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Abstract 
 

Articular cartilage enables locomotion by protecting the ends of the long bones, providing a 

lubricated low-friction surface for movement, and absorbing and distributing force.  It is also 

a tissue that is often damaged, and has poor intrinsic repair capacity, with damaged articular 

cartilage often progressing to osteoarthritis.  Repair and regeneration of articular cartilage in 

order to generate structure and function identical to that of native tissue remains difficult. This 

demonstrates a need for repair strategies, and tissue engineering and regenerative medicine 

approaches hold promise as potential repair or regeneration methods.  

A modular approach to engineering of cartilage may allow separation of the tissue properties 

into components that can be individually optimised and recombined to a functional construct.  

Modular assembly is a process where separate components possessing separate functions are 

combined into a single, functional whole.  Modular assembly of cartilage has potential to 

surmount some of the difficulties of articular cartilage repair and regeneration.   

 In this thesis, I have demonstrated significant advancement of a modular assembly method to 

assemble tissues and a scaffold in an organised and controlled fashion.  I have also shown 

separate optimisation of the tissue and scaffold components, investigated their interaction, and 

demonstrated enhanced modularity.  This work highlights the potential for 3D tissue assembly 

in the development of clinically relevant cartilage tissue engineering repair strategies.   

Mass production of spheroidal microtissues by pellet culture was demonstrated in 96-well 

plates with minimal effect on chondrogenesis compared to standard tube-based pellet culture.  

Following this, the flexibility and novel capabilities of the 3D tissue assembly process was 

demonstrated given that microtissues were able to be arranged in a number of configurations 

within the 3D scaffold. 

Microtissue assembly was also shown to negate the surface properties of the scaffold surface.  

Since the quality of matrix formed was independent of the surface of the scaffold, this meant 

that modularity of the construct components was enhanced.  A model for examining 

microtissue fusion was then developed, and interactions between microtissues were examined.  

The effects of soluble, physical and enzymatic factors on fusion were investigated, as well as 

the influence of cell type on fusion.  

Finally, appropriate scaffold fabrication with mechanical properties matched to native 

articular cartilage was achieved, while maintaining tissue module-friendly scaffold 

architecture.  A modular construct was fabricated and assembled with tissue modules formed 

from human articular and nasal chondrocytes.  The assembled constructs again demonstrated 

the desired mechanical properties in an assembled construct with immature tissue, and the 

process was able be scaled up to form larger constructs. 

These results demonstrate a modular assembled construct prepared for introduction to a load-

bearing environment in vivo, and demonstrate that modular tissue engineering of articular 

cartilage has potential as a scalable repair strategy.  
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1 Introduction 
Articular cartilage is an important tissue, enabling locomotion by protecting the ends of the 

long bones, allowing movement, providing a lubricated low-friction surface for movement, 

and absorbing and distributing force.  It is also a tissue that is often damaged, and has poor 

intrinsic repair capacity, with damaged articular cartilage often progressing to osteoarthritis.  

Despite decades of research, the answer to repairing or replacing this extraordinary tissue has 

yet to be found. 

This demonstrates a need for repair strategies, and tissue engineering and regenerative 

medicine approaches hold promise for solving the problem of repair and regeneration.  

Cartilage was one of the earliest tissues to attract interest for tissue engineering, as it has been 

seen as a ‘simple’ tissue, lacking vasculature and being composed of a single cell type, the 

chondrocyte. While this is superficially true, the tissue has a complex internal architecture, 

and also has extremely impressive material properties, making it exquisitely fit for purpose. 

Replicating the function of healthy articular cartilage with repair or replacement procedures or 

tissue engineered solutions has, thus far, proved elusive.   

Current regenerative approaches for cartilage that rely on scaffold alone, cells alone, or 

integral scaffold-cell constructs have yet to produce long-term successful regeneration of 

cartilage defects in a clinical setting, though some methods have shown promise.  A modular 

approach to engineering of cartilage may allow separation of the tissue properties into 

components that can be individually optimised and recombined to a functional construct.  

Modular assembly is a process where separate components possessing separate functions are 

combined into a single, functional whole.  Modular assembly of cartilage has potential to 

surmount some of the difficulties of articular cartilage repair and regeneration.   

In this thesis, I investigate and advance a modular method to assemble tissues and a scaffold 

in an organised and controlled fashion, with the goal of engineering an articular cartilage 

construct. This includes development of a 3D model system to systematically study key 

factors involved in modular assembly and scaffold design.  This thesis aims to analyse the 

potential for 3D tissue assembly in the development of clinically relevant cartilage tissue 

engineering repair strategies.   

1.1 Articular cartilage 

1.1.1 Biology and structure 

Articular cartilage is found largely on the ends of the long bones, and has a number of 

functions.  It is mechanically strong, providing shock absorption and resistance to 

compression, as well as shear stresses, in addition to providing an almost frictionless surface 

for joint articulation.  Articular cartilage is an avascular, non-innervated and alymphatic 

tissue, with nutrient supply coming largely from the synovial fluid, via fluid flows from 

normal cyclic compression and unloading of the tissue.  It is a tissue composed of 

chondrocytes which sparsely populate a matrix produced and maintained by the chondrocytes.  

Chondrogenesis to form cartilage is one of the early events that occurs during embryogenesis, 

and happens following condensation of mesenchymal chondroprogenitor cells from the lateral 

plate mesoderm to form cell-dense aggregations.  These cells become closely packed by 

migration of cells.  Increased cell-cell contacts, and alterations in cell-matrix interactions and 

extracellular matrix signalling are important for both adhesion and regulation of the process 
1
, 

and condensation is associated with increased cell adhesions, formation of gap junctions, and 

altered cytoskeletal architectures 
2
.  The condensed aggregations are important for 

establishing the template of the skeletal system, forming the cartilage anlagen; made as the 
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mesenchymal cells differentiate to mature chondrocytes, and then undergoing hypertrophy, 

and with the invasion of osteoblasts and increased vascularisation, to bone.  Cartilage is 

formed from the embryonic mesoderm (appendicular and axial skeletal cartilage) and from 

the neural crest (facial cartilage).  Initial events during embryogenesis involve proliferation of 

mesenchymal stem cells, followed by condensation.  Growth factors and morphogens such as 

Wnt, the TGFβ superfamily and fibroblastic growth factors are important here 
3
.  Aggregation 

and condensation follow, with contributions from cell-cell interactions (involving cadherins 

and nCAD), cell-matrix interactions (with hyaluronan, CD44, fibronectin, proteoglycans and 

collagens all having a role), and intracellular signals transduced by integrins, MAP kinase, 

PKC, cAMP, and others 
2
.  During the condensation phase increased cell-cell adhesion 

molecules and gap junctions are seen.   Initial ECM production mainly consists of collagen 

type I, hyaluronan, tenascin and fibronectin, and this matrix matures as cells mature to 

chondroblasts.  Matrix production then changes, with increased production of proteoglycans, 

collagen type II, IX, and XI, and reduced collagen I 
3
. 

A number of growth factors are important in chondrogenesis and maintenance of 

chondrogenic activity in the developing limb, including members of the TGFβ superfamily 

(TGFβ1, TGFβ2, TGFβ3), cartilage-derived morphogenetic proteins, fibroblast growth factors 

(FGFs), and insulin-like growth factor (IGF1) 
2
.   

Mature articular cartilage has an organised structure, as outlined in Figure 1-1.  The articular 

surface consists of several poorly-defined zones, a superficial zone with elongated 

chondrocytes arranged parallel to the articular surface, and collagen fibrils arranged in this 

manner also.  The middle zone contains randomly organised collagen fibrils, and spherical, 

distributed chondrons.  The deep zone, nearing the calcified zone sees the chondrons and 

collagen fibrils arranged in a vertical manner. There is a transition through a calcified 

chondrocyte zone and into the subchondral zone 
4
.  The deep and middle zones contain a large 

amount of extracellular matrix containing proteoglycans associated with aggrecan and 

collagen fibrils 
5, 6

.  The chondrocytes are located within an extracellular matrix comprised 

largely of proteoglycans bound non-covalently to hyaluronic acid molecules as well as 

collagen fibrils. In mature articular cartilage, chondrocytes are located in lacunae called 

chondrons, with one or more cells being enclosed in a fibrous pericellular matrix.  The 

pericellular capsule consists of a dense network of collagen fibres that surround the 

chondrocyte, associated with high concentrations of proteoglycans 
7
; this helps cushion and 

protect the chondrocytes from mechanical stress 
8
.  

Chondrocytes are responsible for the production, degradation, and maintenance of this 

extracellular matrix, and respond to various stimuli, including mechanical loading, soluble 

factors, and  extracellular matrix composition 
9
.  Indeed, appropriate mechanical loading, 

along with extracellular matrix components and requisite signals and growth factors are 

essential for chondrocyte survival
10

.  Articular cartilage contains specific characteristic 

collagen types and matrix components, with collagen type II being the most predominant 

collagen type.  Minor components of the matrix (such as types IX, XI, and VI collagen, 

biglycan, decorin, and cartilage oligomeric matrix protein) also have important roles in matrix 

structure and function 
3
.  Paracrine factors are important for signalling and maintenance of 

matrix.  The matrix components and their interactions provide the resistance to compressive 

and shear stresses
11

. The large proteoglycan-aggrecan complexes are highly charged, and thus 

attract and bind large amounts of water.  The flow of water and resistance to flow that the 

proteoglycan complexes provide, in addition to their interaction with collagen, provide a high 

resistance to compression.  

Articular cartilage is responsible for providing the low-friction surface for synovial joint 

articulation , with a coefficient of friction of <0.005, an order of magnitude better than any 
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man-made bearing 
12

.  The viscous synovial fluid is particularly important in lubrication of 

the articular surface.  Both fluid-film and boundary lubrication are important for providing 

lubrication 
13

, and a mixed mode of lubrication, where boundary lubrication occurs in 

combination with lubrication from pressurised fluid, is likely to occur when movement and 

loading occur in combination, as it does during most physical activity.  

 
Figure 1-1: Organisation of articular cartilage with schematics demonstrating arrangement of collagen 

fibrils through the cartilage depth (panel A), arrangement and morphology of chondrocytes (B), and 

histological and immunohistochemical images of distributions of important matrix components (C). 

The thickness of articular cartilage in human adults varies between individuals and joints, as 

well as within joints, and has been reported as per Table 1-1.  Variations between individuals 

appears to be related to body weight (load) and joint variations depend on joint type (e.g. 

congruence), as well as loading at that location of the joint 
14

.   

Table 1-1: Reported thicknesses of human articular cartilage 

Average thickness 

(mm) 

Site N Method Author 

1-1.62 Ankle  14 Needle probe 

 

14
 

1.69-2.55 Knee  

1.35-2.0 Hip   

1-3 Femoral head (hip 

joint) 

28 Arthrography 
15

 

Average of 2.5 Proximal tibial 

articular surfaces 

14 MRI 
16

 

2.2-2.5 Femoral trochlea and 

femoral condyles 

6 Dissection, 

histology 

17
 

1.1.2 Mechanical properties & functions 

In vivo, articular cartilage experiences loading from normal daily activity, as well as more 

extreme and unusual movements which deform the cartilage matrix. The resistance to 

compression by articular cartilage is due mostly to the interactions between the large 
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negatively charged proteoglycans and fluid flows within the matrix, as well as the tensile 

strength provided by collagen.  Cartilage can be considered as a porous viscoelastic material, 

made up of two phases: a solid phase composed of collagen and proteoglycans, and a fluid 

phase of water, ions and other solutes 
18

.  Importantly, as a viscoelastic material, its stress-

strain behaviour depends on strain rate and extent 
5
.   The immobilisation of the proteoglycans 

within the collagen fibrillar matrix produces a cohesive matrix 
9
, and the highly charged 

nature of the proteoglycans means the tissue has a high affinity for water 
10

, while a swelling 

pressure in the tissue is generated by repulsion between the proteoglycans and confinement of 

same by the collagen matrix.   The crosslinked collagen components of the tissue provide 

tensile and shear strength, while the resistance to compression is largely due to fluid 

interaction: interstitial fluid pressurisation in native cartilage supports most of the load during 

compression 
19

.  

Cartilage is dependent on moderate loading for its normal function and homeostasis.  

