeneous population of bone marrow stromal 
cells that largely contains lineage-committed progenitor cells and a small 
proportion of stem cells (233-235).  
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Immunoselection of stem cells from bone marrow mononuclear cells on the 
basis of positive expression of one or more established surface markers such 
as the STRO-1 antigen (i.e. the approach applied in this study) should be 
applied to isolate relatively homogenous populations of bone marrow-derived 
adult stem cells for the analysis of chondrogenic differentiation potential (236-
238). Seminal work by Simmons and Torok-Storb has shown that the STRO-1+ 
population of adult human bone marrow stromal cells has the potential to 
develop into a number of distinct stromal cell types, including fibroblasts, 
smooth muscle cells and adipocytes (225). Further research demonstrated that 
the osteoprogenitor population of adult human bone marrow was restricted to 
a subpopulation of bone marrow mononuclear cells that exhibited STRO-1 
immunoreactivity, thereby extending the range of mature stromal cell types into 
which the STRO-1+ cell population was able to differentiate (227). This range 
was further extended to include chondrocytes and haematopoiesis-supportive 
vascular smooth muscle-like stromal cells, two additional stromal lineages into 
which the multipotent STRO-1+ SSCs were capable of differentiating (226, 239). 
However, aggregates of STRO-1+ SSCs utilised to promote chondrogenesis in 
the presence of 10ng/ml TGF-β1 demonstrated largely fibrous cartilaginous 
histology and the presence of Type II and extensive Type X collagenous matrix 
at the end of the 3-week culture period (226), an observation mirrored by the 
work presented in this chapter. In contrast, healthy articular cartilage is made 
of hyaline cartilage with chondrocytes that secrete Aggrecan (the major 
proteoglycan) and Collagen Type II as the main constituents of the extracellular 
matrix (240). Secretion of Collagen Type X into the matrix accompanied 
degenerative hypertrophic changes in articular chondrocytes observed in 
osteoarthritis (241).  

The chondrogenic potential of the highly homogenous STRO-1+/CD-106+ 
population of human bone marrow derived cells was analysed following a 3-
week exposure to 10ng/ml TGF-β3 in aggregate culture (239). In addition to the 
expression of Col2a1 (Collagen Type II) and Aggrecan, Col10a1 was expressed 
in day 21 aggregates, which lacked typical cartilage histology characterised by 
the presence of round chondrocytes in lacunae embedded in proteoglycan 



!104 

matrix. Results from the work presented here and studies outlined above 
suggest that in high density “scaffold-free” cell culture techniques, e.g. pellet, 
aggreagate, or micromass culture, STRO-1+ SSCs were incapable of 
generating robust hyaline cartilage due to suboptimal chondrogenic 
differentiation potential and a predisposition for hypertrophic differentiation.  

In comparison to pellet culture, this study has demonstrated improved 
chondrogenic differentiation by STRO-1+ SSCs when cultured in the 3-D 
environment/niche provided by the scaffold both in vitro and in vivo. A number 
of materials have been investigated for cartilage tissue engineering both in vitro 
and in vivo. Natural materials, including collagen matrices (91), agarose (242), 
alginate (243), hyaluronic acid (95); and synthetic materials including polylactic 
acid (PLA) (244) and hydrogels (245) have demonstrated the capability of 
inducing chondrogenic differentiation of human MSCs. Human adipose-
derived stem cells also demonstrated significantly enhanced proliferation rate 
and expression of cartilage phenotypic markers in silk scaffolds in comparison 
to micromass cultures (246). It is therefore likely that the 3-D niche provided by 
the scaffold architecture plays a pivotal role in promoting chondrogenic 
differentiation of stem cells.  

Porosity, pore size and interconnectivity of a scaffold are important 
architectural properties, which influence cell distribution, mass transportation 
via diffusion and the formation of cartilage ECM (247, 248). The effective 
diffusion coefficient within a scaffold is proportional to the pore 
interconnectivity (249), and previous studies have reported that scaffolds with 
increased interconnectivity enhanced cartilage formation both in vitro and in 
vivo (250, 251). The Alvetex® 3-D scaffolds contain more than 90% 
interconnected pores. The relatively thin membrane-like structure (200 μm 
thickness), coupled with the highly interconnected and accessible pores of the 
scaffold material employed in this study may have contributed to the optimal 
mass exchange during the prolonged culture period. Studies have reported 
that increasing porosity can reduce the stiffness of porous scaffold materials 
(252, 253). Stiffness of a scaffold can influence the mechanical environment of 
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the seeded cells, which in turn influence the chondrogenic differentiation and 
cartilage tissue growth in culture (253, 254). The stiffness of the Alvetex® 3-D 
scaffold was not provided by the manufacture, nor assessed in the current 
study. Hence, it is not possible to comment on whether the scaffold stiffness 
and mechanical environment had a role in promoting chondrogenic 
differentiation of cells. 

The average void/pore size of Alvetex® 3-D scaffolds was approximately 36-40 

μm in diameter with interconnections of approximately 12-14 μm in diameter. 
Although scaffolds with pore size gradients have been shown to be capable of 
inducing topographical organisation (255-257), the exact effects of pore size 
on the formation of cartilaginous matrix remain to be systematically addressed. 
In a study that investigated the effect of pore size (13, 43 and 68 μm) on 
cartilage matrix formation, the amount of proteoglycan accumulated per cell 
was similar in all the constructs generated using scaffolds with different pore 
sizes. The amount of collagen accumulated per cell was less in the constructs 
generated using smallest pore size scaffolds (13 μm) in comparison to 
constructs generated using larger pore size scaffolds (43 and 68 μm) (255). In 
another study, significantly more Collagen Type II was synthesized by 
chondrocytes situated in the region with large pore size (1650 μm) within a 
scaffold containing a gradient of pore sizes from 200 to 1650 μm (256). In yet 
another study, the amount of Collagen Type II was shown to be minimally 
affected by pore size and geometry (258). One potential reason for the 
discrepancy in these results could be the different scaffold materials utilised in 
these studies, in particular, it is possible that pore size and shape was not 
maintained in biodegradable materials throughout the culture period (259). One 
detrimental drawback associated with the use of scaffolds containing large 
pore size (>250 μm) was the noticeable up-regulated expression of Collagen 
Types I and X in chondrocytes (259). 

Nonetheless, the commercially available polystyrene 3-D scaffold was capable 
of inducing chondrogenic differentiation of STRO-1+ SSCs and allowed the 
comparison of chondrogenic potential between HACs and STRO-1+ SSCs. 
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However, it is important to note that real-time qPCR and immunohistochemical 
analysis demonstrated the expression of hypertrophic gene Col10a1 and 
presence of Collagen Type X protein in the ECM of both pellets and explants of 
STRO-1+ SSC. These results suggested that the bone marrow derived STRO-
1+ SSCs may indeed differ from articular chondrocytes with respect to their 
ultimate cellular fate, i.e. STRO-1+ SSCs adopt a transient rather than stable 
chondrocyte phenotype and undergo terminal differentiation, which is often 
followed by endochondral ossification. The combination of positive and 
negative immunoselection using two or more surface markers during the 
isolation process of adult stem cells may provide a suitable strategy for 
cartilage tissue engineering applications in which osteogenic differentiation is 
undesirable.  

3.5 Conclusion 

This chapter has demonstrated that deep-zone HACs, from OA patients, 
possess excellent chondrogenic potential when cultured in appropriate 3-D 
environment including both “scaffold-free” culture and culture within 3-D 
biomaterial scaffolds. In contrast, human adult STRO-1-immunoselected SSCs 
demonstrated suboptimal chondrogenic differentiation under the same culture 
condition as HACs in “scaffold-free” pellet culture. The application of 3-D 
biomaterial scaffolds enhanced the chondrogenic potential of STRO-1+ SSCs 
to a level comparable to HACs. However, adult stem cells derived from bone 
marrow showed evidence of phenotypic drift and hypertrophic differentiation, 
which would limit their clinical application. Development of appropriate 
strategies to prevent hypertrophic differentiation may provide potentially 
improved chondrogenic cell therapies from adult stem cells. 
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synthesis: Integration of experimental and computational approaches 

Chapter 4 

The effect of oxygen tension on human articular 

chondrocyte matrix synthesis: Integration of 

experimental and computational approaches 

 

 

 

Dr. Bram G Sengers developed the custom MatLab scripts that were 
used in this study. 



!108 

This page intentionally left blank 



! 109 

Abstract 

Significant oxygen gradients occur within tissue engineered cartilaginous 
constructs. Although oxygen tension is an important limiting parameter in the 
development of new cartilage matrix, its precise role in matrix formation by 
chondrocytes remains controversial, primarily due to discrepancies in the 
experimental setup applied in different studies. In this study, a combined 
computational-experimental approach was utilised to facilitate the inference of 
the likely effects of oxygen tension on cartilaginous matrix synthesis by human 
articular chondrocytes in a 3-D pellet culture model. Key parameters including 
cellular oxygen uptake rate were determined experimentally and used in 
conjunction with a mathematical model to estimate oxygen tension profiles in 
day-21 cartilaginous pellets. A threshold oxygen tension (pO2 ≈ 8% 
atmospheric pressure) for human articular chondrocytes was estimated by 
cross-referencing the predicted oxygen tension profiles and the histological 
analysis of pellet sections. Human articular chondrocytes that experienced 
oxygen tension below the threshold value were observed to synthesize 
proteoglycans, while collagen synthesis was observed at oxygen tension 
higher than the threshold value. This model does not take into account the 
possible effects of other contributing factors such as the mechanical factors 
associated with cell spreading on the surface, fluid shear stress as well as 
other soluble biochemical factors on the formation of the cartilaginous matrix. 
Thus, although the model does allow the assessment of the threshold oxygen 
tension, it does not offer comprehensive explanation of why formation of the 
cartilaginous matrix should be solely related to the oxygen tension. 
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4.1 Introduction 

The chondrogenic potential of articular chondrocytes is dependent on a 
complex array of environmental, biochemical and physical factors. 
Chondrocytes grown in monolayer cultures gradually lose their differentiated 
chondrogenic phenotype and become fibroblastic, a process known as 
dedifferentiation, which is characterised by significant down-regulation of 
chondrocyte phenotypic markers (212, 260). Three-dimensional (3-D) culture 
environments are therefore routinely applied to induce and/or maintain the 
chondrogenic potential of isolated multipotent stem cells and chondrocytes. In 
addition to biomaterial scaffold-based approaches, “scaffold-free” tissue 
engineering techniques have been developed to generate cartilaginous 
constructs or chondrospheres by culturing chondrocytes in high-density 3-D 
pellets/aggregates (123, 205, 261).  

Within tissue engineered cartilaginous explants, the exchange of nutrients (e.g. 
glucose and oxygen) and metabolic by-products (e.g. lactic acid) can only 
occur through diffusion unless active fluid perfusion is applied (169). The 
difference between diffusion and cellular metabolism will inevitably lead to the 
formation of gradients in metabolite concentrations that can significantly affect 
cellular behaviour including cell viability, metabolism and matrix synthesis (181, 
262). Given the complexities and challenges of monitoring these gradients in 
situ, efforts have been devoted to the development of appropriate 
mathematical models to evaluate them (176). Oxygen gradients have been 
modelled either alone (169) or in combination with glucose and lactic acid (181, 
263) for tissue-engineered cartilaginous explants. However, only a limited 
number of studies have reported the relationship between the model prediction 
and experimentally evaluated chondrogenesis.  

The present study utilised a multidisciplinary approach, which combined the 3-
D “scaffold-free” pellet culture technique, mathematical modelling and image 
analysis of stained histological sections, to infer the effects of oxygen tension 
on the cartilaginous matrix synthesis of human articular chondrocytes (HACs). 
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4.2 Materials and methods 

4.2.1 Isolation of human articular chondrocytes 

Human articular chondrocytes were isolated and cultured as described in 
Section 2.2.2. A total of 4 femoral head samples were obtained from 
haematologically normal osteoarthritic individuals (3 male and 1 female, mean 
age: 74 years). 

4.2.2 Static pellet culture 

Pellet cultures were performed as described in Section 2.2.3. HAC pellets were 
generated using initial cell seeding numbers of 0.6×104, 1×105, 2×105, 5×105 
and 1×106 cells. 

4.2.3 Histological analysis 

PFA-fixed samples were processed, embedded in paraffin wax and sectioned 
as described in Section 2.4.2. Sets of three sequential sections were stained 
with Alcian blue only, Sirius red only and both stains as described in Section 
2.4.3. Images of stained sections were captured as described in Section 2.5. 

