
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Engineering tissues with a zonal 
structure and composition mimicking 

native articular cartilage

Lu Luo BSc, MSc

A thesis submitted to the University o f Dublin in partial 
fulfilment o f the requirements for the degree of

Doctor in Philosophy

Trinity College Dublin 

November 2014

Supervisor
Dr Daniel J. Kelly

External Examiner
Dr Frederik Claeyssens 
University o f Sheffield

Internal Examiner
Dr Bruce P. Murphy



r^TRlNl7v CCLLE3?

2 9 JUL 2015
Lj

LIBRARY DUBLIN

1  ̂ U  ^



Declaration

I declare that this thesis has not been submitted as an exercise for a degree at this or 

any other university and it is entirely my own work.

I agree to deposit this thesis in the University’s open access institutional repository or 

allow the library to do so on my behalf, subject to Irish Copyright Legislation and 

Trinity College Library conditions of use and acknowledgement.

Lu Luo 

November 2014



Summary

Engineering cartilage grafts with comparable functionality to the native tissue 

remains a major challenge in the field of regenerative medicine. The overall goal of 

this thesis was to engineer a cartilage graft with depth-dependent structure, 

composition and mechanical properties mimicking the native tissue. It has been 

previously shown that cartilage grafts mimicking certain aspects of the zonal 

composition of articular cartilage can be engineered by regulating the oxygen and 

mechanical environment through the depth of bone marrow derived mesenchymal 

stem cells (BM-IVISCs) seeded hydrogels (Thorpe et al., 2013). Such strategies were 

however limited by hypertrophy and the poor mechanical properties of the 

engineered grafts, motivating the use of infrapatellar fat pad derived mesenchymal 

stem cells (IFP-MSCs) for zonal cartilage tissue engineering. As a prerequisite to 

achieving this goal, I first sought to explore how IFP-MSCs would response to joint 

specific mechanical stimuli. To this end, I examined and compared the effects of 

dynamic compression on chondrogenesis of BIVl-MSCs and IFP-IVlSCs. Both cell types 

demonstrated the capacity to facilitate the development of cartilage grafts with 

glycosaminoglycan (GAG) content and bulk compressive mechanical properties 

approaching those observed in skeletally immature articular cartilage. Although 

dynamic compression had no significant effect on chondrogenesis of IFP-MSCs, 

cartilage grafts engineered using IFP-MSCs showed no evidence of hypertrophy or 

endochondral ossification, unlike those engineered using BM-MSCs.

Having identified that IFP-MSCs represent a promising cell source to engineer 

phenotypically stable cartilage grafts, I next sought to explore if these cells could be 

used to engineer cartilage grafts with a zonal composition mimicking that of native 

articular cartilage. This was attempted by regulating the oxygen and mechanical 

environment through the depth of cell-laden hydrogels. IFP-MSCs were encapsulated 

in agarose hydrogel to make constructs of either 2 mm or 4 mm in height. Constructs 

were confined to half of their height and subjected to dynamic compression, in an 

attempt to mimic the spatial oxygen and mechanical environment within articular 

cartilage. The size of cell seeded constructs clearly impacted upon spatial nutrient



availability and subsequent matrix deposition within the engineered tissues. 

Furthermore, partial confinement coupled with dynamic compression promoted the 

development of a superficial region that stained strongly for type II collagen and 

weakly for GAG in both 2 mm and 4 mm high constructs, with proteoglycan 4 (PRG4) 

deposition further observed in 4 mm high samples, hence mimicking aspects of the 

zonal composition of normal articular cartilage.

While this strategy was able to recapitulate certain aspects of the zonal 

composition of articular cartilage, the benninghoff collagen architecture of mature 

articular cartilage was not reestablished in the engineered tissues. Furthermore, the  

bulk mechanical properties of the engineered grafts were still much lower than those 

of the native tissue. Therefore, I next explored the use of decellularized cartilage 

ECM-derived scaffolds, where the collagen structure of the native tissue was 

maintained, for engineering functional grafts. It was hypothesized that re-populating 

such scaffolds with IFP-MSCs would lead to the development of cartilage grafts with 

structure, composition and mechanical properties mimicking the native tissue. 

Skeletally immature and mature articular cartilage were decellularized using a 

protocol, which demonstrated to significantly reduce the DNA content and 

completely remove the GAG content while maintain the collagen content and 

architecture of the tissue. These decellularized cartilage scaffolds were then seeded 

with IFP-MSCs and cultured for 4 weeks. Both scaffold types supported cellular 

attachment, proliferation and chondrogenic differentiation of IFP-MSCs. In addition, 

they provided a natural template for the seeded IFP-MSCs to align and orient their 

synthesized matrix in a manner mimicking the underlying collagen architecture of the 

decellularized tissue. Most importantly, re-populating decellularized mature cartilage 

scaffolds with IFP-MSCs led to the development of grafts with a collagen structure 

and content, depth-dependent compressive properties and characteristic strain 

softening behavior mimicking native mature articular cartilage. In summary, this 

thesis highlights the importance of environmental factors and scaffold architecture on 

engineering zonal cartilage grafts. The findings also have important implications for 

the design of novel scaffolds for use in orthopedic medicine.
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Chapter I 

Introduction



1.1. Current Approaches to Articular Cartilage Repair

Articular cartilage is a loading-bearing tissue that lines the ends of long bones, 

providing a low-friction and wear-resistant surface during normal joint movement 

(Bhosale and Richardson, 2008). Due to its avascular nature, once damaged the tissue 

does not spontaneously heal (Hunziker, 1999, Steadman et al., 2001). If left 

untreated, many cartilage injuries will progress into osteoarthritis (OA). This disease 

is characterized by a loss of the articular cartilage, typically progressing from  

superficial fibrillation to  complete erosion to the subchondral bone (Horton et al., 

2006). It is estimated that OA affects at least 27 million Americans (Lawrence et al., 

2008) and also a comparable fraction of the populations in Europe and Asia (Zeng et 

al., 2008).

The majority of current medical treatments for damaged cartilage and OA mainly aim 

for pain relief (Hilaire, 2006), while surgical treatments including microfracture 

(Steadman et al., 1999), autologous osteochondral transplantation (Hangody et al., 

2001) and autologous chondrocyte implantation (Brittberg et al., 1994, Brittberg et 

al., 2003) aim to improve joint function. However, limitations such as the formation 

of fibrocartilage repair tissue and the introduction of further damage to patients' 

healthy cartilage are often associated with these surgical treatments (Hunziker, 2002, 

Lee et al., 2000). Although joint replacement, the last choice for patients with 

advanced OA, allows for recovery of some function and reduction of pain (Creamer, 

2000), the implanted joint prosthesis tend to loosen over time and revision surgeries 

are often required in younger patients.

Tissue engineering offers an attractive option for cartilage repair. Cartilage tissue 

engineering aims to regenerate a three-dimensional (3D) cartilage graft in vitro, 

through the combined application of chondrogenic cells, scaffolds and signaling 

factors, for subsequent implantation into the patients (Hunziker, 2002, Chung and 

Burdick, 2008). So far various cell sources have been tested. While chondrocytes



could be considered as a cell source for engineering cartilage tissue (Kisiday et al., 

2004, IVIesallati et al., 2012, Vinardell et al., 2011), their low proliferation potential 

and tendency to undergo dedifferentiation towards a more fibroblast-like phenotype 

during in vitro expansion hampers their clinical use (Benya and Shaffer, 1982, Homicz 

et al., 2002). In contrast, mesenchymal stem cells (MSCs), which can be obtained 

from various tissue types and have a high proliferative ability and multi-lineage 

differentiation potential (Caplan, 1991, Caplan, 2005), may represent a better cell 

source for cartilage tissue engineering. Successful chondrogenesis has been 

demonstrated in MSCs derived from various tissues, including bone marrow (BM) 

(Pittenger et al., 1999, Johnstone et al., 1998, Yoo et al., 1998), infrapatellar fat pad 

(IFP) (Dragoo et al., 2003, Buckley et al., 2010b, Vinardell et al., 2011) and synovium 

(Pei et al., 2008, Vinardell et al., 2012b). Particularly, MSCs can be isolated in a larger 

number from IFP compared to BM, with lower degree of invasiveness and patient 

morbidity (Dragoo et al., 2003). It remains unclear, however, if such cell types can be 

used to engineer functional cartilage grafts for joint regeneration.

1.2. Engineering Zonal Cartilage Tissues

Despise the numerous efforts made in identifying novel cell sources (Johnstone et al., 

1998, Dragoo et al., 2003, Pei et al., 2008), scaffolds (Li et al., 2009, Thorpe et al., 

2010, Kafienah et al., 2007) and signaling factors (Liu et al., 2013, Cals et al., 2012) in 

cartilage tissue engineering, generally most research result in a homogeneous 

engineered cartilage graft, which at best may mimic the bulk biochemical and 

mechanical properties of native cartilage. However, articular cartilage is an 

anisotropic and highly organized tissue with spatial-varying structure, composition 

and mechanical properties (Klein et al., 2009a). This depth-dependent structure and 

composition is critical to the biomechanical function of the tissue (Wilson et al., 2007). 

The acquisition of these depth-dependent properties in tissue engineered grafts is 

therefore highly desirable and may bring benefits such as better integration into the



surrounding native cartilage and long-term of mechanical stability, by providing a 

depth-dependent structure and composition that matches to the surrounding native 

environment (Klein et al., 2009a, Klein et al., 2009b). It therefore remains an ongoing 

challenge to engineer cartilage grafts with a depth-dependent structure, composition 

and mechanical properties mimicking native tissue.

To date, a small number of studies have attempted to  engineer articular cartilage 

grafts mimicking aspects of the depth-dependent properties of the native tissue. 

Early efforts involved isolating chondrocytes from different zones of articular 

cartilage and incorporating them separately into specific regions of the construct in 

an attem pt to engineer zonal cartilage tissue (Kim et al., 2003, Klein et al., 2003, 

Sharma et al., 2007). Challenges with this approach include the difficulty to 

distinguish different zones in diseased cartilage and the relatively low availability of 

zonal chondrocytes, which may limit the clinical translation of this approach. Other 

strategies include varying the stiffness (Ng et al., 2009, Ng et al., 2006, Ng et al., 2005) 

or composition (Nguyen et al., 2011b) through the depth of a scaffold. However, 

potential limitations associated with such approach include the development of a 

distinct boundary between gel layers, with potentially poor integration and 

mechanical discontinuity at the interface of layers.

An alternative approach to engineering zonal cartilage grafts is to recapitulate the 

key factors of the tissue micro-environment which may be responsible for the 

development of the depth-dependent properties of articular cartilage during 

development and skeletal maturation (Thorpe et al., 2013). Oxygen tension and 

mechanical signals are two key environmental factors that are believed to play an 

important role in articular cartilage development. A previous study from our lab 

demonstrated that the application of partial confinement (regulates oxygen tension 

through the depth of the engineered tissue) combined with dynamic compression to 

BM-MSCs seeded hydrogels led to the development of engineered grafts with a zonal 

composition mimicking aspects of the native tissue. However, calcification and



expression of type I and X collagen w ere also observed in the engineered grafts, 

indicating hypertrophy and endochondral ossification of the  engineered tissue. 

Furtherm ore, the mechanical properties of these engineered tissues w ere still 

dram atically lower than that of native articular cartilage. These may be overcom e by 

the  use of an alternative cell source, such as IFP-MSCs, as studies have shown 

cartilage grafts engineered using such a cell source do not proceed along the  

endochondral pathway, and furtherm ore, is mechanically m ore robust than tissues 

engineered using BM-MSCs (Vinardell et al., 2012b). However, to  engineer zonal 

grafts using IFP-MSCs will first require a proper understanding of how such cells will 

respond to  the application of mechanical cues such as dynamic compression, and in 

particular its influence on matrix accumulation and the mechanical properties of 

tissues engineered using this promising cell source.

A nother approach to  engineering zonal cartilage grafts m ight be to  decellularize  

native articular cartilage tissue, maintain the depth-dependent structure of the tissue, 

and re-populate these decellularized extra-cellular matrix (ECM) derived scaffolds 

w ith MSCs. Decellularization has been achieved for porcine osteo-chondral plugs w ith  

near-com plete removal of genomic DNA from  the decellularized tissues and a 

significant loss in GAG content (Kheir et al., 2011). However, lim ited cell infiltration  

into the decellularized scaffold was observed after subcutaneous im plantation into  

nude mice. M oreover, it is still not clear if such a decellularized scaffold would  

support chondrogenesis o f MSCs.

1.3 Objectives of the thesis

The overall objective of this thesis is to  engineer cartilaginous tissue mimicking 

aspects o f th e  depth-dependent properties of articular cartilage using infrapatellar 

fa t pad derived MSCs. Two different strategies will be explored. This thesis will first 

investigate if the combined application of partial confinem ent and dynamic
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compression to IFP-MSCs seeded hydrogels, in an attempt to mimic the oxygen and 

mechanical environment present within developing articular cartilage, will lead to the 

development of engineered tissues with a zonal composition similar to native tissue. 

It will then explore the use of decellularized cartilage ECM-derived scaffolds for zonal 

cartilage tissue engineering. The specific objectives of the thesis are:

•  Firstly, to investigate the influence of dynamic compression on matrix 

accumulation and the subsequent mechanical properties of the cartilage tissue 

engineered using different sources of MSCs, specifically BM-MSCs and IFP-MSCs.

•  Secondly, to explore if it is possible to engineer a cartilage construct with a zonal 

composition mimicking that of the native tissue using IFP-MSCs through the 

application of a bioreactor that modulates the oxygen levels and mechanical 

environment though the depth of cell laden hydrogels.

•  Thirdly, to examine the possibility of using decellularized cartilage ECM-derived 

scaffolds seeded with IFP-MSCs to engineer cartilage tissues with structure, 

composition and depth-dependent mechanical properties equivalent to the 

native tissue.
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Chapter II

Literature review on zonal cartilage tissue engineering



2.1. The zonal structure of articular cartilage

Articular cartilage is a highly organized heterogeneous tissue, with spatial-varying 

connposition and organization through the depth of the tissue (Klein et al., 2009a). It 

is typically divided into three zones: the superficial zone, middle zone and deep zone, 

with each zone displaying distinct physicochemical and biological properties and 

functions (Klein et al., 2009b). Such a zonal structure is evident in numerous species 

(Klein et al., 2009a). Also this zonal variation is very exquisite and complex, with 

variations displayed in multiple levels including cell, extracellular matrix (ECM) and 

mechanical levels, and it has a great impact on the mechanical, metabolic, and 

transport properties of the tissue (Hunziker, 2002, Poole, 2001).

2.1.1. Zonal variation at cellular level

Chondrocytes are the cell type within articular cartilage responsible for the turnover 

and maintenance of the tissue. A zonal variation in cell morphology, orientation, and 

protein expression has been found in native cartilage (Klein et al., 2009a, Poole, 

2001). In the superficial zone, chondrocytes display a flattened and ellipsoidal shape, 

lying parallel to the joint surface (Figure 2.1). Cells in this zone uniquely express 

proteoglycan 4 (PRG4), a protein that is important for boundary lubrication and 

provides the tissue with low-friction properties (Schumacher et al., 1994). Recent 

researches have also suggested clusterin as another potential marker for cells in this 

zone, as it has been shown that this protein is uniquely expressed in the superficial 

layer of healthy cartilage and also in cultures of primary chondrocytes isolated from 

the superficial zone of articular cartilage (Malda et al., 2010). In the middle zone, cells 

are more round and are randomly oriented. Whereas in the deep zone, cells are 

larger and often group in clusters and columns with an orientation perpendicular to 

the sub-chondral bone (Figure 2.1). The cartilage intermediate layer protein may be a 

potential marker for the middle-deep zones, as this protein has been seen uniquely
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expressed in the  middle and deep layers of human articular cartilage but not in the 

superficial layer (Lorenzo e t  al., 1998). Furthermore, cells in the  deepest  layer near 

the  calcified cartilage express collagen type X, a marker for chondrocyte hypertrophy 

and endochondral ossification (although the  expression of this protein in the  surface 

of adult canine articular cartilage has also been reported (Gannon e t al., 1991)). 

Overall, the  cell density is highest in the  superficial zone and gradually decreases in 

the  middle and deep zone (Mitrovic e t  al., 1983).

Articular surlacc

Su|H,“rficiyl (SZ)

Middle /one (MZ)

lX*ep /one (DZ>
Tidemark 
Subchondral plale

Figure 2.1. A schematic diagram of cell and collagen fiber orientation in the superficial, middle 

and deep zone of articular cartilage. Adapted from (Mow and Guo, 2002).

2.1.2. Zonal variation atECM level

Collagen and proteoglycan are the  main extracellular matrix components presented 

in articular cartilage, forming up to  ~20% and ~10% wet weight of the  tissue 

respectively (Poole, 2001). The zonal variation in the  ECM of the  tissue mainly 

displays in two aspects-the change in collagen network organization and the change 

in collagen and proteoglycan content through the depth of the  tissue.

The change in collagen network organization

It has been dem onstrated  that  the  mature articular cartilage has a distinct collagen 

network organization with changes in collagen fiber orientation observed through the

( 'honiln>c> les
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depth of the tissue (Bhosale and Richardson, 2008, Klein et al., 2009a, Poole, 2001) 

(Figure 2.1). In the superficial zone, collagen fibrils are densely packed and run 

parallel to the articular surface, providing the tissue with high tensile strength to 

withstand the tensile stresses associated with joint loading. In the nniddle zone, 

collagen fibrils are larger, less dense and arcade from a parallel to a perpendicular 

orientation resulting in a more random organization, in the deep zone, collagen fibrils 

are orientated perpendicular to the sub-chondral bone, thus anchoring the tissue to 

its bony bed. However it has also been reported that this collagen network 

organization is not present in skeletally immature tissue, leading to the suggestion 

that growth of the bone epiphysis with simultaneous adaptation of the cartilage in 

response to increased joint loading may be responsible for the maturation of the 

collagen network organization (Rieppo et al., 2009).

The change in collagen and proteoglycan content

There are five main types of collagen in articular cartilage (collagen type II, VI, IX, X, 

and XI). Among them collagen type II is the major type. Collagen type IX and XI act 

together with collagen type II to form macrofibrils through crosslinking (Eyre, 2002). 

It has been demonstrated that in human adult articular cartilage the collagen content 

as a % of dry weight decreases with depth (Muir et al., 1970). In contrast, the 

proteoglycan content increases with depth from the superficial to the deep zone 

(Muir et al., 1970, Klein et al., 2007). This change in proteoglycan content with depth 

may be partial due to the significant differences in metabolic properties of the 

chondrocytes from different zones (Kim et al., 2003, Klein et al., 2003, Sharma et al., 

2007), and it may also be related to the decreased oxygen tension environment 

through the depth of the tissue (Zhou et al., 2004, Malda et al., 2004a).
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2.1.3. Zonal variation at mechanical level

The mechanical properties of articular cartilage are dependent on the unique 

structure and biochemical composition of ECM (Wilson et a!., 2007). The tensile 

strength is the highest (Roth and Mow, 1980, Williamson et al., 2003) while the 

hydraulic permeability is the lowest in the superficial zone, and this could be 

attributed to the high content and the compacted and paralleled organization of the 

collagen fibers (Maroudas et al., 1968, Mansour and Mow, 1976). In contrast, the 

compressive modulus increases with depth from the superficial zone to the deep 

zone, and this correlates to the increase in proteoglycan content upon the depth 

(Chen et al., 2001, SchinagI et al., 1997, Wang et al., 2002, Klein et al., 2007).
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2.2. Why do we need to engineer zonal cartilage?

Engineering the zonal structure of articular cartilage, especially the collagen 

organization in the superficial zone, may be of particular importance for clinical 

success in cartilage repair. Gannon et al. has demonstrated that the superficial zone 

played a key role in elevating the dynamic properties of articular cartilage and the 

removal of this zone led to a significant decrease in the dynamic properties of the 

remaining tissue (Gannon et al., 2012). It is postulated that this decrease in the 

dynamic properties is due at least in part to the superficial zone acting as a low 

permeability barrier, where its removal decreased the ability of the tissue to maintain 

fluid load support. Furthermore, studies have also shown that once the articular 

surface is removed, the equilibrium deformation is reached sooner and the quantity 

of fluid exchange during loading is also increased (Torzilli et al., 1983). This may cause 

excessive mechanical force being transferred into cells embedded in the ECM and a 

significant loss of important cartilage matrix components such as proteoglycans into 

the synovial fluid. It has been shown that the disruption of the superficial zone in 

articular cartilage is often associated with the initiation and/or progression of OA 

(Guilak et al., 1994), thus highlighting the necessity of predesigning the zonal 

structure (particularly the collagen organization in the superficial zone) in tissue 

engineered cartilage.

There are two potential areas where tissue engineered cartilage with a zonal 

structure mimicking the native tissue can be applied. First, tissue engineered zonal 

cartilage can be used as a more accurate model to study cartilage development, 

disease onset and progression and relative pharmacological treatm ent (Klein et al., 

2009a). It has been increasingly clear that 3D tissue culture system provides a more 

accurate model to study cellular interaction over the standard monolayer culture 

(2D) system, as the 2D system does not mimic the native environment (i.e. 3D) and 

may produce misleading results (Lee et al., 2008). Therefore based on the similar 

rationale, engineered cartilage with a zonal structure mimicking the native tissue may
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represent a better model to study chondrocytes interactions and their response to 

external environmental cues, thus providing a key insight into cartilage development 

(e.g. what leads to the development of the zonal structure). For example, one study, 

which attempted to engineer zonal aspects of native cartilage by regulating the 

mechanical and oxygen environment through the depth of the construct, has 

provided a key insight into how external environment may contribute to the 

development of zonal structure in articular cartilage (Thorpe et al., 2013). 

Furthermore, engineered zonal cartilage may also provide a more native-like in vitro 

model to study the impact of mechanical stimuli on OA disease onset and progression 

and the outcome of drugs on OA treatment.

Secondly, tissue engineered zonal cartilage can also be used for clinical cartilage 

transplantation. Zonal cartilage transplants can offer a few benefits over 

homogeneous transplants in cartilage repair. First of all, it has been demonstrated 

using computational models that a viable superficial zone is critical to achieve long 

term survival in repairing articular cartilage (Owen and Wayne, 2006, Owen and 

Wayne, 2011). Thus zonal constructs with a predesigned superficial zone may more 

likely withstand the in vivo loading environment and lead to more stable repair than 

homogeneous tissues. Also once implanted into the defects, both the zonal and 

homogeneous constructs will have to experience an in vivo remodeling process to 

achieve a native zonal structure and integrate with the surrounding tissue. The 

provision of zonal properties from the beginning may allow for less remodeling in 

vivo and quicker and better integration with the surrounding native tissue by 

matching the zonal construct mechanical properties to the surrounding tissues to 

reduce strain discontinuities at the interface. This may offer a shorter rehabilitation 

time and thus lower cost for patients (Klein et al., 2009a).
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2.3. Classical zonal cartilage tissue engineering strategies

Despite the great promises and advantages that a zonal cartilage construct can offer 

over a homogeneous construct, to date the field has predominately focused on 

engineering a homogeneous tissue with bulk biochemical and mechanical properties 

approaching those of the native cartilage. Few studies have explored the possibility 

of engineering a heterogeneous graft with a zonal structure mimicking the native 

tissue. Classic zonal cartilage tissue engineering strategies can be separated into 

three categories: 1) utilizing zonal chondrocytes (Kim et al., 2003, Klein et al., 2003, 

Sharma et al., 2007); 2) varying biomaterial properties (Ng et al., 2005, Ng et al., 2006, 

Woodfield et al., 2005, Nguyen et al., 2011a, Nguyen et al., 2011b); and 3) a 

combination of both (Ng et al., 2009).

2.3.1. Utilizing zonal chondrocytes

The biological rationale behind this approach is based on the differences in 

biosynthetic activity of chondrocytes isolated from different zones of articular 

cartilage (Kim et al., 2003, Klein et al., 2003, Sharma et al., 2007, Hwang et al., 2007). 

Both Kim et al. and Klein et al., who isolated zonal chondrocytes and used them  

separately to engineer cartilage, have showed cells isolated from the deep or middle 

zone can produce constructs with significantly more GAG and collagen compared to 

those isolated from the superficial zone (Kim et al., 2003, Klein et al., 2003). Both of 

them demonstrated that it is possible to manipulate and encapsulate zonal 

chondrocytes into a multi-layered construct. Therefore the strategy for zonal 

cartilage tissue engineering using this approach is to embed these zonal 

chondrocytes in specific regions of the constructs with a native-like order, hoping 

these cells would maintain their phenotypic differences and produce a zonal specific 

ECM in appropriate regions of the engineered tissue. However in these two studies, 

the spatial matrix composition within the engineered tissue was not examined. Thus
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it is not clear if the zonal composition was obtained in such constructs. Similarly, 

Sharma et a!., who embedded zonal chondrocytes (superficial and deep zone) into a 

bi-layered construct, have showed a significant higher proliferation and biosynthesis 

activity in deep zone cells compared to the superficial cells (Sharma et a!., 2007). 