Compressive and shear stresses induce fluid flow into and out of the matrix, assisting 

nutrients and cytokines to reach the middle and deep-zone chondrocytes.  Chondrocytes 

possess the ability to detect both mechanical and matrix compositional changes. Appropriate 

mechanical signals are important for differentiation of chondroprogenitors 
20

, and mechanical 

stimuli contribute to development in cartilage formation and embryogenesis in addition to 

maintaining chondrocyte homeostasis and phenotype in adult tissues 
1
.  Absence of loading 

has negative consequences on cartilage, with  joint immobilisation or long-term unloading 

leading to loss of proteoglycans from the matrix 
9
. 

1.1.3 Damage and degeneration   

Damage to articular cartilage is common 
21

 and can be caused by a single severe impact, or by 

repeated smaller impacts 
9
.  The difficulty of regenerating damaged cartilage has been known 

for many years. As early as 1743 it has been observed that “...an ulcerated cartilage is 

universally allowed to be a very troublesome disease...when destroyed, it is never recovered” 
22

.  Depending on severity of impact(s), the result may be damage to the extracellular matrix, 

cell death, physical macroscopic disruption of the cartilage surface, damage to the 

osteochondral interface, and/or damage to the subchondral bone 
9
.  The International Cartilage 

Repair Society has recommended a validated macroscopic scoring system for chondral lesions 

(Brittberg et al.
23

, illustrated in Figure 1-2), as well as a separate system for osteochondritis 

dissecans.  Under normal circumstances, subchondral defects fail to heal, and often 

degenerate over time 
24

 – the chondrocytes surrounding the defect site do proliferate and step 

up matrix production, however this is usually insufficient to achieve repair, and the defect 

remains 
25

.  Osteochondral defects, where there is infiltration from bone marrow and blood, 

partially heal with fibrous tissue, which has inferior mechanical properties to native hyaline 

articular cartilage 
10

.  They also can degenerate over time 
26

, leading to osteoarthritic changes 

in the joint.   
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Figure 1-2: Outline of the International Cartilage Repair Society hyaline cartilage lesion classification 

system.  Defects are categorised from macroscopically normal (grade 0) through varying degrees of 

chondral defects (grades 1-3) to osteochondral (grade 4). 

Osteoarthritis is a degenerative condition of the synovial joints, in particular, weight-bearing 

joints, where cartilage is gradually lost through degeneration, leading to changes in the 

structure and composition of the extracellular matrix, with later changes including exposing 

the bone ends, calcification and bone spurs at the joint surface and inflammation of the 

synovial membrane.  It is a leading cause of disability in older people, and nearly all people 

over 70 years of age have some evidence of osteoarthritic changes 
27

. Degeneration likely 

results from a combination of factors, including increased loading of the site adjacent to the 

defect, cell death, matrix changes, debris in the joint space and altered patterns of mechanical 

loading across the joint.  In addition to the direct damage to cartilage, events that injure 

cartilage often damage the synovial membrane, exacerbating the situation by exposing the 

cartilage to inflammatory factors 
9
.  Repair of osteoarthritic tissue is difficult, as any repair 

tissue would be attempting to regenerate or repair in a hostile joint environment, including 

chronic inflammation of the synovial membrane, altered chondral tissue metabolism, presence 

of debris, abnormal mechanical stresses, and cartilage-specific proteolysis; as well as changes 

in the subchondral bone 
28

. This means that repair of the articular surface in osteoarthritis is 

likely to be particularly challenging.   

1.2 Clinical approaches to articular cartilage repair 

There are a number of clinical approaches used for the repair of articular cartilage, including 

debridement and lavage, microfracture or subchondral drilling, osteochondral transfer, 

allogenic grafting, periosteal grafting, autologous chondrocyte transplantation, osteotomy and 

arthroplasty 
29

 (outlined in Table 1-2). None of these, however, produce optimal long-term 

results 
29, 30

, often with variable results and unsatisfactory long-term repair 
31

.
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Table 1-2: Current clinical approaches to cartilage repair 

Approach Overview Advantages Disadvantages 

Microfracture The subchondral bone is pierced 

or drilled to allow access to bone-

marrow derived repair factors. 

Fibrous repair tissue is obtained. Can 

obtain good defect filling. Good functional 

and patient-reported outcomes. 

Fibrous repair tissue is obtained, with variable 

mechanical properties and durability 

Osteochondral 

transfer 

/Moasicplasty 

Shaped osteochondral plugs of 

cartilage from non-load bearing 

areas of the joint are transplanted 

to the defect site 

Defect is resurfaced with mature, good 

quality articular cartilage. 

Articular surface is damaged, can lead to necrosis in 

surrounding regions.  Fibrous repair tissue 

surrounds implants.  Limited amount of “non-load 

bearing” donor tissue available.  Some debate 

whether non-load bearing regions of joint exist.  Not 

recommended over 50 yr. 

Allogenic grafting Graft from donor transplanted to 

site of injury 

Large tissue area may be available, 

replacement tissue may be good quality.  

Immunologic problems, donor material availability, 

handling/storage of tissue, tissue integration 

Autologous 

chondrocyte 

implantation (ACI) 

Patients’ own articular 

chondrocytes are removed, 

expanded, and then injected into 

the defect site, and covered with 

a flap 

Repair often occurs. Efficacy similar to 

microfracture. Can obtain good defect 

filling. Good functional and patient-

reported outcomes. 

Tissue obtained is of inferior quality to native 

articular; durability is in question   

Matrix-induced 

chondrocyte 

implantation 

(MACI) 

Similar to ACI, but involves use 

of a matrix seeded with the 

autologous chondrocytes 

Repair similar to ACI. Technical 

advantages over ACI 

Tissue obtained is of inferior quality to native 

articular; durability is in question   

Osteotomy Bones are remodelled or reshaped 

to alter or correct joint 

congruence and load-bearing 

Can correct misalignment issues, may be 

used in combination with other techniques 

Suitable only for specific problems, does not 

directly repair articular surface. 

Total/partial 

arthroplasty  (joint 

replacement) 

One or more of joint surfaces is 

replaced with synthetic implant 

Restores mobility and function. Suitable 

for older patients. Good demonstrated 

implant durability. Suitable for end-stage 

OA. 

Limited life-span of implant.  More suitable late in 

life as revisions required along with loss of bone 

stock.  Restricts activities. 
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Lavage (irrigation of the joint) and debridement (removal of damaged or calcified tissue) are 

considered stopgap measures, often providing temporary relief from pain for patients 
32

, but 

providing no treatment to underlying damaged or degenerated tissue.  There is no evidence 

that lavage or debridement provide any treatment for or relief from osteoarthritis 
33, 34

.  

Microfracture or subchondral drilling is often considered the first choice of treatment for 

small (<2.5 cm
2
) chondral defects 

35
.  Microfracture, which uses an angled awl to pierce the 

subchondral bone, avoids the risk of thermal necrosis present with subchondral drilling 
36

, and 

this method induces a fibrous-type cartilaginous repair, which has good subjective results 
37

, 

however long-term outcomes are less ideal 
38

.  Osteochondral transfer or mosaicplasty is a 

technique where autologous osteochondral plugs are removed from a low-load bearing region 

of the joint to the degenerated or damaged region.  Some difficulties with osteochondral 

transfer or mosaicplasty include the donor site morbidity experienced (including negative 

effects on the subchondral bone), as well as limitations on the available donor material, and 

the technical difficulty of matching of graft surfaces with native surface contours.  Allogeneic 

grafting has the difficulties of shortage of donor tissue and potential for immunogenicity, and 

again the contours of the donor tissue must be matched to the recipient articular surface.  

Autologous chondrocyte implantation (ACI) is a cell-based approach, where autologous 

chondrocytes are returned to the defect site following ex vivo expansion, and covered with a 

patch (periosteum or an alternative membrane may be used). Matrix-assisted chondrocyte 

implantation (MACI) is a similar technique, however the cells are immobilised in a collagen-

based matrix before implantation.  Despite a number of studies recording improved patient 

measures for treatment with ACI and MACI, the long-term outcomes for these seem to be 

little different to microfracture, with a Cochrane review concluding that there is insufficient 

evidence to draw conclusions on the efficacy of ACI 
39

.  One of the reasons for the limited 

success thus far of the MACI and ACI approaches could be that the new and implanted 

tissues/cells lack the mechanical properties and organisation of native cartilage 
40

.  MACI has 

been compared to ACI and no advantages found at 2 years 
41

, and both have been compared in 

the use of treating osteochondral defects, and again no advantage detected for MACI 
42

.  

Neither microfracture or ACI are appropriate for patients older than 50 years, most likely due 

to reduced MSC number and decreased chondrogenic potential, respectively 
43, 44

.  Total or 

partial arthroplasty  is a solution for end-stage osteoarthritis or severe trauma, however the life 

of the implants are limited and often complete normal function is not returned, and these may 

be particularly unsuitable in younger patients due to eventual implant loosening and wear 

necessitating revision 
9
. 

While the approaches discussed above may be suitable and, indeed, extremely useful in 

specific circumstances, the repair and regeneration of native-matched articular cartilage, 

particularly in young athletic patients with high activity demands, as well as those with larger 

chondral defects, remains an intractable problem. 

1.3 Tissue engineering and regenerative medicine 

1.3.1 Overview 

Tissue engineering has been defined as “the application of the principles and methods of 

engineering and life sciences toward the fundamental understanding of structure-function 

relationships in normal and pathologic mammalian tissue and the development of biological 

substitutes to restore, maintain, or improve function” 
45

.   Definitions for “regenerative 

medicine” usually refer to enhancing or assisting endogenous repair processes in vivo, and 

may be interchangeable with tissue engineering in many cases, or it could sometimes be that 

tissue engineering could be part of a regenerative medicine approach. The general tissue 

engineering paradigm typically involves the ex-vivo expansion (and concomitant 
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dedifferentiation) of chondrocytes or chondroprogenitor cells that are subsequently placed 

into a three-dimensional (3D) environment, in conjunction with appropriate growth factors 

and cytokines to induce differentiation and extracellular matrix (ECM) production 
46

 

1.3.2 Tissue engineering and regenerative medicine approaches to articular cartilage 

repair 

Tissue engineering and regenerative medicine approaches using autologous chondrocytes or 

chondroprogenitor cells holds significant promise as a repair method for articular cartilage.  A 

tissue engineered construct could be used to fill a critical-sized defect (damage to the cartilage 

that will not repair spontaneously), or to replace degenerated tissue.  Further, if shaped 

cartilage could be formed, this could be useful in non-articular applications such as facial 

reconstruction, auricular reconstruction
47

, closure of septal perforation  or engineered tracheal 

replacements 
48

. For articular cartilage tissue repair, “one ultimate goal in this field of 

research is to develop a replacement that has a structure and composition resembling native 

cartilage, yielding similar mechanical behaviour and which fully restores joint functionality” 
40

.  Tissue engineering approaches have the possibility of achieving at least part of this goal.   

Tissue engineering approaches to cartilage tissue engineering usually involve the ex-vivo 

expansion of chondrocytes or chondroprogenitor cells, which are subsequently placed into a 

3D environment with appropriate factors to induce chondrogenesis, with eventual re-

implantation of the autologous tissue-engineered construct into the patient. During expansion, 

dedifferentiation occurs, where chondrocytes lose their chondrogenic phenotype 
49

.  Collagen 

production changes from largely type II to type I, and the cell morphology changes, becoming 

less rounded and more fibroblastic 
50

.  During 3D culture, chondrocytes are induced to 

redifferentiate, producing collagen type II and other key extracellular matrix components such 

as GAG, as well as becoming more spherical in shape 
51

. 

A number of tissue engineering approaches to date have focused on the regeneration of 

articular cartilage and the generally accepted paradigms have adopted the use of 3D scaffold 

or cells, or a combination of the two, to elicit repair. Important criteria have been well-

established for tissue engineered constructs, and include efficient seeding and homogeneous 

distribution of cells, promotion of a differentiated cell phenotype, ECM formation, cell 

viability, tissue function, mechanical properties, and integration with the surrounding host 

tissue 
40, 52

. These are also considered to be important criteria for tissue engineering of 

articular cartilage 
46

. 