4.2.4 Image analysis 

4.2.4.1 Pellet radius and volume 

Images of sequential sections of each pellet were loaded into the image 
analysis software ImageJ (NIH, US) (Figure 4-1). The “Analyse Particle” tool in 
ImageJ was used to trace the complete outline of the cartilaginous pellet 
section and to determine the enclosed area (SAsec). Assuming a completely 
spherical pellet, the radius of each individual pellet section (rsec) was calculated 
from a circle with the same SAsec as the cartilaginous pellet section. The largest 
radius of all sequential sections was denoted as the radius of the pellet, rmax. 
The pellet volume (Vtotal) was then calculated from rmax. 
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Figure 4 - 1. Determination of surface area (SAsec) and radius (rsec) of a 
cartilaginous pellet section. The “Analyse Particle” tool in ImageJ was used to 
trace the entire outline and determine the enclosed area of a cartilaginous 
pellet section (SAsec). The radius of an individual pellet section was calculated 

from the circle with the same SAsec, i.e. rsec= SAsec/π. In this example, the 

SAsec of the pellet section was denoted as A1 (12.51×105 μm2), and therefore 

the rsec was calculated as: rsec= SAsec/π= 12.51×105/3.14=631.04 μm. Scale 

bar represents 200 μm. 

4.2.4.2 Pellet cell density 

A custom programmed script in MatLab was used to identify and count the 
number of cell nuclei counter-stained with Weigert’s haematoxylin in each 
section (Figure 4-2a,b) (177). Sequential sections stained with only Sirius red 
were used due to the high contrast between the cell nuclei and background 
matrix staining. Pellet cell density (ρcell) was calculated by dividing the total 
number of cells in all Sirius red-stained 7μm-thick sections of the pellet by the 
sum of the individual volumes of these sections. The same method was used 
to determine the local cell density in regions with equal width of 50 μm (Figure 
4-2c). Given that the same nuclei can appear in more than one successive 
histological section, a correction was made to the “raw” cell density data as 
previously described (264). In brief, νa = νc × t / (d+t), where νa was the 
corrected number of nuclei per section, νc was the raw count of number of 
nuclei per section, t was the thickness (in μm) of the section, and d the average 
diameter (in μm) of the nuclei. 
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Figure 4 - 2. Identification of cell nuclei using MatLab. Sections stained with 
only Sirius red were used due to high contrast between cell nuclei and 
background (a). A custom programmed script in MatLab was used to identify 
cell nuclei counter-stained with Weigert’s haematoxylin (b). Local cell density 
was determined in zonal regions with equal width of 50μm (c). Scale bars 
represent 200μm. 

4.2.4.3 Pellet morphology analysis – Measurement of the thickness of fibrous 
collagenous band around the pellet periphery 

Images of pellet sections stained with either Alcian blue or Sirius red alone 
were used to determine the thickness of the fibrous collagenous band around 
the periphery of the pellet. In brief, each individual colour image consisted of 
the three RGB (red, green, blue) channels was converted into three grey-scale 
images (IR, IG, IB) (Figure 4-3a,b). Visually red stained areas have high values of 
IR. To enhance colour specificity, i.e. to extract the desired red stained areas, 
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and eliminate any white or grey areas, the IG channel was subtracted from the 
IR channel, resulting in the staining intensity measure IRS (IRS = IR - IG). Pixels with 
negative values were converted to 0, i.e. black pixels. The resulting image 
therefore contained only the grey-scale pixels (value = 0-255) representing the 
intensity of the red staining (Figure 4-3c top image), wherein intensely stained 
areas were represented by white pixels, lighter areas were represented by grey 
pixels and the remainder of the image were represented by black pixels. The 
reconstructed Sirius red images were loaded into ImageJ for the measurement 
of the thickness of the fibrous collagenous band (Figure 4-4). A similar 
procedure was followed to extract the desired blue stained areas, using IBS = IB 
- IR (Figure 4-3c bottom image). Furthermore, colour intensity profiles were also 
plotted for both reconstructed Alcian blue and Sirius red images. 

 

Figure 4 - 3. Image reconstruction using MatLab. The colours of interest, 
Alcian blue (PG) and Sirius red (collagen), were recreated using grey-scale 
pixels. Top: Sirius red staining. Bottom: Alcian blue staining. (a) Original colour 
images of stained pellet sections. (b) Single channel images. (c) Reconstructed 
grey-scale images. 
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Figure 4 - 4. Measurement of fibrous collagenous band thickness around pellet 
periphery. Reconstructed Sirius red images were used for the measurement 
using ImageJ. Measurement selection tools (yellow lines) were placed at 0°, 45°, 
90°, 135°, 180°, 225°, 270° and 315° positions around the pellet periphery. The 
average thickness of the collagenous band was then calculated from these 8 
measurements. 

4.2.5 Measurement of cellular oxygen uptake rate 

HAC oxygen uptake rate (Qcell) was measured using the BD OBS oxygen 
biosensor system (BD Biosciences, UK) as previously described (265, 266). 
HACs were seeded into the wells of an OBS microplate at a density of 500,000 
cells/well in chondrogenic media. The wells were sealed with airtight aluminium 
film to prevent gas exchange. The OBS microplate was read on a FLUOstar 
OPTIMA fluorescence microplate reader (BMG Labtech, UK) at 485 nm 
excitation and 620 nm emission wavelengths. The OBS microplate was 
maintained at 37 °C inside the fluorescence microplate reader. The intensity of 
emitted fluorescence varied inversely with oxygen concentration and was 
recorded every 2 min during the 120 min measurement period. Plain α-MEM, 
which was equilibrated with air at 37 °C, was used as “no-cell” standard 
oxygen concentration control (Ia, ambient fluorescence intensity). α-MEM with 
200 mM (25.21 mg/ml) sodium sulphite was used as 0% oxygen control (I0, 
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maximum fluorescence intensity). 0% oxygen control was prepared 30 minutes 
prior to each test to ensure all oxygen was removed by sodium sulphite. Three 
replicates were performed for the measurement of Qcell for each patient sample.  

Data normalisation and calculation of oxygen concentration and consumption 
rate: As the fluorescence intensity measurements can vary with the 
concentration of the fluorophore and the machine drift, a two-step 
normalisation was performed (266). The raw fluorescence unit (RFU) of each 
well was normalised to the value of ambient controls (Ia), yielding the so-called 
NRF (normalised relative fluorescence) value (NRF=I/Ia). The dynamic range 
(DR=I0/Ia), a constant for the given experiment setup (e.g. temperature, 
wavelength), accounted for any fluctuation in intensity between the time points 
due to machine drift. This double normalisation yielded a drift- and 
concentration-corrected fluorescence intensity, which was then used to 
calculate the equilibrium oxygen concentration at the bottom of each well at a 
given time point, where [O2]=(DR/NRF-1)/Ksv. Ksv, the Stern-Volmer constant, 
was a function for quenching of the fluorophore by oxygen (Ksv=(DR-1)/[O2]a). 
[O2]a was the ambient oxygen concentration in the medium at equilibrium, 
which was 195 μM at 37 °C in 5% CO2 environment (266, 267). Cellular oxygen 
uptake rate was calculated as Qcell=([O2]T2-[O2]T1)/(T2-T1)/(number of cells in 
well), which represented the amount of oxygen consumed ([O2]T2-[O2]T1) in a 
given time period (T2-T1) per cell and was represented as mol.s-1.cell-1. 

4.2.6 Statistical analysis 

Statistical analysis was performed using Mann–Whitney U test with Bonferroni 
correction as described in Section 2.6. 
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4.3 Mathematical model to predict oxygen tension profile 

In the present study, the equilibrium between oxygen diffusion and 
consumption was represented as a diffusion-reaction equation. The oxygen 
tension C(r, ϕ, θ) [mol.cm-3] in spherical coordinates was governed by the 
solute mass balance including Fick’s law of diffusion:  
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∂t =D

1
r2

∂
∂r r2 ∂C

∂r + 1
r2sinϕ

∂
∂ϕ sinϕ ∂C

∂ϕ + 1
r2sinϕ

∂2C
∂θ2

,   (1) 

where r, θ, ϕ were spherical coordinates, t [s] was time and D [cm2.s-1] was the 
effective diffusion coefficient of oxygen. 

For spherical symmetry: 
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Therefore, equation (1) can be simplified as: 
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The time-dependent diffusion-reaction equation for oxygen tension, assuming 
an oxygen uptake kinetics of the Michaelis-Menten type (268), was therefore: 

∂C
∂t =D

∂2C
∂r2 +

2
r
∂C
∂r - QcellC

C+Km
ρcell,      (3) 

subject to boundary conditions: ∂C∂r =0 for r = 0 (4a), C=C0 for r = rmax (4b) and 

C=0 for t = 0 (4c), where Qcell [mol.cell-1.s-1] was the maximum cellular oxygen 
uptake rate, Km [mol.cm-3] was the Michaelis-Menten constant, ρcell [cell.cm-3] 
was the cell density, C0 [mol.cm-3] was the ambient oxygen concentration 
(constant) on the surface of the cartilaginous pellet, rmax was the radius of 
cartilaginous pellet.  
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Since the steady state oxygen tension distribution across the cartilaginous 
pellet was investigated, equation (3) can be expressed as below when steady 
state was reached: 

D ∂2C
∂r2 +

2
r
∂C
∂r = QcellC

C+Km
ρcell,      (5) 

subject to boundary conditions (4a) and (4b). 

Equation (5) was solved numerically, utilising experimentally determined values 
for ρcell, rmax, and Qcell, to predict the oxygen tension profiles from the periphery 
to the centre of cartilaginous pellets. A custom finite element method script 
was used in MATLAB (177).  
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4.4 Results 

4.4.1 Measurement of cartilaginous pellet volume 

Higher initial cell seeding numbers resulted in larger total volumes for 
cartilaginous pellets harvested after the 21-day culture period (Figure 4-5a, 
pellet radii (rmax) listed in Table 4-1). However, when the total volumes of the 
day-21 cartilaginous pellets were compared to the initial (i.e. day-1) volumes of 
the cell aggregates, the largest fold increase in volume (≈6 fold) was observed 
when initial cell seeding numbers of 1×105 and 2×105 were used for pellet 
generation (Figure 4-5b) (Fold volume increase = day-21 pellet volume / day-1 
pellet volume). The pellet volume on day-1 was considered as the volume of 
the cell aggregate without any matrix (i.e. day-1 pellet volume = volume of 
individual chondrocyte × number of cells). The average chondrocyte radius of 
5.49±0.51 μm was calculated from the cell number and pellet volume as 
determined by image analysis. This value was comparable to average 
chondrocyte sizes reported in published literature (269, 270). 

Since no extracellular matrix (ECM) was present in the cell aggregate/pellet on 
day 1, the volume increase in the cartilaginous pellets was primarily 
contributed by the volume of ECM synthesize by the cells, in addition to any 
change in cell number. Volume per initial cell was calculated as the total 
volume of day-21 cartilaginous pellet divided by the initial cell seeding number. 
Consistent with the fold increase in cartilaginous pellet volume, the volume of 
ECM volume synthesized per cell was also observed to reach a maximum at 
initial cell seeding numbers of 1×105 and 2×105 (Figure 4-6). 
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Patient 
details 

Initial cell 
seeding 
number 

Day-21 
cartilaginous 
pellet radius [cm] 

Patient 
details 

Initial cell 
seeding 
number 

Day-21 
cartilaginous 
pellet radius [cm] 

M69 6×104 0.0283 ± 0.0013 M52 6×104 0.0312 ± 0.0010 
1×105 0.0376 ± 0.0009 1×105 0.0468 ± 0.0015 
2×105 0.0583 ± 0.0014 2×105 0.0595 ± 0.0009 
5×105 0.0707 ± 0.0012 5×105 0.0646 ± 0.0018 
1×106 0.0828 ± 0.0019 1×106 0.0853 ± 0.0024 

F90 6×104 0.0373 ± 0.0008 M85 6×104 0.0391 ± 0.0011 
1×105 0.0502 ± 0.0013 1×105 0.0519 ± 0.0017 
2×105 0.0556 ± 0.0011 2×105 0.0616 ± 0.0014 
5×105 0.0715 ± 0.0007 5×105 0.0776 ± 0.0020 
1×106 0.0793 ± 0.0021 1×106 0.0950 ± 0.0026 

Table 4 - 1. The radii of day-21 HAC cartilaginous pellets. 
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Figure 4 - 5. The relation between initial cell seeding number and day-21 HAC 
cartilaginous pellet volume. Higher initial cell seeding number led to larger total 
pellet volume (a). However, the largest volume increase, when compared to 
initial cell aggregate volume, was observed at cell seeding numbers of 1×105 
and 2×105 (b). 
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Figure 4 - 6. ECM synthesis per initial cell. The volume of ECM produced by 
cells contributed to the overall volume of day-21 cartilage. The maximum ECM 
volume increase per initial cell was observed at cell seeding numbers of 1×105 
and 2×105. 
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4.4.2 Prediction of oxygen tension profile within cartilaginous pellet 

In the present study, key parameters in the mathematical model described 
earlier were determined experimentally. The BD OBS oxygen biosensor system 
was used to determine the patient specific oxygen uptake rate (Qcell) of HACs 
(Table 4-2). Using the method described by Haselgrove and co-workers (170), 
the Michaelis-Menten constant (Km), i.e. the oxygen concentration at which 
half-maximum uptake rate (Qcell/2) occurred, was found to be 7.41±0.32 × 10-9 
[mol.cm-3] based on the [O2] depletion curve over time. In addition, the cell 
density ρcell, measured using a custom script in MatLab, was expressed as a 
function of distance from the pellet centre (r) (Figure 4-7a-e). These parameters 
were substituted into the mathematical model for the prediction of local 
oxygen tension profile throughout the cartilaginous pellet (Figure 4-8a-d). 