Although increased GAG accumulation with depth through the tissue was observed in 

the bi-layered constructs, the collagen content was also significant higher in the 

bottom layer of tissues. Furthermore, the mechanical properties of the engineered 

constructs were significant lower than those of the native tissue.

Although this approach emphasizes and utilizes the significant differences in the  

biosynthesis of zonal chondrocytes, it should be also noted that researchers have 

demonstrated that cells expanded over several passages did not retain these 

differences (Hayes et a!., 2007). The potential limitations in this approach are that the 

isolated zonal chondrocytes are limited in number and that it is difficult to distinguish 

and isolate zonal chondrocytes in damaged and diseased human cartilage where the 

zonal differences are less distinct (Thorpe et al., 2013).

2.3.2. Varying biomaterial properties

Another approach to engineer zonal cartilage is to vary the biomaterial properties 

such as stiffness (Ng et al., 2005, Ng et al., 2006) or composition (Nguyen et al., 

2011a, Nguyen et al., 2011b) in different layers of the constructs and hope this 

difference in local environment would guide a single population of cells to 

differentiate in a zonal manner. Ng et al. has demonstrated that it is possible to 

manipulate and vary the stiffness through the depth of the construct by combining 

layers of 2% (at top) and 3% (at bottom) agarose, thus leading to zonal difference in 

the initial mechanical properties of the constructs (Ng et al., 2005). Although this 

mechanical zonal difference was maintained at the end of culture, zonal differences 

in ECM composition was not examined in the study. Furthermore, results showed
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that the chondrocytes matrix establishment in such bi-layered construct and the 

subsequent mechanical properties of the tissue was inferior to that of the uniform 2% 

agarose. Also, it should be noted that the biomaterial type has a great impact on the 

outcome of this strategy. For example, in previous studies that reported using 

increased hydrogel stiffness upon the depth of the construct to engineer zonal 

cartilage, different results were observed when different hydrogels were used, with a 

zonal-like GAG gradient achieved in study using polyethylene glycol (PEG) gels but not 

alginate gels (Klein et al., 2009b).

Researches have also demonstrated that unique biomaterial compositions can direct 

BM-MSCs into specific chondrocytic phenotypes corresponding to the various zones 

of articular cartilage (Nguyen et al., 2011a). Thus it is possible to engineer zonal 

cartilage by varying the biomaterial compositions within the construct. Nguyen et al. 

showed a three-layer PEG-based hydrogel, seeded with a single population of 

BM-MSCs and with chondroitin sulfate (CS) and matrix metalloproteinase-sensitive 

peptides (MMP-pep) incorporated into the top layer, CS incorporated into the middle 

layer and hyaluronic acid incorporated in the bottom layer, can create a construct 

with spatially-varying mechanical and biochemical properties similar to the native 

cartilage (Nguyen et al., 2011b). In such a construct, a native-like collagen type II and 

GAG gradient was observed, however the fine zonal structure such as the collagen 

network organization has yet to be achieved. Also the key superficial zone functional 

protein PRG4 was not assessed in this study. Since MMP-a family of proteins which 

can degrade various types of ECM proteins including proteoglycan and collagen 

(Eisen et al., 1968) was incorporated in the superficial layers, it is less likely to expect 

its expression in the superficial lay of such constructs.

Lastly, the potential limitation associated with the strategy of varying biomaterial 

properties is the development of a distinct boundary between gel layers, with 

potential poor integration and mechanical discontinuity at the interface of layers.
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2.3.3. Combined approach

Researches have also used combined approaches such as varying both the cell source 

and biomaterial properties in the  construct to  engineer zonal cartilage. Using a 

hydrogel system, Ng e t al. seeded zonal chondrocytes into a bi-layered hydrogel with 

initially prescribed depth-varying mechanical properties (3% agarose atop 2% agarose) 

to  mimic the  depth-depended cellular and compressive mechanical inhomogeneity of 

the  native cartilage (Ng e t  al., 2009). Although increased GAG and compressive 

mechanical properties was observed upon the depth of the  tissue, the  collagen 

gradient in the  engineered tissue was non-zonal like.
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2.4. Recent advance in zonal cartilage tissue engineering

The emergence of new technologies in biomedical engineering, such as bioprinting, 

electrospinning, and bioreactors, may bring advance in engineering zonal cartilage.

2.4.1. Bioprinting

The recent advance in additive manufacturing (AM) technology opens a new field for 

tissue engineering-bioprinting. This technique could be helpful in designing and 

engineering tissues with complex structures such as cartilage. It can bring unique 

advantages in engineering zonal cartilage especially through the  combined approach, 

i.e. bioprinting of different cell populations (e.g. zonal chondrocyte subpopulations) 

suspended in biomaterials with different properties into a continuous construct 

(Mironov etal., 2006, Klein et ai,  2009a, Klein eta!., 2009b) (Figure 2.2).

Figure 2.2. Concept for bioprinting zonal cartilage constructs where chondroq^es subpopulations 

from the deep, middle and superficial zones are suspended in different biomaterials and printed 

using rapid-prototyping technologies in defined geometries. Adapted from (Klein et al., 2009b).

Sup^rlical
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With AM technology, bioprinting of 3D cell laden hydrogel with highly reproducible 

architecture, compositional and mechanical variation can be achieved, offering a fine 

control over pore size, geometry, and orientation as well as porosity and 

interconnectivity (Woodfield et a!., 2004). The ability to predesign the porosity and 

interconnectivity of the cell laden constructs can be beneficial toward nutrient 

transport and cell waste remove (Malda et al., 2004b).

This technique also enables printing cell laden hydrogel at a desired orientation 

(Fedorovich et al., 2012). If nozzle size could be small enough to produce a drop of 

suspension containing one single cell, then this technique could be of particular use 

to print the superficial zone of articular cartilage. However, this is yet to be achieved, 

as to the best of my knowledge current researches have only tested large strand size 

(Klein et al., 2009a, Fedorovich et al., 2012) (~300 pim). In this case, even the strand 

fiber can be printed with specific orientation and layers of strand fiber with different 

orientation can be printed and incorporated into a continuous scaffold, however, 

given the strand size is so large, cells inside the strand can be still randomly oriented.

2.4.2. Electrospinning

Unlike AM, electrospinning can produce scaffold fibers with a size at a nanometer 

scale (Klein et al., 2009a). It has been shown that such nanofiber scaffolds more 

closely mimic the native ECM environment, where collagen fibers are also at a 

nanometer scale and can provide a 3D environment for cell attachment, thus 

promoting more robust chondrogenesis than the large fiber scaffolds (Li et al., 2006).

Furthermore, this technique can be used to produce scaffolds with tunable fiber size, 

spacing and orientation (Mauck et al., 2009). This can be very useful to fabricate 

scaffolds with aligned fiber orientation mimicking the superficial zone of articular 

cartilage. For example, McCullen et al. have used electrospinning to fabricate a
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continuous scaffold tha t  mimicked th e  structural organization of the  collagen fibrillar 

network within cartilage (IVIcCullen e t  al., 2012). A three-layered-scaffold with 

parallel fiber orientation in the  superficial layer and increasing fiber size from the 

superficial layer (1 nm) to  the  deep layer (5 (im) was created. Interestingly, 

chondrocytes assumed an aligned morphology and deposited collagen type II with an 

orientation similar to  the  fiber orientation in the  aligned (superficial) layer of this 

scaffold. However, little matrix production was found in the  middle layer, suggesting 

pool cell migration from the  superficial layer. This could possibly be due to  the  small 

pore size in the  aligned superficial layer, which is a common limitation in producing 

scaffolds with aligned fibers using this technique (Baker e t  al., 2008).

2.4.3. Bioreactors

An alternative approach to  engineer zonal cartilage is to  a ttem pt to  recapitulate 

aspects of the  tissue microenvironments which may be responsible for the  formation 

of the  zonal structure in articular cartilage during tissue development and maturation 

(Thorpe e t  al., 2013). In vivo mechanical stimulus is one of these  key 

microenvironments. Thus bioreactors which provide mechanical stimuli such as 

compression, tension and shear stress can be of particular use in zonal cartilage 

tissue engineering. For example, a hip simulator based bioreactor which can apply 

shear stress and dynamic compression has been shown to  enhance th e  PRG-4 

production in chondrocyte seeded scaffold (Grad e t  al., 2005). Also it has been 

demonstrated tha t  intermittent cyclic tensile strain can lead to  an increase in 

collagen accumulation in MSC seeded constructs (Connelly e t  al., 2010, Baker e t  al., 

2011).

A recent study from our lab has used confinement (modulating nutrient and oxygen 

transport) combined with dynamic compression to  further mimic the  oxygen tension 

(low at bottom) and mechanical environment (high strain at the  surface) within
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articular cartilage (see Fig. 2.3) (Thorpe et al., 2013). Results showed that a construct, 

with increased GAG but deceased collagen content through the depth of the tissue 

and with deposition of PRG4 on the tissue surface, can be engineered using BM-MSCs. 

While certain aspects of articular cartilage was obtained in the engineered tissue, the 

overall biochemical and mechanical properties of the constructs were still 

significantly lower than those of the native tissue. Furthermore, calcification and 

expression of type X collagen was also found in the constructs, indicating 

hypertrophy of the engineered tissue.
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Figure 2.3. (A) Schematic diagram of confinement, in which constructs were press-fitted into 

custom made PTFE wells such that the bottom half of the construct were confined. (B] An 

axisymmetric computational model predicting the oxygen tension within the unconflned and 

confined constructs. Results showed reduced oxygen tension in the bottom half of the confined 

constructs compared to the unconflned controls. (C) An axisymmetric computational model 

predicting the maximum principle strain of the unconflned and confined constructs subjected to 

dynamic compression. Results showed increased maximum principle strain across the top of the 

confined constructs compared to the unconfined controls. Adapted from (Thorpe etal., 2013).
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2.5. Potential application of decellularized cartilage scaffolds 

in zonal cartilage tissue engineering

A nother  approach  to  engineering zonal cartilage grafts using a 'b o t to m -u p ' t issue  

engineering strategy would be  to  repopula te  a decellularized cartilage ECM-derived 

scaffold, which retains th e  s truc tu re  of th e  tissue, with stem  cells.

2.5.1. Decellularized tissue ECM derived scaffolds for tissue 

engineering applications

Tissue decellularization and regeneration  of biological acellular scaffolds have b een  

achieved for various tissue  ty p es  such as dermis, urinary bladder, h ea r t  valves, liver, 

lung and  kidney (see Fig 2.4) (Crapo e t  al., 2011, Arenas-Herrera et al., 2013). These 

decellularized tissue EClVI derived scaffolds offer great promise for tissue  engineering. 

Firstly, they  are  rich in natural EClVl co m p o n en ts  such as collagen and GAG, offering 

m any advan tages  over synthetic materials. Also it has been  shown th a t  decellularized 

tissue  EClVI contains various growth factors such as fibroblast growth factor-2 (FGF-2), 

vascular endothelial grow th factor (VEGF), transforming growth factor-P (TGF-p) and  

platelet-derived growth factor (PDGF) (Benders et al., 2013, Arenas-Herrera e t  al., 

2013). Furtherm ore  decellularized tissue  EClVl has been  d em o n s tra ted  to  support  cell 

a t ta c h m e n t  and  differentiation (Kang e t  al., 2012, Cheng e t  al., 2013, Gong e t  al., 

2011) and induce a constructive hos t  tissue remodeling response  (Xu e t  al., 2010, 

Parekh e t  al., 2009, Valentin e t  al., 2010).
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Figure 2.4. Decellularization of whole organs and characterization of intact vascular structures in 

the decellularized organ scaffolds. Original solid organs (a) can be decellularized using different 

decellularization methods to prepare acellular organ scaffolds [b). Various characterization 

m ethods for demonstrating intact vascular structures in each of decellularized organ matrices (c).

In th e  field of cartilage repair and  tissue regeneration , decellularized cartilage ECM 

derived scaffolds m ay offer additional benefits. Due to  th e  avascular n a tu re  of 

ar ticular cartilage, it is believed th a t  this tissue is im mune-privileged to  a large extent.  

This o p en s  up  many options in choosing th e  ECM source, including allergenic and 

xenogeneic  sources, with a low risk of im m une rejection (Benders e t  al., 2013). 

F urtherm ore , if th e  d e p th -d e p e n d e n t  collagen arch itec tu re  of articular cartilage can
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be re ta ined after decelluiarization, th e  resulting scaffold may th en  offer a 'golden' 

tem p la te  to  eng ineer zonal cartilage tissues, since to  d a te  no synthetic scaffolds can 

recapitulate this complex and  highly organized structure.

2.5.2. Decellularized cartilage ECM for cartilage tissue 

engineering

Over th e  past  decade, researchers  have s tarted  to  explore th e  potential of 

decellularized cartilage ECM as a scaffold for cartilage regeneration. Many studies 

have shown th a t  decellularized cartilage ECM may support  cellular a t ta c h m e n t  and 

chondrogenic differentiation of s tem  cells and chondrocytes (Kang e t  al., 2012, Yang 

e t  al., 2011, Gong e t  al., 2011), as well as prom oting good quality repair in cartilage 

defects  in vivo (Kang e t  al., 2012, Yang e t al., 2011). M ost of th e s e  studies used 

mincing or cyro-milling to  particula te  cartilage ECM prior to  th e  fabrication of th e  

scaffold, which aims to  increase th e  porosity of th e  produced scaffolds. However such 

processes destroy  th e  macroscopic s truc tu re  of articular cartilage and overlook th e  

potential o f  retaining a native-like tissue s truc tu re  in decellularized cartilage ECM 

scaffolds for zonal cartilage tissue engineering. Only a few studies have explored 

decelluiarization on whole cartilage tissue and th e  potential of using this structurally 

intact decellularized cartilage scaffold for cartilage tissue engineering.

Elder and colleagues studied  th e  effect of incubation t im e in decelluiarization 

solutions on cell removal, ECM co m p o n en ts  and  su b seq u en t  mechanical properties  of 

articular cartilage, with an aim to  produce a decellularized cartilage rep lacem en t for 

facet joint cartilage repair (Elder e t  al., 2010). The study com pared  2, 4  and 8 h 

t re a tm e n t  in 2% (w/v) Sodium dodecyl sulfate (SDS). Results show ed while 2 h 

incubation in 2% SDS m aintained th e  GAG and collagen co n ten t  and mechanical 

properties  of th e  tissue, it only led to  a 4% decrease  in DNA con ten t.  Cell removal 

increased with incubation time. T rea tm ent for 8 h resulted in com ple te  histological
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decellu larization  and a 40%  reduction  in DNA content, m ean w h ile  m ain ta in ing  

collagen content and tensile  properties . H ow ever, a significant reduction  in GAG  

co ntent and com pressive p roperties  was observed. The concen tra tion  o f SDS used in 

th is study to  decellu larize articu lar cartilage was h ow ever considerably high. O th er  

studies have suggested th a t a high concentration  o f SDS m ay result d isrup tion  o f th e  

ECM structure, and th e  residual SDS inside th e  decellu larized  scaffolds m ay lead to  

cell tox ic ity  or h inder fu rth e r  recellu larization  (Crapo e t  al., 2 0 1 1 ).

Kheir e t al. a tte m p te d  to  decellu larize articu lar cartilag e -b o n e  constructs, w ith  a 

com bination  o f 0 .1%  SDS and various o th e r decellu larization  reagents, fo r  tissue  

engineering  applications (Kheir e t al., 2 0 1 1 ). Results show ed a n ear-co m p le te  rem oval 

o f genom ic DNA fro m  th e  decellu larized  tissue, w h ile  th e  collagen c o n ten t and  

structure  o f th e  tissue was n o t significantly a ffected . How ever, dece llu lariza tion  was  

accom panied  by a significant reduction  in GAG co n ten t and com pressive p roperties  o f 

th e  tissue. It was found th a t th e  decellu larized  tissue exh ib ited  favorab le  

b io co m p atib ility  in both  in v itro  and in vivo tests. H ow ever, th e  chondro -inductive  

capacity  o f this decellu larized  scaffold was n o t exam ined .

Recently, Schwarz e t al. have also explored th e  p o ten tia l o f decellu larized  cartilage  

m atrix  fo r nasal septum  cartilage reconstruction  (Schwarz e t al., 2 0 1 2 b ). The study  

used a com bination  o f various chem ical decellu larization  reagents, including N aO H , 

GndHCl and H 2 O 2 , to  decellu larize  porcine nasal septum  cartilage. D ecellu larization  

was found  to  lead to  com p le te  rem oval o f cells and a -g a l ep ito p e , s ignificant 

reduction  in GAG and m echanical p roperties  o f th e  tissue, w h ile  re ta in ing  collagen  

structure  as w ell as increasing tissue porosity. In v itro  cyto toxic ity  tests show ed no 

g ro w th  inh ib ition  o r cytotoxic effects on th e  seeded fibroblasts. In a fo llo w ing  up  

study, th ese  decellu larized  scaffolds w ere  seeded w ith  hum an nasal sep tu m  

chondrocytes and w e re  cu ltu red  in v itro  fo r 6 w eeks (Schwarz e t al., 2 0 1 2 a ). Results  

d em o nstra ted  th a t decellu larized  cartilage scaffolds supported  cell adhesion  and  

m igration , as w ell as chondrogenic d iffe ren tia tio n , w ith  th e  expression o f ty p e  II
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collagen and aggrecan. Furthermore, the engineered constructs exhibited near native 

levels of mechanical properties, with no significant difference found between 

constructs and native tissues. However, limited cell infiltration into the body of 

scaffolds (up to 200 pim after 6 weeks culture) was also reported.

In conclusion, these studies have demonstrated the capacity of decellularize whole 

cartilage scaffolds for cartilage regeneration. However, they all reported significant 

GAG loss during decellularization procedure, which subsequently compromised the 

mechanical properties of the decellularized scaffolds. Further improvement may be 

required in the decellularization procedure to retain some level of GAG in the 

decellularized tissue. Moreover, additional efforts need to be made in improving the 

recellularization in these scaffolds, since the dense nature of the tissue ECM may 

create a barrier for cell migration into the scaffolds.
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2.6. Summary

Given the importance of the depth-dependent structure and composition of articular 

cartilage on the mechanical function of the tissue, this thesis aims to  engineer a 

cartilage graft tha t mimics key aspects of the depth-dependent properties of articular 

cartilage. The bioreactor study proposed by Thorpe and colleagues (section 2.4) 

highlights the potential of spatially regulating oxygen and mechanical environm ent in 

stem cell laden hydrogels for zonal cartilage tissue engineering. The lim itation  

associated w ith previous studies, such as hypertrophy and the low mechanical 

properties of the engineered constructs, m otivated us tow ards the use of IFP-MSCs 

for zonal cartilage tissue engineering in this thesis. How ever, to  engineer zonal grafts 

using IFP-MSCs will first require a proper understanding of how such cells will 

respond to the application of jo in t associated mechanical stimuli such as dynamic 

compression. This thesis will therefore try  to  address the  following research 

questions in chapter 3, 4 and 5 respectively:

•  W hat is the effect of dynamic compression on chondrogenesis of BM-MSCs 

and IFP-MSCs?

•  Can cartilage constructs with a zonal composition mimicking tha t of the native 

tissue be engineered using IFP-MSCs by spatially regulating oxygen and 

mechanical environm ent w ithin the developing constructs?

•  Is it possible to  engineer zonal cartilage tissues using decellularized whole  

cartilage ECM-derived scaffolds seeded with IFP-MSCs?
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Chapter III

Effects of dynamic compression on chondrogenesis of 

bone marrow and infrapatellar fa t pad derived 

mesenchymal stem cells
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3.1. Introduction

Mesenchymal stenn cells (MSCs) are a population of multipotent cells which are 

capable of differentiating along a nunnber of mesenchymal lineages (Caplan, 1991, 

Pittenger et al., 1999). Due to their ability to rapidly self-renew and undergo 

chondrogenesis, MSCs represent a promising cell source for cartilage tissue 

engineering applications. They have been identified in various tissues, such as bone 

marrow (BM) (Pittenger et al., 1999, Johnstone et al., 1998, Yoo et al., 1998), 

infrapatellar fat pad (IFP) (Dragoo et al., 2003, Wickham et al., 2003, English et al., 

2007) and synovium (Pei et al., 2008, Pei et al., 2009, Vinardell et al., 2012b), among 

which BM-MSCs are the most extensively studied cell type. Various studies have 

demonstrated successful chondrogenic induction of BM-MSCs in a number of 

different biomaterials, including naturally derived materials (e.g., alginate, agarose) 

(Li et al., 2009, Thorpe et al., 2010) and synthetic materials (e.g., polyglycolic acid 

(PGA) and polycaprolactone (PCL)) (Kafienah et al., 2007, Wise et al., 2009). In spite 

of their tremendous promise, there are a number of potential limitations associated 

with BM-MSCs based tissue engineering strategies for articular cartilage repair. 

Firstly, it has been demonstrated that cartilage engineered using BM-MSCs has 

inferior biochemical and biomechanical properties to that engineered using 

chondrocytes (Erickson et al., 2009, Mauck et al., 2006). Furthermore, studies have 

also shown cartilage tissues engineered using BM-MSCs have the potential to 

undergo hypertrophy and endochondral ossification (Kafienah et al., 2007, Pelttari et 

al., 2006). This has motivated the use of alternative stem cell sources for cartilage 

tissue engineering. Compared to BM-MSCs, MSCs isolated from the IFP of the knee 

are arguably easier to isolate, with lower degree of invasiveness and minimal patient 

morbidity (Dragoo et al., 2003). Successful chondrogenesis of IFP-MSCs has been 

reported by a number of studies (Buckley and Kelly, 2012, Buckley et al., 2010a, 

Buckley et al., 2010b, Liu et al., 2013, Liu et al., 2012), with tissues engineered using
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IFP-MSCs dem onstra t ing  a t  least com parab le  functionality to  th o se  g en e ra ted  using 

BM-MSCs (Vinardell e t  a!., 2011).

Physiologically articular cartilage exists in a complex biomechanical environm ent,  

experiencing a n u m b er  of different types  of mechanical stimuli such as com pression 

and  hydrostatic  p ressure  during jo int m o v em en t  (Mow and Wang, 1999). It has been  

d em o n s tra te d  mechanical loading plays an im portan t role in th e  d ev e lo p m en t (Mikic 

e t  al., 2000, Mikic e t al., 2004), remodelling (Williamson e t  al., 2001) and  repair of 

this tissue (Wakitani e t  al., 1994). For example, th e  mechanical p roperties  of repair 

t issue fo rm ed  following im plantation of MSCs seed ed  hydrogels into cartilage defects  

has been  show n to  vary depend ing  on th e  location of th e  defec t  site on th e  joint 

surface, which may be due  to  th e  different d eg rees  of loading experienced  a t  th e se  

different sites (Wakitani e t  al., 1994). More recently, dynamic com pression has been  

explored as a potential stimulus to  enhance  chondrogenesis  for cartilage tissue 

engineering. N um erous s tud ies have d em o n s tra ted  dynamic com pression can 

increase cartilage-specific matrix synthesis in chondrocytes  (D em arteau  e t  al., 2003, 

Mauck e t  al., 2000, Buschmann e t  al., 1995). M oreover, dynamic com pression has 

also been  show n to  regula te  chondrogenesis  of BM-MSCs at both g en e  and  protein 

level (Huang e t  al., 2005, Haugh e t  al., 2011, Kelly and Jacobs, 2010, Thorpe e t  al., 

2008, Thorpe e t  al., 2010), with increased glycosaminoglycan (GAG) accum ulation 

observed  in BM-MSCs seed ed  hydrogels following th e  application of loading (Mauck 

e t  al., 2007, Kisiday e t  al., 2009, Thorpe e t  al., 2013). Such mechanical stimulation 

protocols have also been  show n to  improve th e  mechanical p roperties  of MSCs 

seed ed  construc ts  (Huang e t  al., 2010, Thorpe e t  al., 2013, Bian e t  al., 2012).

U nderstanding how  cartilaginous tissues engineered  using MSCs will respond to  the ir  

local mechanical env ironm ent will be critical to  successful clinical cartilage repair. 

While a n u m b er  of s tud ies have shown th a t  dynamic com pression can p ro m o te  

chondrogenesis  of BM-MSCs, to  th e  bes t  of our knowledge no study to  d a te  has 

co m p ared  th e  re sponse  of MSCs isolated from different tissue sources to  this
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biophysical stimulus. Therefore, th e  objective of this study was to  co m p are  th e  

effects of dynamic com pression  on chondrogenesis  of BM-MSCs and IFP-MSCs th a t  

w ere  e m b e d d e d  into agarose  hydrogels. W e hypothesized dynam ic com pression 

would en h an ce  th e  chondrogenic  po tential of bo th  BM-MSCs and  IFP-MSCs. 