1.3.3 Difficulties in engineering of articular cartilage 

The general cartilage tissue engineering paradigm suggests that replication of native structure 

and function is key.  This includes replication of the organised structure of native articular 

cartilage, such as the zonal organisation of chondrocytes, collagen fibres and proteoglycans; 

and maintenance of chondrogenic phenotype and cellular functions, such as ECM production.  

These cellular and ECM properties provide the tissue function, such as resistance to 

compressive and shear forces as well as joint lubrication. Maintenance of these properties 

over the long term is also a key issue. 

A clinically relevant articular defect is one that will not heal, and/or that is likely to cause 

degeneration in the future.  The average size of a chondral defect requiring treatment was 

found to be 2.1cm
2
 by Hjelle et al 

21
.  One of the problems in articular cartilage tissue 

engineering is obtaining sufficient number of cells needed to fill a clinically relevant defect.  

Autologous cells have the advantage of avoiding immunogenicity.  If autologous 

chondrocytes are to be used for tissue engineering-based repair, this most likely requires great 

numbers of chondrocytes or chondroprogenitors.  For many autologous tissue sources, this 
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requires expansion of cells.  The problem with this is that culture in a 2D environment, in 

addition to repeated cell doubling results in de-differentiation of chondrocytes 
53, 54

   A 

redifferentiation step is then required to drive the cells to a chondrogenic phenotype.  

Expansion and subsequent redifferentiation of chondrocytes allows for the production of large 

numbers of mature chondrocytes, which produce hyaline-like cartilage tissue.   

Cell source is also a consideration, both for the end application as well as model systems used 

to investigate potential repair strategies.  Most commonly used cells for articular engineering 

are, understandably, articular-derived chondrocytes.  However, obtaining articular 

chondrocytes will damage the articular surface, and lead to morbidity at the donor site - the 

numbers of available chondrocytes are, therefore, somewhat limited.   MSCs, cells that reside 

in bone marrow as well as many adult tissues, are currently under intense investigation, due to 

their potential for chondrogenic differentiation and relatively easy availability.  Bone marrow 

derived MSCs can be obtained in relatively large numbers via bone marrow aspirate, and 

appear to have potential as a cell source for engineered cartilage 
55

.Combinations of cell types 

are also under investigation.  A number of studies have examined direct co-culture, where 

cells are in direct contact in a tissue or combined within a hydrogel, resulting in improved 

chondrogenesis 
56-60

.  One problem with bone marrow-derived MSCs is that they have a 

tendency to undergo hypertrophy and calcification 
61

. Adipose tissue in particular is attractive 

as an alternative source of MSCs, as often excess adipose tissue is available  
62

; however these 

cells may have difficulty replicating the mechanical properties of native articular cartilage 
63

.  

Nasal septum is an attractive source of chondrocytes for a number of reasons. The main 

advantage of this as a cell source is that chondrocytes extracted from septal tissue are not 

removed from the articular surface of the joint, thus morbidity or damage to the articular 

surface is avoided.  Clearly, a disadvantage of septal cartilage is that it does not have the same 

mechanical properties of articular cartilage, and is not usually in a loaded environment in vivo 

– indeed, Duda et al 
64

 found that engineered nasal tissue in an ectopic nude mouse model 

(non-load bearing) had lower mechanical strength than articular-sourced engineered tissue.   

On the positive side, septoplasty is a common procedure associated with good outcomes 
65

, 

septal cartilage is considered to be of the hyaline type 
8
, and the chondrogenic capacity of 

nasal chondrocytes may have less reliance on age than articular-derived chondrocytes 
66

.  The 

expansion rate does, however, appear to decrease with age 
67

, and cellularity is also slightly 

higher in nasal than in articular cartilage 
68

. Kafienah et al. 
69

 concluded that nasal 

chondrocytes are a better source of cells for in vitro tissue engineering compared with 

articular chondrocytes, as these cells proliferated faster and produced more matrix.  Nasal 

chondrocytes respond to mechanical stimulation 
70, 71

, as well as to a simulated inflammatory 

response 
72

, however, whether nasal chondrocytes have the capability to produce cartilage 

ECM with the characteristic zonal organisation exhibited in articular cartilage is yet to be 

determined.  

For model systems and preclinical investigations, it is important to consider the species of 

interest for the end application, as species-specific responses of chondrocytes to monolayer 

culture and chondrogenic redifferentiation conditions have been shown 
73

.  Human-derived 

chondrocytes, while more difficult to obtain, have the advantage of replicating the end clinical 

application, as autologous human cells are likely to be those that are used in cell-based 

therapies for human cartilage repair. 

Reproducing the mechanical properties of articular cartilage while maintaining cellular 

function has been one of the challenges to date.  Matching the native tissue mechanical 

characteristics is useful to ensure that tissue formation in any engineered implant will not be 

restricted by mechanical failure of the scaffold before the tissue has had a chance to 

appropriately regenerate 
20

.  Impact damage and inappropriate loading of cartilage can lead to 
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damage and contribute to degradation leading to osteoarthritis 
74

, while excessive loading of 

cartilage negatively affects cell viability
75

 
76

, and ECM organisation and function including 

causing GAG release 
75

, collagen denaturation 
77

 and disruption of collagen organisation 
78

 

resulting in tissue swelling and reduced mechanical function.  

Achieving appropriate loading is also essential, as mechanical stimuli play an important role 

in modulating chondrocyte behaviour, and mechanical stimulation has been investigated to 

enhance engineered cartilage.  Appropriate mechanical signals are important for 

differentiation of chondroprogenitors 
20

, and mechanical stimuli contribute to development in 

cartilage formation and embryogenesis in addition to maintaining chondrocyte homeostasis 

and phenotype in adult tissues 
1
, as well as enhancing redifferentiation in engineered 

constructs 
79-82

.  Absence of loading has negative consequences on cartilage, and the inferior 

mechanical properties of the fibrous tissue generated during microfracture or ACI may 

contribute to the eventual failure of these treatments.   

Integration of engineered cartilage with native tissue is an extremely important factor.  A 

continuous articular surface well-integrated with the native tissue (both vertically and 

laterally) is one of the criteria for successful repair as defined by the International Cartilage 

Repair Society (ICRS)
83

.  Additional challenges include routes to clinical application of the 

engineered tissue 
84

, as well fixation and minimally invasive implantation. 

1.4 Considerations in engineering of articular cartilage 

1.4.1 Scaffolds and fabrication 

There are a range of scaffolds that can and are applied to cartilage tissue engineering.    

Scaffolds for engineering of articular cartilage may refer to a synthetic or natural material 

used to support fabrication of a tissue-engineered construct or assisting in inducing repair.   

Factors to consider in scaffold fabrication include material composition, macrostructure and 

microstructure of the scaffold, pore size, porosity and interconnectivity, scaffold surface area, 

mechanical properties and degradation characteristics 
45

. Bulk porosity and interconnectivity 

of pores is important, assisting with homogenous cell adhesion and seeding, and allowing 

nutrient transfer as well as matrix production 
85

.   Fabrication methods and their advantages 

and disadvantages are outlined in Table 1-3 and a number of reviews 
45, 85-88

.   
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Table 1-3: Summary of scaffold fabrication methods 

Method Description Advantages Disadvantages 

Conventional/bulk fabrication 

Hydrogels Hydrated natural or synthetic gel  Cells, soluble factors easily incorporated low-

temperature processing possible, injectables 

possible. Range of materials available. Tuneable 

cell compatibility and mechanical properties 

depending on material.  Good nutrient/waste 

diffusion 

Mechanical properties may be poor. 

Embedding cells often prevents direct 

cell interactions. Migration of cells 

may be limited depending on material. 

Solvent 

Casting/particulate 

leaching 

Particulate/polymer suspension made, 

cast with a solvent. Salt dissolved 

followed by evaporation of the solvent 

Simple process, suitable with a range of 

materials 

Precise control of pores difficult, 

interconnecting pores difficult to 

achieve. May require use of cytotoxic 

solvents. Difficulty removing particles 

in large constructs 

Gas foaming Produces porous structures by introducing 

gas to polymer under high pressures 

Porous structures formed, cytotoxic solvents not 

required 

Precise control of pores difficult, 

interconnecting pores difficult to 

achieve. Often poor mechanical 

properties 

Electrospinning Polymer fibres are produced by drawing 

an electrified viscous fluid to a collector, 

extruding nanoscale fibres. May be melt- 

or solution-based 

High-resolution structures and nanoscale fibres 

produced.   

May require use of cytotoxic solvents. 

Difficulty controlling process. 

Freeze-

drying/thermally 

induced phase 

separation 

Low temperature dehydration under 

pressure to sublimate water 

Foamed scaffolds produced from natural and 

synthetic polymers. 

Pores size may be small, mechanical 

properties may be poor. 

Melt 

moulding/particulate 

leaching 

Polymer mixed with porogen, placed in 

mould.  Polymer melted, porogen 

dissolved with solvent. 

Porosity & pore size controllable. Difficulty controlling pore 

distribution/organisation. Difficulty 

removing particles in large constructs 
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Additive manufacturing 

Stereolithography Laser photo-polymerisation in a layer-by 

layer process  

Complex structures can be formed. Limitations on materials - must be 

photopolymerisable. Scaffold 

shrinkage/deformation, post-

processing often required. 

Shrinkage during curing 

Selective laser 

sintering 

Uses laser to sinter layer of powder to 

form 3D object in layer-by-layer process 

High spatial resolution, complex structures can 

be formed.  Materials can include polymers, 

metals, ceramics 

Limits on materials - must be 

powdered form, melt-process able.    

Electron beam 

melting 

As laser sintering; uses an electron beam 

to melt particles of material.   

Can be used for additive manufacture of metal 

parts 

Limited to electrically conductive 

materials  

FDM Polymer melt-extruded and deposited in 

layers to form designed structure.  

Material usually required to be in filament 

form 

Good process control. Designed pore 

size/porosity/interconnectivity. Tuneable 

mechanical properties. Range of materials 

available. 

Resolution limited by nozzle size. 

Restricted to extrudable materials 

3D printing Usually used to indicate additive 

manufacturing technique based on 

commercial 2D print technology, with 

extrusion of droplet or use of powder-and-

binder systems.   Sometimes used to 

denote additive manufacturing of solid 

objects by melt extrusion.  

Often cell-friendly process. ~ ambient 

temperature, generating porous structures may 

lead to difficulty removing filler 

Resolution limited by nozzle size and 

positional accuracy.  

3D plotting As for FDM, though not restricted to melt 

extrusion; material not required to be in 

filament form. 

Range of materials useable; though need to be 

extrudable.  Combinations of materials possible. 

Cells can be included. 

Resolution limited by nozzle size and 

positional accuracy. 

Sources: 
45, 87-90
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Scaffold-only repair of articular cartilage is an attractive approach and has the distinct 

advantage of requiring no donor tissue or cells. This prevents the problems of donor tissue 

morbidity or restricted cell supply, usually provides a single-surgery solution, as well as 

avoiding cost and difficulty of ex vivo expansion.  Scaffold-only approaches rely on 

endogenous repair, and the scaffolds used may have factors or design features included to 

enhance chondrogenesis.  It is difficult with scaffold-only approaches to control the 

composition and cell types within the scaffold, and to arrange organised structures. Despite 

some promising results in both model animals 
91, 92

 and humans, 
93

 but systematic long-term 

evaluation of these strategies is required to demonstrate improvements over existing repair 

strategies 
86

. 

The typical tissue engineering method combines scaffold with cells in some manner.  This 

may be by seeding with a suspension of cells, or with cells in a carrier of some sort, or by 

infusion or combination with the scaffold material (as is often the case in hydrogel-based 

constructs). The scaffold is usually designed to be advantageous for tissue formation, either in 

vitro or in vivo. The cells, it is hoped, diffuse or migrate throughout the scaffold and begin to 

form new tissue in and around the scaffold.    Scaffolds are often designed to include 

differentiation or homing factors or other biological cues. Commonly reported challenges 

with cell-scaffold based approaches include difficulties with cell seeding density, uniform cell 

distribution, and lack of control of cell distribution and location.  Cell seeding efficiency may 

be low, depending on seeding regime or donor variability.  Non-homogenous seeding may 

also be an issue, particularly in larger, less porous scaffolds.   Cell attachment can be 

enhanced by surface functionalization or choice of material 
94

, however increasing attachment 

of chondrocytes appears to result in dedifferentiation and the tissue quality may suffer.   