The predicted oxygen tension profile within day-21 cartilaginous pellets was 
characterised by a gradual depletion in oxygen tension from the periphery 
towards the centre. Oxygen tension in the central region of day-21 
cartilaginous pellets generated using 6×104 and 1×105 cells did not reach zero. 
Anoxia (zero oxygen tension), however, was observed in pellets generated 
using cell seeding numbers of more than 2×105. In particular, day-21 pellets 
generated using 1×106 cells were characterised by a rapid depletion of oxygen 
tension to anoxia. !

Patient details Maximum cellular O2 uptake rate [mol.cell-1.s-1] 
M69 3.02±0.27 ×10-17 
F90 5.88±0.43 ×10-17 
M52 3.76±0.28 ×10-17 
M85 4.12±0.31 ×10-17 

Table 4 - 2. Cellular oxygen uptake rate (Qcell) of HACs measured using BD 
Oxygen Biosensor System. 
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(Figure 4-7 continues on next page) 
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Figure 4 - 7. Cell density distribution within HAC cartilaginous pellets. Initial 
cell seeding number: (a) 6×104, (b) 1×105, (c) 2×105, (d) 5×105 and (e) 1×106. For 
each patient and initial cell seeding number, cell density (ρcell ) was expressed 
as a function of distance from pellet centre (r) for the model prediction of 
oxygen tension profile.  
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(Figure 4-8 continues on next page) 
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Figure 4 - 8. Prediction of oxygen tension profile within day-21 HAC 
cartilaginous pellets. The oxygen tension profiles were predicted for pellets 
generated using HACs from patient (a) M69, (b) F90, (c) M52 and (d) M85. 

4.4.3 Evaluation of the effect of O2 tension on cartilaginous matrix formation 

To elucidate the effect of oxygen tension on cartilaginous matrix formation in 
the pellet, composition of ECM was analysed by Alcian blue and Sirius red 
staining (Figure 4-9). 
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(Figure 4-9 continues on next page) 
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Figure 4 - 9. Cartilaginous pellet morphology demonstrated by Alcian blue and 
Sirius red staining. In small-sized cartilaginous pellets generated using low cell 
seeding numbers (6×104), strong Sirius red staining (collagen-rich ECM) was 
observed throughout the entire pellet. As the pellet size increased with initial 
cell seeding number (1×105 – 5×105), the amount of Alcian blue staining (PG 
content) also increased in proportion to collagen. This was visually 
demonstrated by the development of a thin distinct collagen-rich fibrous band 
(indicated by dotted lines) around the periphery filled with PG rich matrix. 
Excessively high cell seeding number (1×106) resulted in the deformation and/or 
the development of a necrotic core, which was characterised by the lack of 
chondrogenic differentiation and matrix synthesis. Scale bars represent 200μm. 
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Development of a distinct fibrous collagenous band (indicated by dotted lines 
in Figure 4-9) was observed along the periphery of the pellet surrounding the 
proteoglycan (PG)-rich matrix. The thickness of the fibrous collagenous band 
was determined using ImageJ and presented in Figure 4-10. The increase in 
pellet size (as a result of increased initial cell seeding number) was 
accompanied by a reduction in the thickness of the fibrous collagenous band. 

Similarly, the colour intensity profiles of the Alcian blue and Sirius red stained 
images also clearly demonstrated the formation of a fibrous collagenous band, 
evidenced by extensive collagen (intense red stain) production in comparison 
to PG (blue stain) production (Figure 4-11). By comparing the oxygen tension 
profiles to the histological analyses of cartilaginous pellets, it is possible to 
estimate a threshold oxygen tension (Figure 4-12). 

  

Figure 4 - 10. The thickness of collagen-rich fibrous band around the pellet 
periphery was determined by ImageJ image analysis. Increasing initial cell 
seeding number (which resulted in the increased pellet size) led to decreased 
fibrous collagenous band thickness. Pellets generated using 1×106 cell seeding 
number were not included in this analysis due to the non-uniformity as a result 
of the irregular pellet geometry. 
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(Figure 4-11 continues on next page) 
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Figure 4 - 11. Intensity profile of Sirius red and Alcian blue stained images of 
cartilaginous pellet sections determined using ImageJ. Initial cell seeding 
number: (a-d) M696×104, (e-h) F90, (i-l) M522×105 and (m-p) M85. Patient 
details: (a, e, i, m) 6×104,  (b, f, j, n) 1×105, (c, g, k, o) 2×105and (d, h, l, p) 5×105. 
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Figure 4 - 12. An example image demonstrating the methodology of 
determining the threshold oxygen tension. The thickness of fibrous collagenous 
band measured by ImageJ image analysis, colour intensity profile and the O2 
tension profile of day-21 cartilaginous pellets were used for the determination 
of the threshold oxygen tension. In this example (patient M69, initial cell 
seeding number = 2×105), the average measured radius of pellets was 0.0583 
cm. The average fibrous band thickness measured by ImageJ was 0.0115 cm. 
Therefore, the inner edge of collagen-rich fibrous band, i.e. boundary between 
PG- and collagen-rich matrix, intersected at a distance of 0.0583-
0.0115=0.0468 cm from the centre of the pellet. The threshold oxygen tension 
was then determined by reading the value of oxygen tension (1.10×10-7 mol.cm-

3) from the predicted oxygen tension profile at 0.0468 cm in this particular 
example. Three measurements were performed for each cell seeding number of 
each patient. 
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The threshold oxygen tension can be used as a reference oxygen level, above 
which collagenous matrix production was observed and below which PG 
deposition was observed. Although there appeared to be a trend of increasing 
threshold oxygen tension with increasing initial cell seeding number (i.e. larger 
pellet size) as shown in Figure 4-13, the differences were not statistically 
significant. In addition, the inter-patient variation observed was also not 
statistically significant. 

 

Figure 4 - 13. Threshold oxygen tension of human articular chondrocytes in 
“scaffold-free” pellet culture system. The threshold oxygen tensions 
determined using the method described in Figure 4-12 appeared to be 
consistent across all four patients and independent of initial cell seeding 
number. Pellets generated using 1×106 cell seeding number were not included 
in this analysis due to the non-uniformity as a result of the irregular pellet 
geometry. 
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4.5 Discussion 

A combined experimental-computational approach, encompassing the 3-D 
“scaffold-free” pellet culture technique, mathematical modelling and image 
analysis of stained histological sections, allowed the cross-referencing of the 
predicted oxygen tension profile and the cartilaginous matrix synthesis by 
HACs. The present study has favoured a “scaffold-free” approach over the use 
of biomaterial scaffolds, which may impair tissue formation due to 
unpredictable degradation rates and potential adverse immunogenicity of the 
degradation products therein (271). More importantly, poorly designed 
biomaterials (e.g. lack of interconnected pores) can be a substantial barrier to 
nutrient penetration. It has been reported that the oxygen diffusion coefficient 
in polymers can be approximately 25 times lower in comparison to that of 
native cartilage tissue (169). Since a “scaffold-free” culture model was used in 
the work presented here, the cartilaginous pellet could be modelled as a single 
phase, thus eliminating the necessity of considering a separate biomaterial 
phase for the prediction of the oxygen tension distribution within 3-D 
cartilaginous pellets.  

The mathematical model used in the present study was based on key 
parameters that were determined experimentally. Cellular oxygen uptake rate 
(Qcell) was an important parameter in the numerical prediction of the oxygen 
gradients within cartilaginous pellets. The method, i.e. oxygen-sensitive 
fluorophore-based BD oxygen biosensor system, applied in the present study 
has been utilised in a series of studies to investigate the metabolism of 
chondrocytes/MSCs (272-276). In the literature, no values have been reported 
for the oxygen uptake rate of primary HACs using the BD oxygen biosensor 
system. The values of Qcell (average Qcell = 4.20±1.21 × 10-17 mol.cell-1.s-1) for 
HACs determined in this study were of the same order (1×10-17) as previously 
reported, albeit Clarke electrodes were used (277). The variation in the 
measured values of Qcell may be dependent on a number of factors including 
inter-patient variation, extent of in vitro culture, culture conditions and gas 
exchange between sample and air through the plastic plate material (179, 274-
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276, 278). In the model, the oxygen consumption, which includes oxygen 
utilisation for both cellular metabolism and matrix synthesis, was assumed to 
follow Michaelis-Menten kinetics as previously reported (170, 279). The 
Michaelis-Menten equation provided an adequate interpretation of the 
dependence of Qcell upon oxygen concentration (159).  

Pellet radius (rmax) and cell density (ρcell) were also determined. In particular, 
instead of assuming a homogeneous cell distribution, zonal cell distribution 
within the cartilaginous pellet was determined in the present study. Equations 
were fitted to describe ρcell in relation to the position (r) within the pellet, 
allowing accurate and tailored prediction of oxygen tension profiles for 
cartilaginous pellets with various sizes for each individual patient.  

In “scaffold-free” pellet culture, initial cell seeding number directly affected the 
size of day-21 cartilaginous pellets, i.e. higher initial cell seeding number 
resulted in larger pellet size. Interestingly, the largest percentage volume 
increase (≈6 fold) was observed when initial cell seeding numbers of 1×105 and 
2×105 were used. Similarly, the largest increase in ECM volume synthesized 
per initial cell was also observed when initial cell seeding numbers of 1×105 
and 2×105 were used. The diffusion distance inevitably increased with the size 
of the cartilaginous pellets, preventing oxygen reaching the central region. The 
oxygen tension at the central region of pellets generated using 5×105 and 
1×106 cells reached anoxic levels. This could be a limiting factor to the volume 
increase in larger cartilaginous pellets. Although chondrocytes are known to be 
well adapted to the hypoxic environment within native cartilage tissue in vivo, 
the importance of oxygen cannot be omitted completely in their principal 
function, namely, synthesis of cartilaginous extracellular matrix.  

Despite the fact that articular chondrocytes can survive anoxic conditions 
(pO2<0.1% atmospheric pressure), adverse effects include severely 
compromised metabolic activity and matrix production (280). Similar 
observations were made in the work presented here. A homogeneous cell 
distribution was observed in all pellets regardless of their sizes, however, 
histological analysis revealed distinct necrotic cores in central region of larger 
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pellets generated using cell seeding numbers above 5×105 cells. The necrotic 
region was characterised by the lack of ECM deposition. It is therefore highly 
likely that although larger pellets can be generated using high cell seeding 
number, optimal ECM synthesis by chondrocytes could only be achieved in 
smaller pellets where a certain level of oxygen was maintained.  

It has been reported that both aerobic and anaerobic metabolic pathways are 
evident in cartilage constructs (281). Furthermore, it has been well documented 
that oxygen and glucose are closely interrelated in the so-called Crabtree 
effect, or the negative Pasteur effect (262, 274, 282). Anoxic environments 
severely inhibit glycolysis and lactate production by articular chondrocytes. It is 
likely that impaired glycolysis, coupled with limited oxidative phosphorylation in 
anoxia, inevitably reduced ATP synthesis, resulting in the shortage of energy 
and subsequently the lack of cartilage ECM synthesis. 

In regions at a certain distance from the pellet surface, the matrix 
predominantly consisted of fibrous collagen tissue, while in the inner region, 
the PG content was more prominent. The thickness of the visually 
distinguishable fibrous collagenous band was cross-referenced with the model 
predicted oxygen tension profile and, allowed the determination of a threshold 
oxygen tension. This was demonstrated by histological analysis of 
cartilaginous pellet sections. In smaller pellets (e.g. 6×104 cell seeding number), 
the regions experiencing oxygen tension higher than the threshold level 
covered a large distance from the pellet surface (indicated by model predicted 
oxygen tension profile) and, more collagenous tissue formation in the pellet 
was observed in histological sections. As the pellet size increased (e.g. 1-5×105 

cell seeding number), the regions experiencing high oxygen tension gradually 
decreased, resulting in the subsequent decrease in the thickness of collagen-
rich fibrous band. Studies have suggested that the lack of oxygen could 
supress collagen synthesis in periosteal tissue explants as well as in tissue 
engineered cartilage (283, 284).  