Specifically in this study, porcine BM-MSCs and  IFP-MSCs w ere  en cap su la ted  into 

agarose  hydrogels and cultured in th e  p resence  of TGF-P3 fo r 3 w eeks  before being 

subjected  to  dynamic com pression  of 10% strain (IHz, 1 hour/day) for a fu r th e r  3 

weeks. We investigated th e  influence of dynam ic com pression  on: 1) cartilage 

specific matrix accum ulation  (GAG and collagen) and  th e  su b seq u e n t  mechanical 

p ropert ies  of th e  eng inee red  cartilage; 2) th e  spatial distribution of matrix within th e  

eng inee red  tissue; and 3) th e  tendency  of MSCs seed ed  cartilage construc ts  to  

undergo  hypertrophy  and  mineralization.
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3.2. Materials and Methods

3.2.1. Cell Isolation and Expansion

Porcine BM-MSCs and IFP-MSCs w ere isolated from the bone m arrow  of the fem ur 

and from  the  whole IFP o f the animal respectively (n=2, 3 -4  months old, ~50kg). 

BM-MSCs w ere isolated using an adapted protocol used for human BM-MSCs 

isolation (Lennon and Caplan, 2006); IFP-MSCs w ere isolated using a previously 

described protocol from  our lab (Buckley and Kelly, 2012) after 4 hours digestion with  

collagenase type II (750 U /m l, 4  ml of collagenase containing m edium was used for 

per gram o f IFP tissue, W orthington Biochemical, LanganBach Services, Ireland) under 

constant rotation at 37 °C. A fter isolation, BM-MSCs and IFP-MSCs w ere seeded at a 

density of 5x10^ cell/cm^ in high-glucose Dulbecco's modified Eagle's medium  

(hgD M EM ) G lutaM AX™  supplem ented with 10% fetal bovine serum and 1% penicillin 

(100 U/m L)-streptom ycin (100 ng/mL) (all GIBCO, Biosciences, Dublin, Ireland) and 

expanded to  passage tw o  (P2) in a humidified atmosphere of 5% CO2 @ 37 “C. For 

both BM-MSCs and IFP-MSCs, S ng/m l fibroblast-growth factor-2 (ProSpec-Tany 

TechnoGene Ltd, Israel) w ere added into the  medium (from  the beginning o f PO for 

IFP-MSCs; from  the beginning of P I for BM-MSCs) to  prom ote the growth and 

chondrogenic potential of the MSCs (Buckley and Kelly, 2012).

3.2.2. Hydrogel construct fabrication and culturing

BM-MSCs and IFP-MSCs (both P2) w ere encapsulated respectively in agarose (Type 

VII) as previously described (Thorpe e t al., 2010) to  obtain a final gel concentration of 

2% and a cell density o f 30 x 10® cells/ml. The agarose-gel suspension was then  

casted into a stainless steel mold from  which cylindrical constructs (0 6  mm x 4  mm  

thickness) w ere  removed using a biopsy punch. Constructs w ere then maintained
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separa te ly  in 6-well-plates in 9 ml chondrogenic m edium  (per construct) consisting of 

hgDMEM GlutaMAX™ su p p lem en ted  with penicillin (100 U /m l)-streptom ycin (100 

Hg/ml), 100 [ig/ml sodium pyruvate, 40  ng/ml L-proline, 4.7 ng/mL linoleic acid, 50 

pig/ml L-ascorbic ac id-2-phosphate, 1.5 mg/ml bovine serum  albumin, 1 x insu lin - 

t ransfe rr in -se len ium , 100 nM d ex am e th aso n e  (all from Sigma-Aldrich, Dublin, 

Ireland) and  10 ng/ml recom binan t hum an  transform ing  g row th  factor 33 (TGF-33; 

ProSpec-Tany TechnoG ene Ltd). The m edium  was changed  twice every w eek  with th e  

old m edium  kept and  frozen @-85°Cfor biochemical analysis.

3.2.3. Experimental design

Cell s ee d ed  hydrogels (genera ted  using both  BM-MSCs and IFP-MSCs) w e re  first 

m ain ta ined  in free  swelling (FS) conditions in a chondrogenic  m edium  for 21 days to  

allow chondrogenic  p h en o ty p e  and  matrix e s tab lishm en t (Haugh e t  al., 2011). After 

th a t  half of th e  sam ples  w ere  subjected  to  dynamic com pression (DC) of 10% strain  

(IHz, 1 hour/day ,  5 days/w eek) for a fu r th e r  21 days as previously described (Thorpe 

e t  al., 2010), while rest sam ples  w ere  still m ain ta ined  in FS conditions as a control. 

Constructs (n=6 per group) w ere  assessed  a t  day 0, 21 and  42.

3.2.4. Assessment of mechanical properties

Construct mechanical p roperties  w ere  te s ted  (n=4 per group) using a s tan d a rd  

m ateria ls  tes ting  m achine with a 5N load cell (Zwick Roell ZOOS, Herefordshire, UK) as 

previously described (Buckley e t  al., 2009). Briefly, construc ts  w ere  im m ersed  in 

p h o sp h a te  buffered  saline (PBS) bath  (room te m p era tu re )  and  placed b e tw een  tw o  

im perm eab le  p latens. A preload of 0.01 N was used to  en su re  direct con tac t b e tw e en  

construc t surface and platen  surface. An unconfined stress-relaxation te s t  w as th e n  

perfo rm ed , which consisted of a ram p com pression up to  10% stain of th e  sam ple
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thickness followed by a hold period of 30 minutes until equilibrium of the sample was 

reached. The equilibrium Young's modulus of the sample was calculated from the 

equilibrium force. A dynamic test consisting of cyclic strain amplitude of 1% at 1 Hz 

for 10 cycles was then performed directly after the equilibrium test to determine the 

dynamic modulus.

3.2.S. Quantitative biochemical analysis 

Construct analysis

After mechanical testing constructs were maintained in PBS for 30 mins to allow 

them to recover to their initial thickness, after which constructs (n=3/4 per group) 

were transversely sliced into two halves for determination of the spatial distribution 

of matrix within the engineered tissue. The top and bottom halves of the samples 

were weighed (wet) and stored separately at -85 °C for later analysis. Samples were 

then digested with 125 ng/ml papain in 0.1 M sodium acetate, 5 mM L-cysteine HCI, 

0.05 M EDTA, pH 6.0 (all Sigma-Aldrich) under constant rotation at 60 °C for 18 hours. 

The DNA content of the samples was measured using the Hoechst bisBenzimide H 

33258 dye assay with calf thymus DNA as a standard as previously described (Kim et 

al., 1988). GAG content was quantified using the dimethylmethylene blue 

dye-binding assay (Blyscan, Biocolor Ltd., Northern Ireland), with a chondroitin 

sulfate standard. Collagen content was determined through measurement of the 

hydroxyproline content (Kafienah and Sims, 2004) and calculated using a 

hydroxyproline-to-collagen ratio of 1:7.69 (Ignat'eva et al., 2007). The level of the 

biochemical content (DNA, GAG, collagen) in the whole sample (before being sliced 

into two halves) was calculated by summing up the levels of content in the top and 

bottom halves. Matrix accumulation (GAG and collagen) were normalized to 

construct wet weight and to DNA.
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Medium analysis

Samples of construct culture medium taken at each medium exchange from day 21 to 

day 42 were analyzed for total GAG or collagen content secreted from constructs into 

the medium during this period using the methods described above. Total medium 

volume was accounted for and data is presented as average GAG or collagen content 

released per construct into medium from day 21 to day 42. Medium samples from 

day 21 to day 42 were also analyzed for alkaline phosphatase (ALP) activity using a 

Sensolyte pNPP Alkaline Phosphatase assay kit (Cambridge Biosciences, UK) with a 

calf intestine ALP standard (Sheehy et al., 2012).

3.2.6. Histology and immunohistochemistry

Unsliced constructs (n=2 per group) were fixed with 4% paraformaldehyde 

(Sigma-Aldrich), wax embedded and sectioned perpendicularly to the disk surface at 

thickness of 5 |im. Sections were stained histologically with 1% Alcian blue 8GX in 0.1 

M HCI for GAG distribution, Picrosirius red for collagen distribution and 1% Alizarin 

red for mineral deposition (all Sigma-Aldrich). Sections were also 

immunohistochemically stained for collagen type I and II using a mouse monoclonal 

collagen type I antibody (1:100; 1.4 mg/mL; Abeam, Cambridge, UK) and a mouse 

monoclonal collagen type II antibody (1:80; 1 mg/mL; Abeam) respectively as 

previously described (Thorpe et al., 2010). Sections of porcine cartilage and ligament 

were included in each batch as controls.

3.2.7. Micro-computed tomography analysis

Constructs (n=2 per group) were scanned using micro-computed tomography (nCT) in 

order to quantify the mineral content within the samples. Scans were performed 

using a Scanco Medical |iCT 40 system (Scanco Medical, Bassersdorf, Switzerland) at a 

voltage of 70 kVp and a current of 114 piA. Data is presented as the volume of
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minerals within each construct. A 3 dimensional (3D) image of the mineral deposition 

within the  constructs was also obtained from the  system.

3.2.8. Statistical analysis

Statistics were performed using MINITAB 15.1 software (Minitab Ltd., Coventry, UK). 

For data where two factors of comparison (day 21 vs. 42 and/or BM vs. IFP and/or 

top  vs. bottom and/or FS vs. DC) is required, a general linear model for analysis of 

variance with Tukey's tes t  for multiple comparison was used. For direct comparison 

betw een FS and DC group, a two-sample T-test was used. Significance was 

determined at P<0.05 and a trend towards significance was determined at p<0.1. All 

graphical results are presented as mean ± standard deviation.
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3.3. Results

3.3.1. Temporal and spatial development of cartilage grafts 

engineered in free swelling culture using different sources ofMSCs

W e first investigated th e  tem pora l d ev e lo p m en t of  cartilaginous construc ts  

e n g in ee red  using both  BM-MSCs and  IFP-MSCs in f ree  swelling (FS) culture. A 

significant increase in DNA co n ten t  was observed  in IFP construc ts  from  day 21 to  day 

42 (p<0.05 for both  donors), indicating cell proliferation, while th e  DNA co n ten t  of 

BM construc ts  rem ained  relatively constan t  over th e  42 days of cu lture  (Fig. 3.1A). A 

significant increase in GAG and  collagen co n ten t  from  day 21 to  day  42 w as also seen  

in bo th  BM construc ts  and IFP constructs  from bo th  do n o rs  (p<0.05; Figs. 3 .IB, 3.1C). 

At day 42, th e  collagen co n ten t  was significantly higher in BM construc ts  co m p ared  

to  IFP construc ts  (p<0.05 for bo th  donors; Fig. 3.1C). GAG accum ulation  was observed  

to  be d o n o r  d e p e n d e n t  in BM constructs , ranging from ~2%  (w/w) to  ~4%  (w/w) by 

day 42, w h e rea s  th e  GAG co n ten t  in IFP construc ts  was relatively consis ten t a t  ~  3% 

(w/w) for both  donors  (Fig, 3 . IB).
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Figure 3.1. Biochemical content of FS BM and IFP constructs from donor 1 (left column) and 

donor 2 (right column) at day 21 and 42. (A) DNA content (ng/mg w /w ); (B) GAG content 

(% w/w); (C) collagen content (% w /w ). a; p<0.05 vs. same construct type at day 21; *: p<0.05, **:

p<0.01; ***: p<0.001.
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Histological staining was used to  exannine the  spatial distribution of matrix within the 

FS constructs a t  day 42. A relatively hom ogeneous distribution of GAG and collagen 

was observed throughout the  depth of BM constructs for both donors (Figs. 3.2A, 

3.2B). This was further confirmed through biochemical quantification of the  matrix 

conten t in the  top  and bottom  halves of the  constructs, showing similar levels of 

DNA, GAG and collagen content in the  top and bottom of the  BM constructs, 

although in donor 2 th e  top  of the  constructs had significantly more collagen content 

than the  bottom  (p<0.01; Fig. 3.3). In contrast, a more heterogeneous distribution of 

matrix was observed in IFP constructs (Figs. 3.2A, 3.2B). It was observed th a t  both 

GAG and collagen accumulation decreased with depth  through the  engineered tissue 

(and also from periphery towards core). Biochemical data also confirmed a 

significantly higher level of GAG and collagen content in the  top of IFP constructs 

from both donors compared to  the  bottom (p<0.05), although no significant 

difference in DNA con ten t between top and bottom  of the  engineered tissue was 

observed (Fig. 3.3).
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Donor 1 Donor 2

BM IFP BM IFP

Figure 3.2. Histological and immunohistological staining of FS BM and IFP constructs from donor 

1 (left] and donor 2 (right) at day 42. (A) Alcian blue staining for proteoglycan; (B) Picrosirius red 

staining for collagen; (C) Immunohistological staining for collagen type II; scale bar in A, B and C; 

500 |im. (D) Immunohistological staining for collagen tjqje I. Low magnification images (inserted) 

show staining at a bulk construct level; high magnification images show staining at the peripheral 

region of the samples. Box region in low magnification image indicates area from where high 

magnification images were taken. Scale bar in low magnification images; 500 nm; scale bar in high 

magnifications images; 50 ^m.
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Figure 3.3. Biochemical content of the top and bottom halves of FS BM and IFP constructs from 

donor 1 (left column) and donor 2 (right column) at day 42. (A) DNA content (ng/mg w/w ); (B) 

GAG content (% w/w); (C) collagen content (% w /w ). a: p<0.05 vs. BM constructs from the same 

region; *; p<0.05, **: p<0.01; ***; p<0.001.

Imm unohistochemical analysis showed a strong staining for collagen type II in BM 

constructs from  both donors, with w eaker staining found in IFP constructs (Fig. 3.2C). 

Positive staining for collagen type I was also observed in the  peripheral region of the  

BM constructs from  both donors (albeit less intensely than for collagen type II); while  

IFP constructs stained negatively for collagen type I (Fig. 3.2D).
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3.3.2. The influence of dynamic compression on the functional 

properties of cartilage grafts engineered using different sources of 

MSCs

To access th e  effects of delayed dynamic com pression (DC) on chondrogenesis  of 

BM-MSCs and IFP-MSCs se e d e d  constructs, samples w ere  first cultured  in a 

chondrogenic m edium  in FS conditions for 3 w eeks (day 0-21) to  allow matrix 

estab lishm ent,  and  w e re  th en  sub jected  to  DC for a fu r the r  3 w eeks (day 21-42). DC 

significantly increased GAG (p=0.023; Fig. 3.4B) and collagen (p=0.024; Fig. 3.4E) 

co n ten t  in BM construc ts  from d o n o r  1. W hen normalized to  construc t w e t  weight, 

GAG co n ten t  (% w/w) and  collagen co n ten t  (% w/w) w e re  also significantly higher in 

loaded constructs  (p=0.042 for GAG (%w/w) and  p=0.048 for collagen (%w/w); Figs. 

3.4C, 3.4F). However, w hen  normalized to  DNA con ten t,  th e se  differences w e re  no 

longer significant (Figs. 3.4A, 3.4D, 3.4G). For IFP construc ts  from d o n o r  1, DC d idn 't  

significantly change  any of th e  biochemical m easu rem en ts  of th e  eng inee red  tissue 

(Figs. 3.4 H-N). At day 42, th e  equilibrium and dynamic m odulus of FS BM construc ts  

from d o n o r  1 w as ~ 7 0  kPa and  ~ 7 0 0  kPa respectively (Figs. 3.5A, 3.5B); while th e  

equilibrium and dynamic m odulus of FS IFP constructs  from donor 1 w ere  notably 

higher a t  ~ 3 0 0  kPa and  ~ 1 4 0 0  kPa respectively (Figs. 3 .SC, 3.5D). DC significantly 

en h an ced  th e  equilibrium and dynam ic m odulus of BM construc ts  from d o n o r  1 

(p<0.001) (Figs. 3.5A, 3.5B), h ow ever  it had no significant effects on th e  mechanical 

p roperties  of IFP construc ts  from  d o n o r  1 (Figs. 3.SC, 3.SD). DC had no significant 

effect on th e  bulk biochemical m easu rem en ts  or th e  mechanical properties  of grafts 

eng ineered  using e i ther  BM-MSCs or IFP-MSCs from do n o r 2 (Supplem entary  Fig. 3.1 

and  Figs. 3.5 E-H).
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Extracellular matrix (ECM) accumulation within the hydrogels and release into 

medium during the loading period (day 21-42) was also assessed in order to examine 

the direct influence of DC on absolute levels of ECM synthesis. For donor 1, higher 

levels of GAG release into medium was observed in BM constructs with the 

application of loading, such that DC significantly enhanced total amount of GAG 

synthesis (p<0.01; Fig. 3.6A). The total amount of collagen synthesis in BM constructs 

from both donors was not affected by the application of DC (Figs. 3.6B, 3.6F). For IFP 

constructs from donor 1, no significant difference in GAG or collagen accumulation 

within constructs or release into the medium was observed between the FS and DC 

constructs (Figs. 3.6C, 3.6D). For IFP constructs from donor 2, although a significantly 

higher level of collagen release into medium was observed with the application of DC 

(p<0.05), there was no significant difference in total GAG or collagen synthesis from  

day 21 to day 42 between the FS and DC groups (Figs. 3.6G, 3.6H).
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Figure 3.6. GAG and collagen content accumulated within the constructs, released into medium 

and the total synthesized (constructs + medium] from day 21 to day 42 in FS and DC BM (left 

column) and IFP constructs (right column) from donor 1 (upper) and donor 2 (lower). (A, C, E, G) 

GAG content (pig); (B, D, F, H) collagen content (|ig). Medium samples from day 21 to day 42 were 

analyzed for GAG or collagen content released from the constructs (n= l per group for donor 1, as 

medium from each individual construct w ere pooled; n=4 per group for donor 2, as medium from 

each individual construct were kept separate). GAG or collagen content accumulated within
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constructs from day 21 to day 42 were calculated by subtracting the mean value of GAG or 

collagen content of day 21 samples from the value of GAG or collagen content of each individual 

day 42 samples (n=4 per group). Total amount of GAG or collagen synthesis from day 21 to day 42 

was calculated by summing up the amount accumulated within constructs and the amount 

released into medium. *: p<0.05; **: p<0.01.

At the macroscopic level, there was no obvious difference in staining intensity for 

GAG or collagen between FS and DC samples for either BM or IFP constructs (Fig. 

3.7). Similarly, DC did not appear to influence collagen type II accumulation (Fig. 3.8). 

Interestingly, moderate staining for collagen type I was found in the peripheral region 

of FS BM constructs from both donors; with less intense staining observed in 

constructs subjected to DC (Fig. 3.8). IFP constructs stained negatively for collagen 

type I regardless of the loading condition (Fig. 3.8).
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Figure 3.7. Histological staining of FS and DC BM and IFP constructs from donor 1 [left) and donor 

2 (right) a t day 42. Upper two rows: Alcian blue staining for proteoglycan; low er two rows: 

Picrosirius red for collagen. Scale bar: 500 urn.
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Figure 3.8. Immunohistological staining of FS and DC BM and IFP constructs from donor 1 (left) 

and donor 2 (right) at day 42. Upper two rows: immunohistological staining for collagen type II, 

scale bar: 500 nm. Middle tw o rows: immunohistological staining for collagen type I, scale bar: 

500 nm; Box region indicates area from w here high magnification images (lower tw o rows) were 

taken. Lower two rows: immunohistological staining for collagen type I a t the peripheral region of 

the samples (high magnification); L: ligament (positive control); C: cartilage (negative control). 

Scale bar: 50 nm.
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3.3.3. The influence of DC on the spatial development of 

engineered cartilage

Overall, th e  application of DC did not dramatically a l te r  th e  spatial accum ulation of 

GAG o r  collagen in th e  to p  and bo ttom  of eng inee red  t issues  (Supplem entary  Figs. 

3.2 A-F), a l though  it m ad e  matrix distribution m ore  h o m o g en eo u s  in IFP construc ts  

from  d o n o r  2 (Supplem entary  Figs. 3.2G, 3.2H). Histological staining with Alcian Blue 

w as less in ten se  a round  th e  periphery  of BM construc ts ,  particularly for d o n o r  1 (Fig. 

3.9). The pericellular matrix (PCM) in th e  peripheral region of DC construc ts  s tained 

m o re  in tensely  for GAG co m p ared  to  FS controls (Fig. 3.9). The extracellular matrix 

(ECM) in this region of DC tissues also stained m ore  in tensely  for GAG and collagen 

(Fig. 3.9).
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Supplementary Figure 3.2. Biochemical content of top and bottom halves of FS and DC BM (1® )̂ 

and IFP constructs (right) from donor 1 (A, B, C, D) and donor 2 (E, F, G, H) at day 42. (A, C, E, G) 

GAG content (% w/w); (B, D, F, H) collagen content (% w/w). +: p<0.1; *: p<0.05, **: p<0.01; ***:

p<0.001.
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Figure 3.9. Histological staining of FS and DC BM constructs from donor 1 at the peripheral and 

central region of the tissue at day 42. (A) Alcian blue staining for proteoglycan; (B) Picrosirius red 

staining for collagen. P: peripheral region; C: central region. Box region in low magnification 

images (side two columns) indicates area from where high magnification images (middle two 

columns) were taken. Asterisks and arrows in high magnification images indicate ECM and PCM 

respectively. Scale bar in low magnification images: 500 tun; scale bar in high magnification 

images; 50 nm.
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3.3.4. The influence of DC on hypertrophy of chondrogenically 

primed BM-MSCs

Alizarin red staining and nCT scans were carried out to assess mineralization of the 

engineered cartilaginous constructs. At day 42, positive staining was found in FS BM 

constructs, while tissues subjected to DC stained negatively (Fig. 3.10A). In spite of 

this, no significant difference in ALP activity in the medium of FS and DC constructs 

was found (data not shown). piCT scans of mineral deposition within the constructs 

were consistent with the results of the histological analysis (Fig. 3.10B). In three out 

of four samples, less mineral was measured in DC samples compared to FS controls 

(Fig. 3 .IOC). All IFP constructs stained negatively for mineralization (Fig. 3.10A). 

Furthermore, no ALP activity was measured in the culture medium (data not shown).
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A  BM IFP

FS DC FS DC

B
Donor 1 BM Donor 2 BM

FS DC FS DC

c FS
(mineral volume mm^)

DC
(mineral volume mm^)

Donor 1 BM
0.1859 0

0 0

Donor 2 BM
0.0285 0.0014
0.0073 0.0006

Mean ± SD 0.0554 ±  0.0878 0.0005 ±  0.0007

Figure 3.10. Assessment of mineralization in FS and DC BM and IFP constructs from donor 1 and 

donor 2 at day 42. (A) Alizarin red staining of mineral deposition in FS and DC BM and IFP 

constructs from donor 1 at day 42; scale bar: 500 jim. Images represent the main finding for both 

donors. (B) 3D images obtained with jiCT scan of mineral deposition within FS and DC BM 

constructs from both donors. Scale bar; 1mm. (C) Volume of minerals in FS and DC BM constructs 

from both donors. Two constructs per group were scanned using nCT.
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3.4. Discussion

The global objective of this study was to explore how dynamic compression would 

influence the functional development of cartilaginous grafts engineered using 

different sources of MSCs. In agreement with previous studies (Huang et al., 2010, 

Bian et al., 2012, Thorpe et al., 2013, Mauck et al., 2007, Kisiday et al., 2009), we 

showed the application of dynamic compression (DC) can be beneficial to the 

development of cartilaginous grafts engineered using BM-MSCs, with loading having 

the potential to increase matrix accumulation and the mechanical properties of the 

graft while simultaneously suppressing collagen type I accumulation and mineral 

deposition. In contrast, DC did not have a dramatic effect on the functional 

development of cartilaginous grafts engineered using IFP-MSCs, with no significant 

changes observed in matrix synthesis or in mechanical properties of engineered 

tissues subjected to loading.

While some donor to donor variability was observed, MSCs isolated from both BM 

and IFP tissue generated cartilaginous constructs with a proteoglycan content, 

measured as a percentage of wet weight, approaching that observed in the skeletally 

immature tissue (Gannon et al., 2012) (Fig. 3.IB). This in turn led to the development 

of tissues with mechanical properties of a similar order of magnitude to native 

skeletally immature tissue, with the equilibrium modulus reaching up to 300 kPa (Fig. 

3.5). Perhaps the most striking difference between the tissues engineered using BM 

and IFP derived MSCs was the spatial accumulation of matrix within the hydrogel. 

Greater levels of extracellular matrix (ECM) accumulation was observed around the 

periphery of IFP constructs from both donors, while a more homogenous distribution 

of ECM observed in BM constructs (Fig. 3.2). This may be due to the fact that 

IFP-MSCs are more metabolically active than BM-MSCs, leading to the development 

of nutrient deprived regions towards the centre of the constructs. (Indeed, IFP-MSCs 

and BM-MSCs are known to be phenotypically different (Vinardell et al., 2012b).) The
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greater levels of proliferation observed in IFP constructs may also be contributing to 

the development of such a nutrient deprived core region in the engineered tissue. 

Alternatively, it may be possible that nutrient deprived regions develop in the centre 

of both IFP and BM constructs, but that BM-MSCs are better equipped to thrive in 

such conditions than IFP-MSCs. Evidence against this hypothesis can be found in 

recent studies which demonstrate that BM-MSCs are sensitive to nutrient supply and 

undergo superior chondrogenesis under optimal nutrient conditions (Farrell et al., 

2012). Further studies are required to compare the metabolic requirements of 

different sources of MSCs, as if differences do exist then the culture conditions to 

optimize the functional development of cartilage grafts will need to be optimized for 

specific MSC types.