While hydrogel-based constructs allow for diffusion of nutrients and soluble factors, and help 

retain and distribute cells, embedding cells within a gel usually results in reduced cell-cell 

interactions, which may affect redifferentiation and matrix production 
51

.  Hydrogel-based 

constructs that promote chondrogenesis also tend to exhibit inferior mechanical properties to 

native articular cartilage 
95

 and represents a significant challenge for their successful 

application in vivo. For example, there are risks associated with hydrogel integrity and 

fragmentation under loading, as well as impacting cell viability and quality of repair tissue.   

1.4.2 Scaffold-free and cell aggregates 

Concern about material reactions, interactions and interference with repair procedures have 

led investigation into completely scaffold-free, “fully biological” methods for engineering 

cartilage tissue.  Scaffolds, while having the advantages discussed above, are unable to 

respond to the environment in the way living tissue can, and many caused foreign body 

reactions with rejection of the implant, or formation of  a fibrous capsule 
96

.  

It is necessary to define some specific terms used in this introduction and throughout the 

thesis. Scaffold-free approaches refer to formation of tissue using only cells and without any 

structural or instructive scaffold.  Aggregate refers to a number of cells, adhering together to 

form a cluster. Pellet or micro-mass culture refers to the technique that uses centrifugation of 

cells to form aggregates, and subsequent culture of those aggregates. Microtissue describes 

small tissues that may be of a range of shapes, and generated by a number of methods –not 

necessarily by scaffold-free means, these are simply defined as small tissues. Spheroid refers 

to the shape of the aggregates or microtissues, and in this thesis the microtissues formed are 

spheroidal. 

Scaffold-free approaches to cartilage tissue engineering have been investigated, with several 

studies showing neocartilage formation in large aggregates, often using a membrane or 

transwell-based culture method 
97-101

 .  These results have often generated hyaline-like tissue 
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though some studies 
100, 101

 have used primary non-expanded chondrocytes, which would be 

difficult to obtain in sufficient numbers in humans.  Very promising scaffold-free results have 

been obtained with MSCs in transwells 
97

, and in combination with a calcium polyphosphate 

base to form biphasic constructs 
98

, though the mechanical properties were still not close to 

native tissue, and the durability and success in vivo is vet to be determined.   

Pellet or micro-mass culture is a straightforward and relatively common method used to 

induce chondrogenic redifferentiation and matrix production of expanded chondrocytes, and 

has been used for a number of years as a reliable technique to produce ex vivo cartilage-like 

tissue 
49, 102, 103

.  Pellet culture may also produce enhanced tissue when compared to other 3D 

systems such as alginate gels 
51

.  The pellet culture method does have a number of limitations, 

however.  Primary amongst these is the size limitation placed on a single pellet or 

microtissue, with pellet-cultured tissues larger than 1mm generating a necrotic core, likely 

due to nutrient diffusion limitations.    Pellet cultures of MSCs also may have a tendency 

toward hypertrophy and subsequent calcification 
104

. 

There are, therefore, a range of key design criteria that need to be controlled or identified 

when considering scaffold-based approaches for tissue engineering of cartilage.  There are 

also a number of issues with these scaffold-based approaches that are yet to be solved in terms 

of developing successful cartilage repair strategies clinically. Recent advances in technology 

platforms such as additive manufacturing and bio-fabrication, have been developed to 

manipulate and assemble scaffolds and/or cells in 3D, and are a number of these strategies are 

discussed as follows.  

1.5 Modular assembly 

Modularity is a concept that originates from industrial product design.  The underlying theory 

is the use of modules or “building blocks” to combine separate individual components into a 

functional whole.   Modular design is distinct from integral design, where the parts all depend 

on each other for functioning of the product 
105

. 

The separate components of a modular product usually have separate functions, along with 

features that allow them to be coupled together  
106

.  Different modules should be able to be 

exchanged, allowing separate development and upgrades, and the modules may also allow for 

scalability.   

Often modularity is not directly considered in tissue engineering and regenerative medicine, 

and integrative design approaches are more common 
107

.  This is most likely to be due to the 

complex, interconnected systems involved, and it may be considered that they are components 

of irreducible components, where the functions of parts of the system may not be able to be 

separated due to this interconnection and complexity.  On the other hand, this very complexity 

could support the case for modularity, as beginning with more simple modules, and 

combining these to assemble systems of increasing complexity could be helpful. 

Modular tissue assembly can be defined as a method for step wise fabrication of larger tissue 

constructs using defined micro-tissue units or cellular aggregates in 3D.  It  has been referred 

to by a range of names; including ‘modular assembly’, ‘microtissue assembly’, use of 

‘building blocks’ or ‘microscale building blocks’, a ‘bottom-up’ approach, ‘assembly of large 

pieces of tissue from smaller pre-formed tissue units’, ‘bioassembly’, ‘organ printing’, as well 

as ‘directed self-assembly’. 

1.5.1 Current tissue/organ assembly approaches  

Three-dimensional assembly of tissue units has been attempted with a number of different cell 

and tissue sources, with the target application ranging from simple to highly complex tissues 
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(see Table 1-4), usually with a view to eventually assembling complex organs.  Figure 1-3 

shows examples for the literature of two alternative applications for modular assembly 

(vascular and hepatic). 

Microtissue spheroid-based approaches are particularly attractive, both as a route to modular 

assembly of organs, and as model systems. Aggregates and/or spheroids containing multiple 

cells types can be used 
108, 109

.  It is possible to control the cell aggregation process to allow 

the formation of microtissues with defined or complex shapes 
110-119

. For example, Livoti and 

Morgan 
118

 used agarose moulds to demonstrate the formation of toroid-shaped tissue units. 

By stacking and subsequent fusion of the toroids with prolonged culture, they demonstrated it 

was possible to assemble tubular shapes.  A directed ‘printing’ approach has also been applied 

to spheroid aggregation.  After observing that ex vivo chick embryo atrio-ventricular tissue 

fragments fused together and formed spheroids, Jakab et al. 
120

 used a number of cylinders of 

500 µm diameter (allowed to coalesce into spheres) of pre-aggregated microtissues (chick 

atrio-ventricular and chinese hamster ovary cells) and placed these within a gel using an 

automated printing process.  The potential of spheroids as a building block for organ printing 

has also been discussed 
121

. 

 
Figure 1-3: Examples of modular assembly applications (Panel A 

122
: blood vessel assembly; Panel B 

117
: 

assembly concept for vascularised hepatic organ. 
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Table 1-4: Examples of modular-style tissue assembly approaches  

Cell type(s) Approach Authors 

H35(rat hepatocyte); NHF 

(foreskin) 

Co-culture spheroids containing two cell types formed. 

Assembled into rods as well as more complex shapes. 

Altered fusion kinetics with preculture 

Rago et al. 
108

 

Human hepatoma cell 

line(HEP G2),  human 

umbilical vein epithelial 

cells (HUVECs) 

Gel-cell cylinders formed, coated with HUVECs. McGuigan & 

Sefton 
115

 

Rat hepatocytes; HUVECs Formed hepatocyte spheres, coated with HUVECs. 

Aggregated spheres into larger tissue.  

Inamori et 

al.
124

 

Rat bMSCs Formed macrotissue of bone by aggregating spheres of 

octacalcium phosphate crystals seeded with rat bone 

marrow cells. 

Barralet et 

al.
125

 

Rat neonatal heart; rat 

aortic endothelial cells 

Embedded neonatal heart in a matrigel-plus collagen-

gel.  Coated gel with aortic endothelial cells. 

Assembled into macroporous sheet. 

Leung & 

Sefton
114

 

Chick embryo Formed spheroids by extrusion/cutting.  Placed 

spheroids within gel in a range of shapes. 

Jakab et al.
120

 

Human foreskin fibroblasts Seeded PGA microcarriers with foreskin fibroblasts.  

Aggregated these into macrotissue.  

Mei et al.
126

 

Human vascular smooth 

muscle cells; human 

fibroblasts; human 

endothelial cells 

Cell sheets formed of SMCs and fibroblasts, wrapped 

around a tube.  Tube removed and lumen seeded with 

endothelial cells. 

L'heureux et 

al.
127

 

3T3s A range of different-shaped cell-embedded microgels 

cast, microgels aggregated in a directed fashion. 

Du et al.
128

 

H35(rat hepatocyte)  Cells formed into toroids by mould aggregation.  

Toroids fused – stacked, piled, side-by-side 

Livoti & 

Morgan
118

 

CHO (chinese hamster 

ovary) HUVSMCs (human 

umbilical vein smooth 

muscle cells), human skin 

fibroblasts,  

Formed tubes by fusing spheroids and aggregate rods 

(referred to as “bioink”) around a gel mould 

(“biopaper”).  

Norotte et 

al.
129

 

 

It is well-established that certain cell types, when placed in the correct environment i.e. in 

high density micromass or pellet culture, can form spheroidal aggregates. For example, 

aggregation of microtissues in hanging drops has been observed as early as 1907 
130

.  

Aggregation of spheroids is a common approach in tissue assembly, most likely due to its 

simplicity and the tendency of tissues (when behaving as a fluid) to form a sphere, due to 

minimisation of free energy and the sphere having the smallest volume to surface area ratio. 

Spheroidal microtissue cultures also are of interest as intermediate models, between 2D 

cultures and whole organisms.  2D cultures have limitations, and do not necessarily represent 

in vivo behaviour 
131

, while 3D spheroids are able to mimic a number of in vivo conditions, 

including the multicellular architecture and extracellular matrix in some cases, and may be 

useful for screening of drug effects 
132

, as well as inter-tissue fusion 
133

. 
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Table 1-5: Examples of a range of diverse applications for spheroids used as model systems and for 

screening 

Cell type(s) Application and approach Reference 

Airway smooth muscle 

cells, 3T3 fibroblasts 

Airway smooth muscle model system: 

array of microtissues formed and studied. 

West et al.
134

 

Cardiac myocytes, cardiac 

fibroblasts 

Cardiac 3D model: micromoulded agarose 

used to form microtissues 

Desroches et al.
135

 

Human artery-derived 

fibroblasts and HUVECs 

Vascular model: hanging drops and 

coating used to form multicell spheres. 

Kelm et al.
136

 

Articular chondrocytes Cartilage model: used micromass cultures 

and a factorial design to optimise 

chondrogenic media. 

Enochson et al.
137

 

Embryonic stem cells Bone model: microtissues formed bone-

like tissues 

Handschel et al.
138

 

1.6 Modular assembly of cartilage tissue 

A modular tissue assembly approach for cartilage repair could allow the combination of small 

microtissues of cartilage into a larger construct for implantation.  Any assembled tissue 

would, ideally, have all the attributes of the optimal tissue engineered structure, including 

appropriate function (e.g. mechanical properties, geometry, tissue quality), be able to integrate 

with the surrounding native tissue, avoid immunogenicity, and have good biocompatibility.  

The key role of the construct would be to generate a tissue where function is indistinguishable 

from native cartilage, and this function is maintained over the long term.  An optimal 

approach would also involve the maximisation of cell-cell interactions and seeding efficiency 

in 3D, stimulating cartilage extracellular matrix production and a re-differentiated phenotype, 

and the minimisation of detrimental cell-material interactions that result in cell spreading and 

de-differentiation.   In this regard, tissue assembly approaches that aim to combine scaffold-

free cartilaginous micro-tissues (pellet cultures) with a 3D-printed or plotted polymer scaffold 

may offer a number of advantages over current strategies.  

The combination of a scaffold for mechanical strength and implant survivability with directed 

assembly is an extremely promising one.  The process with reference to cartilage tissue 

engineering is outlined in Figure 1-4.  The major potential for this approach lies in formation 

of cartilage that cannot be regenerated, while providing mechanical support.  Shaped cartilage 

(formed from microtissues combined with an appropriately shaped scaffold) may also be 

useful in meniscal, tracheal, auricular, and facial reconstructive repairs.  
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Figure 1-4: General outline of the modular assembly concept described in this thesis 

3D plotting (see Table 1-3) is a particularly advantageous technique for fabricating designed 

scaffold architecture with good mechanical properties.  Size, shape, porosity and 

interconnection can be controlled, and scaffolds can be scalable and fabricated from 

biocompatible, tuneable materials.  The scaffolds are usually highly reproducible, and the 

mechanical properties can be altered with scaffold architecture.  It is possible to design a 

scaffold with pore architecture that accepts spheroidal microtissue of the appropriate 

dimensions. 