Despite the inter-patient variations in Qcell, pellet size, pellet morphology and 
oxygen tension profiles, which were key parameters involved in the 
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determination of threshold oxygen tension, it is interesting to see that the 
threshold oxygen tension for all four patients demonstrated no statistical 
difference and were independent of cell seeding number. The average 
threshold oxygen tension measured in the present study was 1.075 (± 0.364) × 
10-7 mol.cm-3 (pO2 ≈ 8.13% atmospheric pressure).  

To date, the reported effects of oxygen tension on chondrocyte proliferation 
and matrix synthesis in vitro remain highly controversial. While some studies 
have reported that chondrocyte matrix synthesis was enhanced by reduced 
oxygen tension (285-287), others have reported that hypoxic oxygen tension 
resulted in no/minimal differences in cell proliferation and/or chondrogenic 
differentiation in comparison to normoxia (168, 288). These reported 
differences in the response of articular chondrocytes to oxygen tensions 
appear largely due to species variation (e.g. bovine, human) and culture 
conditions (e.g. monolayer, bioreactor or scaffolds), making sensible 
comparisons virtually impossible. 

The threshold oxygen tension was reported in this study with the caveat that 
its absolute accuracy was dependent on assumptions made for the 
mathematical model and measurements of key parameters such as ρcell and 
Qcell. The predicted oxygen tension profiles were dependent on the value of 
oxygen diffusion coefficient. Since the overall histology of HAC pellets was 
reminiscent of native hyaline cartilage, the oxygen diffusion coefficient was set 
at 1.5×10-5 cm2.s-1, i.e. approximately 50% of the value in water, in light of 
values reported for intact native cartilage that range from 30% to 80% of the 
value in water (170, 289). By varying the oxygen diffusion coefficient to either 
30% or 80% of the value in water, an approximately 25% change in the 
measured threshold oxygen tension was observed (data not shown). Another 
important assumption was that the cell culture media was considered to be 
well mixed, i.e. always in equilibrium with ambient oxygen tension. Lower 
ambient oxygen tension in the culture media would result in lower estimation of 
the threshold oxygen tension.  
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Sensitivities of the model predicted oxygen tension profile to changes in the 
parameters ρcell and Qcell were analysed. Due to the relatively slow proliferation 
rate of chondrocytes (290), the initial cell seeding number could have been 
used directly to provide an estimate for the homogeneous ρcell in day-21 
cartilaginous pellets. The discrepancy between predicted oxygen tension 
profiles using a homogenous ρcell and the actual experimentally determined ρcell 
was less than 5% for all pellet sizes and patient samples (data not shown). 
Therefore, the model is less sensitive to changes in the ρcell. The maximum Qcell 
was increased or decreased by 50% of its original fitted value. The impact of 
changing the Qcell term led to a greater than 30% change in the measured 
threshold oxygen tension (data not shown). This significant impact highlighted 
the importance of accurate measurement of patient specific Qcell. Furthermore, 
the fact that oxygen consumption is closely interrelated to glucose content as 
well lactate accumulation (181, 274), was not considered in the present study. 
Ignoring such interactions is a limiting factor of the study, and may alter the 
prediction of oxygen tension profile. Finally, the model used in the present 
study does not provide insight into the temporal evolution, i.e. the growth 
process of cartilaginous pellets from day 1 to day 21, which will need to be 
investigated in future studies. 

4.6 Conclusion 

The study presented in this chapter allowed the inference of the likely 
dependence of the synthesis of cartilaginous ECM constituents on oxygen 
tension by cross-referencing predicted oxygen tension profile and observation 
of histological analysis of “scaffold-free” pellets of HACs. The mathematical 
model served as a predictive tool, from which a threshold oxygen tension that 
potentially separated collagenous matrix formation from PG deposition was 
determined. It is, however, important to note that oxygen tension alone may 
not be the sole driving force that contributed to the observations made in this 
study, and other contributions could include mechanical factors associated 
with cell spreading on the surface, fluid shear stress as well as other soluble 
biochemical factors. In spite of these recognised limitations, the combined 
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experimental-computational approach is important for improved understanding 
of chondrogenesis and optimisation of culture environments for cartilage tissue 
engineering. 



!142 

 

This page intentionally left blank 



! 143 

Chapter 5 – Application of acoustic perfusion bioreactor for augmentation of 

cartilage tissue engineering 

Chapter 5 

Application of acoustic perfusion bioreactor for 

augmentation of cartilage tissue engineering 

 

 

 

The acoustic perfusion bioreactors utilised in this study was fabricated 
in collaboration with Dr Peter Glynne-Jones and Professor Martyn Hill 
from Faculty of Engineering and the Environment. The IT-AFM data 
analysis programme was provided by Mr Orestis Andriotis from Faculty 
of Engineering and the Environment. 
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Abstract 

Attempts to scale-up the size of chondrospheres using conventional static 
pellet culture are typically met with suboptimal cartilage formation and inferior 
biomechanical characteristics due to the lack of mechanical stimulation and 
inefficient mass transfer rates. To address the limitations of conventional three-
dimensional static culture and bioengineer robust scaffold-free neocartilage 
grafts of human articular chondrocytes (HACs), the present study utilised 
custom-built perfusion bioreactors with integrated ultrasound standing wave 
trap. The system employed sweeping acoustic drive frequencies over the 
range of 890 to 910 kHz and continuous perfusion of the culture media at a 
low-shear rate to promote the generation of three-dimensional agglomerates of 
HACs and enhance cartilage formation by cells of the agglomerates via 
improved mechanotransduction and mass transfer rates. Histological 
examination and assessment of micromechanical properties using indentation-
type atomic force microscopy confirmed that the neocartilage grafts were 
superior to chondrospheres of comparable size generated using static pellet 
culture and analogous to native articular cartilage both histologically and 
biomechanically. Furthermore, in the ex vivo organ culture partial thickness 
cartilage defect model, implantation of the neocartilage grafts into defects for 
16 weeks resulted in the formation of hyaline cartilage-like repair tissue that 
adhered to the host cartilage and contributed to significant improvements to 
the tissue architecture compared to the empty defects. The study has 
demonstrated the first successful application of the acoustic perfusion 
bioreactor to bioengineer scaffold-free neocartilage grafts of HACs that have 
the potential for subsequent use in clinic for the repair of partial thickness 
cartilage defects. 
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5.1 Introduction 

To date, a variety of 3-D cartilage tissue engineering strategies have been 
developed to prevent chondrocyte dedifferentiation and/or induce 
redifferentiation, given the phenotypic instability of chondrocytes in monolayer 
culture (212, 213). Although biomaterial scaffolds provide an effective 3-D 
framework for tissue growth including cartilage formation, the successful 
application of biomaterials in tissue engineering requires careful consideration 
of their 3-D architecture, biofunctionality, biocompatibility, biomechanics, 
degradation rates and immunogenicity of the degradation products (122). 
Alternatively, “scaffold-free” culture in the form of pellet culture offers an 
appropriate 3-D environment and high cell density to stimulate chondrogenic 
differentiation and ex vivo cartilage formation via cell-cell and cell-matrix 
interactions (68, 291). 

The average dimensions of explants that can be generated using conventional 
static tissue engineering strategies are typically 1 mm, as estimates predict cell 
necrosis and suboptimal tissue formation due to poor nutrient mass transfer 
and oxygen diffusion in almost any graft site with diffusion distance more than 
1 mm (292). To address some of the issues related to suboptimal tissue 
formation due to scale-up of constructs using 3-D static culture, tissue 
engineering strategies have increasingly applied bioreactors, which provide a 
closely monitored environment and, critically, biomechanical stimuli such as 
hydrodynamic shear stress, hydrostatic pressure and dynamic compression for 
optimal tissue growth (293). In particular, perfusion flow bioreactors have been 
frequently used for cartilage tissue engineering due to their ability to enhance 
cartilage formation from chondrocytes and mesenchymal cell populations by 
application of mechanical stimuli in the form of fluid flow-induced 
hydrodynamic shear stresses and improvement of mass transfer rates of 
metabolites and oxygen (294, 295).  

The safe use of ultrasound and its diverse diagnostic and therapeutic 
applications are widely acknowledged (296-298). Low intensity pulsed 
ultrasound has been shown to accelerate the repair of damaged cartilage in a 
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number of studies. In the rat model of papain-induced knee osteoarthritis 
characterised by different severities of cartilage degeneration, the application 
of ultrasound was shown to enhance cartilage repair in the early stage of the 
disease, and arrest further deteriorative cartilage damage in the later stage of 
osteoarthritis (299). Daily low intensity pulsed ultrasound was demonstrated to 
have a significant positive effect on the repair of full thickness osteochondral 
defects created in the patellar grooves of rabbits (300). In a canine model, low 
intensity pulsed ultrasound enhanced the incorporation of autologous 
osteochondral plugs by improving the characteristics of the interface repair 
tissue and subsequent integration with the adjacent cartilage (301).  

In the field of cartilage tissue engineering, the application of ultrasound to 
enhance chondrogenic differentiation of bone marrow mesenchymal stem cells 
and chondrocytes cultured in a variety of 3-D environments has been 
documented in a number of studies (183, 193, 194, 302, 303). Ultrasonic cell 
trapping, a non-destructive and non-invasive cell manipulation technique (304), 
is a relatively less exploited application of ultrasound in tissue engineering. 
When a fluid containing a suspension of cells is exposed to an ultrasonic 
standing wave field (USWF) in a chamber/trap, the acoustic radiation force 
arising from the scattering of the acoustic waves on the cells directs the 
motion of cells typically to areas of minimum pressure, referred to as pressure 
nodes, and facilitates their aggregation into multicellular clusters (305). 
Furthermore, it is possible to manipulate ensembles of cells into geometric 
formations including linear clusters and planar (2-D) sheets by appropriately 
shaping the resonant wave field within the ultrasonic trap, and also levitate the 
multicellular aggregates away from the influence of the solid substrate (202, 
306). 

In this chapter, a novel approach that combined bioreactor technology with 
ultrasonic cell trapping to bioengineer 3-D “scaffold-free” neocartilage grafts of 
human articular chondrocytes (HACs) in custom-built perfusion bioreactors 
with integrated ultrasound standing wave trap (USWT) was examined. The 
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neocartilage grafts generated were assessed for their potential to repair partial 
thickness chondral defects. 
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5.2 Materials and methods 

5.2.1 Isolation of human articular chondrocytes 

Human articular chondrocytes were isolated and cultured as described in 
Section 2.2.2. A total of 4 femoral head samples were obtained from 
haematologically normal osteoarthritic individuals (3 female and 1 male, mean 
age: 78 years). 

5.2.2 Static pellet culture 

Pellet cultures were performed as described in Section 2.2.3. HAC pellets were 
generated using initial cell seeding numbers of 3×105 and 1×106 cells. 

5.2.3 Fabrication of perfusion bioreactors with integrated USWT and their 
application for generation of neocartilage grafts of HACs 

The acoustic perfusion bioreactors were custom-built using commercially 
available rectangular glass capillaries (VitroCom 4608-100, CM Scientific, UK) 
and polydimethylsiloxane (PDMS) connectors cast from acrylic moulds (Figure 
5-1). The glass capillaries functioned efficiently as highly resonant cavities and 
it was possible to be autoclaved along with the non-toxic PDMS. A total of 3 
resonant chambers were fabricated from the rectangular glass capillaries 
(length: 5 cm, internal dimensions: 0.8 × 8 mm2, wall thickness: 0.54 mm) and a 
ceramic piezoelectric transducer (PZT) (type PZ26, dimensions: 10 × 8 × 1 mm3, 
Ferroperm, Denmark) was glued (Epoxy 353ND, Epotek, USA) to each 
chamber. Wires soldered to the electrodes on the transducer were connected 
to a custom-made amplifier (based on LT1210 IC, RS components, UK) that 
was driven by a signal generator (TG200, TTi, UK). 
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Figure 5 - 1. Assembly of perfusion bioreactor with integrated ultrasound 
standing wave trap. The bioreactor was fabricated using a rectangular glass 
capillary (length: 5 cm, internal dimensions: 0.8 × 8 mm2, wall thickness: 0.54 
mm), polydimethylsiloxane (PDMS) connectors and a ceramic piezoelectric 
transducer (PZT), which was glued to the capillary. 