Dynamic compression did not appear to enhance the development of cartilage grafts 

engineered using IFP-MSCs. This may be due to the fact that these cells possess a 

strong intrinsic potential to generate a matrix rich in proteoglycans, which has 

already approached the levels that is observed in native skeletal immature tissue, 

following TGF-P3 stimulation in free swelling conditions, and hence chondrogenesis 

of IFP-MSCs is not further enhanced following the application of DC. Furthermore, 

when dynamic compression was observed to increase ECM synthesis in BM 

constructs, these changes were relatively small. As previous studies provide support 

for the hypothesis that mechanical load promotes chondrogenesis of human MSCs 

through the TGF-3 pathway by up-regulating TGF-P gene expression and protein 

synthesis (Li et al., 2010), it is perhaps unsurprising that dynamic compression has 

only a small effect on ECM synthesis in culture environment containing abundant 

TGF-33 . Further work is required to identify if alternative loading periods or 

magnitudes would have a more positive impact on MSC chondrogenesis.

The spatial differences in ECM accumulation observed in BM and IFP constructs (and 

indeed between MSCs taken from the same tissue source but from different donors) 

may provide an alternative explanation for why DC did not consistently result in an
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increase in matrix synthesis. Finite element models have demonstrated that 

localization of ECM to the outer layer of the engineered tissue, similar to that 

observed in IFP constructs from both donors, can result in an order of magnitude 

increase in the peak volumetric strain (i.e. a measure of volume changes) and 

deviatoric strain (i.e. a measure of shear deformation at constant volume) in the 

tissue, but to a reduction in the peak pore pressure in the centre of the construct 

(Khoshgoftar et al., 2013). Therefore the spatial mechanical environment in the IFP 

and BM grafts are very different, even though the same global deformation is being 

applied to each engineered tissue. It is therefore possible that the more homogenous 

ECM distribution observed in the BM-MSCs seeded construct is leading to the 

development of a more chondrogenic mechanical environment when these tissues 

are subjected to DC. Similarly, donor to donor variability in the response of MSCs to 

loading may also potentially be explained by variations in ECM accumulation. The fact 

that BM-MSCs from donor 1 responded anabolically to the application of DC, while 

donor 2 did not, may be due to the greater levels of ECM accumulation observed in 

the grafts generated from donor 2, which may necessitate alterations to the 

magnitude of global deformation applied to the engineered tissue as it develops to 

create a pro-chondrogenic mechanical environment at the cellular level (Khoshgoftar 

et al., 2013). These results also serve to highlight the challenges of exploring donor 

dependent variability in the response of MSCs to biophysical cues. Given that spatial 

ECM accumulation determines the local cellular mechanical environment in 

engineered tissues subjected to DC, and that ECM develops uniquely with the 

engineered tissue of each donor, it is difficult if not impossible to attribute 

differences in matrix synthesis in response to DC between the different donors to 

either donor dependent MSC mechano-responsiveness, differences in ECM 

accumulation between donors or a combination of both.

It was found that a small, but significant, increase in GAG and collagen accumulation

(~8%  increase in GAG and collagen accumulation with the application of DC) lead to a

relatively higher increase (~25% ) in the equilibrium modulus of the BM constructs
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(Figs. 3.4, 3.5). Previous studies have found that the delayed application of dynamic 

compression to cartilaginous tissues engineered using BM-MSCs can lead to 

improvements in the mechanical properties of the grafts without significantly 

changing the bulk levels of GAG and collagen accumulation within the tissue (Huang 

et al., 2010). DC did however lead to an altered distribution of matrix components 

within the engineered tissue, which may in turn contribute to the improved apparent 

mechanical properties (Huang et al., 2010). While such dramatic changes in ECM 

distribution were not observed in this study, which may be due to the fact that we 

only applied 1 hour of DC compared to 4 hours used in other studies, subtle changes 

in PCM and ECM accumulation were observed following the application of loading. 

For example, the superficial region of BM constructs, which generally stain weakly for 

GAG, appeared more intensely stained in loaded constructs (Fig. 3.9). Any loading 

regime that leads to the development of a more homogenous engineered tissue 

should lead to increased construct mechanical properties independent of any 

increase in biochemical composition (Khoshgoftar et al., 2012).

In agreement with a number of recent studies (Thorpe et al., 2012, Bian et al., 2012, 

Vinardell et al., 2012a, Steward et al., 2012), we also found that mechanical cues 

would appear to be critical to the maintenance of the cartilage phenotype in 

chondrogenically primed BM-MSCs. Collagen type I accumulation and mineralization 

within BM constructs was suppressed by the application of DC (Figs. 3.8, 3.10). This 

suggests that much of the concern associated with hypertrophy and endochondral 

ossification of chondrogenically primed BM-MSCs could be associated with the 

absence of mechanical cues within most in vitro culture conditions and many in vivo 

models (such as subcutaneous implantation) used to access the phenotypic stability 

of tissue engineered grafts. Under the appropriate mechanical environment within 

load bearing cartilage defects, it may be that BM-MSCs will generate phenotypically 

stable articular cartilage. In contrast, constructs engineered using IFP-MSCs showed 

no type I collagen deposition or mineralization. This is line with the findings from
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others, which showed cartilage tissues engineered using this cell type do not proceed 

along the  endochondral pathway in general (Vinardell et al., 2012b).

In conclusion, both BM and IFP derived MSCs were capable of generating  

cartilaginous tissues w ith  near native levels of GAG content and mechanical 

properties approaching tha t observed in skeletally im m ature animals. Collagen 

accum ulation, as has been observed in numerous cartilage tissue engineering studies, 

was still significantly lower than the native tissue. The application of dynamic 

compression could at best lead to  small increases in ECM accumulation, although not 

for all donors or cell types. It is difficult to argue that such small increases in ECM 

synthesis would w arrant the use of bioreactors in a clinical context. W hether the  

potential increases in mechanical properties o f the graft, or the suppression of 

hypertrophy, merits their use requires further in vivo studies.
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Chapter IV

Engineering zonal cartilaginous tissue using 

infrapatellar fa t pad derived mesenchymal stem cells by 

modulating the spatial environment within the 

developing construct
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4.1. Introduction

Articular cartilage (AC) is a highly organised tissue with spatially-varying structure and 

composition (Klein et al., 2009a). It's typically divided into three zones: the 

superficial, middle and deep zone, with each zone displaying distinct biological and 

mechanical properties and functions (Klein et al., 2009b). Cellular morphology, 

collagen network organisation and extracellular matrix (ECM) composition all vary 

through the depth of the tissue (Klein et al., 2009a, Klein et al., 2009b, M ow and Guo, 

2002). In human adult AC, the collagen content is highest in the superficial zone and 

its content (as a % of dry weight) decreases with depth whereas proteoglycan 

content increase with depth and is highest in the deep zone (Muir et al., 1970). This 

unique depth dependent structure and composition is crucial to the mechanical 

functions of AC (Wilson et al., 2007, Gannon et al., 2012, Roth and Mow, 1980, 

Williamson et al., 2003). For example, the high collagen content and its densely 

packed parallel structure in the superficial zone provides the tissue with the 

necessary tensile strength to withstand the challenging loading conditions 

experienced in this region during joint movement (Roth and Mow, 1980, Williamson 

et al., 2003). This densely packed collagen structure is also believed to contribute to 

the low permeability of the superficial zone (Mansour and Mow, 1976, Maroudas et 

al., 1968), which in turn contributes to the dynamic properties of the tissue (Gannon 

et al., 2012). The increase of glycosaminoglycan (GAG) content from the superficial 

region to the deep zone has also been shown to correlates with the increase in the 

compressive modulus with depth through the tissue (Wilson et al., 2007, Klein et al., 

2007).

Despite the importance of this zonal structure and composition to the function of AC, 

to date relatively few studies have attempted to engineer zonal constructs with a 

structure and composition mimicking that of the native tissue. Early efforts involved 

isolating chondrocytes from different zones of AC and incorporated them separately 

into specific regions of the construct in an attempt to engineer zonal cartilage tissue
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(Kim et al., 2003, Klein et al., 2003, Sharma et al., 2007). Challenges with this 

approach include the difficulty to distinguish different zones in a diseased cartilage 

and the relatively low availability of zonal chondrocytes, which may limit the clinical 

translation of this approach. Alternative strategies include varying the stiffness (Ng et 

al., 2009, Ng et al., 2006, Ng et al., 2005) or composition (Nguyen et al., 2011b) 

through the depth of a scaffold. For example, Nguyen et al. has demonstrated that 

unique biomaterial compositions can direct bone marrow derived mesenchymal stem 

cells (BM-MSCs) into specific chondrocytic phenotypes corresponding to the various 

zones of AC (Nguyen et al., 2011a), and that by incorporating these different 

biomaterial compositions into a three-layer cell seeded scaffold, it is possible to 

create a construct with spatially-varying mechanical and biochemical properties 

similar to the native cartilage (Nguyen et al., 2011b). Potential limitations associated 

with such approach include the development of a distinct boundary between gel 

layers, with potentially poor integration and mechanical discontinuity at the interface 

of layers.

An alternative approach to engineer zonal cartilage is to attempt to  recapitulate 

aspects of the tissue microenvironments which may be responsible for the formation 

of the zonal structure in AC during tissue development and maturation (Thorpe et al., 

2013). Among such environmental cues, oxygen tension and mechanical environment 

are the two factors known to play a key role in regulating chondrogenesis. 

Physiologically AC exists in a low oxygen tension environment, and this oxygen 

tension also decreases from the cartilage surface to the depth of the tissue (Zhou et 

al., 2004). Meanwhile, the tissue experiences various mechanical stimuli such as 

compression and tension during joint movement (M ow and Guo, 2002). A previous 

study (Thorpe et al., 2013) from our lab has used partial confinement of cell seeded 

hydrogels to create a gradient in oxygen tension through the depth of the construct 

mimicking that of the native tissue. By coupling such confinement of BM-MSCs 

seeded hydrogels with dynamic compression, which generated high levels of tensile 

stain across the top of the construct, it was possible to engineer constructs with zonal
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gradients mimicking certain aspects of native cartilage. However, the overall 

biochemical and mechanical properties of the engineered tissue were significantly 

lower than those of the native cartilage. Furthermore, hypertrophy and 

mineralization were also found in the engineered tissues.

The previous chapter of this thesis demonstrated that IFP-MSCs can be used to 

engineer cartilage grafts with bulk equilibrium mechanical properties approaching 

that of the native tissue; and that cartilage grafts engineered using this cell type do 

not undergo hypertrophy or endochondral ossification in general. Furthermore, these 

engineered tissues were spatially heterogeneous, demonstrating that IFP-MSCs are 

sensitive to the gradients in regulatory factors that develop within cell seeded 

hydrogels. Therefore, the objective of this study was to  explore if cartilage tissue with 

a native-like composition, both in terms of absolute levels of matrix accumulation 

and its spatial distribution, can be engineered by spatially modulating environmental 

cues through the depth of IFP-MSC seeded hydrogels. Based on a previous study 

from our lab (Thorpe et al., 2013), we sought to achieve this through the combined 

application of partial construct confinement and dynamic compression, which has 

been shown to spatially modulate both the nutrient availability (including oxygen 

tension) and mechanical cues within MSC seeded hydrogels. To achieve this goal, we 

first sought to explore how the height of IFP-MSC seeded constructs would influence 

the spatial development of the engineered tissue, as nutrient availability is strongly 

dependent on the size of engineered tissues. We next sought to explore how 

modulating the gradients in nutrients within such engineered tissues, by partially 

confining the constructs, would modulate the development of the constructs. The 

next phase sought to explore how the application of dynamic compression would 

influence the functional development of engineered cartilage, and if its impact would 

also depend on the height of the engineered tissue. The final phase of the study 

sought to explore whether the combination of partial confinement and dynamic 

compression would lead to development of a cartilage construct with a zonal 

composition mimicking that of the native tissue.
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4.2. Materials and Methods

4.2.1. Cell Isolation and Expansion

Porcine IFP-MSCs w ere isolated from  the entire IFP of the knee jo in t (n=2, 3 -4  months 

old, ~50kg) using a previously described protocol (Buckley and Kelly, 2012). Cells 

w ere then seeded at a density of 5x10^ cell/cm^ in high-glucose Dulbecco's modified  

Eagle's m edium  (hgD M EM ) G lutaM AX™  supplem ented with 10% fetal bovine serum  

and 1% penicillin (100 U /m L)-streptom ycin (100 ng/mL) (all GIBCO, Biosciences, 

Dublin, Ireland) and expanded to  passage tw o  (P2) in a humidified atm osphere of 5% 

CO2 at 37°C. Fibroblast-grow/th factor-2 (ProSpec-Tany TechnoGene Ltd, Israel) was 

added into the  m edium  during the  whole expansion period at a concentration of 5 

ng/m l to  prom ote the grow/th and chondrogenic potential o f the IFP-MSCs (Buckley 

and Kelly, 2012).

4.2.2. Hydrogel construct fabrication and culturing

At the end of P2, cells w ere  harvested and encapsulated in agarose (Type VII) as 

previously described (Thorpe et al., 2010) to  obtain a final gel concentration of 2% 

and a cell density of 20 x 10® cells/m l. The agarose-gel suspension was then cast 

between stainless steel plates, one of which was overlaid w ith a patterned  

Polydimethylsiloxane layer, allowed cool to  room tem perature  (RT), and cored to 

produce cylindrical constructs w ith  a d iam eter of 6 mm and a height of e ither 2 mm  

or 4 m m  (4 mm height constructs w ere fabricated using cells isolated from  a d ifferent 

donor). All resulted constructs w ere w ith  patterns on one surface. Each type of 

constructs (2 m m /4  mm height) w ere then m aintained respectively in a 58 cm^ 

culture dish (6 constructs per dish; Nunclon; Nunc, VWR, Dublin, Ireland) in e ither 6 

ml (per 2 mm height constructs) or 9 ml (per 4 mm height constructs) of
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chondrogenic medium consisting of hgDIVlEM GlutalVlAX™ supplemented with 

penicillin (100 U/ml)-streptomycin (100 ng/ml), 100 ng/ml sodium pyruvate, 40 

Hg/ml L-proline, 4.7 ng/mL linoleic acid, 50 ng/ml L-ascorbic acid-2-phosphate, 1.5 

mg/ml bovine serum albumin, 1 x insulin-transferrin-selenium, 100 nM 

dexamethasone (all from Sigma-Aldrich, Dublin, Ireland) and 10 ng/ml recombinant 

human transforming growth factor-33 (TGF-33; ProSpec-Tany TechnoGene Ltd). Care 

was taken to ensure that the constructs remained patterned surface up throughout 

the culture period and that they did not flip over to stabilise the oxygen and glucose 

gradient within them. Media was exchanged twice weekly. At each exchange media 

was sampled and stored at -85°C for biochemical analysis.

4.2.3. Experimental design

Both 2 mm and 4 mm constructs were first maintained in unconfined free swelling 

(UFS) conditions in a chondrogenic medium for 21 days to allow matrix establishment 

(Haugh et al., 2011). At this point, samples were confined to half of their height using 

custom made Polytetrafluoroethylene confinement chambers and subjected to 

dynamic compression of 10% strain (IH z, 2 hours/day, 5 days/week) for a further 21 

days as previously described (Thorpe et al., 2013) (see CDC group; Fig. 4.1), while 

samples remained in UFS conditions were used as a control. The effect of these 

boundary conditions was to lower the oxygen tension in the bottom of the construct 

and increase the magnitude of strain in the top of the tissue to more closely 

recapitulate the in vivo microenvironment within articular cartilage. Samples that 

were confined but still in FS conditions (CFS) and samples that remained unconfined 

but subjected to DC (UDC) were also kept to study to effects of confinement alone 

and dynamic compression alone on the development of the tissue (Fig. 4.1). 

Constructs (n=6 per group) were assessed at day 0, 21 and 42.
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Constructs
Day 0

UFS Culture dish base

Day 21

UFS

Day 42
UFS UDC CFS CDC

Figure 4.1. Experimental design. Constructs were first cultured in unconfined free swelling (UFS) 

conditions until day 21, and care was taken to ensure constructs did not flip over during the 

whole culture period to maintain a stable oxygen and glucose gradient within them. Samples were 

then confined to half of their height and subjected to dynamic compress (CDC) until day 42 while 

samples remained in UFS conditions were used as controls. Constructs that were confined but still 

in free swelling (CFS) conditions and constructs that remained unconfined but subjected to 

dynamic compression (UDC) were also kept to study the effects of confinement alone and 

dynamic compression alone on the development of the tissue.

4.2.4. Computational modelling of oxygen, glucose and mechanical 

environment within developing constructs

Modelling of oxygen, glucose availability within developing constructs

The bellowing modelling was kindly carried out by my colleague Adam O'Reilly. The 

diffusion of oxygen and glucose was modelled using a mass balance relation 

combined with Pick's law for diffusion (Sengers et al., 2005, Thorpe et al., 2013, Zhou 

et al., 2004). The reaction term in the equation followed Michaelis-Menten kinetics:

—  =  DV^c -  n 
dt

QmC
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Here, c is the  solute concentration [mol L‘ ]̂, D is the diffusion coefficient [cm^ s’^], n is 

the  cell density [cells L'^], Qm is the maximum consumption rate [mol h'^] and Km is 

the  concentration at half the  maxim um consumption rate [mol L'^]. The values of the  

param eters fo r each solute diffusion model w ere obtained from  the literature. For 

the  oxygen model; Qm,02 = 38.88 fm ol h'^cell (Buckley et al., 2012) and; Km,02 = 6 x 

10® mol m'^ (Sengers et al., 2005). Similarly, for the glucose diffusion model; 

Qm,glucose = 61.2 fmol h'^ celi'^ and; Km,glucose = 0 .35  x 10'^ mol m'^ (Sengers et al., 

2005). For both models the diffusion coefficient in 2 % agarose was calculated using 

the Mackie and M eares relation:

^ a g  _
Dh20 (2  -  Uf)

Assuming that nf = 0 .98 for 2 % agarose; for the oxygen model, w here DH2 0 O2 = 3.0 x 

10'^ cm ^s'\ DagP2 = 2.77 x 10'^ cm^ s '\  Similarly, for the glucose model, DH2 0 /glucose = 

0.92 X 10’  ̂cm^ s‘  ̂and Dag,glucose = 0.85 x 10'^ cm^ s‘ .̂

Using COMSOL, an axisymmetric model was constructed for both the confined and 

the unconfined case. In accordance with the experim ental procedure, both groups 

w ere initially modelled as unconfined for the  first 21 days, before being split into 

the ir respective groups for the remaining 21 days. The initial value for glucose in the  

media was 25 m M  while fo r the oxygen model the initial value in the media was 

208.5 nM ; a value which corresponded to  an oxygen tension of 21 %. For the  oxygen 

model there was also an essential boundary condition of 208.5 piM at the  free surface 

to  account for the diffusion of oxygen into the media from  the atm osphere. A media  

change was modelled every 3.5 days at which point the oxygen and glucose 

concentrations in the media w ere returned to  their initial values.

Modelling of mechanical environment within developing constructs

The bellowing modelling was kindly carried out by my colleague Adam O'Reilly. The 

peak fluid pressure and the maxim um strain in the axial and radial directions w ere
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estimated during the dynamic compression loading phase for both the confined and 

unconfined groups at day 21. Using the finite element package FEBio, a pseudo 

axisymmetric model was developed for both construct geometries, each of which 

were compressed to 10 % strain over 0.5 seconds. In order to characterise the 

heterogeneous distribution of collagen and sGAG through the construct, an algorithm 

developed by the Kelly lab was employed. Briefly, this made use of histology images 

to calculate the material parameters in each element of the geometry based on its 

pixel intensity relative to the total number of pixels in the image.

Alcian blue and picrosirius red histology images were used to quantify the 

distribution of sGAG and collagen respectively. The algorithm involved splitting each 

image into elements corresponding to the mesh of the stiffness model. The relative 

pixel intensity was then used to determine the percentage wet weight of the ECM 

component in each element of the image. The material parameters for the stiffness 

model used to characterise the mechanical properties of each element were then 

updated with respect to the ECM concentration. The parameters relating to the sGAG 

were updated using the same algorithm outlined in the studies conducted by 

Narmoneva et al. and Khoshgoftar et al. (Narmoneva et al., 1999, Khoshgoftar et al., 

2012) while the material parameters related to the collagen were changed using a 

simple linear approach outlined by Nagel et al. (Nagel and Kelly, 2012).

The governing stress equation used for the mechanical model was the same as the 

one used by Nagel et al. (Nagel and Kelly, 2012) with the exception that fluid 

pressurization during loading was also considered. Fluid pressure was accounted for 

using the permeability model detailed in the study conducted by Holmes & Mow 

(Holmes and Mow, 1990). The total stress was thus given by:

^ to ta l  ~  " I "  ^ c o lla g e n  ^ a g a ro s e  ~

Here; An was the Donnan osmotic pressure which was dependent on the 

concentration of sGAG in the element; Ofibres was the stress in the collagen fibre
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network, this was assumed to be isotropic and dependent on the concentration of 

collagen in the element; oAgarose was the stress in the agarose hydrogel which was 

constant and isotropic; p accounted for the fluid pressure, this was assumed to be 

independent of the concentration of extra cellular matrix (ECM) components.

The method was validated by using it to predict the stress relaxation curve of the 

unconfined stiffness tests conducted at day 21 on the 2 mm and 4 mm constructs. 

Both cases produced curves which matched the experimental data with an > 0.95.

4.2.5. Assessment of mechanical properties

Construct mechanical properties were tested (n=3/4 per group) using a standard 

materials testing machine with a 5 N load cell (Zwick Roell ZOOS, Herefordshire, UK) 

as previously described (Buckley et al., 2009). Briefly, constructs were immersed in 

phosphate buffered saline (PBS) bath (RT) and placed between two impermeable 

platens. A preload of 0.01 N was used to ensure direct contact between construct 

and platen surfaces. An unconfined stress-relaxation test was then performed, which 

consisted of a ramp compression up to 10% strain of the sample thickness followed 

by a hold period of 30 minutes until equilibrium was reached. The equilibrium 

compressive modulus of the sample was calculated from the equilibrium force. A 

dynamic test consisting of a cyclic strain amplitude of 1% at 1 Hz for 10 cycles was 

performed directly after the equilibrium test to determine the dynamic modulus.

4.2.6. Quantitative biochemical analysis

After mechanical testing, constructs were maintained in PBS for 30 mins to allow 

them to recover to their initial thickness, after which constructs (n=3/4 per group) 

were transversely sliced into two halves for determination of the spatial distribution 

of matrix within the engineered tissue. The top and bottom halves of the samples
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were weighed (wet) and stored separately a t -85 °C for subsequent analyses. Sannples 

were digested with 125 |ig/ml papain in 0.1 M sodiunn acetate, 5 mM L-cysteine HCI, 

0.05 M EDTA, pH 6.0 (all Sigma-Aldrich) under constant rotation at 60 °C for 18 hours. 

The DNA content of the  sannples was m easured using the Hoechst bisBenzimide 

H33258 dye assay with calf thymus DNA as a standard as previously described (Kim et 

al., 1988). GAG content was quantified using the dimethylmethylene blue 

dye-binding assay (Blyscan, Biocolor Ltd., Northern Ireland), with a chondroitin 

sulphate standard. Collagen content was determined through m easurem ent of the  

hydroxyproline content (Kafienah and Sims, 2004) and calculated using a 

hydroxyproline-to-collagen ratio of 1:7.69 (Ignat'eva e t al., 2007). GAG/collagen 

accumulation within constructs was normalized to construct wet weight and to  DNA 

content. GAG/collagen release into the  media during the  whole culture period was 

also analysed using the m ethods described above. Total GAG/collagen synthesis was 

calculated by the  sum of GAG/collagen accumulation within constructs and release 

into media.

4.2.7. Histology and immunohistochemistry

w hole  constructs (n=2 per group) were fixed with 4% paraformaldehyde 

(Sigma-Aldrich), wax em bedded and sectioned perpendicularly to  the  disk surface at 

a thickness of 5 nm. Sections were stained histologically with 1% alcian blue 8GX in 

O.IM HCI for GAG distribution and with picro-sirius red for collagen distribution (all 

Sigma-Aldrich). Sections were immunohistochemically stained for collagen type I! 

using a mouse monoclonal collagen type II antibody (1:100; 1 mg/mL; Abeam) as 

previously described (Thorpe e t  al., 2010). Constructs were also 

immunohistochemically stained for proteoglycan 4 (PRG4) expression with a mouse 

monoclonal antibody (1:50; 0.5 mg/mL; Novus Biologicals, Littleton, USA) using a 

modified protocol. Briefly, Sections were enzymatically trea ted  with 1 mg/ml pronase 

(64072 PUK/g; IVlillipore Ireland, Cork, Ireland) in a humidified environment a t 37 °C
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for 12 mins. Slides w ere then blocked with blocking buffers consisting o f PBS 

containing 1% bovine serum albumin and 10% goat serum (all Sigma-Aldrich) for 2 

hours at RT and sections w ere incubated w ith the primary antibody diluted in 

blocking buffer at 4 °C over night. A fter washing in PBS/0.05% Tw een20 (S igm a- 

Aldrich), sections w ere blocked for peroxidase activity using hydrogen peroxide 

(Sigma-Aldrich), followed by an incubation fo r 1 hour in the secondary antibody, 

anti-mouse IgG biotin antibody produced in goat (1:133; 2 mg/mL; Sigma-Aldrich). 