Cartilage spheroids may be easily aggregated by hanging drop, centrifugation, or simple 

condensation of high-density cell suspensions 
49, 103, 139

, and these have been shown to 

produce hyaline-like cartilage tissue 
69, 140

.  Culture in chondrogenic media then allows the 

chondrocytes to condense and form a spheroid within 48 hours. By promoting high numbers 

of cell-cell interactions and the replication of the 3-dimensional (3D) cell condensation 

environment typical during developmental stage of cartilage growth 
141-144

, chondrocytes 

cultured in pellets produce hyaline-like ex vivo neocartilage expressing key chondrogenic 

markers collagen type II and aggrecan 
69, 140

.  Different cell types have been investigated; 

including primary articular 
49

 and nasal chondrocytes, bone marrow- and adipose-derived 

multipotent progenitor cells 
61, 62, 145-147

, as well as immortalised cell lines 
148

.  Different 

species have also been used as cell sources; including pigs 
149, 150

, cows 
151, 152

, goats 
153

, 

rabbits 
81, 154

, horses 
62, 155

, chickens 
140

 and humans 
49, 61, 66, 69, 103, 143, 147, 156, 157

.   

While there has been some investigation into assembling engineered tissues 
110

 and seeding or 

filling a defect directly with microtissues 
158, 159

, the evidence is not convincing that 

microtissues alone will form native-identical cartilage in vivo.  It seems likely that the 

microtissues will require some support at the initial implantation stage to shield the immature 

tissue from mechanical destruction, since, as mentioned previously, mechanical loading of 

cartilage can induce cell death and disrupt the matrix 
11

. The formation of cartilage at the site 

of the defect, while under load, may be part of the reason for the sometimes-poor results of 

current approaches to articular cartilage repair 
31

.   
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If large numbers of well-characterised tissue microtissues are combined with a designed 

scaffold, a construct could be produced that combines the positive aspects of both the scaffold 

(such as definable structure and mechanical properties) and the tissue units (such as good 

tissue distribution, quality and location).  The microtissue-plus scaffold assembly technique 

could be thought of as a modular approach (see Figure 1-5).  The scaffold provides a 

“structural module” providing the mechanical properties responsible for shock absorption, 

load bearing and appropriate load transmission; as well as implant fixation possibilities and 

enabling handling and defining and preserving overall construct shape.  In addition, the 

scaffold fabrication technique provides designed pores for placement of the tissue modules.  

The microtissue spheroids could provide the “cellular modules” responsible for cellular 

seeding, distribution and ECM production, integration with surrounding native tissue, and 

eventual maturation of the construct.   

 
Figure 1-5: Separate functions of modules for engineering of articular cartilage 

Lang et al. 
160

 describes an automated approach to the placement of spheroids within a 3d-

plotted polymer scaffold, illustrating practical aspects of this approach.  Previous work within 

our group showed us that microtissue seeding was possible, produced hyaline-like cartilage 

with essentially 100% cell seeding efficiency, and indicated that tissue formation was 

improved with a microtissue-seeding approach compared to single-cell seeded scaffolds 

(Strobel et al, unpublished data).   Few approaches for cartilage tissue engineering have 

combined a tissue module with a structural scaffold-based component, although recent work 

by Huang et al. 
161

 has investigated seeding of a polymer scaffold with MSC-based 

microtissues in a rabbit model, while Schuurman et al. 
162

 have assembled microtissues of 

zonal-derived chondrocytes in a scaffold.   

Assembling pre-differentiated cartilage microtissues within 3D-plotted scaffolds would allow 

for control of the tissue unit locations, enabling the building of complex tissues. Given that 

the basis for many tissue assembly approaches involves automated or high-throughput 

fabrication methods, such a strategy would potentially allow for construction of large cartilage 

implants.  It could also allow for a high scaffold porosity to be achieved, while maintaining a 
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high cell density and high seeding efficiency, which is not easily achievable using more 

traditional tissue engineering approaches adopting the seeding and differentiation of single 

cell suspensions within a porous 3D construct.  Theoretically, the upper size limit of 

microtissue assembly will be based only on cells obtained via biopsy.  The advantage of a 

modular assembly approach in this case would be that it allows for large pieces of high-

quality tissue to be fabricated, where it otherwise may be unable to be formed in vitro.  

Furthermore, articular cartilage is a complex tissue consisting of distinct subpopulations of 

superficial, middle and deep zone chondrocytes, with each zone exhibiting specific cell 

orientations as well as an organised extracellular matrix with unique zonal properties and 

composition 
4, 155, 163

.  Tissue assembly approaches could be applied either to recreate these 

zonal subpopulations, or could be used to form robust tissue that can be implanted to create a 

more optimal extracellular matrix microenvironment for the chondrocytes to function as in 

native tissue.   It should be noted that zonal organisation may not be achievable using the 

modular assembly approach.  Schuurman et al 
162

 recently demonstrated that pellet-cultured 

microtissues containing cells originating from different zones (superficial and deep) could be 

assembled into a zonal construct in a similar manner to that investigated in this thesis, 

although those authors demonstrated no zonal characteristics of the construct were re-

established in vitro.     

Interdependence of components can make modification and optimisation of tissue engineered 

constructs difficult 
107

, suggesting that a truly modular design depends on the use of 

components that are ‘uncoupled’.  The use of a microtissue assembly method for cartilage 

formation may ‘uncouple’ the tissue from the scaffold, reducing interdependence and enable 

individual optimisation of the tissue quality and scaffold properties.   
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1.7 Summary and Aims 

Articular cartilage repair still remains an intractable problem, despite years of research.  There 

are a number of clinical approaches to repair, though replicating the function and structure of 

native tissue in the long term remains a challenge.   Modular tissue assembly represents a new 

approach to the development of tissue engineered articular cartilage constructs and this 

introduction highlights increasing interest and potential for fabrication of complex human 

tissues and potentially organs. Modular assembly has been investigated for repair or 

regeneration of a number of different tissues, using various approaches to form tissue units of 

different compositions, and subsequently forming an assortment of larger organised and 

random structures, including articular cartilage.   Scaffold-free microtissues are a simple way 

to form well-characterised cartilage tissue units.  The development of systems for high 

throughput fabrication of microtissues, in addition to modular spheroid-scaffold assembly has 

the potential to produce large constructs consisting of good quality articular cartilage while 

providing mechanical support. This approach also could be useful as an in vitro model for 

examining interfaces and interactions between distinct tissues. 

The aims of this thesis, therefore, were to investigate a potential alternative strategy for 

articular cartilage engineering via modular assembly.  A systematic approach was used 

involving five specific research aims as follows: 

1. Development of a high-throughput method for production of spheroidal tissue 

components.  This aim was to compare chondrogenic microtissues formed using 

standard conical 15 mL tubes methods and 96-well plate formats consisting of two 

different well geometries. The hypothesis was that the 96 well formats would be 

equivalent to standard tube-based methods in terms of producing large numbers of 

high-quality microtissues, and offer significant cost and time advantages.  

 

2. Controlled microtissue placement and tracking.  The aim was to investigate methods 

for labelling cells and microtissues, as well as organised arrangement of these 

microtissues within a scaffold.  It was hypothesised that microtissues would be able to 

be assembled into a 3D-plotted scaffold, and that 3D control of microtissue location, 

identification of microtissues, and tracking over time would be possible. 

 

3. Investigation of tissue-material surface interactions. To investigate whether the 

assembly approach had modular characteristics, the effect on chondrogenic 

redifferentiation of a cell-adhesive surface compared with a non-adhesive surface was 

studied in assembled constructs. I hypothesised that the assembly approach would 

enhance modularity by negating the effect of the scaffold surface on chondrogenesis. 

 

4. Investigation of tissue-tissue interactions. In order to better characterise the modular 

assembly method, as well as to investigate influences on fusion between microtissues. 

microtissue fusion and interactions were examined. It was expected that a relevant 

model could be developed to examine inter-tissue fusion, allowing investigation of 

fusion kinetics and influences; and that soluble factors could enhance fusion, while 

fusion between tissues containing different cell types was expected to be similar. 

 

5. Development of structural component and modular assembly. This aimed to 

investigate appropriate scaffold (structural component) fabrication with mechanical 

properties optimisation, while maintaining tissue module-friendly scaffolds.  The 

hypothesis was that a modular construct with dynamic mechanical properties of native 
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articular cartilage could be fabricated and assembled, and modular assembly of a 

mechanically-matched construct could be achieved.  

 

These aims are covered over five experimental-based chapters.  After outlining generally 

applicable methods in Chapter 2, Chapter 3 addresses the mass production of microtissues.  

Chapter 4 covers microtissue placement and tracking in scaffolds.  Chapter 5 outlines the 

influence of material surface on redifferentiation when using modular assembly with 

microtissues. Chapter 6 examines fusion of and interactions between microtissues, and 

Chapter 7 describes the fabrication of scaffold with mechanical properties similar to native 

articular cartilage, as well as modular assembly of different spheroidal microtissues using this 

scaffold. In addition, overall conclusions and implications are discussed in Chapter 8, and 

references are included in Chapter 9.   
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2 Materials and general methods  

2.1.1 Chemicals, reagents and media components 

L-ascorbic acid-2-phosphate (AsAP), L-proline, sodium chloride, calcium chloride, sodium 

alginate, safranin-O dye, fast green dye, hyaluronidase, proteinase-K, dimethyl-methylene 

blue dye, chondroitin sulphate B, mercaptoethanol, agarose, polycaprolactone (PCL), 

dexamethasone, and bovine serum albumin (BSA) were obtained from Sigma-Aldrich. 

High-glucose DMEM glutamax, α-MEM, foetal bovine serum (FBS), Non-essential amino 

acid solution, HEPES solution, penicillin and streptomycin, 0.25% trypsin/EDTA solution, 

trypan blue solutionqTracker 525 and 625 fluorescent nanocrystals, Cyquant dye kit 

(Molecular Probes), Dimethyl sulphoxide (DMSO) were obtained from Life Technologies 

(formerly Invitrogen). Transforming growth factor type beta 1 (TGFβ1) was obtained from 

R&D Systems via Sapphire Biosciences NZ.  ITS+1 solution containing 1 mg/mL insulin, 

0.55 mg/mL transferrin, 0.5 µg/mL sodium selenite and 50 mg/mL BSA and 470 µg/mL 

linoleic acid was obtained from Sigma-Aldrich, then subsequently after manufacturer 

discontinuation from BD Biosciences.  

FGF-basic (FGF-2) was from R&D systems via Pharmaco.  Immunohistochemical avidin-

biotin complex staining kit (VECTASTAIN Elite ABC-Peroxidase kit) containing normal 

horse serum, biotinylated secondary antibody, Horse anti-rabbit/mouse IgG (H+L);  avidin 

and biotinylated horseradish peroxidase complex; as well as diaminobenzidine (ImmPACT 

DAB substrate) were obtained from Vector. 

Gill’s haematoxylin was obtained from Merck. 480 SYBR Green 1 mastermix was obtained 

from Roche.  Bio-degradable poly(ethylene glycol)-terephthalate – poly(butylene 

terephthalate) (PEGT/PBT) block co-polymers were a generous gift from IsoTis 

Orthobiologics (Bilthoven, The Netherlands). 

 

2.1.2 Enzymes and antibodies 

SuperScript III first-strand synthesis supermix for RT-PCR, 

Collagenase type II and SuperScript III first-strand synthesis supermix for RT-PCR were from 

Life Technologies. SYBR-green qPCR mix was from Roche.  Monoclonal mouse anti-

vinculin antibody, hyaluronidase and pronase (protease from Streptomyces griseus) were 

obtained from Sigma-Aldrich.   Mouse anti-human collagen type I antibody (Clone I-8H5) 

was obtained from MP Biomedicals.  The monoclonal mouse anti-chicken collagen type II 

antibody (II-II6B3) developed by Thomas F. Linsenmayer was obtained from the 

Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and maintained 

at The University of Iowa, Department of Biology, Iowa City, IA 52242.   