The transducer emitted ultrasonic standing waves (USW) in the lumen of the 
capillary. The glass surface acted as a reflector, resulting in the formation of an 
ultrasonic standing wave field (USWF). An impedance spectrum was used in 
conjunction with a transfer impedance model to predict the resonant 
frequencies of the system (307). The half-wavelength resonance of the cavity 
was observed at 897, 902 and 899 kHz for the three devices respectively. The 
half-wavelength resonance had a pressure node in the centre of the chamber 
and was observed to i) promote the formation of a 3-D multicellular 
agglomerate by rapid aggregation at the pressure node of HACs introduced 
into the chamber, and ii) levitate the agglomerate in the lumen of the chamber 
above the transducer and away from the influence of the solid substrate 
(Figure 5-2). The voltage drop method was used to assess the acoustic 
pressure amplitude (305). A range of locations over the transducer were 
examined with an average acoustic pressure amplitude of 17 ± 5.1 kPa.V-1. The 
generator was adjusted to create a voltage of 10 Vpp (peak-to-peak voltage) 
across the transducer (average over sweep range). In addition to the primary 
potential energy gradients found perpendicular to the transducer, smaller 
forces caused by gradients in the kinetic energy density parallel to the 
transducer created localised trapping forces (308). These forces assisted 
agglomerate formation (aided by the secondary inter-particle forces) and also 
held the agglomerate against the perfusion flow. It was found that a typical 
agglomerate of HACs could withstand linear fluid velocities of up to 
approximately 1 mm.s-1, thus trapping the levitated agglomerate against the 
flow of continuous perfusion.  
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Figure 5 - 2. Schematic diagram illustrating the formation of multicellular 
agglomerate in the resonant chamber. The transducer transmitted ultrasonic 
standing waves in the lumen of the capillary that was reflected by the glass 
surface of the capillary. At the resonant frequency (e.g. 0.897 MHz) of the cavity, 
a half-wavelength mode was established with a pressure node in the centre of 
the chamber. When cells suspended in culture media were introduced into the 
chamber, the acoustic radiation forces directed the cells to the pressure node, 
where the cells aggregated rapidly and eventually formed the multicellular 
agglomerate, which was levitated in the lumen of the chamber above the 
transducer. 

Serum free chondrogenic culture media held within a reservoir was circulated 
around a closed loop by a peristaltic pump (403 U/VM2, Watson-Marlow, UK) 
and Marprene Marprene tubing (505DZ/RL, internal diameter 0.8 mm, Fisher 
Scientific, UK) at a rate of 1.32 ml.h-1 (Figure 5-3). The loop included the 
resonant chamber connected to the tubing via PDMS connectors and a bubble 
trap in close proximity to the chamber to prevent bubbles disrupting the 
levitated agglomerate. A syringe pump enabled excess bubbles to be 
extracted from the bubble trap; during the experiment this was run at a 
continuous rate of 0.02 ml.h-1. The optimum CO2 concentration was maintained 
by preconditioning the chondrogenic medium in a standard CO2 incubator for 
24 hours to allow gaseous equilibrium and creating a 5% CO2 atmosphere in 
the air space above the culture media in the reservoir through introduction of 
the gas via a high-efficiency particulate air (HEPA) filter with 0.22 µm pore size.  
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Figure 5 - 3. Schematic of the overall experimental setup. Serum-free 
chondrogenic medium held in the reservoir was circulated by a peristaltic pump 
around a closed loop that included the resonant chamber, bubble trap and 
syringe pump used to introduce cells into the chamber. Wires soldered to the 
electrodes on the transducer were connected to a custom-made amplifier that 
was driven by a signal generator. Although activation of the ultrasound caused 
heating, at the ambient temperature of the system (36 °C, monitored and 
controlled by a custom made fan heating system), the active region of the 
chamber reached a steady 37.0 ± 0.5 °C. 

A separate syringe pump was used to introduce cells into the chamber via a 
dedicated inlet. A suspension of HACs containing 1×106 cells was introduced 
at a rate of 1 ml.min-1 with the ultrasound active. The perfusion peristaltic pump 
was activated once stable agglomerates were formed within approximately 15 
minutes. The system was placed within a poly(methyl methacrylate) (PMMA) 



! 153 

box insulated with expanded polystyrene sheets for thermal insulation and a 
custom heating controller circulated hot air to maintain the ambient 
temperature at 36 °C. Although activation of the ultrasound was found to cause 
heating, at the ambient temperature, the active region of the chamber reached 
a steady 37.0 ± 0.5 °C. The multicellular agglomerates were cultured within the 
acoustic perfusion bioreactors over a period of 21 days in serum-free 
chondrogenic media to promote cartilage formation. At the end of the culture 
period, four grafts (three of which were labelled with Cell TrackerTM green and 
Ethidium homodimer-1) were fixed in PFA and used for histological analysis; 
three grafts were used for determination of biomechanical properties and two 
grafts were used for implantation into partial thickness chondral defects. 

5.2.3 Assessment of cell viability 

Cell viability in day-21 neocartilage grafts was examined using “live-dead” 
staining as described in Section 2.4.1. Viable cells (green) and necrotic cells 
(red) were visualised as described in Section 2.5. 

5.2.4 Ex vivo organ culture partial thickness cartilage defect model 

Near full-thickness articular cartilage pieces (1 × 1 cm2, 2 mm thick) were 
dissected from healthy non load-bearing regions of human femoral heads. A 
partial thickness defect (approximately 2 × 2 mm2, 1 mm deep) was created in 
each articular cartilage piece with a sterile drill bit, taking extreme care to avoid 
full penetration of the cartilage. One neocartilage graft was implanted into each 
defect and the neocartilage graft-host cartilage construct was then placed on a 
Millipore filter insert (hydrophilic polytetrafluoroethylene (PTFE), 0.4 μm pore 
size, 6-well plate configuration) and cultured at air-liquid interface in humidified 
atmosphere at 37 °C, 5% CO2 and 21% O2 for 16 weeks. Pieces of articular 
cartilage with empty defects and defects implanted with one chondrosphere 
(generated using 3×105 cells) were also cultured for 16 weeks and served as 
controls. The samples were harvested at 8 and 16 weeks, fixed in PFA and 
processed for histological analysis. 
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5.2.5 Histological analysis 

PFA-fixed samples were processed, embedded in paraffin wax and sectioned 
as described in Section 2.4.2. Sections were stained with Alcian blue and 
Sirius red (A/S) as described in Section 2.4.3. Immunohistochemical staining to 
analyse the expression of SOX9, Collagen Type I, II and X were performed in 
accordance with procedures described in Section 2.4.4. Images of A/S and 
immunostained sections were captured as described in Section 2.5. 

5.2.6 Indentation-type atomic force microscopy 

As previously described (309), cantilever-based IT-AFM with a micrometre-
sized spherical tip was used to measure the microscale elastic moduli of day-
21 neocartilage grafts and full-thickness articular cartilage pieces dissected 
from femoral heads of patients (2 female and 1 male, average age: 77 years) 
who had suffered fracture neck of femur. Hard borosilicate glass spheres 
(diameter 10 μm, SPI Supplies, US) were glued onto tipless rectangular silicon 
cantilevers (nominal spring constant 6.11 N.m-1, type All In One-TL; 
BudgetSensors, Bulgaria) for probing the samples. Maps of load-displacement 
curves (16 × 16) were recorded in a regular grid over the sample surface by 
employing the force-volume mode. Each individual set of data consisted of 
load-displacement curves recorded at a rate of half full loading cycles per 
second in a sample area of 10 × 10 μm2. A maximum deflection of 200 nm 
coupled with a maximum applied load of 1.2 μN was used for the 
measurement of all samples. All samples were fixed on a glass slide and 
submerged in PBS during the measurements, which were performed at room 
temperature using a MFP-3D AFM (Asylum Research, USA). Values for 
microscale elastic moduli of the samples were calculated from the unloading 
curves obtained from IT-AFM, ensuring that the displacement data did not 
contain irreversible (i.e. plastic) deformation and/or other extraneous 
displacement effects.  



! 155 

5.2.7 Statistical analysis 

Statistical analysis was performed using Mann–Whitney U test with Bonferroni 
correction as described in Section 2.6. 
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5.3 Results 

5.3.1 Examination of day-21 constructs and chondrospheres for assessment of 
cell viability, cartilage formation and mechanical properties 

3-D membrane-like constructs (measuring approximately 2.5 × 2.5 mm2, 0.2 
mm thick) were harvested from the bioreactors at the end of the 21-day culture 
period. The constructs were labelled with Cell TrackerTM green and Ethidium 
homodimer-1 to determine metabolically viable and necrotic cells, respectively. 
Intense green staining coupled with absence of red staining in the sections 
indicated robust cell viability and lack of necrotic cells in the constructs (Figure 
5-4).  
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Figure 5 - 4. Cell viability in neocartilage grafts of HACs harvested from the 
acoustic perfusion bioreactors following 21-day culture period. Sections of 
neocartilage grafts labelled with Cell TrackerTM green and Ethidium homodimer-
1 (live-dead staining) exhibited metabolically viable cells that were stained 
fluorescent green and absence of necrotic cells. Scale bars for low and high 
magnification images represent 200 µm and 50 µm respectively. 
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Sequential sections of the constructs were stained using a range of routine 
histological and immunohistochemical techniques for the analysis of cartilage 
formation and chondrogenic differentiation. Histological examination of the 
sections of the constructs revealed hyaline cartilage-like tissue composed of 
numerous chondrocytes within lacunae embedded in dense extracellular 
matrix constituted by proteoglycans and collagen stained with Alcian blue and 
Sirius red, respectively (Figure 5-5). Extensive expression of SOX9, a key 
marker of chondrogenesis, was observed in most cells of the constructs, along 
with immunostaining for Collagen Type II, the hyaline cartilage-specific 
collagen, in areas of collagenous matrix. Further immunohistochemical analysis 
of the constructs confirmed negligible expression of Collagen Type I, a key 
constituent of fibrocartilage and bone matrix, and Collagen Type X, a 
phenotypic marker of hypertrophic cartilage, in the extracellular matrix.  

Although day-21 chondrospheres generated using 3×105 HACs in the static 
pellet culture technique demonstrated hyaline cartilaginous matrix formation, 
the size of the chondrospheres measured approximately 1 mm in diameter. 
Day-21 chondrospheres generated using 1×106 HACs in the static pellet 
culture technique measured approximately 2.5 mm in diameter (Figure 5-6). 
However, absence of hyaline cartilage formation was evident in sections 
stained with Alcian blue and Sirius red. Sequential sections of the 
chondrosphere demonstrated modest immunostaining for SOX9 and Collagen 
Type II, along with negligible immunostaining for Collagen Types I and X.  
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(Figure 5-5 continues on next page) 
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Figure 5 - 5. Chondrogenic differentiation in neocartilage grafts of HACs 
harvested from the acoustic perfusion bioreactors following 21-day culture 
period. Histological sections of neocartilage grafts stained with Alcian blue and 
Sirius red demonstrated hyaline cartilage-like tissue composed of chondrocytes 
in lacunae embedded in proteoglycan and collagen-rich extracellular matrix. 
Chondrogenic differentiation was examined by immunostaining sequential 
sections of the grafts and confirmed the presence of SOX9 in chondrocytes 
and Collagen Type II in the ECM. Negligible staining was observed for Collagen 
Type I, while lack of staining for Collagen Type X indicated absence of 
chondrocyte hypertrophy. Scale bars for low and high magnification images 
represent 200 µm and 50 µm respectively. 
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Figure 5 - 6 Cartilage formation in day-21 chondrospheres of HACs generated 
using the static pellet culture technique. Chondrosphere generated using 3×105 
HACs demonstrated hyaline cartilaginous matrix formation. However, absence 
of hyaline cartilage formation was observed in sections of the chondrosphere 
generated using 1×106 HACs. Immunostaining for SOX9, Collagen Types II, I 
and X in sequential sections of the chondosphere revealed modest expression 
of SOX9 and Collagen Type II, along with negligible expression of Collagen 
Type I and X. Chondrospheres generated using HACs from patient M61were 
presented here. Scale bars for low and high magnification images represent 
200 µm and 50 µm respectively. 
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The microscale mechanical properties, measured by IT-AFM, of the 
neocartilage constructs and chondrospheres were compared with full 
thickness human articular cartilage. The values for microscale elastic moduli of 
the neocartilage constructs, chondrospheres generated using 3×105 HACs and 
full thickness human articular cartilage samples were found to be comparable. 
The value for microscale elastic moduli of the chondrospheres generated using 
1×106 HACs, however, was significantly lower in comparison to full thickness 
human articular cartilage samples (Figure 5-7). 

 

Figure 5 - 7. Microscale mechanical properties of neocartilage grafts, 
chondrospheres and human articular cartilage determined were determined by 
IT-AFM. No statistical difference was observed amongst the values of 
microscale elastic moduli of day-21 neocartilage grafts, chondrospheres (3×105 
cells) and full thickness human articular cartilage samples. HAC 
chondrospheres generated using 1×106 cells in static pellet culture 
demonstrated significantly lower microscale elastic moduli in comparison to 
human articular cartilage samples. Values expressed as mean ± SD, n=3 in 

each group, ∗ p<0.05. 
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5.3.2 Assessment of the repair tissue and its adhesion to the native articular 
cartilage matrix in the partial thickness chondral defect 

The histology of the repair tissue generated after 8 and16 weeks of 
implantation of the neocartilage graft into the partial thickness defect of the 
host articular cartilage was examined in sections stained with Alcian blue and 
Sirius red (Figure 5-8). Following 8-weeks of co-culture, the repair tissue was 
composed of regions of Sirius red-stained collagenous matrix interspersed 
with areas of cartilaginous matrix enriched in proteoglycans stained with Alcian 
blue. While the repair tissue also contained small clusters of chondrocytes that 
exhibited a typical spherical morphology, a large proportion of the 
chondrocytes displayed a fibroblast-like phenotype.  