Colour was developed using the Vectastain ABC kit followed by exposure to  

peroxidase DAB substrate kit (both Vector Laboratories, Peterborough, UK). Sections 

of porcine cartilage and ligament w ere used as positive and negative controls for 

collagen type II staining respectively. For PRG4 staining, cartilage (superficial zone) 

was used as positive control and cartilage w ithout the addition of prim ary antibody  

was used as negative control.

4.2.8. Statistical analysis

Statistics w ere perform ed using MINITAB 15.1 software (M in itab  Ltd., Coventry, UK). 

A tw o-sam ple T-test was used for data sets containing only tw o  groups. For data sets 

which contain more than tw o  groups, a general linear model for analysis o f variance 

with Tukey's test for m ultiple comparisons was used. Significance was determ ined at 

p<0.05 and a trend towards significance was determ ined at p<0.1. All graphical 

results are presented as mean ± standard deviation.
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4.3. Results

4.3.1. Construct height determines the spatial development of 

tissue engineered cartilage

The availability of regulatory factors such as oxygen and glucose w/ithin engineered  

tissues will depend on the size of the  cell seeded construct. Therefore we first sought 

to  explore how the height o f IFP-MSC seeded agarose hydrogels would determ ine the  

availability of oxygen and glucose w ithin the construct and hence the spatial 

developm ent of the engineered tissue. Cell seeded constructs of e ither 2 m m  or 4 

mm in height w ere  fabricated (w here the top surface of the constructs was 

patterned) and care was taken to  ensure they did not flip over during the culture  

period to  help maintain a stable oxygen and glucose gradient through the engineered  

tissues. Finite e lem ent models (undertaken by my colleague Adam O'Reilly) predicted  

that a low oxygen m icroenvironm ent develops in the bottom  core of 2 mm hydrogels 

(^5% O2, see red circle area), while an even lower oxygen tension is predicted in the  

bottom  of the 4 mm gels, w ith  an average oxygen tension of 1.24% within the bottom  

half o f the construct (Fig. 4.2A). M odels also predicted sufficient and relatively  

homogeneous glucose availability w ithin both 2 mm and 4  mm constructs, w ith  no 

dram atic differences observed betw een them  (Fig. 4.2B). The 2 mm constructs 

stained reasonably homogenously for GAG and collagen, while a larger core region 

staining less intensely for GAG and collagen was observed in the 4 m m  gels (Fig. 4.2C  

and D).
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4 mm

Figure 4.2. Oxygen and glucose environment and matrix distribution with 2 mm and 4 mm 

samples at day 42. (A] An axisymmetric computational model predicting oxygen environment and 

(B) an axisymmetric computational model predicting glucose environment within both 2 mm and 

4 mm samples. The resulted oxygen/glucose concentration data was calculated from the regions 

within constructs which were indicated by grey boxes. (C) Alcian blue staining of GAG and (D) 

Picro-sirius red staining of collagen distribution within both samples at day 42. Histology images 

were taken at 2x magnification, and they represent approximately 2 /3  of the whole sample.
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To further explore the spatial development of the engineered tissues they were 

sliced half way along their height and the biochemical content of the 'top' and 

'bottom' of the engineered tissue was measured (Fig. 4.3). At day 42, both 2 mm and 

4 mm gels contained significantly higher levels of DNA compared to day 0 (data not 

shown), suggesting cells proliferated during this time period. The DNA content was 

higher in the top of both 2 mm and 4 mm tissues compared to the corresponding 

bottom region of each construct (p<0.05; Fig. 4.3A), indicating greater cell 

proliferation in this region of the engineered tissue. There was a trend (p<0.1) 

towards greater GAG accumulation (as a % of wet weight) in the bottom of the 2 mm 

constructs (Fig. 4.3B), which was significant (P<0.01) when GAG content was 

normalised to DNA content (Fig. 4.3D). Greater (P<0.001) collagen accumulation (as a 

% of wet weight) was observed in the top of the 4 mm constructs (Fig. 4.3C), however 

no significant difference was observed if collagen content was normalised to DNA 

content (Fig. 4.3E).
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Figure 4.3. Biochemical content of the top and bottom halves of 2 mm and 4 mm unconfined free 

swelling (UPS) samples at day 42. (A) DNA content [ng/m g w /w ]; (B] GAG content [% w /w ]; (C) 

Collagen content [% w /w ]; (D) GAG/DNA [ng/ng] and (E] Collagen/DNA [ng/ng]. +: trend, p<0.1; 

*: p<0.05; **: p<0.01; ***:p<0.001.
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4.3.2. Modulating spatial oxygen and glucose availability within 

stem cell seeded hydrogels by partially confining the constructs 

alters matrix synthesis and the spatial development of the 

engineered tissue

As a low oxygen environment is know/n to enhance chondrogenesis of stem cells 

(Buckley et al., 2010a, Meyer et al., 2010), we next sought to determine how 

reducing oxygen availability to the bottom of stem cell seeded hydrogels, by radially 

confining the bottom half of the engineered tissue, would influence the matrix 

synthesis and distribution of the construct. W e have previously shown that this 

approach can be used to increase GAG accumulation within the bottom of BM-MSC 

seeded hydrogels (Thorpe et al., 2013). Confining the hydrogels was predicted to 

lower the oxygen tension in the bottom of both the 2 mm and 4 mm gels, particularly 

towards the periphery of the gels (Fig. 4.4, see red circles). It was also predicted to 

increase oxygen levels in the top of the engineered tissue (the confinement chamber 

moved the construct higher in the culture media and hence nearer the oxygen 

source), leading to the development of a steeper oxygen gradient through the depth 

of the construct. A reduction in glucose availability throughout the hydrogels was 

also predicted in both the 2 mm and 4 mm confined gels, nevertheless this reduced 

glucose level (~  18 m M ) is still predicted to be sufficient for maintaining cell viability 

(Fig. 4.4). Partial confinement of free swelling (CFS) hydrogels was found to increase 

both total GAG and collagen synthesis in the 2 mm gels compared to unconfined free 

swelling (UFS) constructs (p<0.05), however no significant difference was observed 

when total GAG or collagen synthesis was normalised to DNA content (Fig. 4.5A and 

B). In the 4mm gels, partial confinement reduced total GAG synthesis and this was 

also significant when total GAG synthesis was normalised to DNA content (p<0.05; 

Fig. 4.5A). Looking at the spatial development of the engineered tissues, it was found 

that confinement increased the DNA and collagen content within the top of both 2 

mm and 4 mm gels (p<0.05; Fig. 4.5C and E). This increase in collagen content was
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not significant when normalised to DNA content (Supplementary Fig. 4 .IB). 

Furthermore, confinement increased GAG accumulation throughout the 2 mm gels, 

but reduced GAG accumulation throughout the 4 mm gels (p<0.05; Fig. 4.5D). 

Histologically, it appeared that confinement increased GAG accumulation around the 

bottom periphery of the gels (Fig. 4.6).

Oxygen tension
4 mm

Unconfined

Confined

Glucose availability
4mnn

2mm

Unconfined

Confined

Figure 4.4. An axis)mimetric computational model predicting oxygen and glucose environment 

with unconfined and confined free swelling 2 mm and 4 mm samples at day 42. The resulted 

oxygen/glucose data was calculated from regions within constructs which were indicated by grey 

boxes. Red circles highlight regions with lowered oxygen tension in the 2 mm and 4 mm confined 

samples.
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Figure 4.5. (A) GAG content [ng] and (B) collagen content [ng] accumulated within constructs, 

released into media and total synthesized (accumulated+released) in unconfined free swelling 

(UFS) and confined free swelling (CFS] 2 mm and 4 mm constructs at day 42. Total GAG/DNA 

[Hg/Hg] and total collagen/DNA tug/l^g] value were also plotted on the right Y axis within each 

graph. (C] DNA content [ng/mg w /w ], (D) GAG content [%w/w] and (E) collagen content [%w/w] 

of the top and bottom halves of the UFS and CFS 2 mm and 4 mm samples at day 42. #: p<0.05 vs. 

UFS; *: p<0.05; ♦*: p<0.01; ***: p<0.001.
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Figure 4.6. Histological staining of matrix deposition within UFS and CFS 2 mm and 4 mm 

constructs a t day 42. (A) Alcian blue staining for GAG, (C) picro-sirius red staining for collagen 

and (D) Immunohistochemical staining for collagen type II accumulation within samples. All 

images w ere taken at 2x magnification, showing 2 /3  of the whole construct (B) Alcian blue 

staining for GAG deposition at the bottom  periphery of the samples (indicated by box regions in 

(A)) and images w ere taken at 20x magnification.
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4.3.3. The development of tissue engineered cartilage subjected to 

dynamic compression depends on the height of the construct

W e and o thers  have previously shown th a t  th e  application of delayed dynamic 

com pression  (DC) can en h an ce  th e  deve lopm en t of cartilage grafts eng inee red  using 

MSCs (Thorpe e t  a!., 2013, Huang e t  al., 2010, Bian e t  al., 2012). After 3 w eeks in 

unconfined free  swelling (UFS) culture, 2 m m  and 4 mm IFP-MSC seed ed  hydrogels 

w e re  subjected  to  DC. Com putational finite e lem en t  simulations of th e  mechanical 

env ironm en t u n d e r  such loading conditions predicted a very low fluid p ressure  in 

bo th  2 mm and 4  m m  unconfined dynamically com pressed  (UDC) gels (~ 0 .02  MPa; 

Fig. 4.7A). Tensile and com pressive  strains w ere  relatively hom o g en o u s  th rough  th e  

d ep th  of bo th  th e  2 m m  and 4 m m  constructs , with no dram atic  differences in strain 

level predic ted  b e tw e en  th e  2 m m  and 4 m m  gels (Fig. 4.7A). GAG and  collagen 

accum ulation within th e  construc t increased in th e  2 mm UDC gels com pared  to  UFS 

controls (p<0.0S; Fig. 4.8A and  B). In contrast,  DC reduced GAG (p<0.05) and  collagen 

(p<0.1) accum ulation  within th e  4 m m  gels (Fig. 4.8A and B). The reduction in GAG 

accum ulation  in th e  4  mm gels could be partially explained by an increase in GAG 

re lease  to  th e  media (Fig. 4.8A). W hen normalised to  DNA con ten t ,  to tal 

(accum ulated + released) GAG and collagen synthesis was not significantly affected 

by th e  application of DC in e i th e r  th e  2 m m  or th e  4 mm gels (Fig. 4.8A and B).
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A  unconfined dynamic
I i. j compression

average pressure and strain

fluid
pressure[MPa]

tension
straln[%]

compres
straln[%

sion

Top Bottom Top Bottom Top Bottom
2mm 0.0199 0.0195 7.13 6.51 -11.92 -11.63
4mm 0.0263 0.0264 6.57 6.79 -11.16 -11.91

B  confined dynamic
compression

4 mm

average pressure and strain

Fluid
pressure[MPa]

tension
straln[%]

compres
strain[%

slon

Top Bottom Top Bottom Top Bottom
2mm 0.3896 0.5113 12.42 0.29 -17.03 -1.03
4mm 0.3072 0.3949 12.36 1.29 -19.48 -0.33

Figure 4.7. An axisymmetric computational model predicting the mechanical environment of fluid 

pressure [MPa], tension strain [%, positive] and compression strain [%, negative] within (A] 

unconfined dynamically compressed (UDC] and (B) confined dynamically compressed (GDC) 2 

mm and 4 mm constructs at day 21. The mechanical environment data were calculated from 

regions within constructs, which were indicated by grey boxes.

83



2 mm 4 mm

: mo-

2000-

3  1600-

4000- 

?  1000- 

2000- 

tooo- I £

A ccum ulation

R e le a s e

Total

Total
GAG/DNA

B
^  tooo-

UFS UDC

S. a  II

" Ia  •  loooH

“ I I^  f ^

5o
o

100 I  
•
a

"  I‘c* 
• &

A ccum ulation

R e le a s e

Total

Total
Collagen/D N A

400-

0-

■Ml

2.»>|

20I 
&

I
3 "

taLDi
0. ^  ;JlDl

UFS UDC

I  ôô  
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Figure 4.8. (A) GAG content [ng] and (B) collagen content [ng] accumulated within constructs, 

released into media and total synthesised (accumulated+released) in unconfined free swelling 

(UFS) and unconfined dynamically compressed (UDC) 2 mm and 4 mm constructs at day 42. Total 

GAG/DNA [ng/ng] and total collagen/DNA [ng/ng] value were also plotted on the right Y axis 

within each graph. (C) DNA content [ng/mg w/w], (D) GAG content [%w/w] and (E) collagen 

content [%w/w] of the top and bottom halves of the UFS and UDC 2 mm and 4 mm samples at day 

42. a: trend, p<0.1 vs. UFS; #: p<0.05 vs. UFS; *: p<0.05; ***: p<0.001.

84



DC was found to significantly increase the DNA and GAG content in both the top and 

bottom of 2 mm gels, and to significantly increase the collagen content in the top of 

the same gels (p<0.05; Fig. 4.8C, D and E). These differences were no longer 

significant when matrix levels were normalised to DNA content (Supplementary Fig. 

4.2). The increased levels of matrix accumulation due to the application of loading 

translated into improvements in the mechanical properties of the engineered tissues. 

The equilibrium modulus of the 2 mm UDC gels was found to be 95.3 kPa, compared 

to 43.3 kPa for the UFS controls (p<0.01). The dynamic modulus of the 2 mm UDC 

gels was found to be 1452 kPa, compared to 969 kPa for the UFS controls (p<0.001; 

data not shown). Although histology staining showed no obvious difference in matrix 

accumulation between the 2 mm UDC and UFS constructs; immunohistochemically, 

enhanced staining for type II collagen was observed at the top of 2 mm UDC gels 

compared to UFS gels (Fig. 4.9C). In contrast to the 2 mm gels, DC reduced GAG 

accumulation throughout the 4 mm gels (p<0.05; Fig. 4.8D and Supplementary Fig. 

4.2A). This decrease in GAG accumulation also translated into decreases in the 

mechanical properties of the tissues. The equilibrium modulus of the 4 mm UDC gels 

was found to be 67.7 kPa, compared to 87.4 kPa for the UFS controls (p<0.01). The 

dynamic modulus of the 4 mm UDC gels was found to be 593.5 kPa, compared to 

818.3 kPa for the UFS controls (p<0.01; data not shown). Histologically, 4 mm UDC 

gels appeared similar to UFS controls, albeit that Alcian Blue staining appeared 

slightly more homogenous within UDC gels (Fig. 4.9).
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Supplementary Figure 4.2. (A) GAG/DNA [ng/ng] and (B) collagen/DNA [ng/ng] value of the top 

and bottom halves of UFS and UDC 2 mm and 4 mm constructs at day 42. #; p<0.05 vs. UFS; *:

p<0.05.
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Figure 4.9. Histological staining of matrix deposition within UFS and UDC 2 mm and 4 mm 

constructs at day 42. (A) Alcian blue staining for GAG, (B) picro-sirius red staining for collagen 

and (C) Immunohistochemical staining for collagen type II accumulation within samples. Arrow 

indicates the enhanced staining for collagen type II at the superficial region of 2 mm UDC 

constructs. All images were taken at 2x magnification, showing 2 /3  of the whole construct
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4.3.4. Coupling partial confinement and dynamic compression can 

lead to the development of engineered cartilage with zonal 

features mimicking certain aspects of the native tissue

Separately confinement and DC have been shown to generally enhance the 

development of 2 mm gels, but were not necessarily beneficial to the development of 

4 mm gels. Therefore we were interested in exploring how the combination of both 

factors would influence the development of the engineered tissues. Partially 

confining the hydrogels was predicted to alter the mechanical environment in both 2 

mm and 4 mm confined dynamically compressed (CDC) hydrogels, leading to a higher 

fluid pressure inside the constructs and to dramatically increased strain levels across 

the top of the constructs (Fig. 4.7). Overall, there was no synergistic effect of coupling 

confinement and DC on overall levels of matrix accumulation compared to the 

application of confinement alone or DC alone (data not shown). There was however 

some important differences in the zonal development of CDC constructs compared to 

UFS controls and other previously reported experimental groups. In both the 2 mm 

and the 4 mm gels, the combination of confinement and DC was found to lead to the 

development of an engineered tissue that spatially best resembled native articular 

cartilage. Collagen accumulation was significantly greater in the top of 2 mm CDC gels 

(p<0.05; Fig. 4.10C), which was not observed in UFS controls (this was also not 

observed in UDC gels, see Fig. 4.8E, but was found in CFS gels, see Fig. 4.5E). No 

significant difference was observed in GAG accumulation between the top and 

bottom of 2 mm CDC gels (Fig. 4.10B; however GAG accumulation was higher in the 

top of 2 mm CFS gels, see Fig. 4.SD, a non-native gradient in matrix levels). When 

normalised to DNA levels, GAG synthesis was found to be greater in the bottom of 

CDC gels compared to the top (p<0.05; Supplementary Fig. 4.3A).
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Figure 4.10. (A) DNA content [ng/mg w /w ], (B) GAG content [%w/w] and (C) collagen content 

[%w/w] of the top and bottom halves of the unconfined free swelling (UFS) and confined 

dynamically compressed (CDC) 2 mm and 4 mm samples at day 42. a: trend, p<0.1 vs. UFS; #: 

p<0.05 vs. UFS; +: trend, p<0.1; *: p<0.05; **: p<0.01; ***: p<0.001.
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Supplementary Figure 4.3. (A) GAG/DNA [ng/ng] and (B) collagen/DNA [ng/ng] value of the top 

and bottom halves of UFS and CDC 2 mm and 4 mm constructs at day 42. a; trend, p<0.1 vs. UFS; #: 

p<0.05 vs. UFS; +: trend, p<0.1; *: p<0.05; **: p<0.01; ***: p<0.001.

A similar gradient in collagen and GAG accumulation was observed in the 4 mm CDC 

gels (Fig. 4.10B and C). In fact, while the combination of confinement and DC was not 

beneficial to overall levels of matrix accumulation in the 4 mm gels, it did again lead 

to the development of a tissue with a zonal composition mimicking aspects of the 

native tissue. GAG/DNA was higher (p<0.1) and collagen/DNA was lower (p<0.001) in 

the bottom of the 4 mm CDC constructs compared to the top (supplementary Fig. 

4.3), which was not observed in any other group. Furthermore, the superficial region 

of both the 2 mm and 4 mm CDC constructs best mimicked that of the native tissue, 

staining weakly for proteoglycans and strongly for type II collagen deposition (Fig. 

4.11A and B). In addition, PRG4 staining was stronger in the superficial region of 4 

mm CDC constructs compared to UFS controls (Fig. 4.11C) and indeed UDC constructs 

(data not shown).
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Figure 4.11. GAG, collagen type II and PRG 4 distribution within UFS and CDC 2 mm and 4 mm 

constructs at day 42. (A) Alcian blue staining for GAG and (B) Immunohistochemical staining for 

collagen type II accumulation in the top and bottom halves of the sample. T: top; B: bottom. 

Arrows indicate the enhanced collagen type II deposition in the superficial region of both 2 mm 

and 4 mm CDC constructs. (C] Immunohistochemical staining for PRG4 expression at the top 

surface of the sample. Images were taken at lOx magnification. All inserted images were taken at 

2x magnification, and box regions indicate area where lOx magnification images were taken.
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4.4. Discussion

G enerating  cartilage grafts with a s truc tu re  and  com position mimicking th a t  of th e  

native cartilage rem ains a key challenge in th e  field of tissue  engineering. This s tudy 

aim ed to  explore if IFP-MSCs can be used  to  eng ineer cartilage tissue  with native-like 

levels of matrix accum ulation  and  distribution. IFP-MSCs w ere  encapsu la ted  in 

agarose  hydrogel to  m ake construc ts  of e ither 2 mm or 4 m m  in height. Constructs 

w ere  confined to  half of  the ir  height and subjected  to  dynamic com pression  (DC) in 

an a t te m p t  to  mimic th e  spatial oxygen levels and mechanical en v iro n m en t within 

articular cartilage. Differences in bo th  th e  predic ted  oxygen env ironm en t and  matrix 

d istribution w e re  observed  b e tw e en  2 m m  and 4 mm UFS hydrogels. Confinem ent 

a lone low ered th e  oxygen tens ion  in th e  bo tto m  of both  2 m m  and 4 m m  gels, but 

only lead to  increases in GAG accum ulation  in 2 mm gel. Similarly th e  effec t of DC 

alone also d e p e n d e d  on th e  height of th e  gels, with DC increasing GAG and  collagen 

accum ulation in 2 m m  gels bu t  decreasing  GAG accum ulation in 4 m m  gels. W hen 

conf inem ent w as coupled with DC, an altered  mechanical en v iro n m en t within 

construc ts  was pred ic ted , with increased  strain levels within th e  to p  of bo th  2 mm 

and 4 m m  confined dynamically com pressed  (CDC) gels. This corre la ted  with an 

increase in to ta l  collagen accum ulation and  collagen type  II deposition  a t  th e  to p  of 

bo th  2 mm and 4 m m  CDC gels co m p ared  to  th e  UFS controls. Furtherm ore , both  2 

m m  and 4 m m  CDC gels con ta ined  a superficial region th a t  s ta ined  weakly for GAG 

and  strongly for collagen type  II, with positive staining for PRG4 fu r th e r  observed  in 4 

m m  CDC gels, th u s  mimicking certain aspec ts  of th e  zonal com position in articular 

cartilage. Although th e  en g inee red  t issue  did no t quite  achieve native levels of matrix 

accum ulation (approaching 3% GAG and 2% collagen as a p e rcen tag e  of w e t  weight) 

and  biomechanical function (approaching 100 kPa for th e  equilibrium modulus), they  

m ay have a t ta ined  th e  necessary  function and zonal com position  to  thrive within a 

load bearing defec t  (Nagel and  Kelly, 2013).
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A low oxygen microenvironment (~5%) was predicted to develop in the bottom core 

of the 2 mm IFP-MSC seeded UFS hydrogels (Fig. 4.2A), which correlated with higher 

levels of GAG synthesis (as indicated by GAG/DNA levels) in the bottom of the 

engineered tissue (Fig. 4.3D). No significant difference in collagen synthesis at per cell 

level (collagen/DNA) was found between the top and bottom of these tissues (Fig. 

4.3E). Similarly, Buckley et al. reported increased GAG/DNA but not collagen/DNA 

level in IFP-MSC seed hydrogel cultured in 5% oxygen compared to 20% oxygen 

environment (Buckley et al., 2010a). An even lower oxygen tension was predicted in 

the bottom of 4 mm UFS gels, with an average oxygen concentration of 1.24% across 

the bottom half. However, it didn't affect either GAG or collagen synthesis at per cell 

level in the bottom of the tissue (Fig. 4.3D and E). Therefore, while there is evidence 

to demonstrate that a hypoxic environment (~5% oxygen) can promote 

chondrogenesis of the stem cells (Buckley et al., 2010a, Meyer et al., 2010); an even 

lower oxygen environment may not necessarily guarantee improvements to the 

development of the tissue. In fact, a previous study has even shown significant 

decreases in cell metabolism and proteoglycan synthesis when freshly-excised 

articular cartilage was cultured in an environment with oxygen tension <2% (Lee and 

Urban, 1997).

Significant higher levels of collagen accumulation were observed in the top of the 4 

mm gels compared to the bottom (Fig. 4.3C), which is likely attributed to the higher 

cell proliferation in this region of the engineered tissues (Fig. 4.3A). In fact, this 

greater cell proliferation at the top of the constructs was also observed in 2 mm gels 

(Fig. 4.3A) as well as all other reported experimental groups (2 mm and 4 mm CFS, 

UDC and CDC). It may be explained by the fact that the higher oxygen tension 

environment generated in the top of the gels promoted a more proliferative 

phenotype of the cells, as a higher cell proliferation has been seen in adipose derived 

stem cells cultured at 20% oxygen compared to 5% oxygen (Wang et al., 2005).
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Partially confining the gels was predicted to lower the oxygen tension in the bottom  

of both 2 mm and 4 mm gels, steepening the oxygen gradient as well as reducing 

glucose availability throughout the gels (Fig. 4.4). The prediction of the increased 

oxygen tension but decreased glucose availability at the top of the confined gels can 

be explained by the fact that the confinement chamber moved gels higher in the 

culture media, and this caused constructs more near to the oxygen source but also 

less glucose was available above the top surface of the gels. The most dramatic 

impact of partial confinement was that it increased the DNA content and collagen 

accumulation within the top of both 2 mm and 4 mm gels (Fig. 4.5C and E), indicating 

greater cellular proliferation in this region of the engineered tissue. As previously 

discussed, the increased oxygen tension at the top of the gels may contribute to this 

enhanced cell proliferation. The increase in cell number was accompanied by an 

increase in GAG accumulation within the 2 mm confined gels, while a reduction in 

GAG accumulation was observed in the 4 mm confined gels (Fig. 4.5D). This could be 

explained by the fact that the confinement had a more critical impact on oxygen 

levels in the 4 mm gels compared to the 2 mm gels, with the average oxygen tension 

predicted to decrease from 1.24% to 0.24% (anoxic conditions) in the bottom of 4 

mm gels. A previous study has shown significantly decreased matrix production of 

chondrocytes in anoxic conditions (oxygen tension <0.1%) (Grimshaw and Mason, 

2000).