2.1.3 Buffers 

Phosphate-buffered saline (PBS): 1.06 mM K2HPO4; 155.17 mM NaCl; 2.97 mM Na2HPO4 

TE (Tris/EDTA) buffer: 10 mM Tris, 1 mM EDTA. 

Tris/acetate/EDTA (TAE) buffer, 10X: 20mM Tris base, 0.001 N acetic acid, 1mM 

Na2EDTA. 

PBE buffer: 100mM Na2HPO4, 10 mM Na2EDTA. 

Dulbecco’s phosphate-buffered saline (DPBS): 0.137 M NaCl, 2.7 mM KCl, 1.1 mM 

KH2PO4, 0.5 mM MgCl2, 8.1 mM Na2HPO4, 0.9 mM CaCl2. 

Avidin-biotin complex (ABC) buffer: 10 mM disodium hydrogen phosphate, 154 mM 

NaCl, pH 7.5 
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2.1.4 Consumables and plasticware 

Culture flasks, serological pipettes, cell strainers, needles, syringes, clear polypropylene 

plates, polystyrene plates and polypropylene tubes were obtained from BD biosciences.  

Pipette tips, microcentrifuge tubes and PCR tubes from Axygen. Syringe filters were from 

Sartorius. White polypropylene plates were from Nunc. Biopsy core punches were from 

Paramount. Microscope slides were from Menzel-glaser (Menzel-glaser Superfrost). 

Coverslips were also from Menzel-glaser. Columns for purification of RNA (Purelink
TM

 RNA 

micro kit) were from Life Technologies.  

2.1.5 Primers 

Oligonucleotide primers for qRT-PCR were obtained from Life Technologies (see Table 2-1). 
Table 2-1: Oligonucleotide primers used for real time RT-PCR 

Gene symbol 

(primer source) 

Sequence (5'3') 

 

GenBank 

accession # 

Amplicon 

position 

COL1A1
164

 F: CAGCCGCTTCACCTACAGC NM_000088 4335-4417 

R: TTTTGTATTCAATCACTGTCTTGCC 

COL2A1
164

 F: GGCAATAGCAGGTTCACGTACA NM_001844 4454-4532 

R: CGATAACAGTCTTGCCCCACTT 

ACAN
165

 F: GCCTGCGCTCCAATGACT NM_001135 739-844 

R: TAATGGAACACGATGCCTTTCA 

18S rRNA
165

 F: GATCCATTGGAGGGCAAGTCT NR_003286 589-691 

R: CCAAGATCCAACTACGAGCTTTTT 

2.1.6 Culture media 

Chondrocyte base media (DMEM-base): DMEM glutamax high glucose (25 mM D-glucose) 

with 0.1 mM non-essential amino acids, 10 mM HEPES, 0.4 mM L-proline, 100 units/mL 

penicillin, and 100 μg/mL streptomycin. 

Chondrocyte expansion media (C-X): DMEM-base with 10% FBS and 0.1 mM L-ascorbic 

acid-2-phosphate 

MSC expansion media (MSC-X): α-MEM with 10% FBS, 100 units/mL penicillin, 100 μg/mL 

streptomycin, and 1 ng/mL FGF-basic. 

Chondrogenic serum-containing media (CD-SC): DMEM-base supplemented with 10 ng/mL 

TGFβ1 and 10 µg/mL human insulin (Humalog). 

Chondrogenic serum-free media (CD-SF): DMEM-base supplemented with 1% ITS+1, 0.2 

mM ascorbic acid 2-phosphate, 10 nM dexamethasone, 1.25 mg/mL BSA, 10 ng/mL TGFβ1. 

2.1.7 Equipment 

qRT-PCR: Roche LightCycler 480 II. cDNA was produced using a MJ research PTC-200 

thermocycler. Plate-based fluorescence and absorbance were measured using a Thermo 

Scientific Varioscan Flash.  RNA purity was assayed using UV spectroscopy: Nanodrop-800 

by Thermofisher. Feeler gauges were from RS electronics.  Microtome was a Leica 

RM2125RT.  Incubator was a Thermo Scientific 3131, used in combination with a Variomag 

Biosystems magnetic stir plate and Variomag Biomodul 40B controller, used with spinner 

flasks from Bellco.  Plate shaker was an IKA MS3 digital. 

Fluorescence, brightfield and DIC microscopy images were obtained using a Zeiss 

Axioimager z4 and Axiocam h4 and b4, in combination with the Zeiss Axiovision software 

version 3. Macro images were obtained using a Canon Powershot A630 alone, or in 

combination with an Olympus SD30 dissection microscope. Samples were critical point dried 
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using a custom-build drier using liquid CO2. Samples were gold-sputter coated using an 

Emtech K975X. Scanning electron microscopy was carried out using a Jeol 7000F. 

2.2 Cells and tissues  

2.2.1 Cell sources 

Ethics approval was obtained for all donor tissues (applications URA/09/04/031, 

URB07/04/014, URA/08/08/049). Human nasal chondrocytes (HNCs) were obtained from 

septal cartilage obtained from patients undergoing septoplasty surgery. Human articular 

chondrocytes (HACs) were isolated from articular cartilage, which was obtained from patients 

undergoing ACL reconstructions.  Mesenchymal stromal cells (MSCs) were obtained from 

bone marrow aspirates obtained from the iliac crest in otherwise healthy donors undergoing 

spinal fusion or upper limb procedures where iliac crest bone grafts were required. Donors 

were all within the age range 20-55 years. 

2.2.2 Isolation  

Articular and nasal cartilage was prepared for isolation by dicing into approximately 1 mm
3
 

pieces using a scalpel.  HNCs and HACs were isolated via digestion of diced cartilage pieces 

in 0.15% w/v collagenase II in C-X media at 37°C overnight. The resulting suspension was 

filtered through a 100μm pore cell strainer to exclude the undigested tissue and centrifuged at 

700 x g for 4 minutes. Freshly isolated chondrocytes were re-suspended and seeded at a 

density of ~3000 cells/cm
2
 in tissue culture flasks in C-X media. 

MSCs from bone marrow aspirate were isolated by plastic adhesion: bone marrow aspirates 

were diluted 1:4 in MSC expansion media, then plated into tissue culture flasks (114 µl/cm
2
).  

After 24 hours, the flasks were washed thoroughly with PBS to exclude non-adherent cells, 

and 18 mL expansion media added. 

2.2.3 Cell expansion 

Cells were cultured at 37°C in a humidified 5% CO2/95% air incubator and media changed 

twice per week. Cells were passaged after approximately 7 days: subconfluent cells were 

washed three times with PBS, detached using 0.25% trypsin/EDTA, counted by Trypan blue 

exclusion in a haemocytometer (Nembauer improved) and plated at 3,000 cells/cm
2
 

(chondrocytes) or 1,000-5,000 cells/cm
2
 (MSCs).  

2.2.4 Storage 

Cells in culture were washed three times with PBS, and detached by application of 0.25% 

Trypsin-EDTA.  Cells were resuspended in culture media with 20% FBS. Cells were frozen in 

freeze mix containing 20% FBS and 10% DMSO: first frozen overnight to -80°C in a “freezer 

boy”; then placed into liquid nitrogen for long-term storage. 

2.3 Redifferentiation and construct assembly 

2.3.1 Pellet formation and culture 

Cells (0.25 x 10
6
 per well or tube) were suspended in 300 μL serum-free chondrogenic media 

(CD-SF) and placed in 15 mL tubes or 96-well polypropylene plate wells.  Tubes and plates 

were centrifuged at 200 x g for 4 min. Cells were allowed to condense for 24 hours to form a 

loose aggregate, and media was then agitated to free microtissues from plate surface.  Media 

(CD-SF or CD-SC) in plates was changed 3 times per week.  96-well v-bottom plates only 

were used for most of the experiments described in this thesis (Chapters 3-8). 
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2.4 Scaffold fabrication 

2.4.1 Design  

Scaffolds were usually designed to give an architecture that was porous and allowed 

incorporation of microtissues in a bilayer arrangement.  Gcode containing the movement 

instructions was generated using custom software, and interpreted with NCstudio.  

Architectures of scaffolds are outlined in the relevant chapters. 

2.4.2 3D plotting 

Bio-degradable poly(ethylene glycol)-terephthalate – poly(butylene terephthalate) 

(PEGT/PBT) block co-polymers and polycaprolactone (PCL) were melt-extruded to form 

scaffolds.  PEGT/PBT co-polymer composition was defined by a PEG molecular weight 

(MW) of 300 g/mol, and a PEGT: PBT weight percent (wt%) ratio of 55:45 (hence referred to 

as 300/55/45). Porous scaffolds, with accurately defined and controlled pore architecture for 

pellet incorporation, were fabricated in a layer-by-layer process using a custom-built 3D 

plotting system, usually with a 1mm fibre spacing (Figure 2-1, Figure 2-2). 

 
Figure 2-1: Custom-build 3D plotter. Roman numerals indicate components (i-ix), movement axes 

indicated by white arrows (x, y , z).  i: temperature controller, ii: auger speed control, iii: gas pressure 

regulator, iv: computer for control, v: material reservoir, vi: heating rods, vii: heat block and auger, viii: 

nozzle assembly, ix: plotting surface. 

 

 
Figure 2-2: Demonstration of scaffold fabrication by layer-by-layer 3D plotting at layers 1 (panel A), 2 

(B), 6 (C) and 10 (D). A-D shows images of actual scaffold, E-F shows simulation. Fibre spacing for these 

scaffolds is 1 mm. 
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Inverted white flat-bottom polypropylene plates were used to provide a flat plotting surface, 

and double-sided tape was used to ensure the scaffold was secured to the surface during 

fabrication.  Prior to start of extrusion, the plotting surface was levelled relative to the 

extrusion head, and start z-height was measured using feeler gauges placed between the 

nozzle and the plotting surface. 

PEGT/PBT 300/55/45 polymer was heated to 210°C, and extruded under pressure using 

nitrogen gas and a screw extruder, through a 28-guage (ID 0.18 mm), 25-guage (ID 0.25 mm), 

or 22-guage (ID 0.41 mm) nozzle.  Scaffold architectures were usually arranged in a bi-

layered fashion.  Figure 2-2 (H) illustrates the scaffold design most commonly used for 

microtissue placement. Polymer fibres were deposited in layers, with fibres typically spaced 1 

mm apart in the x or y direction, and 10 layers were usually extruded, with layers orientated 

as indicated in Figure 2-2. 

2.4.3 Assembly 

Assembly method depended on experiment and model, and particular methods are outlined 

within the relevant chapter. The general method involved manual transfer of spheroidal pellet-

based microtissues to 3D plotted scaffolds, and is outlined in Figure 2-3.  After 7 days culture 

of microtissues in v-bottom 96-well plates, scaffolds were prepared for seeding by cutting to 

an appropriate size, and sterilisation for at least 2 hours in 70% EtOH.  Scaffolds were then 

washed five times with PBS, and pre-soaked as appropriate (in PBS, culture media or serum 

depending on experiment).  A 1 mL adjustable pipette was used to handle and transfer 

microtissues from plates to scaffolds. A spatula was used to press-fit the microtissues into the 

scaffolds after placement in the appropriate location. The 3D plotted scaffolds were designed 

with a 1mm fibre spacing to allow a press-fit of the approximately Ø 1mm (1 mm diameter) 

microtissues in various configurations. Microtissues were usually incorporated into the 

scaffolds in a bi-layered configuration, with 6 microtissues per layer (3x2). For dynamic 

culture of assembled constructs, scaffolds seeded with microtissues were loaded onto wires to 

suspend them in spinner flasks, and cultured under dynamic conditions in stirred bioreactors 

at 50 rpm, reversing direction every hour for 7-21 days in CD-SC or CD-SF media (Figure 

2-3). 
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Figure 2-3: General outline of assembly and culture technique.  Fibre spacing of scaffolds in this figure is 

1 mm, microtissues are approx. 1mm diameter. 

2.5 Sample characterisation 

2.5.1 Sample fixation 

 Pellets for histological and IHC assays were fixed overnight (16 hours) at 4°C in 10% 

formalin.  Depending on size, constructs were fixed for 16-48 hours at 4°C.  Samples for 

scanning electron microscopy or cryosections were fixed in 4% paraformaldehyde for 16-48 

hours at 4°C depending on size. 