Following 16 weeks of co-culture, the defect was observed to contain hyaline 
cartilage-like repair tissue composed of numerous chondrocytes in lacunae 
embedded in dense proteoglycan matrix stained with Alcian blue. While the 
repair tissue generated after 16 weeks of implantation of the chondrosphere 
(3×105 cells) into the partial thickness defect of the host articular cartilage 
demonstrated hyaline cartilage-like morphology, the relatively small size of the 
chondrosphere limited the formation of sufficient repair tissue and its 
adherence to the defect region. Representative image of Alcian blue and Sirius 
red-stained section of the host articular cartilage with partial thickness defect 
after 16-week culture period without the neocartilage implant demonstrated 
absence of cartilage regeneration.  
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(Figure 5-8 continues on next page) 
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Figure 5 - 8. Generation of repair tissue after 8 and 16 weeks of implantation of 
the neocartilage graft into the partial thickness defect artificially created in the 
host human articular cartilage. Following 8-weeks of co-culture, the defect 
region in the host articular cartilage demonstrated a mixture of fibrous and 
hyaline cartilage-like tissue. At week 16, the defect region in the host articular 
cartilage exhibited the presence of hyaline cartilage-like repair tissue that was 
composed of numerous chondrocytes in lacunae embedded in dense 
extracellular matrix stained with Alcian blue. The relatively small size of 
chondrospheres (generated using 3×105 HACs) limited its ability to generate 
sufficient repair tissue, leaving noticeable empty unrepaired space at the defect 
site. Representative image of an empty defect demonstrated absence of 
cartilage regeneration after 16 weeks of culture under identical conditions. 
Scale bars for low and high magnification images represent 500 µm and 50 µm 
respectively. 
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5.4 Discussion 

This chapter represents the first successful application of a novel perfusion 
bioreactor with integrated USWT to bioengineer robust 3-D “scaffold-free” 
neocartilage grafts of HACs that are analogous to native hyaline cartilage. 
Additionally, an ex vivo organ culture model was used to demonstrate the 
potential of the neocartilage grafts to adhere to the host articular cartilage and 
mediate repair of partial thickness chondral defects by generation of hyaline 
cartilage-like repair tissue. 

For the ex vivo generation of 3-D cartilage constructs, a “scaffold-free” tissue 
engineering approach has been employed over the use of biomaterial scaffolds. 
This is because, in comparison to the natural extracellular matrix, which aids 
cartilage formation by providing crucial cues to chondrocytes, some artificial 
materials may impair tissue formation and defect regeneration due to their 
unpredictable degradation rates and immunogenicity of the degradation 
products (271). Moreover, since the newly generated cartilaginous tissue is 
devoid of any artificial material, it more closely resembles the in vivo situation 
(310). While static pellet culture is an effective ex vivo “scaffold-free” strategy 
to stimulate chondrogenic differentiation and promote cartilage formation in a 
high cell density 3-D environment, pellet cultures have limited clinical 
application due to the inadequate size of robust constructs/chondrospheres 
that can be generated by the technique. Thus in a previous study, four to 
twelve small cartilage spheroids, each generated from high density cultures of 
2×105 HACs, were fused to create larger individual chondrospheres (311).    

The conventional static pellet culture technique is associated with lack of 
mechanical stimuli, inefficient oxygen diffusion and suboptimal mass transfer 
rates, which adversely affect the scale-up, quality (i.e. formation of fibrous 
versus hyaline cartilage) and biomechanical properties of the chondrospheres. 
This was demonstrated in the present study where attempts to scale-up the 
size of constructs by conventional static pellet culture using 1×106 HACs 
resulted in the formation of chondrospheres characterised by absence of 
hyaline cartilage and hence, inferior biomechanical properties. In order to 
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resolve the issues of suboptimal cartilage generation and inferior 
biomechanical characteristics due to scale–up of constructs by conventional 
static pellet culture, a novel approach that combined ultrasound with perfusion 
bioreactor technology was applied to bioengineer “scaffold-free” neocartilage 
explants. 

Application of low intensity ultrasound has been shown to enhance TGF-β-
mediated chondrocyte differentiation of human mesenchymal stem cells in 
pellet culture and promote the formation of mature cartilage tissue (194). The 
effects of ultrasound versus bioreactors on neocartilage formation by human 
chondrocytes seeded in 3-D polyester composite scaffolds were examined. 
Out of the 49-day total culture period, the beneficial effect of ultrasound on 
neocartilage formation was found to last up to 28 days, opposed to 42 days for 
bioreactors (312). To maximise the potential of both ultrasound and bioreactors 
for the generation of robust neocartilage grafts, the tissue engineering 
approach used in this chapter combined the two approaches in the form of the 
acoustic perfusion bioreactor.    

The “scaffold-free” constructs of HACs bioengineered using the acoustic 
perfusion bioreactors exhibited distinct hyaline cartilage-like structure that was 
superior to the chondrospheres of comparable size generated by conventional 
static pellet culture. Unlike the spherical morphology of the chondrospheres, 
the relatively thin membrane-like profile of the 3-D constructs facilitated 
efficient mass exchange of oxygen and metabolites, which aided the process 
of chondrogenic differentiation. Robust expression of chondrogenic markers, 
namely SOX9, Collagen Type II and proteoglycans, coupled with negligible 
expression of Collagen Types I and X in the neocartilage grafts were indicative 
of the generation of a stable articular chondrocyte-like phenotype. The results 
shown here are consistent with previous studies that have demonstrated 
induction of Collagen Type II and proteoglycans by human articular 
chondrocytes in 3-D alginate culture in response to low intensity ultrasound, 
and suppression of chondrocyte hypertrophy by inhibition of expression of 
Collagen Type X due to low intensity ultrasound treatment (313, 314). Although 
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the exact mechanism by which ultrasound promotes chondrogenic 
differentiation remains to be fully elucidated, it has been suggested that 
excitation of microbubbles or acoustic streaming produced by ultrasound can 
modulate mechanoreceptor-mediated transmembrane signalling mechanisms 
(involving protein kinase C) for the regulation of Aggrecan gene expression and 
stimulation of subsequent proteoglycan synthesis (315, 316).  

As a significant departure from previous studies that applied either low 
intensity pulsed ultrasound (1-1.5 MHz, 1 kHz repeat, 6-40 minutes) or 
intermittent low intensity diffuse ultrasound (5 MHz excitation frequency) to 
stimulate chondrocytes (183, 316, 317), in this study the ultrasound was 
constantly applied over the 21-day culture period and swept over a small range 
of frequencies, thereby exciting a range of standing wave resonances in the 
capillary. The application of fluid shear from the perfusion system in devices 
used in this study compensated for the reduced acoustically induced 
mechanical stimuli exerted on the chondrocytes by the ultrasonic waves. To 
enhance mass transfer and mechanotransduction, the current system 
employed two strategies, namely continuous perfusion of the culture media at 
rates considered low-shear and sweeping acoustic drive frequencies over the 
range of 890 to 910 kHz. The sweeping was initially introduced to allow for 
small changes in resonant frequency due to temperature fluctuations and/or 
geometric changes of the transducer as a result of autoclaving. Sweeping 
applied an alternating force at 50 Hz to the cell agglomerates due to the 
various trapping locations created by the different frequencies. When the 
sweep frequency was reduced (e.g. to 1 Hz), the cell agglomerates were 
observed to oscillate with approximately 1 mm vibration amplitude. This 
vibration applied to the cell agglomerates, in addition to the fluid shear from 
continuous perfusion, was believed to provide crucial mechanical stresses to 
the cells and may be responsible for the enhanced cartilage formation 
observed in the grafts following the 21-day culture period in the device. Further 
work is however required to examine these effects in more detail. 
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When ultrasound is absorbed by a material, its mechanical energy is primarily 
converted into heat. The acoustic perfusion bioreactors used in this study were 
custom-built using glass capillaries and filled with culture media, both of which 
are “low-loss materials”. Moreover, the capillary construction limits 
transmission of the ultrasound into the surrounding structure, thereby resulting 
in a high resonant Q-factor (higher Q indicates a lower rate of energy loss). 
Hence, it is possible to generate a substantial acoustic field without significant 
heating (318). The steady state temperature rise recorded by a thermocouple 
embedded within the device was 0.8 °C. Additionally, in the current 
experimental setup, a custom made incubator incorporating a fan heater and 
thermostatic control maintained the environmental temperature at around 
36 °C, thus ensuring the optimal cell culture temperature close to 37°C in the 
active region of the bioreactor. Prolonged exposure to ultrasound in the 
acoustic perfusion bioreactor therefore did not adversely affect cell viability, as 
confirmed by the presence of metabolically active viable cells and absence of 
necrotic cells in day 21 neocartilage explants. 

To determine the micromechanical properties of the neocartilage grafts, elastic 
moduli of the bulk material of day-21 grafts were measured using an IT-AFM 
microtip (radius of 10 µm), and compared to the elastic moduli of freshly 
isolated full-thickness human articular cartilage pieces. Previous work has 
reported that the microscale elastic modulus of human articular cartilage 
determined using IT-AFM was 1.3 MPa regardless of the degree of OA, while 
changes due to ageing and/or OA are only depicted at the nanometre scale 
(309). Utilising a similar IT-AFM setup, comparable values for elastic moduli 
(1.34 ± 0.315 MPa) of the full-thickness human articular cartilage pieces were 
obtained in this study. Interestingly, the values for elastic moduli (0.90 ± 0.372 
MPa) of day-21 neocartilage grafts were similar to the elastic moduli of human 
articular cartilage. Thus, the neocartilage constructs were not only 
histologically comparable to hyaline cartilage, but also displayed comparable 
mechanical competency as native articular cartilage.  
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An ex vivo organ culture partial thickness cartilage defect model was utilised in 
this study to determine the ability of the neocartilage explants to adhere to 
native human articular cartilage and repair the defects. Often after implantation, 
cartilaginous grafts do not integrate readily or predictably with the host tissue 
to form a continuous mechanically stable attachment. This is because the 
repair tissue is predominantly composed of fibrocartilage that is deficient in 
proteoglycan and mechanically inferior compared to the host hyaline cartilage 
(319). A similar observation was made in the works presented here. A 
significant proportion of the cells within the repair tissue displayed distinct 
fibroblast-like morphology as the predominant chondrocytic phenotype 8 
weeks post-implantation. Interestingly, after 16 weeks of implantation, the 
repair tissue was observed to mature into hyaline cartilage-like tissue 
characterised by the presence of numerous spherical chondrocytes in lacunae 
embedded in dense proteoglycan matrix. The hyaline cartilage-like repair 
tissue generated from the neocartilage grafts therefore contributed to 
significant improvements to the tissue architecture within the defects, 
compared to the absence of cartilage regeneration in the empty defect 
controls. Despite the fact that HAC chondrospheres generated using 3×105 
cells were capable of generating hyaline cartilage-like tissue that was 
histologically and biomechanically comparable to native articular cartilage, 
their ability to repair partial thickness defects was significantly limited by the 
relatively small size. 

Limitations of the ex vivo organ culture partial thickness cartilage defect model 
to reproduce the complex biological and mechanical environment of the joint, 
however, were recognised in this study. Since constructs demonstrated a 
certain threshold of function in vitro, large animal (e.g. lapine models) and load-
bearing environment should be used to carry out realistic assessment of their 
potential for cartilage repair (320).  Future work will therefore involve 
implantation of the neocartilage grafts in partial thickness chondral defects 
created in rabbit lateral femoral condyles and assessment of the repair tissue 
at 24 weeks post implantation. 