The development of tissue engineered cartilage subjected to DC was found to 

depend on the height of the construct. In 2 mm gels the application of DC was found 

to increase GAG and collagen accumulation and the mechanical functionality of the 

engineered graft, while in 4mm high gels it lead to a reduction in matrix accumulation 

and mechanical properties of the tissue (Fig. 4.8). The reduction in GAG accumulation 

within the 4 mm gels could be partially explained by increased GAG release to the 

media in response to mechanical loading (Fig. 4.8A). The fact that the radial surface 

area of the 4 mm gels is twice that of the 2 mm gels may partially explain why such

GAG loss is higher in the thicker gels. The increased levels of matrix accumulation in

93



the mechanically loaded 2 mm gels appeared to be driven by increased cell 

proliferation in these constructs. The finding that this only occurred in the 2 mm gels 

and not the 4 mm gels is unlikely due to the difference in mechanical environment 

between them, as predictions showed similar tension and compression strain levels 

and very low fluid pressures (~0.02 MPa, physiological level is ~10 MPa) in both gels 

(Fig. 4.7). One important difference observed between these constructs is that 2 mm 

gels have higher levels of matrix accumulations than 4 mm gels (3% vs. 2% GAG). A 

previous study has shown that active solute uptake in agarose hydrogel disk 

subjected to DC increased as the concentration of the gel increased (Albro et al., 

2010). Therefore the solute/nutrients transport may be greater in 2 mm gels 

compared to 4 mm gels, which may attribute to the increased cell proliferation in 2 

mm gels. In 2 mm gels the application of DC was also found to lead to increases in 

type II collagen deposition, particularly at the top surface of the engineered tissue. 

This suggests that the unique combination of mechanical cues and oxygen tension 

(Fig. 4.2A) in this region of the 2 mm constructs preferentially supports collagen type 

II deposition.

Articular cartilage (AC) is characterised by its unique depth dependent composition. 

The collagen content is highest at the superficial zone and decreases with depth 

while the proteoglycan content is very low in the superficial zone and increases with 

depth (Muir et al., 1970). This depth dependent composition together with the 

collagen network organisation is crucial to the biomechanical properties of the tissue 

(Wilson et al., 2007, Gannon et al., 2012, Roth and Mow, 1980, Williamson et al., 

2003). Subjecting IFP-MSC seeded hydrogels to both confinement and DC appeared 

to lead to the development of an engineered tissue that best mimicked the depth 

dependent composition of native AC. While confinement lead to greater collagen 

accumulation in the top of engineered tissues, mimicking the native tissue, it also 

lead to greater GAG accumulation in the top of the 2 mm gels due to increased cell 

proliferation (Fig. 4.5D and E). However, by coupling confinement and DC it was 

possible to engineer a tissue where GAG levels were not higher in the top of the
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tissue but where collagen levels were (Fig. 4.10B and C). Furthermore, the superficial 

region of CDC constructs best resembled that of the native tissue (Fig. 4.11A and B). 

Of particular importance was the finding that the combination of partial confinement 

and DC lead to increased PRG4 deposition at the top surface of the 4 mm gels (Fig. 

4 .l ie ) .  PRG4 is a molecule expressed by the chondrocytes on the surface of articular 

cartilage to  provide boundary lubrication and low-friction properties for the tissue, 

and it has been shown to be up-regulated in chondrocytes by the application of 

mechanical stimuli (Grad et al., 2005, Nugent-Derfus et al., 2007). The attainment of 

a high collagen content and expression of PRG4 in the superficial region of the 

engineered tissue, may better equip grafts to withstand the challenging loading 

environment in the joint following implantation.

In conclusion, by regulating the spatial environment through the depth of the 

engineered tissue, it is possible to engineer cartilage constructs with zonal 

compositions mimicking certain aspects of articular cartilage using IFP-MSCs. The 

attained zonal composition may better equip the engineered tissue to achieve a 

long-term stable cartilage repair.
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Chapter V

Engineering tissues that mimic the zonal characteristics 

of articular cartilage using decellularized cartilage 

scaffolds seeded with infrapatellar fa t pad derived 

mesenchymal stem cells
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5.1. Introduction

Tissue engineering holds great promise for creating viable grafts for repairing 

cartilage defects. In general, however, most attempts have resulted in the 

development of homogeneous tissues that do not recapitulate the complex structure 

and organization of normal articular cartilage. In skeletally mature articular cartilage, 

the cell morphology and arrangement, extracellular matrix (ECM) composition and 

structure, and the compressive and tensile modulus all vary through the depth of the 

tissue (Klein et al., 2009a, Klein et al., 2009b). While it has been possible to engineer 

cartilage grafts with bulk mechanical properties approaching that of the native tissue 

(Huang et al., 2010, Mauck et al., 2006), no approaches to date has led to the 

development of engineered tissues with native-like depth-dependent mechanical 

properties. The acquisition of these depth-dependent properties in tissue engineered 

grafts is desirable and may bring benefits such as a better integration into the 

surrounding native cartilage and long-term mechanical stability, by providing a 

depth-dependent structure and composition that matches the surrounding native 

environment (Klein et al., 2009a, Klein et al., 2009b). Therefore, it remains an 

ongoing challenge in the field of tissue engineering to regenerate cartilage grafts with 

structure, composition and mechanical properties mimicking the native tissue.

While the previous chapter and other studies have made some progress in 

attempting to engineer cartilage grafts with a depth-dependent composition 

mimicking aspects of the native tissue (Klein et al., 2003, Kim et al., 2003, Ng et al., 

2009, Ng et al., 2005, Nguyen et al., 2011a, Nguyen et al., 2011b, Thorpe et al., 2013), 

no strategy has been developed to recapitulate the Benninghoff collagen architecture 

of skeletally mature articular cartilage, in mature cartilage tissue, the collagen fibers 

are densely packed and horizontally aligned in the superficial zone but 

perpendicularly aligned in the deep zone, with the fibers in the middle zone 

displaying a random organization (Klein et al., 2009a, Klein et al., 2009b). This
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depth-dependent collagen architecture together with the spatial-varying ECM 

composition, are believed to contribute to the overall stiffness and strength of the 

tissue (Korhonen et al., 2008, Roth and Mow, 1980, Williamson et a!., 2003). An 

alternative approach to tissue engineering grafts with a native-like collagen 

architecture might be to decellularize native cartilage in such a way that the 

depth-dependent organization of the tissue is maintained, and to then re-populate 

this decellularized scaffold with adult stem cells that will function to replace key 

matrix components (e.g. proteoglycans) lost during the decellularization process. 

Furthermore, such seeded cells would also function to maintain and turnover the 

construct following implantation. Decellularized ECM-derived biological scaffolds 

have been developed from various tissues, such as dermis, urinary bladder, small 

intestine and heart valves (Crapo et al., 2011). Similar strategies have been adopted 

using decellularized cartilage grafts for cartilage tissue engineering applications (Kheir 

et al., 2011, Elder et al., 2010, Schwarz et al., 2012a, Schwarz et al., 2012b). For 

example, it has been shown that decellularization of a porcine cartilage-bone 

construct is possible, with near-complete removal of genomic DNA, but accompanied 

by a significant loss in tissue sulfated glycosaminoglycan (sGAG) content (Kheir et al., 

2011). However, limited cellular infiltration into the decellularized scaffold was 

observed after subcutaneous implantation. Furthermore, it is still not clear if such 

decellularized scaffolds would support robust chondrogenesis when re-populated 

with adult stem cells.

The overall objective of this study was to decellularized articular cartilage tissue and 

re-populate the resulting ECM-derived scaffolds with infrapatellar fat pad derived 

mesenchymal stem cells (IFP-MSCs) to engineer cartilage grafts with structure, 

composition and depth-dependent mechanical properties mimicking that of the 

native tissue. Specifically, the first goal of this study was to develop a methodology to 

decellularize articular cartilage tissue to produce ECM-derived scaffolds where the 

collagen structure and content of the native tissue is maintained. I also sought to 

manipulate the bulk architecture of these scaffolds to facilitate their re-population
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w ith stem cells. The second aim of the  study was to  explore if re-populating such 

cartilage ECM-derive scaffolds with IFP-MSCs can lead to  the  developm ent of 

engineered cartilage with a Benninghoff collagen architecture and depth-dependent 

mechanical properties mimicking the native tissue. As the Benninghoff collagen 

architecture is only fully developed in skeletally m ature articular cartilage and not in 

skeletally im m ature tissue, it is hypothesized that only by re-populating  

decellularised cartilage scaffolds derived from  skeletally m ature joints w ith IFP-MSCs 

is it possible to  engineer tissues with structure, composition and depth-dependent 

mechanical properties similar to native tissue.
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5.2. Materials and methods

5.2.1. Tissue retrieval

Porcine osteochondral plugs (0  6 mm, 10 mm in thickness) were obtained from 

skeletally immature (n=2; 4 month old) and mature (n=2; 18 month old) animals 

within 24 h of slaughter as previously described (Gannon et al., 2012). Briefly, 

samples were taken from the medial and lateral trochlear ridges of the 

femoropatellar groove of the knee joints using the Osteochondral Autograft Transfer 

System (Athrex, Naples, FL, USA). Samples were then stored in phosphate buffered 

saline (PBS; Sigma-Aldrich, Dublin, Ireland) at -85°C until required.

5.2.2. Decellularization

Osteochondral plugs from skeletally immature and mature donors were thawed in a 

PBS bath at 37°C for 1 h. The sub-chondral bone was then removed and the 

remaining cartilage was trimmed to approximately 1 mm in thickness to produce 

cartilage disks with a uniform size (0  6 mm, ~1  mm in thickness). These cartilage 

disks were then decellularized using the following protocol. Samples were first 

subjected to two freeze-thaw cycles. Freezing was carried out at -85°C for 3 h until 

crystal formation, while thawing occurred in a PBS bath at 37°C for 1 h. Channels 

(see Fig. 5.1) were then introduced into the cartilage disks using flat-ended needles, 

aimed to improve decellularization and to facilitate subsequent cellular infiltration 

and migration into the scaffolds (i.e. re-cellularization).
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Transverse section Cross section

Figure 5.1. Transverse and cross section of channeled cartilage disks. In total 7 channels were 

introduced to each cartilage disk.

These channeled disks w ere then incubated in hypotonic buffer (10 m M  Tris-HCI/2

m M  EDTA, pH 8.0) supplem ented w ith lOOm M KCI, 5 m M  MgC^ and 100 m M

dithiothreitol (DTT; all Sigma-Aldrich), for 24 h at room tem perature  (RT). This was

followed by another tw o  cycles of incubation in hypotonic buffer supplem ented w ith

0.5% (w /v ) sodium dodecyl sulfate (SDS; Sigma-Aldrich), for 18 h at 30°C each tim e,

w ith 100 m M  DTT also added in the  first cycle. The presence of the  KCI, MgCl2 and

DTT was to  facilitate the  removal of cell m em branes and antigens by increasing the

solubility of these proteins in the decellularization solution (W ong et al., 2011).

Samples w ere then washed in PBS for 6 h tw ice at RT before being treated with

800U /m l hyaluronidase (Sigma-Aldrich) in PBS fo r 12 h at 37°C . (This step was

introduced to  rem ove the hyaluronic acid and proteoglycan inside the  cartilage disks,

based on the assumption that the removal o f glycosaminoglycan (GAG) may lead to

the  developm ent of a more porous decellularized tissue.) A fter the  hyaluronidase

treatm en t, samples w ere washed in PBS for 6 h tw ice at RT, subjected to  another

freeze-thaw  cycle, and then incubated in hypotonic buffer containing 25 U /m l DNase,

25 U /m l RNase (both Sigma-Aldrich), 5 m M  MgCl2 and 150 m M  NaCi for 16 h at 37°C.

Samples w ere again washed in PBS tw ice and subjected to  another freeze-thaw  cycle,

before treatm ent with 0.5 M  NaOH in a sonication bath for 5 h at RT. This NaOH
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(which digests small collagen fibers) and sonication treatm ent also aimed to  increase 

the  porosity of the decellularized tissues (Sheridan et a!., 2012). Finally, following 3 

washes in PBS and one m ore freeze-thaw  cycle, samples w ere left swelling in diH20 

for 6 h at 4°C and then freeze-dried at -45°C to  produce a scaffold that is suitable 

for long-term  storage. Before cell seeding, scaffolds w ere sterilized by incubation in 

PBS containing penicillin (500 U/m L)-streptom ycin (500 ng/m L), 0.5 ng/ml 

am photericin B (both GIBCO, Biosciences, Dublin, Ireland) three times for 24 h in 

tota l, followed by another three washes in PBS for a total period of 24 h. All 

decellularization and sterilization procedures were carried out under gentle agitation  

at RT unless stated otherwise.

5.2.3. Cell Isolation and Expansion

Human infrapatellar fat pad derived mesenchymal stem cells (IFP-MSCs) were  

isolated from  the infrapatellar fat pad tissue of a patient (m ale, 19 years old) 

undergoing jo int arthroplasty at M ater Misericordiae University IHospital under 

ethical approval, as previously described (Liu et al., 2013). Cells w ere then seeded at 

a density o f 5x10^ cell/cm^ in high-glucose Dulbecco's modified Eagle's medium  

(hgDM EM ) GlutaM AX™  supplem ented with 10% fetal bovine serum, penicillin (100  

U/m L)-streptom ycin (100 ^ig/mL), 0.25 ng/m l amphotericin B (all GIBCO, Biosciences) 

and 5 ng/m l Fibroblast-growth factor-2 (ProSpec-Tany TechnoGene Ltd, Israel) and 

expanded to  passage tw o (P2) in a humidified atm osphere of 5% CO2 at 37°C.

5.2.4. Cell seeding and construct culture

At the end of P2, cells w ere trypsinized and seeded onto both sides of the  

decellularized scaffolds at a density of 250,000 cells/side, w ithin an agarose ring (3% 

agarose, 0  8 mm, ~ 7  m m  in height) placed in the center o f the each well of the  

12-well-plates, which was also coated w ith 3% agarose. The agarose ring was used to
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provide a confined area  to  pronnote cellular a t ta c h m e n t  on to  th e  scaffolds and  to  

p reven t  cells from escaping from  th e  scaffolds during early m edia changes. After th e  

first cell seeding  o n to  one  side of th e  scaffolds, a resting period of 45 mins w as 

allowed for cells to  a t tach  to  th em . The scaffolds w ere  th en  tu rn ed  over for cell 

seeding  on to  th e  o th e r  side. After a n o th e r  45 mins, 200 nl chondrogenic  m edium  was 

th en  added  into each agarose  well and cells w e re  incubated  a t  37 °C for a fu r the r  12 

hrs to  allow com ple te  cell a t ta c h m e n t  occur. Full am o u n t  of fresh m edium  w as th en  

added  th e  next day, and each  cell s ee d ed  scaffold w as cultured  in 2 ml chondrogenic 

m edium , consisting of hgDMEM GlutalVlAX™ su p p lem en ted  with penicillin (100 

U/ml)-streptomycin (100 ng/ml), 100 ng/ml sodium pyruvate, 40 ng/m l L-proline, 4.7 

Hg/mL linoleic acid, 50 |ig/ml L-ascorbic ac id-2-phosphate,  1.5 m g/m l bovine serum  

albumin (BSA), 1 x in su lin - transfe rrin -se len ium , 100 nM d ex a m e th aso n e  (all from 

Sigma-Aldrich) and 10 ng/m l recom binan t hum an transform ing  grow th  factor-P3 

(TGF-33; ProSpec-Tany TechnoG ene Ltd), for a to tal period of 4 weeks. Care was 

taken  to  en su re  th e  cell-seeded scaffolds did not flip over th ro u g h o u t  th e  culture 

period, with th e  articular surface side of th e  scaffold facing upw ard , in o rd e r  to  mimic 

th e  decreasing oxygen grad ien t th rough  th e  d ep th  of th e  native tissue. M edium was 

changed  tw ice per week. In th e  first tw o  weeks, construc ts  w e re  cultured on a 

ro tational platform (Sigma-Aldrich), which w as found to  facilitate cell migration into 

t h e  scaffolds and channels. In th e  last 2 w eeks of culture, ro ta tion  w as s to p p ed  to  

provide a s teady  culture condition for th e  seed ed  cells. Constructs w ere  assessed  on 

day 1 ,1 4  and  28.

5.2.5. Live/dead assay

The viability of cells within th e  construc ts  (n=2 per group) w as assessed  th ro u g h o u t  

th e  culture period, using a live/dead assay kit (VWR International, Ireland). Briefly, 

construc ts  w e re  cross sec tioned  into halves along th e  channels  and rinsed 5 t im es  in 

PBS before  incubated  in PBS containing 2 mM Ethidium H om odim er-1  and  4  mM

103



Calcein for 1 h a t 37 °C. Samples w ere  again w ashed  5 t im es in PBS to  rem ove 

excessive dye and th en  visualized immediately  under  an  Olympus FluoView™ FVIOOO 

confocal microscope. Images w ere  taken  and stacked through  th e  radius of th e  

channels. Calcein stains live cells (shown green) while ethidium  Hom odim er-1  stains 

t h e  nucleus of dead  cells (shown red).

5.2.6. DAPI and actin staining

The cellular alignm ent within th e  scaffolds (n=2 per group) w as also assessed  

th ro u g h o u t  th e  culture period using a protocol ad ap ted  from  Steward e t  al. (Steward 

e t  al., 2014). Briefly, construc ts  w ere  cross sec tioned into halves along th e  channels, 

fixed in 4% paraform aldehyde (PFA; Sigma-Aldrich) overnight a t  4°C and  rinsed with 

PBS. After this, sam ples  w ere  permeabilized in PBS containing 0.5% (v/v) Triton X-100 

(Sigma-Aldrich) for 45 min at RT, rinsed again with PBS, and th en  incubated  in a PBS 

solution containing 1.5% (w/v) BSA, 10 ng/m l 4 ',6-diamidino-2-phenylindole (DAPI) 

and 5 U/mL rhodam ine  phalloidin (both from VWR) for 1.5 h a t RT. Excessive dye was 

th en  rem oved  by rinse in PBS, and sam ples w e re  visualized immediately  u nder  an 

Olympus FluoView™ FVIOOO confocal microscope. Images w e re  taken  and  stacked 

through  th e  radius of th e  channels. DAPI stains th e  nuclear of th e  cells (shown blue) 

and rhodam ine  phalloidin stains th e  F-actin of  th e  cytoskeleton of th e  cells (shown 

red).

5.2.7. Mechanical test 

Bulk mechanical test

The bulk mechanical p roperties  of th e  day 28 seed ed  construc ts  w e re  m easu red  

using a modified protocol described by Buckley e t  al (Buckley e t  al., 2009). Samples 3 

mm in d iam e te r  w ere  cored from th e  cen te r  region of th e  construc ts  for mechanical 

testing. Briefly, sam ples (n=3 or 4  per group) w ere  im m ersed  in PBS bath and placed
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between two impermeable patterns. A preload of 0.2 N was first applied to ensure 

good contact between the sample surface and the loading platen. Samples were hold 

at this preload for 10 minutes until they were fully relaxed. Next, an unconfined 

stress-relaxation test was performed, consisting of a ramp compression up to 20% 

strain of the sample thickness, followed by a hold period of 30 mins until equilibrium 

of the samples was reached. A dynamic test consisting of a cyclic strain amplitude of 

1% at 1 Hz for 10 cycles was then performed to determine the dynamic modulus of 

the tissue.

Depth-dependent mechanical test

The depth dependent mechanical testing of the samples was kindly carried out by my 

colleague Johnnie Chu. For day 1 samples, the cell-seeded constructs were tested 

awhole; while for day 28 samples, cores 4 mm in diameter were removed from the 

center region of the cell-seeded constructs. This facilitated the creation of a flatter 

sample for mechanical testing, as an uneven layer of tissue was found to form across 

the surface of the day 28 constructs. Prior to depth-dependent mechanical testing, 

samples (both day 1 and 28) were cross sectioned into two halves along the channels 

and then placed in a PBS solution containing 1 ug/ml Hoechst 33342 dye 

(Sigma-Aldrich) for 1.5 hours, which stains the nuclei of the cells seeded into the 

scaffolds. Samples were then placed into a custom-built microscopic unconfined 

compression rig (Gannon, 2013) with the cross section of the sample (reveals the 

plane of the cells seeded into the channels) being monitored by a fluorescent 

microscope during the whole testing period.

After a preload of 0.4 N , samples were compressed such that offset strains of 2.5, 5.0, 

7.5, 10.0, 12.5% and 15.0% strains were achieved, where a relaxation period of up to  

30 minutes was implemented between each bulk strain increment. The strain fields 

across the samples were then obtained from VIC-2D software using the images 

obtained at each offset strain, from which the average local strains within different 

zones of the engineered tissue were also obtained. The average equilibrium stress
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was also obta ined  a t each  offset strain, using a load cell co nnec ted  in series with th e  

pla tens  to  d e te rm in e  th e  applied stress. Subsequently  th e  local zonal equilibrium 

compressive m odulus was obta ined  from  th e  applied stress and th e  local zonal strain 

values.

5.2.8. Quantitative biochemical analysis

After bulk mechanical testing, sam ples w ere  m aintained in PBS for 30 mins to  allow 

th e m  to  recover to  the ir  initial thickness. The w e t  weight of th e  sam ples  was th en  

recorded  (core and annulus w e re  pooled for day 28 cell-seeded constructs) and 

sam ples w e re  s to red  a t  -85 °C for biochemical analyses. The biochemical co n ten t  of 

th e  sam ples (n=3 or 4 per group) w as assessed  as previously described (Thorpe e t  al., 

2010). Briefly, Samples w e re  digested  with 125 ng/ml papain in 0.1 M sodium 

ace ta te ,  5 mM L-cysteine HCI, 0.05 M EDTA, pH 6.0 (all Sigma-Aldrich) u n d e r  constan t  

ro ta tion  fo r 18 hours a t  60 °C. The DNA co n ten t  of th e  sam ples was th en  m easu red  

using th e  Hoechst bisBenzimide H33258 dye assay with calf thym us DNA as a 

s tandard  (Kim e t  al., 1988). sGAG co n ten t  was quantified using th e  

d im ethy lm ethy lene blue dye-binding assay (Blyscan, Biocolor Ltd., N orthern  Ireland), 

with a chondroitin  su lphate  s tandard . Collagen co n ten t  was d e te rm in ed  through 

m e a su rem en t  of th e  hydroxyproline co n ten t  (Kafienah and Sims, 2004) and 

calculated using a hydroxyproline-to-collagen ratio of 1:7.69 (Ignat'eva e t  al., 2007).

5.2.9. Histology and PLM

Samples (n=2 per group) w ere  cut into halves along th e  channels, fixed in 4% PFA 

overnight a t  4°C, wax e m b e d d e d  and cross sec tioned a t 5 nm for histological analysis. 

Sections w ere  s tained with haematoxylin and  eosin (H&E) to  assess cellular con ten t,  

and 1% alcian blue 8GX in 0.1 M HCL coun ter-s ta ined  with nuclear fast red to  

visualise GAG co n ten t  (all Sigma-Aldrich). The collagen co n ten t  and  fiber orien ta tion
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was assessed  by pre-incubating sections in bovine testicu lar  hyaluronidase before 

staining in picro-sirius red (Sigma-Aldrich) and visualizing u n d e r  norm al bright filed 

and  polarization respectively. The hyaluronidase t r e a tm e n t  s tep  w as perfo rm ed  as 

previously described (Kiraly e t  al., 1997), in o rd e r  to  rem ove all sGAG in th e  sections 

and  th u s  enhancing th e  visualisation of th e  collagen architecture .

5.2.10. Statistical analysis

Statistics w e re  perfo rm ed  using MINITAB 15.1 so ftw are  (Minitab Ltd., Coventry, UK). 