2.5.2 Microtissue culture size-shape distribution 

Microtissue spheroids were embedded in 4% w/v sodium alginate solution which was cross-

linked with 102 mM calcium chloride.  Gel constructs containing microtissues were cut into 

rectangular shapes and were photographed from x-, y- and z-directions.  Longest diameter and 
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shortest diameter crossing the centre of the microtissue in each plane were measured using 

ImageJ software 
166

.  Average diameters of the microtissues were obtained by dividing the 

sum of diameters measured for each spheroid by the number of measurements.  In order to 

determine the spherical (or otherwise) shape of the microtissues, the shortest diameter of a 

spheroid was divided by the longest diameter in each plane, and the average of these ratios in 

all three directions (x, y, z) was calculated.   A ratio of 1 indicated a sphere whereas a ratio 

below 1 indicated a less spherical shape.  

Measures of microtissue size and shape were also obtained by imaging in 96-well culture 

plates in one plane, and subsequent processing with ImageJ. 

2.5.3 Histological examination 

Fixed samples were dehydrated in ethanol series ranging from 70% to 100% in 5 steps.  

Samples were embedded in paraffin wax and sectioned (4 μm slices). Samples were stained 

with 0.1% w/v safranin O, Gill’s haematoxylin and 0.001% w/v Fast Green solution.  Sections 

were imaged using a Zeiss Axioimager Z1 microscope. 
 

Table 2-2: Safranin-O staining protocol 

Procedure Solution Time 

Warm slides in 60°C oven  1 Hr 

Dewax Xylene 3 min 

 Xylene 3 min 

 Isopropyl alcohol 3 min 

 Isopropyl alcohol 3 min 

 Ethanol absolute 3 min 

Rehydrate Ethanol 70% 3 min 

 Ethanol 50% 3 min 

 Milli-Q water 3 min 

Stain Gill’s Haematoxylin 3 min 

 Tap water 10 min 

 Fast green 0.001% 3 min 

 Acetic acid 1% 2 dips 

 Safranin-O 0.1% 6 min 

 MQ water 3 min 

Dehydrate Ethanol 50% 3 min 

 Ethanol 70% 3 min 

 Ethanol absolute 3 min 

 Ethanol absolute 3 min 

Clear Xylene 1 min 

 Xylene 1 min 

Coverslip   

2.5.4 Immunohistochemistry 

An outline of this process is shown in Table 2-3.  Samples were fixed, dehydrated, embedded 

in paraffin wax and sectioned, deparaffinised, and then rehydrated in an ethanol/water series 
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as above.   Sections were concurrently treated with 0.1% w/w hyaluronidase and 0.1% w/w 

pronase for 30 min for antigen unmasking. Sections were rinsed 3 times, then blocked with 

2.5% normal horse serum for 20 min.  Monoclonal primary antibodies were applied, and 

incubated in a moist chamber for 1 hour at room temperature (anti-human collagen type I, 

anti-chicken collagen type II, anti-human vinculin, and mouse and rabbit IgG isotype controls.  

Sections were rinsed three times, and a biotinylated secondary antibody was applied for 30 

min at room temperature.  Sections were then rinsed three times, and an avidin and 

biotinylated horseradish peroxidase complex was applied for 30 min at room temperature.  

Sections were rinsed twice, and diaminobenzidine was applied for 5 min. Sections were 

counterstained with Gill’s haematoxylin for 2 min, and imaged using a Zeiss Axioimager Z1.  
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Table 2-3: Summary of IHC method 

 
 

IHC protocol summary 
 
Place slides in oven. Turn on 37 deg oven 
 ↓ 
Make 10x ABC buffer: 500mL MQ H2O; 45g NaCl; 7.098g Na2HPO4; pH to 7.5 
↓ 
Deparaffinise: xylene 3min, xylene 3min, isoprop 3min, isoprop 3min, EtOH100% 
3min 
↓ 
Draw circles 
↓ 
Rehydrate: EtOH:100%-3min, 70%-3min, 50%-3min, H2O-3min, ABC-3min 
 ↓ 
Digest with hyaluronidase+pronase eg 100ul pronase; 100ul hyaluronidase; 800ul 
ABC 
↓ 30 min at 37C 
Rinse 2X 5min ABC  
↓ 
Block with NHS 
 ↓20 min at RT 
Primary ABs applied eg for 10 slides each AB ie 1.1 ml 

AB Diln Vol AB ul Vol NHS Vol ABC ul 

Coll 1 1:300 3.666 0.625 drop 1096.3 

Coll 2 1:100 11 0.625 drop 1089 

IgG mouse 1:800 1.375 0.625 drop 1098.6 

 ↓1 hour at RT 
Rinsed 3X 5min ABC (separately for diff ABs) 
 ↓ 
Biotinylated secondary antibody applied 
 ↓30 min at RT 
Rinsed 3X 5min ABC 
 ↓ 
ABC reagent applied 
 ↓30 min at RT 
Rinsed 2X 5min ABC 
 ↓ 
Substrate applied (1 drop substrate in 1mL diluent per 10 slides) 
 ↓1-5 min. Observe development 
Rinsed 1min quick dip 
 ↓ 
Rinsed 5min tap h2o 
 ↓ 
Stainied in haematoxylin 2min 
 ↓ 
Dehydrate: EtOH 3min in  70%, 100%, 100% 
 ↓ 
Clear in xylene; coverslip. 
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2.5.5 Measurement of sulphated glycosaminoglycans 

Microtissues and constructs were digested overnight at 56°C in 250-500 μL of 1 mg/mL 

proteinase-K solution to digest the cells and matrix. Total GAG content was determined by 

measuring the absorption at 520 nm of the complex created during the reaction of sGAG with 

dimethyl-methylene blue dye.  Chondroitin sulphate B was used to make a standard curve.   

2.5.6 DNA/Cell number estimation 

Microtissues and constructs were digested overnight at 56°C in 250-500 μL of 1 mg/mL 

proteinase-K solution to digest the cells and matrix.  Quantification of total DNA was 

performed using a Cyquant dye kit.  Post-digestion, cells were lysed and RNA degraded by 

incubation in the provided lysis buffer with RNase A added to make a final concentration of 

1.35 KU/ml for 1 hour at RT.  Samples were placed in 96-well white polypropylene plates, 

and GR-dye solution was added to samples. Samples were mixed, incubated at room 

temperature for 30 min, then fluorescence was measured (excitation 485 nm/emission 520 

nm). A standard curve for estimation of cell number was produced from a control sample 

containing expanded chondrocytes (counted using a haemocytometer) which were frozen and 

lysed. 

2.5.7 mRNA expression analysis 

Quantitative reverse-transcriptase PCR (qRT-PCR) was used to measure mRNA expression 

levels for aggrecan, collagen I and collagen II (see Table 2-1 for primers).  Samples were 

collected and washed with PBS.  RNA was extracted using Purelink
TM

 RNA micro kit.  

Tissue was placed in lysis buffer with 1% (v/v) mercaptoethanol, mechanically dissociated 

using a pestle, and frozen at -80°C. They were subsequently thawed and homogenised by 

passing through a 20-gauge needle, mixed with 70% ethanol, and RNA was extracted 

according to the manufacturer’s instructions, including the on-column removal of DNA using 

DNase I.  RNA quantity and quality was determined using UV spectroscopy. Only samples 

which had A260/A280 ratios of at least 1.8 were used. Total RNA was reverse-transcribed into 

cDNA using the SuperScript III first-strand synthesis supermix for RT-PCR as per the 

manufacturer’s instructions.  cDNA was used for relative quantitation of genes of interest.  

Samples were run in duplicate in 10 µl reactions in a 384-well format using Lightcycler 480 

SYBR Green 1 mastermix.  Reactions contained 1 X SYBR-green qPCR mix, 100 nM of each 

forward and reverse primers and approx. 2 ng total RNA/reaction. PCR amplification 

followed a multi step cycling protocol with an initial 10 min denaturation at 95 °C and 45 

cycles of 95 °C for 10 s, 63 °C for 20 s and 72°C for 10 s. All real-time reactions included a 

post-amplification melt curve analysis to determine the melting temperature of the amplified 

PCR product, indicating amplification of the correct sequence.  Crossing point values of each 

PCR reaction were determined with the second derivative maximum analysis method.  

Relative quantification of genes of interest were calculated using the ΔΔCT method, relative 

to the 18s rRNA reference gene and normalised to expression levels in cell suspension (day 0) 

reference samples. 

2.5.8 Fluorescent labelling 

Cells were labelled for fluorescent imaging and tracking using Qtracker 525 (which emits in 

the green range of the visible spectrum) or  Qtracker 625 (625 emits in the red-orange region).  

In order to label with Qtracker, cells were concentrated to 10
7
 cells/ml by centrifugation at 

700g for 5 min and resuspension in CD-SF media.  A 10 nM labelling solution was prepared:  

equal amounts of Component A and Component B were pre-mixed in a 1.5 ml 

microcentrifuge tube, incubated for 5 min, fresh CD-SF media was added and suspension was 

vortexed for 30 seconds (per 10
6
 cells: 1 µl of component A, 1 µl of component B, 0.2ml of 



Chapter 2 

 

36 

 

media).  The mixture was then incubated for 90 minutes.  Cells were subsequently washed 

twice with CD-SF and resuspended in CD-SF at 10
6
 cells/ml for use. 

2.5.9 Scanning electron microscopy 

Samples were fixed with 4% paraformaldehyde, then prepared for scanning electron 

microscopy by sequential dehydration as per Table 2-4, and critical-point dried using liquid 

CO2 and a custom-build critical point drying apparatus.  They were then gold sputter-coated, 

and examined using scanning electron microscopy. 

 
Table 2-4: Dehydration process in preparation for critical point drying. 

Ethanol % (v/v) Cell layer and <2x2x2mm 

constructs/tissues 

Constructs ≥3x2x2mm 

Ethanol 70% 3 hours 6-18 hours 

Ethanol 80% 3 hours 6-18 hours 

Ethanol 90% 3 hours 6-18 hours 

Ethanol 96% 3 hours 6-18 hours 

Ethanol 100% 3 hours 6-18 hours 

Ethanol 100% 3 hours 6-18 hours 

   

2.5.10 Dynamic mechanical testing 

Samples were prepared by cutting to square pre-defined areas using a cutting jig and 

microtome blade, or were cored out using a 3 mm biopsy punch.  Samples were thawed and 

equilibrated at room temperature.  A dish containing room-temperature PBS was placed on 

the compression plates of a TA.XT texture analysis machine with a 5 kg load cell installed.  

The machine crosshead was zeroed at the dish surface and samples were submerged in PBS in 

the dish.  The crosshead was brought close to the sample, and the load cell tared.  The sample 

height was obtained by lowering the crosshead until a 0.1 N load was detected, and this was 

confirmed by measurement with vernier calipers.  Strain-based sinusoidal cyclic compression 

was applied to the sample in the range of 5-15% strain at 1 Hz, and force was measured.  The 

cyclic strain was applied until an equilibrium peak force was obtained (~100 cycles for empty 

scaffolds, ~200 cycles for native tissue and assembled constructs).  Dynamic stiffness was 

calculated based on the 10 last complete cycles (total number of cycles - 1), by taking the 

ratio of average force amplitude for the last 10 cycles to cross-sectional area, and dividing by 

the applied strain. 

2.6 Statistical analysis 

Data are presented graphically as mean +/- standard error of the mean (SEM). Data were 

analysed using GraphPad Prism (version 5.01 for Windows, GraphPad Software, San Diego 

California, USA).  Significance of results was tested using t-test, 1-way ANOVA with post-

hoc Tukey’s test, or 2-way ANOVA using Bonferroni’s post-hoc test where appropriate, with 

p<0.05 as criterion for statistical significance.  
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3 Mass production and characterisation of 

microtissue spheroids 

3.1 Overview 

This chapter describes a simple, high throughput process to fabricate spheroidal microtissues 

by pellet culture with regular size and shape. Culture of cartilage pellets is a well-established 

process for inducing redifferentiation in expanded chondrocytes but the commonly adopted 

pellet culture methods using conical tubes are inconvenient, time-consuming and space-

intensive.  I compared the conventional 15 mL tube pellet culture method with 96-well plate-

based methods, examining two different well geometries (round- and v-bottom plates).  While 

minor differences were observed in tissue quality and size, the chondrogenic redifferentiation 

capacity of human chondrocytes, as assessed by GAG/DNA, collagen type I and II 

immunohistochemistry, and collagen type I, II and aggrecan mRNA expression, was 

maintained in the 96-well plate format, and microtissues of regular size and spheroidal shape 

were produced.  This allowed for simple production of large numbers of reproducible tissue 

spheroids.   