!174 

5.5 Conclusion 

In summary, a novel tissue engineering approach that combines perfusion 
bioreactor technology with continuous application of ultrasound was 
successfully applied to bioengineer “scaffold-free” (hence devoid of any 
foreign material) neocartilage grafts, which are analogous to native articular 
cartilage both histologically and biomechanically, superior to chondrospheres 
of comparable size generated using conventional bioengineering strategies 
such as static pellet culture and, have the potential to repair partial thickness 
chondral defects. This work presents an opportunity to derive a robust tissue-
based product, which has the potential for subsequent use in autologous 
chondrocyte implantation procedures for the repair of partial thickness 
cartilage defects in early stage OA. 
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6.1 Discussion 

Tissue engineering, in the most classical sense, utilises the combination of 
cells, scaffolds, biochemical and biomechanical stimuli to achieve the 
generation of viable tissue explants that can be applied for the functional repair 
or regeneration of damaged/degenerated tissues (321). Bioengineering 
articular cartilage that can be applied for resurfacing chondral defects has 
been a major focus of musculoskeletal regenerative medicine. The relatively 
homogenous structure, lack of blood/lymph/nerve supply and presence of a 
single cell type makes cartilage an ideal and realistic target for tissue 
engineering strategies. Ironically, these very characteristics are responsible for 
articular cartilage not being able to respond robustly to injuries or damage. 
Despite remarkable progress in recent years, the real breakthrough in cartilage 
repair with lasting long-term clinical results has not yet been achieved. Studies 
presented here aim to develop cross-disciplinary technologies that can 
address some of the hurdles of cartilage regeneration, in particular, selection of 
an appropriate cell source, understanding the environmental cues that 
modulate matrix formation, and creating biochemically and biomechanically 
suitable neocartilage explants that can integrate with native cartilage and have 
the potential to be subsequently used for the repair of partial thickness 
cartilage defects in clinical scenarios such as early stage osteoarthritis.  

Firstly, the present study set out to select a suitable candidate cell type for the 
generation of neocartilage explants. For functional articular cartilage 
regeneration, whether it is terminally differentiated cells or stem cells, one of 
the most important criterion is the ability to produce hyaline cartilage specific 
ECM. Other important criteria include ease of acquisition and induction of the 
stable chondrocyte phenotype. For cartilage tissue engineering, neither stem 
cells nor chondrocytes, the resident cells of cartilage, can completely fulfil all 
desired criteria. Isolation of articular chondrocytes from the surrounding 
cartilage matrix and their subsequent two-dimensional culture is accompanied 
by cellular dedifferentiation, resulting in gradual morphological changes (i.e. 
cells lose spherical shape and acquire an elongated fibroblast-like morphology) 
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and down-regulation of chondrocyte phenotypic markers (212, 260). Several 
groups have attempted to preserve the chondrocytic phenotype by preventing 
dedifferentiation. In particular, chondrocytes have been cultured on substrates 
coated with proteins mimicking the cartilaginous ECM, such as fibronectin and 
Collagen Type II (322, 323) or in environments supporting 3-D spherical cell 
morphology (213, 324). These studies however did not collectively 
demonstrate that maintenance of the native chondrocytic phenotype can be 
achieved in parallel with extensive proliferation, or dedifferentiation 
corresponds to a reduction in the quality of the generated cartilaginous tissue. 
Instead, it is becoming clear that dedifferentiation per se is not necessarily 
detrimental, as long as chondrocytes maintain their capacity to redifferentiate. 
As shown by the work presented in this study, HACs, following expansion in 
monolayer cultures, demonstrated robust chondrogenic potential in both 3-D 
“scaffold-free” pellet culture and culture utilising 3-D biomaterial scaffolds.  

SSCs, commonly referred to as MSCs derived from bone marrow stromal 
tissue, represent an attractive alternative cell source for cartilage regeneration 
due to their capacity for considerable expansion and ability to differentiate 
along various cell lineages including chondrocytes (325). A number of 
published studies have applied a tissue culture plastic adherence strategy to 
isolate cell populations from bone marrow that are designated as SSCs/MSCs 
(39, 43, 46). This isolation technique has been shown to isolate a 
heterogeneous population of cells that, in addition to skeletal stem cells, 
largely contains lineage-committed progenitor cells (233-235). A more rigorous 
cell isolation technique, i.e. based on the expression of the antigen recognised 
by the STRO-1 antibody, used in the studies presented in this thesis facilitated 
the examination of the chondrogenic potential of a relatively homogenous SSC 
population. The present study has demonstrated that, in comparison to HACs, 
STRO-1-immunoselected skeletal stem cells (STRO-1+ SSCs) were incapable 
of generating stable hyaline cartilage tissue. Chondrogenic differentiation of 
STRO-1+ SSCs resulted in a differentiation pathway, where markers of stable 
cartilage phenotype (Collagen Type II, SOX9) and hypertrophy (Collagen Type 
X) were expressed concurrently.  
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These observations indicated the instability of the chondrocytic phenotype 
acquired by SSCs, which form a mixture of cartilaginous, fibrous and 
hypertrophic tissue that are likely to have inferior biomechanical properties in 
comparison to native hyaline cartilage. Despite short-term success, this repair 
tissue is likely to degrade over time because of its insufficient load-bearing 
capacity. Studies have shown that even though fibrocartilaginous repair tissue 
from microfracture results in initially enhanced clinical knee-function scores, 
over 2 years it degrades and scores decline (326). Although studies have 
reported successful application of stem cell populations in the repair of 
osteochondral defects in various animal models (327, 328) and humans studies 
(329, 330), the long-term efficacy of these cells in the regeneration of hyaline 
cartilage remains to be demonstrated.  

To mitigate the challenges associated with the use of multipotent stem cells, 
co-culture with differentiated chondrocytes can be used as a possible strategy. 
Studies have shown that chondrocytes are able to induce bone marrow-
derived MSCs to differentiate towards the chondrogenic lineage while at the 
same time reducing the risk of hypertrophy and formation osseous tissue type 
observed during the exclusive use of the stromal cell population (53, 331). The 
Wnt family of growth factors, such as Wnt5a and Wnt5b, may act as important 
regulators in promoting chondrogenesis while inhibiting terminal differentiation 
(87). An interesting study by Cui et al. utilised low-intensity ultrasound (LIUS) 
during in vitro preconditioning of MSCs prior to implantation subcutaneously in 
nude mouse (332). MSCs treated with low-intensity ultrasound demonstrated 
significantly improved hyaline cartilage-like tissue formation with low 
expression levels of Collagen Types I and X. The development of osteogenic 
phenotypes however was suppressed until only 4 weeks, suggesting further 
development of the LIUS technology in combination with strategies such as 
co-culture with chondrocytes may potentially allow the generation of stable 
hyaline cartilage tissue using stem cell populations. 

In view of the issues, i.e. suboptimal chondrogenic differentiation and 
phenotypic drift towards hypertrophy, associated with the application of MSCs 
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or STRO-1+ SSCs, the studies in this thesis focused on the application of 
HACs for cartilage tissue engineering. While the roles of nutrient and 
metabolite gradients in chondrogenesis have yet to be fully explained, it is 
evident that such gradients exist in mature cartilage and also tissue engineered 
constructs (333), and are likely to be one of the important factors dictating the 
overall structure and thus, functioning of the cartilage tissue. The present study 
therefore sought to elucidate the effect of oxygen tension on cartilaginous 
matrix synthesis by HACs. In addition, since the present study utilised a 
“scaffold-free” approach over the use of biomaterial scaffolds (i.e. eliminating 
the necessity of considering a separate biomaterial phase), thus the 
cartilaginous pellet could be modelled as a single phase for the prediction of 
the oxygen tension profiles. Oxygen has been identified as a crucial limiting 
factor for generating robust cartilaginous tissue (169, 263). Previous studies 
have reported that oxygen diffusion limitations in tissue in vivo are far more 
severe when compared to glucose (334). In vitro, although oxygen has a much 
higher diffusion coefficient (i.e. diffusivity) and similar cellular consumption rate 
when compared to glucose, the availability of oxygen in aqueous media under 
physiological conditions is severely limited owing to its extremely low solubility 
(0.2 mM) when compared to glucose (up to 10 mM) (335). In addition, extreme 
low oxygen tension (pO2<0.1% atmospheric pressure in gaseous phase) has 
been reported to severely inhibit glucose uptake, which subsequently reduces 
the rate of glycolysis, and hence the production of lactic acid (262, 274).  

Given the complexities and technical challenges associated with monitoring 
oxygen gradients in situ, mathematical models of oxygen profiles provided a 
powerful tool to reveal the oxygen tension that HACs were exposed to within 
the 3-D pellets/chondrospheres. The experimental-computational approach 
applied in the present study facilitated the inference of the effect of local 
oxygen tension on cartilaginous matrix synthesis by human articular 
chondrocytes and allowed the estimation of a threshold oxygen tension (pO2 ≈ 
8% atmospheric pressure). To improve the accuracy of the proposed threshold 
oxygen tension, the fact that oxygen consumption is closely interrelated to 
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glucose content and lactate accumulation/pH (181, 274) should be considered 
in the future development of the mathematical model.  

Creating homogeneous non-vascularised neocartilage explants with a high cell 
density suitable for clinical applications remains a major challenge. As 
observed in the present study, although higher initial cell seeding numbers 
(5×105 – 1×106 cells) resulted in larger “scaffold-free” pellets of HACs (>1 mm 
diameter), the development of a central region characterised by the lack of 
cartilaginous tissue was evident. The diffusion distance inevitably increased 
with the size of the cartilaginous pellets, thereby resulting in the rapid 
development of nutrient gradients and anoxic environment (pO2<0.1% 
atmospheric pressure) in the central region of the large pellets. Similar 
observations were also reported in previously published studies (168, 169). 
Although chondrocytes are known to be well adapted to the low oxygen 
environment within native cartilage tissue in vivo, the importance of oxygen 
cannot be omitted completely in their principal function, namely, synthesis of 
cartilaginous extracellular matrix. Adverse effects of anoxic conditions include 
severely compromised metabolic activity and matrix production (280). This may 
have contributed to the absence of hyaline cartilage in the centre of the large 
pellets as seen in the present study. 

Since nutrient gradients occur in both tissue engineered cartilage grafts and 
native articular cartilage (159, 164), one could argue that the development of 
cartilage tissue engineering strategies should not focus on complete avoidance 
but on mitigation of the nutrient gradients. Within neocartilage explants, these 
gradients could be minimised by several strategies. The work in this thesis has 
demonstrated that while “scaffold-free” pellet cultures served as an excellent 
model for the evaluation of cartilage formation, there were geometrical 
limitations in generating larger explants due to their spherical structure, i.e. 
large diffusion distance for mass exchange. By controlling the geometry i.e. 
formation of membranous tissue-engineered constructs, the diffusion distance 
can be readily reduced, thus improving mass exchange rates. Secondly, the 
mass exchange can be enhanced by the application of dynamic culturing 
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techniques such as the perfusion bioreactor technologies employed in the 
present study. With these issues in mind, novel perfusion bioreactors with 
integrated ultrasound standing wave trap (USWT), i.e. the acoustic perfusion 
bioreactors, were therefore developed to generate neocartilage explants in the 
form of 3-D “neocartilage bandage” (up to 200 μm thick).  

The work in this thesis successfully demonstrated that neocartilage explants of 
HACs generated using acoustic perfusion bioreactors were analogous to native 
hyaline cartilage. The expression of hyaline cartilage phenotype markers 
including SOX9 and Collagen Type II suggested robust chondrogenic 
differentiation and the maintenance of stable chondrocytic phenotype was 
demonstrated by negligible expression of Collagen Types I and X. Histological 
analysis confirmed that the neocartilage explants were superior to cartilaginous 
pellets of comparable size generated using conventional static pellet culture 
strategies. In a previous study by Kaneshiro et al. (336), membranous 
chondrocyte constructs cultured as trilayer sheets also demonstrated robust 
expression of hyaline cartilage-specific markers including SOX9 and Collagen 
Type II. Interestingly, the authors also reported that catabolic factors, such as 
MMP3, MMP13 and ADAMTS5 were observed to be decreased while the 
expression of TIMP1, inhibitor of MMPs, was increased. Further work is 
required to assess whether similar observation can be made in neocartilage 
explants generated using the acoustic perfusion bioreactors. 

To assess whether the bioengineered neocartilage explants have the potential 
for use in the treatment of chondral defects, an ex vivo organ culture partial 
thickness defect model was utilised. Early stages of OA are characterised by 
the development of clefts and fissures in articular cartilage, referred to as 
partial thickness defects. Due to the avascular/aneural/alymphatic and 
hypocellular nature of the surrounding cartilage tissue, along with the lack of 
access to marrow space and stem cells, these fibrillated lesions are incapable 
of spontaneous self-repair but grow larger and deeper during the course of the 
disease (337). Integration with native tissue is a crucial criterion to successful 
tissue replacement, as it is vital to provide stable biologic fixation, load 
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distribution and potential mechanotransduction that is necessary for 
homeostasis (338). Integration with native cartilage is therefore often a major 
stumbling block to the success and potential commercialisation of tissue 
engineering strategies and must be addressed to achieve permanent cartilage 
regeneration. The adhesion of pellet cultures, as shown in the ex vivo organ 
culture partial thickness defect model, was impaired by their spherical 
structure that did not form a continuous interface with the host cartilage. The 
membranous explants generated using the acoustic perfusion bioreactor 
demonstrated a significant achievement and advantage in terms of forming 
continuous interface with the host cartilage. However, the inability of the ex 
vivo organ culture partial thickness defect model used in the current study to 
recreate the complex biological and mechanical environment of the joint was 
recognised as a limitation of this study. In vivo analysis for the potential of 
neocartilage explants for cartilage repair in load-bearing environment will be 
indispensable to future clinical application.   