A tw o-sam ple  T-test w as used for da ta  se ts  containing only tw o  groups. For da ta  sets  

which contain  m ore  th an  tw o  groups, a general linear m odel fo r analysis of variance 

with Tukey's te s t  for multiple com parisons w as used. Significance w as d e te rm in ed  at 

p^O.05. All numerical and  graphical results are  p re sen ted  as m ean  ± s tandard  

deviation.
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5.3. Results

5.3.1. Effective decellularization of articular cartilage is 

accompanied by a complete loss in sGAG while maintaining tissue 

collagen content

A protocol was developed  to  decellularize articular cartilage tissue using 4  m on th  old 

cartilage samples. Histological analysis of decellularized cartilage tissue revealed th a t  

th e  deve loped  protocol resulted  in nea r  com ple te  removal of cellular nuclei and a 

d ram atic  reduction in tissue  sulfated glycosaminoglycan (sGAG) co n ten t  (Fig. 5.2). In 

contrast,  th e  protocol did no t a p p e a r  to  affect th e  tissue collagen con ten t ,  as 

evidenced by no change in th e  intensity of picrosirius red staining 

post-decellularization (Fig. 5.2). Quantitative biochemical analysis of decellularized 

t issues ag reed  with th e se  histological findings. The decellularization p rocedure  led to  

a significant reduction (~88%, p^O.OOl) in th e  DNA co n ten t  o f  th e  samples, 

near-com ple te  removal of sGAG, while maintaining th e  collagen co n ten t  (Fig. 5.3A). 

The DNA/dry weight level o f th e  decellularized cartilage sam ples w as ~ 3 8 8  ng/mg, 

significantly lower th an  th a t  o f  native tissue (Fig. 5.3B; p^O.OOl). Collagen was found 

to  accoun t for ~90%  of th e  dry w eight of th e  decellularized samples, significantly 

higher th an  th a t  of th e  native tissue  (Fig. 5.3B; p^O.OOl), which is m ost likely due  to  

th e  removal of sGAG from  th e  decellularized samples.
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Alcian blue Picrosirius red

Figure 5.2. H&E, Alcian blue and Picrosirius red staining of the 4 m onth old native and 

decellularized articular cartilage. Images for H&E w ere taken at 40x, with inserted images taken 

a t 2x. Images for Alcian blue and Picrosirius red w ere all taken at 2x.
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Figure 5.3. A: DNA, GAG and collagen content of the 4 month old native and decellularized 

articular cartilage. B: DNA/dry weight (ng/mg), GAG %dry weight and collagen %dry weight level 

of the 4 month old native and decellularized articular cartilage. ***; p^O.OOl.
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5.3.2. The depth-dependent collagen architecture of skeletally 

mature and immature cartilage is maintained post- 

decellularization

skeletally im m ature  (4 m o n th  old) and  m a tu re  (18 m o n th  old) articular cartilage 

tissues  w e re  th en  decellularized using th e  above  protocol to  produce decellularized 

ECM-derived scaffolds for cartilage regeneration . After decellularization, a 

significantly higher level o f DNA and collagen co n ten t  was found in th e  decellularized 

skeletally m a tu re  scaffolds th an  im m ature  scaffolds (p<0.05 and  p^O.OOl 

respectively); how ever  w hen  normalized to  th e  dry weight of th e  scaffolds, th e se  

differences w e re  no  longer significant (Table 5.1). No sGAG w as  d e te c te d  in both 

decellularized im m ature  and  m a tu re  scaffolds (Table 5.1). H&E staining revealed a 

nea r-com ple te  removal of nuclei th rough  th e  d ep th  of bo th  decellularized scaffolds, 

while alcian blue staining also show ed a com ple te  removal of sGAG in both  groups 

(Fig. 5.4). Importantly, PLM revealed th a t  th e  d e p th -d e p e n d e n t  collagen arch itectu re  

of skeletally im m ature  and m atu re  cartilage w as m aintained post-decellularization, 

with horizontally aligned collagen fibers observed  in both  superficial and d e e p  zone 

of th e  decellularized im m atu re  samples, and horizontally aligned collagen fibers in 

th e  superficial zone bu t  perpendicularly  aligned collagen fibers in th e  d ee p  zone of 

th e  decellularized m a tu re  sam ples  (Fig. 5.4).
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Immature Mature Immature vs. Mature
DNA (ng/sample) 1747 ±383.6 2419 ±270.5 *

Collagen (ug/sample) 3563 ± 200 4551 ± 290.2 * * *

GAG (ug/sample) Not detectable Not detectable -

Dry weight (mg/sample) 4.07 ±0.26 5.25 ±0.38
DNA/dry weight (ng/mg) 426.2 ±68.29 460.2 ±29.63 ns
Collagen % dry weight 87.6 ± 2.64 86.71 ±2.56 ns

Wet weight (mg/sample) 23.07 ±1.30 22.41 ±2.34 ns
DNA/wet weight (ng/mg) 75.4 ± 14.3 108.1 ±7.2 * *

Collagen % wet weight 15.47 ±0.97 20.42 ± 1.88 * *

Table 5.1. DNA, GAG and collagen content, dry and w et weight, DNA/dry w eight Cng/mg), 

collagen %dry weight, DNA/wet weight (ng/m g) and collagen %wet w eight of the decellularized 

skeletally immature and mature cartilage scaffolds, ns; not significant; *:p<0.05; **: psO.Ol; ***; 

psO.OOl.
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Figure 5.4. H&E, Alcian blue and Picrosirius red staining and PLM images of collagen architecture 

of decellularized skeletally immature and mature cartilage ECM-derived scaffolds. H&E images 

were taken at lOx, showing cell removal through the depth of the decellularized tissue, with 

images shown by box region taken at 40x. Images for Alcian blue and Picrosirius red were all 

taken at lOx. Regions with bright color in PLM images indicate the existence of an organized 

collagen alignment (either horizontal or perpendicular) in these regions, leading to birefiingence. 

Dark regions indicate the lack of collagen alignment in these areas.
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5.3.3. Decellularized cartilage scaffolds support stem cell 

attachment, viability and proliferation

The decellularized skeletally im m atu re  and m a tu re  cartilage scaffolds w ere  th en  

seed ed  with h um an  IFP-MSCs and cultured for a to tal period of four weeks, with th e  

viability of th e  cells inside th e  scaffolds m onito red  th ro u g h o u t  th e  culture period. 

One day a f te r  cell seeding, viable cells w ere  found th ro u g h o u t  th e  channels, 

attaching to  th e  walls of  bo th  decellularized im m ature  and m a tu re  scaffolds (Fig. 

5.5A). After 14 days of culture, significant cell proliferation w as observed  in bo th  

groups, with cells filling th e  channels  and covering th e  periphery  of th e  scaffolds. 

Channels w ere  still well cellularized by day 28. Some dead  cells w ere  observed  in th e  

bo tto m  regions of bo th  decellularized scaffolds, nevertheless  m ost cells still rem ained  

viable (Fig. 5.5A). DNA analysis show ed significantly m ore  cells had a t tach ed  to  th e  

decellularized im m ature  scaffolds on day 1 com pared  to  th e  m a tu re  scaffolds (Fig. 

5.5B; p^O.05). However, significant cell proliferation was found in bo th  decellularized 

scaffolds over th e  culture period (a n ea r  5-fold increase in DNA co n ten t  w as observed  

in im m ature  scaffolds and also a nea r  13-fold increase in DNA co n ten t  was observed  

in m atu re  scaffolds, bo th  p^O.OOl), such th a t  by day 28 th e re  w as no significant 

difference in th e  DNA co n ten t  of bo th  construc ts  (Fig. 5.5B).
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Figure 5.5. A; viability of IFP-MSCs seeded in decellularized immature and mature cartilage 

scaffolds at day 1,14 and 28. Live cells appear green and dead cells appear red. Arrows indicate 

magnified images shown in box regions (channels). B: DNA content of the cells seeded in 

decellularized immature and mature cartilage scaffolds at day 1 and 28. The DNA content of the 

cells is calculated by subtracting the residual DNA content of the scaffolds from the total DNA 

content of the constructs.*: p^O.05; ***: psO.OOl.
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5.3.4. IFP-MSCs secreted comparable amounts of sGAG but higher 

levels of collagen in skeletally mature compared to immature 

cartilage scaffolds

After 28 days of culture, IFP-MSCs had sec re ted  similar levels of sGAG in both  

decellularized scaffolds, bu t significantly higher levels of collagen in decellularized 

m a tu re  scaffolds com pared  to  im m atu re  scaffolds (p<0.05). Similar results w ere  

observed  w hen levels of matrix synthesis w e re  normalized to  DNA levels (Fig. 5.6; 

p^O.05). The ratio of collagen:sGAG synthesis in th e  decellularized im m atu re  scaffolds 

was ~ 0 .4  com pared  to  ~ 1 .4  in th e  decellularized m a tu re  scaffolds (p^O.05), 

approaching  th a t  observed  in th e  native tissue  (Fig. 5.6).
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Figure 5.6. GAG, collagen, collagen/GAG (|ig /ng), GAG/DNA (ng/ng) and collagen/DNA (ng/ng) 

level o f the matrix secreted by IFP-MSCs inside the cell seeded decellularized immature and 

mature cartilage scaffolds at day 28. The GAG or collagen or DNA level of matrix secreted by cells 

is calculated by subtracting the residual GAG or collagen or DNA level of the decellularized 

scaffolds from the total GAG or collagen or DNA level o f the constructs. *: psO.05.
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Histologically, Alcian blue staining dem onstrated sGAG deposition w ithin the  

channels o f both decellularized groups a fter 14 days o f culture. This sGAG deposition 

continued w ith  tim e in culture. By day 28, a cartilaginous tissue staining strongly for 

alcian blue filled more than half of most channels in both decellularized scaffolds, as 

well as covering the  periphery of the scaffolds (Fig. 5.7). However, the bottom  

regions of both decellularized scaffolds stained less intensely for sGAG deposition, 

which is possibly due to  lower cell viability in these regions (shown in Fig. 5.5A). Cells 

displayed a round chondrocyte-like morphology in both decellularized scaffolds (Fig. 

5.7). There was some evidence of cell migration from  the channels or periphery into 

the body of the  scaffolds; how ever overall the  scale of such migration appeared to  be 

small. There was little evidence of cell synthesized sGAG diffusing into the  body of 

the scaffolds (Fig. 5.7).
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Immature Mature

Figure 5.7. Alcian blue staining of cell seeded decellularized im m ature and m ature cartilage 

scaffolds a t day 14 and 28. Images from first and second row were taken a t 2x. Images from third 

row w ere taken at lOx, showing cell morphology and GAG distribution within the channels, with 

inserted images taken at 40x. Images from last row were taken at 20x, showing cell migration into 

the ECM of the decellularized scaffolds at sites shown in box regions in images from the second 

row.
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Positive staining for collagen deposition was observed in the channels of both 

decellularized scaffolds on day 14. By day 28, newly deposited collagen also filled 

nnore than half of the  depth of the  most channels and covered the periphery of both  

decellularized scaffold types (Fig. 5.8). Less collagen deposition was observed in the  

bottom  region of both decellularized scaffolds.

MatureImmature

Figure 5.8. Picrosirius red staining of ceil seeded decellularized immature and mature cartilage 

scaffolds at day 14 and 28. All images were taken at 2x.
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5.3.5. Cellular and neo-matrix alignment in decellularized 

cartilage is driven by the underlying collagen architecture of the 

scaffold

The alignm ent of th e  cells seed ed  within th e  decellularized scaffolds was assessed  

th ro u g h o u t  th e  culture period. On day 1, cells displayed a sp read  sh ap e  in both 

decellularized scaffolds. In th e  decellularized im m atu re  scaffolds, cells w ere  generally 

aligned horizontally in each  channel, w h ereas  cells w ere  generally aligned 

perpendicularly  in th e  channels  of m a tu re  scaffolds (Fig. 5.9). This cellular alignm ent 

was p red o m in an t  in som e channels  bu t less obvious in o thers .  A similar p a t te rn  of 

cellular alignm ent was found in th e  channels  of both decellularized scaffolds a t  day 

14. For bo th  groups, a small portion of cells had re-organized the ir  actin cytoskeleton, 

from a sp read , te n se  s truc tu re  into a m ore  confined and round shape , resembling a 

chondrocyte-like p h en o ty p e  (Fig. 5.9). By day 28, m ost cells displayed this round 

shape , th u s  th e  cellular a lignm ent pa t te rn  was no longer obvious. However, som e 

cells w ere  still found to  be spread  and horizontally aligned in th e  channels  of 

decellularized im m atu re  scaffolds, bu t  perpendicularly aligned in th e  channels  of 

decellularized m a tu re  scaffolds, similar to  th a t  observed  on day 1.
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Immature Mature

Figure 5.9. DAPl and F-actin staining showing cell alignment within the channels of cell seeded 

decellularized immature and mature cartilage scaffolds at day 14 and 28. Images in first and third 

column represent the highest degree of cell alignment observed in the two groups at 

corresponding time points, while images in second and fourth column represent the average 

degree of cell alignment observed in the two groups. Images from first to third row were all taken 

at 20x. Images from the fourth row show the magnified images of the box regions in third row.
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The alignm ent of collagen fibers sec re ted  by cells within th e  channels  w as assessed  

using PLM. On day 14, th e  new  synthesized collagen fibers ap p ea red  to  be 

perpendicularly  aligned in th e  channels  of th e  decellularized m a tu re  scaffolds, 

mimicking th e  alignm ent of th e  native collagen fibers within th e  decellularized 

scaffolds (Fig. 5.10). Collagen fiber a lignm ent w as less obvious in th e  im m ature  

scaffolds, which m ay be d u e  to  lower levels o f  matrix deposition within th e se  

scaffolds a t  th is t im e point (see Fig. 5.8). A m ore  obvious and p redom inan t  p a t te rn  of 

collagen fiber alignm ent was observed  by day 28 in both  scaffold types. Collagen 

fibers w ere  found to  be  perpendicularly  aligned through  th e  dep th  of th e  channels  in 

th e  m atu re  scaffolds. In th e  im m atu re  scaffolds, th e  deposited  collagen fibers w ere  

found to  be  horizontally aligned in th e  lower region of th e  channels  but 

perpendicularly  aligned in th e  u p p e r  regions of th e  channels  (Fig. 5.10).
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Figure 5.10. PLM images of collagen alignment within the channels of the cell seeded 

decellularized immature and mature cartilage scaffolds at day 14 and 28. All images were taken at 

lOx.
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5.3.6. Re-population of decellularized skeletally mature cartilage 

scaffolds with IFP-MSCs leads to the development of engineered 

cartilage with mechanical properties mimicking the native tissue

By day 28, the  total sGAG content of the  engineered grafts (including cell synthesized 

and the residual in the  decellularized scaffold) as a percentage of wet weight was ~1% 

for both scaffold types (Fig. 5.11A). The total collagen as a percentage of wet weight 

level was significantly higher in the  mature grafts compared to  immature grafts 

(p^O.OOl), approaching th a t  found in native articular cartilage (~10%; Fig 5.11A). The 

dynamic modulus of the  immature grafts remained steady over the  28 days of culture 

whereas the  dynamic modulus of the  mature grafts increased significantly. At day 28, 

the  dynamic modulus of m ature grafts reached 2132 kPa, significantly (~twice) 

higher than that  of the  immature grafts (Fig. 5.11B; p^O.OOl).
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Figure 5.11. A) Total GAG %wet weight and total collagen %wet weight level of the engineered 

immature and mature cartilage grafts at day 28; B) IHz dynamic modulus (kPa) of the immature 

and mature cartilage scaffold controls and cell seeded constructs at day 28. *: psO.05; ***: 

psO.OOl.
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The equilibrium modulus through the  depth of IFP-MSCs seeded constructs (at 5% 

global offset strain) was computed after 1 and 28 days of culture. There was little 

evidence of an increase in the  equilibrium compressive modulus with depth in 

IFP-MSCs seeded scaffolds after 1 day of culture (Fig. 5.12A). In contrast, a notable 

trend towards an increase in modulus with depth was observed after 28 days of 

culture, particularly for m ature grafts.

We next sought to  determine if re-populating the decellularized cartilage scaffolds 

with IFP-MSCs would lead to  the  developm ent of cartilaginous tissues demonstrating 

the  characteristic strain softening behavior (a reduction in compressive modulus with 

increases in applied strain) observed in the  native tissue. To tes t  this, the  

compressive modulus in the  deep zone of the  engineered tissue was computed for 

increasing levels of applied strain. There was little evidence of such strain softening 

behavior directly after seeding the scaffold with IFP-MSCs (day 1). In contrast, there  

was a notable reduction in modulus with increasing levels of applied strain in 

engineered tissues after 28 days of culture (Fig. 5.12B). Specifically, the  modulus of 

m ature constructs after 28 days of culture decreased from 4.42 MPa at 2.5% offset 

strain to  0.36 MPa at 10% offset strain (p<0.05), compared to  0.2 MPa at 2.5% offset 

strain and 0.09 MPa at 10% offset strain at day 1. Strain softening was less obvious in 

the  immature constructs, where the modulus after 28 days of culture decreased from 

0.96 MPa at 2.5% offset strain to  0.29 MPa at 10% offset strain, compared to 0.19 

MPa at 2.5% offset strain and 0.06 MPa at 10% offset strain at day 1.
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Figure 5.12. A: The equiHbrium modulus (for a global compressive strain of 5%) of the superficial 

zone (SZ), middle zone (MZ), upper deep zone (DZ-upper) and lower deep zone (DZ-lower) of the 

day 1 and 28 cell seeded decellularized immature and mature scaffolds. B: The equilibrium 

modulus of the upper deep zone of the day 1 and 28 cell seeded decellularized im m ature and 

m ature scaffolds for 2.5%, 5% 7.5%, 10%, 12.5% and 15% global strain. *:p^0.05; **; psO.Ol; 

#:ps0.05 vs. dayl; ##: p^O.Ol vs. dayl.
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5.4. Discussion

The overall objective of th e  s tudy w as to  repopu la te  decellularized cartilage grafts 

(herein te rm e d  scaffolds) with IFP-MSCs, with th e  aim of engineering  functional 

cartilage construc ts  with s truc tu re ,  com position  and d e p th -d e p e n d e n t  mechanical 

p roperties  equivalen t to  th e  native tissue. First, a decellularization protocol was 

developed , which resulted  in a ~88%  reduction in DNA co n ten t  and  nea r  com ple te  

removal of GAG, while m aintaining th e  collagen co n ten t  and  arch i tec tu re  of th e  

native tissue. Decellularized scaffolds derived from skeletally im m a tu re  and  m a tu re  

cartilage grafts w ere  th e n  seed ed  with IFP-MSCs and cultured  for 4  weeks. Both 

scaffold ty p es  su pported  s tem  cell a t tach m en t,  viability and  proliferation, with cells 

s ee d ed  in skeletally m a tu re  scaffolds displaying significantly higher levels of 

proliferation and collagen synthesis com pared  to  th o se  seed ed  in im m ature  scaffolds. 

Cellular and  neo-m atrix  alignm ent w as found to  d ep en d  on th e  underlying collagen 

arch itec tu re  of th e  scaffolds. The im pact of  this was th a t  cartilage t issues eng ineered  

using s tem  cell laden scaffolds derived from  skeletally m a tu re  grafts d em o n s t ra te d  a 

collagen s truc tu re  and  con ten t ,  d e p th -d e p e n d e n t  mechanical p roperties ,  and  a 

straining softening behaviour characteris tic  of native m a tu re  articular cartilage. To 

th e  best  of o u r  know ledge this is th e  first t im e such native tissue-like functionality 

has  been  recap itu la ted  in eng inee red  cartilaginous grafts.

Decellularization resulted  in a ~88%  reduction  in th e  DNA co n ten t  o f  cartilage tissues. 

The decellularization was m ore  effective for th e  im m atu re  cartilage tissues, which 

may be due  to  th e  fact th a t  th e  ECM of th e  m a tu re  tissue  is d en se r  and  m ore  

organized, hence  creating a g re a te r  barrier for th e  diffusion of decellularization 

solutions and  th e  removal of residual DNA. Previous studies have rep o r ted  similar, 

higher or lower levels of DNA removal post-decellularization. For example, a f te r  a 6 

day  wash in a hypotonic buffer containing 0.1% (w/v) SDS, Kheir e t  al. show ed  a near 

com ple te  (~99%) removal of genom ic DNA from th e  decellularized cartilage-bone 

construc ts  (Kheir e t  al., 2011). While using a 20 tim es higher SDS concen tra tion  (2%)
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b u t a sh o r te r  incubation period (8 h). Elder a!, repo rted  only a 40% reduction in DNA 

co n ten t  of th e  decellularized articular cartilage tissue (Elder e t  al., 2010). It should be 

no ted  how ever  th a t  th e  m easu red  levels of DNA remaining in decellularized scaffolds 

a re  still higher th an  reco m m en d ed  limits p roposed  in th e  literature for decellularized 

ECM derived scaffolds (<50 ng dsDNA per mg ECM dry weight) to  p reven t an adverse 

host re sponse  (Crapo e t  al., 2011). While such s tr ingent criteria may not be required 

for im planta tion  into articular cartilage defects, regions o ften  described as 

immune-privileged (Benders e t  al., 2013), additional work is w arran ted  to  fu r the r  

reduce  th e  DNA c o n ten t  o f  decellularized tissues.

Both th e  collagen co n ten t  and  collagen netw ork  organization ap p e a re d  unaffec ted  by 

th e  decellularization procedure . Previous studies have also show n th a t  SDS d o es  not 

affect th e  collagen con ten t ,  s truc tu re  o r  tensile properties  of articular cartilage w hen 

used a t  appropria te  concen tra t ions  and  incubation periods (Elder e t  al., 2010, Kheir 

e t  al., 2011). A near-com ple te  removal of GAG was observed , which was to  be 

expected  d u e  to  th e  inclusion of hyaluronidase t re a tm e n t  into th e  decellularization 

p rocedure . This s tep  w as included based on th e  assum ption  th a t  th e  removal of GAG 

would lead to  a m ore  porous scaffold, th e reb y  facilitating removal of DNA and 

recellularization of th e  scaffold. It should be no ted  how ever th a t  many 

decellularization p rocedures  th a t  lack hyaluronidase t re a tm e n t ,  bu t which contain 

o n e  or m ore  cycles of SDS washes, can lead to  significant or even com ple te  removal 

of GAG in articular cartilage (Elder e t  al., 2010, Kheir e t  al., 2011).

Decellularized cartilage w as found to  provide a substra te  supportive of s tem  cell

proliferation. This m ay be explained, a t least in part, by th e  significant increase in

surface area  provided by th e  introduction of channels  into th e  cartilage grafts. It is

well estab lished  in th e  tissue  engineering l iterature th a t  increases in scaffold porosity

a n d /o r  surface area  support  s tem  cell proliferation (M urphy e t  al., 2010, Matsiko e t

al., 2014). The residual (primarily type  II) collagen netw ork  within th e  decellularized

tissue  may also be  supporting cellular growth. Previous s tudies have found th a t  type
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II collagen p ro m o ted  cell proliferation a t a d o se -d ep en d e n t  m an n e r  (Qi and Scully, 

1997), and resulted  in a significantly higher biosynthesis ra te  in chondrocytes  

co m p ared  to  type  I collagen (Bosnakovski e t  al., 2006, N ehrer e t  al., 1997, Veilleux e t 

al., 2004). F urtherm ore , any g row th  factors potentially reserved  in th e  scaffolds after 

decellularization m ay be supportive  of s tem  cell proliferation. Som e cell d e a th  was 

observed  to w ard s  th e  b o t to m  of th e  channels  within th e  decellularized scaffolds. This 

is likely d u e  to  nu trien t tran sfe r  limitations within such regions of th e  eng ineered  

t issues leading to  cell dea th .

Scaffolds derived from  skeletally m atu re  cartilage w ere  found to  provide a su b s tra te  

m ore  supportive  of s tem  cell proliferation and collagen synthesis th an  th o se  derived 

from  im m atu re  tissue. Previous s tud ies  in o u r  lab have rep o r ted  th a t  th e  thickness of 

collagen fibers increases dramatically with skeletal maturity, from  approxim ately  20 

nm  in 4 w eek  old cartilage to  nearly 200 nm in 3 year old cartilage (Gannon, 2013). 

Studies have d em o n s t ra te d  th a t  increases in fiber d iam ete r  in e lec trospun  scaffolds 

can lead to  increases in cell proliferation (Badami e t  al., 2006), th u s  suggesting th a t  

th e  larger sized fibers in th e  skeletally m a tu re  scaffolds m ay be supporting  g rea te r  

levels of cell proliferation. Chondrogenesis  in e lec trospun  scaffolds has also been  

show n to  d ep e n d  on th e  fiber d iam eter ,  with enhanced  collagen ty p e  II expression 

observed  on scaffolds with a 300 nm  fiber d iam e te r  (Noriega e t  al., 2012), similar to  

th e  collagen fiber d iam e te r  of th e  m a tu re  tissues. O ther differences b e tw een  

scaffolds derived from  im m ature  and  m a tu re  cartilage, such as th e  type  of collagen 

p re sen t  in th e  tissue  and it structura l alignment, may also be  contributing to  th e  

findings of enh an ced  proliferation and  collagen matrix synthesis in th e  scaffolds 

derived from m atu re  articular cartilage.

The alignm ent of cells, and  th e  collagen th ey  synthesized, strongly d ep e n d e d  on th e  

underling alignm ent of th e  collagen ne tw ork  in th e  decellularized scaffolds, and  this 

w as achieved through  th e  seed ed  cells sensing th e  collagen fiber a lignm ent on th e  

surface a rea  of th e  channels. In scaffolds derived from  skeletally m a tu re  tissue, th e
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collagen ne tw ork  th a t  fo rm ed  in th e  channels  mimicked th e  classic Benninghoff 

a rch itec tu re  th a t  is characteristic of fully deve loped  articular cartilage. Previous 

studies have also show n th a t  th e  underlying su b s tra te  arch itecture can direct cellular 

and neo-m atrix  alignm ent (Gilchrist e t  a!., 2014, Guillem ette e t  al., 2009, Ma e t  al., 

2011) and even th e  biosynthesis activity of th e  cells (Ma e t  al., 2011).

Critically, th e  impact of re -populating  decellularized cartilage scaffolds derived from 

skeletally m a tu re  donors  with IFP-MSCs w as th e  dev e lo p m en t of eng ineered  

construc ts  with mechanical p roperties  (i.e. d e p th -d e p e n d e n t  com pressive modulus, 

strain softening) th a t  mimicked th e  native tissue a f te r  4 weeks in culture. Following 

decellularization, which resulted  in a com ple te  loss in tissue GAG con ten t,  ne i the r  th e  

im m atu re  or m a tu re  grafts displayed such mechanical behavior and had mechanical 

p roperties  dramatically lower th an  th e  native tissue (Gannon, 2013). This is in 

a g re e m e n t  with previous studies th a t  have d em o n s tra te d  how  proteoglycans 

electrostatically and non-electrostatically  contribution to  th e  com pressive properties  

of articular cartilage (Canal Guterl e t  al., 2010). The mechanical p roperties  of th e  

eng inee red  tissues dramatically improved over 28 days in culture. At low offset 

strains (2.5% strain), th e  equilibrium m odulus of th e  d e e p  zone of tissues eng ineered  

using m a tu re  scaffolds exceeded  4 MPa, which com pares  to  approxim ately  9 MPa for 

th e  native tissue (Gannon, 2013). Furtherm ore , th e  characteristic strain softening 

behavior of th e  native tissue re -em erged  following th e  deposition of proteoglycans 

inside th e  scaffold. These newly deposited  proteoglycans will p ro m o te  th e  

d ev e lo p m en t of an osm otic swelling pressure  within th e  eng ineered  tissue, which in 

tu rns  will g en e ra te  a s ta te  of  pre-s tress  or tension  within th e  existing collagen 

network. High loads a re  initially required to  relieve this p re-s tress  as th e  tissue is 

com pressed ,  bu t once  th e  fibers a re  no  longer in tens ion  they  no longer con tribu te  to  

th e  compressive properties  of th e  tissue  and hence th e  eng ineered  construc t starts  

to  a p p e a r  softer with increasing levels of applied strain. The fact t h a t  th e  collagen 

fibers a re  thicker and aligned predom inantly  perpendicular  to  th e  direction of applied 

strain in th e  d e e p  zone of th e  m a tu re  scaffolds likely explains w hy th e  deve lopm en t
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of proteoglycan induced swelling in th e s e  construc ts  leads to  g re a te r  increases in 

com pressive m odulus with d ep th  in th e se  construc ts  co m p ared  to  th e  im m atu re  

scaffolds.

One of th e  limitations of th is  study is th e  limited cellular infiltration into th e  body of 

scaffolds, likely d u e  to  d en se  n a tu re  of th e  cartilage ECM. This challenge has 

previously been  rep o r ted  w hen  a t tem p tin g  to  re -popu la te  decellularized 

cartilaginous grafts (Kheir e t  al., 2011, Schwarz e t  al., 2012a). For example, cellular 

infiltration only ~ 2 0 0  nm into th e  body of a decellularized carti lage-bone scaffold has 

b een  rep o r ted  3 m o n th s  a f te r  im planta tion into n ude  mice. Such challenges may 

potentially  be  overcom e by increasing th e  n u m b er  of channels  in th e  decellularized 

scaffolds, which m ay acce lera te  th e  in vivo host  cell infiltration and tissue 

remodelling process. Even w ithou t  such modifications, it m ay be th a t  such scaffolds 

will be adequa te ly  re-cellularized following im planta tion  into a load-bearing 

o r tho top ic  defect. A nother  limitation is th a t  th e  GAG level of th e  eng inee red  grafts is 

still lower th an  th a t  of th e  native tissue, in part b ecau se  all GAG w as  rem oved  from 

th e  scaffolds during decellularization. Further s tudies  may seek  to  reta in  so m e  level 

o f GAG in th e  decellularized scaffolds, which may im prove th e  mechanical p roperties  

of  th e  scaffolds.

In conclusion, this s tudy  highlights th e  im portance  of scaffold arch itec tu re  on 

engineering  zonal cartilage grafts. Scaffolds derived from decellularized articular 

cartilage tissue, which m aintain  th e  original collagen co n ten t  and  s truc tu re  of th e  

native t issue, can facilitate th e  regenera tion  of cartilage grafts with native-like 

structu re , com position an d  d e p th -d e p e n d e n t  m echanical p roperties .  The limitation 

with cell infiltration into th e  body of th e  scaffolds m ay be overcom e by ap p ro ach es  

such as th e  introduction of larger n u m b ers  of channels  into th e  scaffolds. 

Alternatively, th e  results of this s tudy  m ay inspire th e  design of novel scaffolds 

derived from  natural o r  synthetic  polymers to  p roduce  biom aterials  th a t  mimic many 

of th e  structural fe a tu res  of  th e  decellularized t issue, bu t which have a higher
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porosity to  facilitate g re a te r  cellular migration. Indeed, m any novel scaffold 

fabrication techn iques  a re  now  available th a t  may facilitate this (M outos e t  al., 2007, 

McCullen e t  al., 2012, S teele e t  al., 2014). Manipulating scaffold a rch itec tu re  to  

mimic th e  collagen arch itec tu re  of th e  native tissue  ap p ears  to  be critical for 

engineering functional articular cartilage grafts.
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Discussion
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6.1. Overview

The overall goal of this thesis  w as to  eng ineer  a cartilage graft with d e p th -d e p e n d e n t  

s tructure , composition and  mechanical properties  mimicking th e  native tissue. A 

prerequis ite  for any cartilage tissue  engineering s tra tegy  is th e  identification of a 

suitable sell source. A previous s tudy  from  our  lab (Thorpe e t  al., 2013) has shown 

th a t  cartilage grafts mimicking aspects  of th e  zonal composition of articular cartilage 

can be eng ineered  using BM-MSCs, by regulating th e  oxygen and mechanical 

env ironm en t th rough  th e  dep th  of th e  developing constructs . There w ere, however, 

limitations associa ted with this approach  including hypertrophy and low mechanical 

p roperties  of th e  eng inee red  grafts. This m otivated  th e  use of IFP-MSCs in this thesis. 

However, few  studies have investigated how IFP-MSCs w ould respond to  mechanical 

stimuli, such as dynam ic com pression. Therefore, in th e  first study of this thesis, we 

com pared  th e  effects of dynam ic com pression  on chondrogenesis  of both BM-MSCs 

and IFP-MSCs. Both cell types  could be used to  eng ineer cartilage grafts with GAG 

c o n ten t  and bulk com pressive mechanical p roperties  approaching th o se  observed  in 

skeletally im m ature  articular cartilage. Although th e  application of dynamic 

com pression had no significant effect on matrix accum ulation  or bulk com pressive 

p roperties  of IFP-MSCs laden agarose  hydrogels, th e  cartilage eng ineered  using 

IFP-MSCs show  no mineralization o r  expression of type  I collagen, unlike th o se  

eng ineered  using BM-MSCs.

Having identified IFP-MSCs as a promising cell source for engineering phenotypically 

s table cartilage grafts, w e  th e n  sought to  explore if th e se  cells could be used to  

eng ineer  cartilaginous t issues with a zonal composition mimicking th a t  of th e  

articular cartilage. IFP-MSCs w ere  encapsu la ted  in agarose  hydrogel to  m ake 

construc ts  of e ither 2 mm o r  4 mm in height. Constructs w e re  confined to  half of 

the ir  height and sub jected  to  dynam ic com pression, in an a t te m p t  to  mimic th e  

spatial oxygen and mechanical env ironm en t within ar ticular cartilage. The size of cell 

seeded  construc ts  was found to  dramatically im pact spatial nu trien t availability and
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su b se q u e n t  nnatrix deposition  within th e  constructs ,  with 2 m m  high constructs  

showing a relatively h o m o g en eo u s  matrix distribution, while t h e  4  m m  high 

construc ts  contained  a b o t to m  core region with little matrix deposition . Confinem ent 

coupled with dynamic com pression  led to  an increase in collagen synthesis and type  

II collagen deposition  a t  th e  to p  of both  2 m m  and 4 m m  constructs ,  which correlated  

with th e  pred ic ted  increase in com pressive and  tensile strain levels a t  th e  top  of 

th e se  construc ts .  F urtherm ore , th e  superficial region of bo th  2 m m  and 4 mm 

confined dynamically com pressed  (CDC) construc ts  s tained strongly for type II 

collagen and weakly for GAG, with proteoglycan 4 (PRG4) fu r th e r  observed  in 4 mm 

CDC sam ples , mimicking certain  aspec ts  of th e  zonal com position of articular 

cartilage.

While this s tra tegy  w as able to  recapitu la te  certain aspects  of th e  zonal com position 

o f articular cartilage, th e re  w as no ev idence th a t  th e  classic benninghoff collagen 

arch itec tu re  of m a tu re  articular cartilage w as recapitu la ted  in th e s e  grafts. Also, th e  

bulk mechanical p roperties  of th e  eng inee red  grafts w ere  still much lower th an  th o se  

o f th e  native tissue. Therefore,  I next explored if re -populating  decellularized 

cartilage ECM-derived scaffolds, w h e re  th e  original tissue collagen s truc tu re  w as 

m aintained, with IFP-MSCs, can lead to  th e  regenera tion  of cartilage grafts with 

s tructu re ,  com position  and  mechanical p roperties  mimicking native tissue. Skeletally 

im m atu re  and  m a tu re  articular cartilage w e re  decellularized using a protocol th a t  

significantly reduced  th e  DNA co n ten t  and com pletely  rem oved  th e  GAG con ten t,  

while m aintaining th e  collagen co n ten t  of th e  tissue. Notably, w e also observed  th a t  

th e  d e p th -d e p e n d e n t  collagen arch itec tu re  of bo th  skeletally im m a tu re  and  m atu re  

tissue w as m ain ta ined  post-decellularization. These decellularized scaffolds w ere  

th en  seed ed  with IFP-MSCs and  cultured fo r 4 weeks. Both scaffold types  w ere  shown 

to  support  cell a t ta c h m e n t,  viability and  proliferation. Interestingly, cells seed ed  in 

skeletally m a tu re  scaffolds displayed significantly higher proliferation and collagen 

synthesis co m p ared  to  th o se  seed ed  in im m ature  scaffolds. Cellular and neo-m atrix  

alignm ent within th e  channels  of th e s e  decellularized scaffolds w as found to  d epend
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on the underlying collagen architecture of the scaffolds. Importantly, cartilage tissues 

engineered using mature scaffolds seeded with human IFP-MSCs demonstrated a 

collagen structure and content, depth-dependent compressive properties, and a 

characteristic straining softening behavior mimicking native mature articular 

cartilage.

6.2. Is there an ideal approach to engineering zonal cartilage 

grafts?

This thesis explored two different approaches for zonal cartilage tissue engineering. 

Each approach has its own advantages and disadvantages, which will be discussed in 

the following section.

The first approach utilized a bioreactor system to regulate the oxygen and 

mechanical environment within the developing stem cell laden constructs. This 

approach led to the development of engineered tissues with a native-like 

composition through their depth. Engineered grafts displayed a superficial region 

mimicking that of native tissues, with strong positive staining for type II collagen, 

weak staining for GAG and expression of PRG4. PRG4 is a molecule expressed by the 

chondrocytes on the surface of articular cartilage to provide boundary lubrication 

and low-friction properties for the tissue, and it has been shown to be up-regulated 

in chondrocytes by the application of mechanical stimuli (Grad et al., 2005, 

Nugent-Derfus et al., 2007). Notably, the expression of PRG4 was not observed in any 

other experimental groups within this study, except for the confined dynamically 

compressed (CDC) constructs. The attainment of a high collagen content and 

expression of PRG4 in the superficial region of the engineered tissue, may better 

equip grafts to withstand the challenging loading environment in the joint. 

Furthermore, the application of confinement and dynamic compression may prime
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cells for the  low oxygen environm ent and challenging mechanical conditions they will 

experience following im plantation into a defect w ithin articular cartilage. If cells can 

pre-adapt to  the native-like environm ent during in vitro culture, it may better equip 

cells to  thrive in the complex in vivo environm ent or shorten the  adapting period. 

Lastly, com pared to  decellularized ECM-derived scaffolds, the agarose used in this 

study to  encapsulate cells is a readily available m aterial, and the cell-laden agarose 

hydrogel can be made in any size and shape, w ithout risks of disease transmission.

However, it should be noted tha t there  are a few  disadvantages about this bioreactor 

approach. First of all, it requires the use of a complex bioreactor system and 

relatively com plicated handling procedure in the using of this system, which is 

tim e-consum ing. User friendliness is an im portant criterion for any bioreactor 

system, thus the existing bioreactor design need to  be improved. Furtherm ore, even 

after 6 weeks o f culture, the overall mechanical properties of the engineered grafts 

are still significantly lower than those o f native tissues. Also there  is no evidence of 

the  acquisition of the Benninghoff collagen architecture of m ature articular cartilage 

in the engineered grafts.

In contrast, the  alternative approach which utilized decellularized cartilage 

ECM-derived scaffolds for engineering zonal cartilage, may overcom e some of the  

lim itations m entioned above. First, decellularized cartilage derived scaffolds 

m aintained the  collagen architecture of the  native tissue. This in turn can be used as 

a tem plate  to  direct seeded cells to  orient themselves and th e ir synthesized matrix  

(Gilchrist et al., 2014, G uillem ette et al., 2009, M a et al., 2011), such that the  

neo-m atrix structure/orientation  is in line with the  existing collagen architecture in 

th e  scaffolds. Secondly, the decellularized cartilage scaffolds primarily consist of 

natural collagen. Since the collagen content of articular cartilage was maintained  

after decellularization, the engineered grafts reached a total collagen content of 10%  

of tissue w et weight. This overcomes a current major lim itation of tissue engineered  

cartilage grafts, which is the low collagen content of such tissues. Furtherm ore,
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decellularized cartilage derived scaffolds w^ere not only rich in collagen con ten t,  bu t 

also may contain various o th e r  molecules, such as fibronectin and m any growth 

factors including FGF-2 and  TGF3-3. These molecules have been  show n to  p rom ote  

cell a t tach m en t,  proliferation and differentiation (Arenas-Herrera e t  al., 2013). Lastly, 

even over a relatively sho rt  culture period (4 weeks), th e  eng ineered  grafts 

d em o n s tra ted  mechanical p roperties  approaching th o se  of m a tu re  articular cartilage, 

likely d u e  to  th e  deposition of sGAG as well as acquisition of a native-like collagen 

netw ork  within th e  eng ineered  constructs.

Nevertheless, th e re  are also several limitations associa ted  with th e  decellularized 

cartilage derived scaffold approach . The decellularized scaffolds a re  no t readily 

available like m any commercial materials. Since raw sam ples need  to  be taken  from 

animal donors,  certain  risks of  disease transmission from  animal to  hum an  is 

involved. Although th e  decellularization p rocedure  may possibly inactivate som e 

pa thogens, it takes  considerable  am o u n t  of t im e (in this case 2 weeks). Furtherm ore , 

th e  thickness of th e  p roduced  scaffolds is limited to  th a t  of th e  animal do n o r (in this 

case, scaffolds w ere  ~ l m m  thick, w h e reas  th e  average thickness of hum an articular 

cartilage is ~ 2  mm). However, this m ay be overcom e by switching to  an alternatively 

cartilage source, such as bovine articular cartilage. M ost importantly, limited cell 

infiltration into th e  body of scaffolds was observed over 4 w eeks of culture. This was 

d u e  to  th e  dense  n a tu re  of th e  decellularized cartilage ECM, which limited cell 

migration th ro u g h o u t  th e  construct.  The in vivo env ironm en t is much m ore  complex, 

with various types  of m acrophages  p re sen t  which may help in remodelling of an 

im planted construct, thus  perhaps  would help to  acce lera te  th e  cell infiltration 

(Benders e t  al., 2013). Mechanical loading associa ted with th e  joint may also facilitate 

this process. Thus, fu r the r  animal s tud ies w h ere  th e  construc t is im planted  into a 

load bearing defec t will be  required  to  examine if th e  host cells can fully re -popu la te  

th e  decellularized scaffolds over time.
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To conclude, comparing the  tw o approaches discussed above, I am of the belief that 

the second approach (decellularization of articular cartilage tissues) may represent a 

better way to  engineer zonal cartilage grafts, given the im portance o f the  acquisition 

of the collagen architecture on mechanical properties of the  engineered tissue. 

However, the  ideal approach to  zonal cartilage tissue engineering may involve a 

com bination of both strategies. For exam ple, cell seeded decellularized cartilage 

scaffolds could be subjected to  partial confinem ent and dynamic compression. 

Perhaps dynamic compression may facilitate cell infiltration into the scaffolds. Also 

by priming engineered grafts w ith a native-like culture environm ent, it may better 

equip the  engineered grafts to  thrive in the  very challenging in vivo environm ent.

6.3. Implications for the design of novel scaffolds for zonal 

cartilage tissue engineering

The last study of this thesis highlighted the impact of scaffold architecture on 

engineering zonal cartilage grafts. Decellularized cartilage ECM-derived scaffolds, 

which maintain the original tissue structure, may facilitate the regeneration of 

cartilage tissue w ith native-like structure, composition and mechanical properties. 

Limitations w ith  cell infiltration into the  body of scaffolds may be improved by 

approaches such as the introduction of channels into the scaffolds. Furtherm ore, the  

complex in vivo environm ent may also facilitate cell migration into scaffolds.

A lternatively, structurally organized scaffolds mimicking certain aspect of the  

collagen architecture of articular cartilage may be produced using novel techniques 

such as bioprinting and /o r electrospinning. Bioprinting technology can produce 

scaffolds w ith highly reproducible architecture, controlled pore size, geom etry and 

orientation (W oodfield et a i ,  2004). Therefore, it could be used to  produce scaffolds 

which mimic the collagen fiber alignm ent in the superficial and deep zone of articular
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cartilage to  a certain degree , albeit with larger pore  size, porosity  and 

inter-connectivity  th an  th o se  of th e  decellularized cartilage scaffolds p roduced  in this 

s tudy. However, to  th e  b es t  o f  my knowledge, it is no t  clear if cu r ren t  scaffold 

fabrication techn iques  can capable of printing fibers a t th e  n a n o m e te r  scale (Klein e t  

al., 2009a). C om pared to  m icrom eter  scale fibers, n an o m e te r  scale fibers m ore  

closely mimic th e  native collagen fiber size, and can provide a 3D env ironm en t m ore  

conductive for cell a t ta c h m e n t  and appropria te  differentiation. M icrom ete r scale 

fibers ten d  to  provide a 2D env ironm ent for cells to  a ttach. For example, it has  been  

show n th a t  small fiber scaffolds p ro m o te  m ore  robust chondrogenesis  th a n  large 

fiber scaffolds (Li e t  al., 2006). In contrast,  e lectrospinning technology  en ab les  th e  

production  of scaffolds with fibers a t  a n an o m e te r  scale. It also allows for th e  control 

of th e  orien ta tion  of fibers. Thus, with this technology it is possible to  fabrica te  a 

scaffold with aligned fiber orien ta tion  mimicking th e  collagen arch itectu re  of  articular 

cartilage to  a certain deg ree  (McCullen e t al., 2012). However, th e  p roduced  aligned 

fiber scaffolds ten d  to  have a very small pore  size, which could also limit cell 

m igration into th e  scaffolds. Nevertheless, this may be overcom e by th e  addition of 

sacrificial fibers, which is spun to g e th e r  with th e  major fibers bu t la ter  will be 

d igested  to  increase th e  porosity of scaffolds (Baker e t  al., 2008). Emerging 

technologies,  such as m elt electrospinning, may overcom e many of th e s e  limitations. 

For example, it has been  d em o n s tra te d  th a t  th e  predic table deposition  location of 

m elt  e lec trospun  fibers can be com bined  with an au to m a ted  laterally transla ting  

collection system to  c rea te  a direct writing process which allows th e  design and 

fabrication of scaffolds with controllable arch itectures  and p a t te rn s  (Brown e t  al., 

2011).

In conclusion, th e  au th o r  suggests  th a t  th e  ideal scaffold for engineering zonal 

cartilage grafts should have a s truc tu re  mimicking th e  Benninghoff collagen 

a rch itec tu re  of m atu re  articular cartilage, a suitable po re  size and  porosity  to  

facilitate cellular migration and infiltration, as well as supporting  chondrogenesis  of 

s eed ed  cells.
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Conclusions and Future Directions
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7.1. Main findings and conclusions

The overall objective of this thesis was to engineer a cartilage graft with 

depth-dependent structure, composition and mechanical properties mimicking native 

tissue using IFP-MSCs. After firstly investigating of effects of dynamic compression on 

the chondrogenesis of IFP-MSCs, two approaches were then explored to achieve this 

goal. These were: 1) the use of partial confinement and dynamic compression to 

regulate the oxygen and mechanical environment within stem cell laden hydrogels; 

and 2) re-populating decellularized cartilage ECM-derived scaffolds (which maintain 

the original structure of the native tissue) with human IFP-MSCs. The main 

conclusions of this thesis are as follows:

•  Both BM-MSCs and IFP-MSCs were capable of regenerating cartilage grafts with 

GAG content and bulk compressive mechanical properties approaching those of 

the skeletally immature articular cartilage. While, the spatial matrix deposition in 

the engineered grafts strongly depended on the MSC source.

•  Depending on the donor, dynamic compression either enhanced or had no effect 

on the functional development of cartilage grafts engineered using BM-MSCs. in 

contrast, the application of dynamic compression (in isolation) had no significant 

effect on the functional development of cartilage grafts engineered using 

IFP-MSCs.

•  Constructs engineered using BM-MSCs expressed type I collagen and began to  

calcify in vitro, with dynamic compression further suppressing the expression of 

type I collagen and mineralization. In contrast, constructs engineered using 

IFP-MSCs showed no evidence of hypertrophy or endochondral ossification.

•  The size of cell seeded constructs had a great impact on the spatial nutrient 

availability and subsequent matrix deposition within the constructs.
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•  It is possible to  eng inee r  cartilage grafts minnicking certain aspec ts  of th e  zonal 

com position of articular cartilage, such as high levels of collagen accum ulation 

and  expression of PRG4 in th e  superficial region of eng ineered  tissues, by spatial 

regulating th e  oxygen and  mechanical env ironm ent within IFP-MSCs seed ed  

hydrogels.

•  It is possible to  decellularize articular cartilage grafts, with significant removal of 

DNA and  GAG con ten t,  while maintaining th e  t issues collagen con ten t  and 

architecture .

•  Decellularized cartilage derived scaffolds th a t  keep th e  original t issue  s tructure 

can su p p o r t  th e  a t tach m en t,  proliferation and  chondrogenic  differentiation of 

IFP-MSCs. They also provide a natural tem p la te  for th e  seed ed  IFP-MSCs to  align 

and  o rien t their  synthesized matrix in a pa tte rn  mimicking th e  underlying 

collagen arch itecture  of th e  scaffold.

•  Re-populating decellularized m a tu re  cartilage scaffolds with IFP-MSCs can lead to 

th e  regeneration  of cartilage grafts with a collagen s truc tu re  and  conten t,  

d e p th -d e p e n d e n t  com pressive properties ,  as well as a characteristic strain 

softening behavior mimicking native m atu re  articular cartilage.

To conclude, this thesis  highlighted th e  im portance  of env ironm enta l  factors and 

scaffolds a rch itec tu re  for zonal cartilage tissue  engineering. Also it m ay provide 

insights into scaffold design for general  tissue  engineering applications.
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7.2. Future directions

w hile this thesis explored certain approaches for zonal cartilage tissue engineering, 

there are still a number of key questions that need to be addressed. Furthermore, 

other strategies could be further explored and evaluated in order to engineer zonal 

cartilage grafts. The following recommendations are made for future work on the 

subject of this thesis.

•  In vivo evaluation of IFP-MSCs seeded decellularized mature cartilage scaffolds in 

an orthotropic cartilage defect, to explore if host cells can fully re-populate the 

scaffolds overtim e and promote good quality hyaline cartilage repair.

•  Explore the idea of combining the first and second approach for engineering 

zonal cartilage grafts (i.e. apply confinement and dynamic compression to 

IFP-MSCs seeded decellularized mature cartilage scaffolds). Furthermore, to 

evaluate and compare the long term cartilage repair outcome using constructs 

engineered using these three approaches (bioreactor, decellularized scaffolds and 

combined approach).

•  Identify methods to improve the porosity of the decellularized scaffolds to 

facilitate cellular migration and infiltration.

•  Explore the possibility of using electrospinning to produce synthetic scaffolds 

mimicking the collagen architecture of mature articular cartilage.
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