A major obstacle in delivering cartilage tissue engineering products as a part of 
routine clinical use are the costly, labour-intensive and time-consuming manual 
processes, which are difficult to control and standardise. The acoustic 
perfusion bioreactor systems developed in the present study, though still at 
prototype stage, do offer attractive features for potential clinical application. 
Firstly, the systems demonstrated cost-effectiveness due to small volume of 
culture media required in the closed loop during perfusion and, the devices 
were autoclavable and reusable. Secondly, the perfusion, USWT and 
temperature control systems were fully automated, ensuring precisely 
monitored and controlled culture conditions such as media flow rate and 
temperature. More importantly, the acoustic perfusion bioreactors were 
capable of consistently generating hyaline cartilage grafts that are 
biochemically and biomechanically analogous to native hyaline cartilage. 

The shortcoming associated with the current design of the bioreactors was the 
inability to translate research-scale production into clinically compatible “tissue 
manufacturing”. The current devices were capable of generating only one 
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explant per bioreactor. Refined designs such as the development of a multi-
chamber system that supports multiple explants is likely to provide significant 
advance in improving productivity. The next phase development of the 
acoustic perfusion bioreactor systems should focus on the scale-up of the 
graft size, i.e. devices that are capable of supporting higher cell numbers 
(>2×106 cells) and allowing control for explant shape. Ultimately, a fully 
automated on-site bioreactor system should be developed, in which patient’s 
cartilage biopsy will be digested and the chondrocytes expanded prior to 
culture in USWT, with all production phases implemented within a single, 
closed bioreactor system. This concept could potentially address some of the 
practical limitations associated with current clinical treatment methods 
including ACI, such as simplify logistical issues surrounding transfer of 
specimens between locations, reduce the need for large and expensive tissue 
engineering facilities and minimise operator handling, with the likely final result 
of reducing the cost of engineered neocartilage grafts. 

6.2 Conclusions  

In summary and in respect to each of the relevant result chapters, the main 
conclusions arising from the present study are: 

I. Chondrogenic potential of STRO-1-immunoselected SSCs and articular 
chondrocytes: A comparative Study 

- Human articular chondrocyte demonstrated robust chondrogenic 
potential in both “scaffold-free” 3-D pellet culture and culture within 
3-D scaffolds. 

- Human adult STRO-1-immunoselected skeletal stem cells 
demonstrated suboptimal chondrogenic differentiation in “scaffold-
free” pellet culture. 

- Although the chondrogenic potential of STRO-1+ SSCs was 
enhanced by the application of 3-D scaffolds, phenotypic drift and 
hypertrophic differentiation was evident. 
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II. The effect of oxygen tension on human articular chondrocyte matrix 
synthesis: Integration of experimental and computational approaches 

- Experimental-computational approach was key to facilitate the 
identification of a threshold oxygen tension. 

- Oxygen tensions above the threshold level were observed to favour 
collagenous matrix production, while oxygen tensions below this 
level enhanced proteoglycan deposition. 

III. Application of acoustic perfusion bioreactor for augmentation of cartilage 
tissue engineering 

- A novel approach that combined perfusion bioreactor with 
continuous application of ultrasound standing wave trap was 
successfully applied to bioengineer “scaffold-free” neocartilage 
explants. 

- The neocartilage explants were analogous to native articular cartilage 
both histologically and biomechanically. 

- The neocartilage explants have the potential to adhere to host 
cartilage and mediate the repair of partial thickness chondral defects 
through the formation hyaline cartilage repair tissue. 
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6.3 Future directions  

Further development of cartilage tissue engineering strategies investigated in 
the present study could include: 

- Development of strategies to prevent phenotypic drift towards 
hypertrophic differentiation associated with the skeletal stem cell 
populations. This could involve co-culture with human articular 
chondrocytes and application of low-intensity ultrasound stimulation.  

- Examine the chondrogenic potential of additional cell sources, 
including neonatal/fetal chondrocytes and auricular/nasal 
chondrocytes. 

- Examine the effects of (i) glucose concentration and pH on oxygen 
consumption, (ii) oxygen tension and pH on glucose consumption 
and (iii) oxygen and glucose concentration on pH/lactic acid 
production. 

- Investigation of the temporal evolution of cartilage matrix formation 
in tissue-engineered constructs, i.e. the nutrient and metabolite 
gradients and matrix synthesis at various stages of the culture period. 

- Investigation of the chondrogenic potential of skeletal stem cell 
populations in the acoustic perfusion bioreactor. 

- Incorporation of microfluidics, e.g. multiple cell inlet channels, in the 
acoustic perfusion bioreactors to allow co-culture of multiple cell 
populations. 

- Development of refined acoustic perfusion bioreactors by 
redesigning the shape and orientation of the transducer to allow 
scale-up and control for the size and geometry of the neocartilage 
grafts.
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A1 Preparation of reagents 

• α-MEM: 
1. Product was formulated to contain 10.1 grams of powder per litre of 

media 
2. Supplement with 2.2 g/L sodium bicarbonate 
3. Filter sterilise through 0.22 μm membrane 
4. Store at 4 °C 
5. Full formulation of MEM (alpha modification) can be found on 

Sigmaaldrich.com 
(http://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/Sigma/Product_Information_Sheet/1/m0644pis.pdf) 

• 1× PBS: 
1. Dissolve 1 PBS tablet in 100 ml distilled water 
2. Filter sterilise and store at 4 °C 

• 1× trypsin EDTA: 
1. 1:10 dilution of 10× trypsin-EDTA product 

• 50 mM L-Ascorbic acid 2-phosphate stock: 
1. Dissolve 0.434 g L-Ascorbic acid 2-phosphate powder in 25 ml 

distilled water 
2. Filter sterilise through 0.22 μm membrane 
3. Distribute as 500 μl aliquots and store at -20 °C 

• 10 μM dexamethasone stock: 
1. Dissolve 3.92 mg in 1 ml 100% ethanol 
2. Dilute 1:1000 
3. Filter sterilise through 0.22 μm membrane 
4. Distribute as 500 μl aliquots and store at -20 °C (protect from light) 

• 2 ng/μl rhTGF-β3 stock: 
1. Prepare 5 mM citric acid – dissolve 9.6 mg in 10 ml distilled H2O, 

filter sterilise 
2. Prepare 0.1% BSA – dissolve 10 mg in 10 ml distilled H2O, filter 

sterilise 
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3. Prepare 100 ng/μl rhTGF-β3 solution – dissolve 10 μg rhTGF-β3 
product in 100 μl 500 mM citric acid 

4. To 4900 μl 0.1% BSA, add 100 μl 100 ng/μl rhTGF-β3 solution to 
achieve final concentration of 2 ng/μl 

5. Distribute as 75 μl aliquots and store at -20 °C 
• Chondrogenic media: 

1. To 15 ml plain α-MEM, add 75 μl rhTGF-β3 stock, 30 μl L-Ascorbic 
acid 2-phosphate stock, 15 μl dexamethasone stock and 150 μl 
100× ITS 

• Collagenase B: 
1. Prepare fresh on the day of use 
2. Dissolve 10 mg collagenase B powder to 10 ml plain α-MEM 
3. Filter sterilise through 0.22 μm membrane 

• Hyaluronidase: 
1. Prepare fresh on the day of use  
2. Dissolve 1 mg hyaluronidase powder in 10 ml PBS 
3. Filter sterilise  

• MACS buffer: 
1. Dissolve 745 mg disodium-EDTA and 5 g BSA in 1000 ml PBS 
2. Filter sterilise and store at 4 °C 
3. Degas before use 

• Blocking buffer (for MACS): 
1. Prepare fresh on the day of use 
2. To 17 ml plain α-MEM, add 2 ml normal human AB serum, 1 ml FCS 

and 200 mg BSA 
3. Filter sterilise 

• 4% PFA: 
1. Dissolve 8 g PFA in 100 ml distilled H2O, use heating plate and stirrer 

(do not boil) in a fume hood 
2. Add few drops of saturated NaOH until solution clears 
3. Make volume up to 200 ml with 2× PBS 
4. Leave to cool and adjust pH to 7.4 
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5. Distribute as 10 ml aliquots and store at -20 °C 
• Alcian blue: 

1. Dissolve 1.5 g Alcian blue 8GX powder in 300 ml distilled H2O and 3 
ml glacial acetic acid 

2. Stir well and filter before use 
• Sirius red: 

1. Dissolve 3 g Direct red 80 powder in 200 ml distilled H2O and 100 ml 
saturated picric acid 

2. Stir well and filter before use 
• Weigert’s haematoxylin: 

1. Stock solution A – Dissolve 10 g haematoxylin in 1000 ml 100% 
methanol, leave to ripen for 4 weeks 

2. Stock solution B – Dissolve 12 g ferric chloride in 1000 ml distilled 
H2O and 10 ml concentrated HCL 

3. On the day of use – mix equal amount of stock solution A and B for 
working solution 

• Phosphomolybdic acid: 
1. Prepare fresh on the day of use 
2. Dissolve 3 g of phosphomolybdic acid crystal in 300 ml distilled H2O 

• 1% BSA in PBS: 
1. Dissolve 1 g of BSA in 100 ml PBS 

• 0.5% Tween in PBS: 
1. To 1000 ml PBS, add 5 ml Tween 20 

• 0.01 M citrate buffer: 
1. Dissolve 1.5 g sodium citrate in 500 ml distilled H2O 
2. Adjust pH to 6.0 

• AEC stock solution: 
1. Prepare fresh on the day of use 
2. Use dry beaker, dissolve 10 mg of AEC powder in 1.25 

dimethylformamide 
3. Stock solution can be stored at 4 °C for up to one week 

• AEC working solution: 
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1. To 9500 of acetate buffer, add 500 μl AEC stock solution and 5 μl 
30% H2O2 

2. Filter prior to use 
• Acetate buffer: 

1. Solution A – To 500 ml distilled H2O, add 16 ml concentrated acetic 
acid 

2. Solution B – Dissolve 13.6 g sodium acetate in 500 ml distilled H2O 
3. Mix 9 ml solution A, 25 ml solution B and 36 ml distilled H2O 
4. Adjust pH to 5.0 

• CTG and EH-1 working solution: 
1. Use one 1 vial each of the CTG and EH-1 product 
2. Add 10 μl DMSO to dissolve CTG 
3. To 5 ml plain α-MEM (without serum), add 10 μl dissolved CTG and 

25 ul EH-1 solution 
4. Final concentrations of CTG and EH-1 are 10 μg/ml and 5μg/ml 

respectively 
• DMMB: 

1. To 250ml distilled H2O, add 0.004 g DMMB, 0.5 g sodium formate, 
1.25 ml 100% ethanol and 0.5 ml formic acid (use fume hood) 

2. Store at 4 °C for up to three months 
• 0.2 M Potassium buffer: 

1. 0.2 M Monobasic potassium phosphate – Dissolve 1.36 g in 50 ml 
distilled H2O 

2. 0.2 M Dibasic potassium phosphate – Dissolve 0.34 g in 10 ml 
distilled H2O 

3. To 50 ml distilled H2O, add 43.4 ml monobasic potassium phosphate 
and 6.6 ml dibasic potassium phosphate 

4. Store at 4 °C  
• Papain buffer: 

1. Dissolve 0.82 g sodium acetate, 3.7 g disodium-EDTA and 0.079 g 
cysteine hydrochloride in 100 ml of 0.2 M potassium buffer 

2. Adjust to pH 6.4 
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3. Store at 4 °C 
• Active papain solution: 

1. Prepare fresh on the day of use 
2. To 6.6 ml of papain, add 259 μl papain 

• Chondroitin sulphate standards: 
1. Dissolve 100 mg in 10 ml to make 10 mg/ml stock 
2. Dilute 10 mg/ml stock 1:100 to make 100 μg/ml working solution 
6. 90 μg/ml standards = 225 μl 100μg/ml solution + 25 μl papain buffer 
7. 80 μg/ml standards = 200 μl 90μg/ml solution + 25 μl papain buffer 
8. 70 μg/ml standards = 175 μl 80/ml solution + 25 μl papain buffer 
9. 60 μg/ml standards = 150 μl 70/ml solution + 25 μl papain buffer 
10. 50 μg/ml standards = 125 μl 60/ml solution + 25 μl papain buffer 
11. 40 μg/ml standards = 100 μl 50/ml solution + 25 μl papain buffer 
12. 30 μg/ml standards = 75 μl 40/ml solution + 25 μl papain buffer 
13. 20 μg/ml standards = 30 μl 30/ml solution + 25 μl papain buffer 
14. 10 μg/ml standards = 25 μl 30/ml solution + 25 μl papain buffer 
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