3.2 Background 

Tissue engineering approaches involving the autologous implantation of ex-vivo produced 

cartilage tissue is one that seems to hold significant promise. The general tissue engineering 

paradigm typically involves the ex-vivo expansion (and concomitant dedifferentiation) of 

chondrocytes or chondroprogenitor cells that are subsequently placed into a three-dimensional 

(3D) environment, in conjunction with appropriate growth factors and cytokines to induce 

redifferentiation and extracellular matrix (ECM) production 
46

.  Pellet or micro-mass culture 

is a proven, straightforward and relatively common method used to induce chondrogenic 

redifferentiation and matrix production of expanded chondrocytes, and has been used for a 

number of years as a reliable technique to produce ex vivo cartilage-like tissue 
49, 102, 103

.  By 

promoting high numbers of cell-cell interactions and the replication of the 3D cell 

condensation environment typical during the developmental stage of cartilage growth 
141-144

, 

chondrocytes cultured in pellets produce hyaline-like ex vivo neocartilage microtissues 

expressing key chondrogenic markers collagen type II and aggrecan 
69, 140

.  Formation of 

pellet cultures usually involves centrifuging chondrocytes or chondroprogenitor cells to 

produce a pellet of cells, which condenses to form a spheroid after approximately 24 hours.  

Pellets are subsequently cultured with appropriate media and growth factors to induce 

redifferentiation and form microtissues
167

. 

The traditional method for pellet culture is to use 15 mL polypropylene tubes for 

centrifugation and subsequent culture.  Different cell types have been used , including primary 

articular 
49

 and nasal chondrocytes, bone marrow- and adipose-derived multipotent progenitor 

cells 
61, 62, 145-147

, as well as immortalised cell lines 
142

.  If this process is to be used in tissue 

engineering or high-throughput screening applications, it is likely that large numbers of 

microtissues may be needed, therefore a high-throughput method will be necessary.  The 

standard process that uses 15 mL tubes is time-consuming, requires significant manual 

handling, and large tube racks take up considerable incubator space.  These factors, in 

combination with the volumes of media and growth factors required, means that it is also an 

expensive process.  Any new microtissue fabrication process would have to produce 

comparable (or better) quality tissues to the 15 mL tube method, while providing some 

advantage related to either cost, time, space, or convenience.  The ideal system for pellet 

production would, therefore, be a high-throughput, low-volume, convenient, easily accessible 
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process that is potentially automatable and reproducibly generates high-quality microtissues 

that can be easily and conveniently cultured.  

The 96-well plate format is one that holds promise as a vehicle for a high-throughput pellet 

culture system.  It is convenient, readily accessible and potentially automatable. Some 

progress has already been made toward identifying an appropriate high-throughput method for 

microtissue production 
109, 139, 168

. Penick et al. 
109

 have investigated 96-well polypropylene 

plates with v-bottom shaped wells .  These authors mentioned that wide-angle and narrow-

angle wells were unfavourable for tissue formation (though these data were not presented).  

Others have successfully used both v-bottom 96-well plates and 384 well plates 
168

.  Steps 

towards automation of the microtissue fabrication process have also been made. Ibold et al. 
169

 

examined the effect of automation on cell seeding, culture of chondrocytes, and co-culture 

with synovial fibroblasts in a 3D pannus model.  They found improved quality of tissue with 

an automated process.  Huang et al. 
168

 has used a partly automated 384-well format with 

mesenchymal stromal cells (MSCs) to form micropellets for screening purposes. Other 

authors found that for hMSCs, centrifugation was not needed for pellet formation in v-bottom 

plates as aggregates formed without centrifugation 
139

. 

Using expanded chondrocytes is likely to be necessary for cartilage tissue engineering 

applications if constructs of clinically relevant size are to be produced. Large numbers of 

cartilage pellets or microtissues will be needed in order to assemble cartilage constructs of a 

clinically relevant size.  The microtissues could then be assembled in a defined manner, 

including placing microtissues in particular locations.   

In order to determine proof-of-concept for a 3D tissue assembly strategy based on the delivery 

and incorporation of microtissues within a porous scaffold consisting of specifically defined 

pores, spherical microtissues of a consistent size and shape are mandatory. While studies have 

found that micromass cultures in 96-well plates formed heavier pellets than tube-based 

methods 
109, 168

, few studies to date have systematically measured size and roundness of mass-

produced microtissues, or compared various tube and well plate formats for pellet formation 

and chondrogenic differentiation.   

Human nasal chondrocytes were used for this study, as they offer significant potential as a 

clinically relevant cell source for cartilage tissue engineering. No studies we identified have 

examined the use of human nasal chondrocytes specifically for high-throughput microtissue 

production, though articular chondrocytes have been studied 
169

, and a number of studies have 

used human MSCs 
109, 139

. I aimed to compare microtissue formation and redifferentiation in 

human nasal chondrocytes using standard conical 15 mL tubes methods with 96-well plate 

formats consisting of two different well geometries. My hypothesis was that the 96 well 

format would be equivalent to standard tube-based methods in terms of producing large 

numbers of high-quality pellets (microtissues), and offer significant cost and time advantages. 

Furthermore, since tube and well geometry may play a role in controlling initial cell 

condensation and the formation of pellets with regular size and shape, I evaluated two well-

plate geometries (round- and v-bottom).  Microtissues produced using this 96-well plate 

method were then assembled in a controlled manner into specifically designed 3D plotted 

porous scaffolds to evaluate cartilage tissue formation in vitro. 

3.3 Experimental approach 

 

Human nasal chondrocytes (HNCs) were isolated from donor septal cartilage, expanded, and  

subsequently microtissues were formed using pellet culture.  Four conditions were compared: 
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Tubes-1000, Tubes-300, Vplates-300 and Rplates-300.  The conditions are outlined in Table 

3-1.  Samples were assayed in triplicate for sulphated glycosaminoglycans (GAG), DNA (to 

give an indication of cell number), size/shape, and expression of collagen I, II, and aggrecan 

mRNA was measured.  Histological sections were examined via Safranin O/fast 

green/haematoxylin staining and immunohistochemistry for collagen I and II.   
Table 3-1: Summary of experimental conditions 

Condition Format Volume media  

Tubes-1000 15 mL polypropylene tube 1000 µL 

 

Tubes-300 15 mL polypropylene tube 300 µL 

 

Vplates-300 96-well v-bottom polypropylene 

plate 

300 µL 
 

Rplates-300 96-well round-bottom 

polypropylene plate 

300 µL 
 

3.4 Methods 

Human nasal chondrocytes (HNCs) were obtained from septal cartilage from patients 

undergoing septoplasty surgery. Tissue from two donors, aged 35 and 44 years, were used for 

this experiment  Septal cartilage was prepared for isolation by dicing into approximately 1 

mm
3
 pieces using a scalpel.  HNCs were isolated via digestion of diced cartilage pieces in 

0.15% w/v collagenase II in C-X media at 37°C overnight. The resulting suspension was 

filtered through a 100μm pore cell strainer to exclude the undigested tissue and centrifuged at 

700 x g for 4 minutes. Freshly isolated chondrocytes were re-suspended and seeded at a 

density of ~10000 cells/cm
2
 in tissue culture flasks in C-X media. 

3.4.1 Cell expansion 

Cells were cultured at 37°C in a humidified 5% CO2/95% air incubator and media changed 

twice per week. Cells were passaged after approximately 7 days: subconfluent cells were 

washed three times with PBS, detached using 0.25% trypsin/EDTA, counted by Trypan blue 

exclusion in a haemocytometer and plated at 3,500 cells/cm
2
. Cells were expanded to passage 

two. 

3.4.2 Microtissue formation and culture 

Cells (0.5 x 10
6
 per well or tube) were suspended in serum-containing chondrogenic media 

(CD-SC) and placed in 15 mL tubes or 96-well polypropylene plate wells (see Table 3-1 for 

details).  Tubes and plates were centrifuged at 200 x g for 4 min. Cells were allowed to 

condense for 24 hours to form a loose aggregate, and media was then agitated to free 

microtissue spheroids from plate surface. For the large tubes, media was then topped up to 1 

ml. Media (CD-SC) in plates was changed 3 times per week, while half the media in the large 

tubes was refreshed twice per week, giving a total media volume of 1000 µl/week for the 

Tubes-100 condition and 900 µl/week for the plate-based conditions. 
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Pellet culture size-shape distribution: Microtissues (triplicate) were fixed overnight in 10% 

buffered formalin.  After fixation, microtissues were embedded in 4% w/v sodium alginate 

solution and cross-linked with 102 mM calcium chloride in a 24-well plate.  Gel constructs 

containing microtissues were cut into a rectangular shape and were photographed from x-, y- 

and z-directions. The longest diameter and shortest diameter crossing the centre of the 

microtissue in each plane were measured using ImageJ software 
166

 and the average diameters 

of the microtissues were calculated.  In order to determine the spherical (or otherwise) shape 

of the microtissues, the shortest diameter was divided by the longest diameter in each plane, 

and the average of these ratios in all three directions (x, y, z) was calculated.   A value of 1 

indicates a sphere whereas a value less than 1 indicates a less spherical shape.  

Histological examination: Fixed samples harvested for size-shape distribution were 

dehydrated in ethanol series ranging from 70% to 100% in 5 steps.  Samples were embedded 

in paraffin wax and sectioned (5 μm slices). Samples were stained with 0.1% w/v safranin O 

(Sigma-Aldrich), Gill’s haematoxylin (Merck) and 0.001% w/v Fast Green solution (Sigma-

Aldrich).  Sections were imaged using a Zeiss Axioimager  Z1. 

 

Immunohistochemistry:  Samples were fixed, dehydrated, embedded in paraffin wax and 

sectioned as above, deparaffinised, and then rehydrated in an ethanol/water series (ethanol 

contents of 90%, 70%, 50% then water only).   Sections were pretreated with 0.1% 

hyaluronidase (Sigma-Aldrich) for 30 min.  Sections were rinsed, then blocked with 2.5% 

normal horse serum for 20 min.  Monoclonal primary antibodies were applied, and incubated 

in a moist chamber for 1 hour at room temperature.  Primary antibodies used were: mouse 

anti-human collagen type I antibody (Clone I-8H5, MP Biomed, Solon, OH, USA), mouse 

anti-chicken collagen type II antibody (II-II6B3, DSHB, Iowa City, IA, USA) and a purified 

mouse IgG isotype control (Invitrogen).   Sections were rinsed, and a biotinylated secondary 

antibody (Horse anti-rabbit/mouse IgG (H+L) (from Vector: VECTASTAIN
®
 Elite ABC-

Peroxidase kit) was applied for 30 min at room temperature.  Sections were rinsed, and an 

avidin and biotinylated horseradish peroxidase complex (R.T.U. Vectastain
®
 Elite ABC 

Reagent, Vector) was applied for 30 min at room temperature.  Sections were rinsed, and 

diaminobenzidine (Vector ImmPACT DAB substrate, Vector) was applied for 5 min. Sections 

were counterstained with Gill’s haematoxylin for 2 min.  Sections were imaged using a Zeiss 

Axioimager Z1. 

  

GAG and DNA assay: Microtissues (triplicate) were digested overnight at 56°C in 250 μL of 

1 mg/mL proteinase-K (Sigma-Aldrich) solution, 10 μg/mL pepstatin A (Sigma-Aldrich), and 

185 μg/mL iodoacetamide (Sigma-Aldrich) to digest the cells and matrix. Total GAG content 

was determined by measuring the absorption (Fluostar Galaxy BMG Labtechnology) at 492 

nm of the molecule complex created during the reaction of GAG with dimethyl-methylene 

blue dye (Sigma-Aldrich). Chondroitin sulphate B (Sigma-Aldrich) was used to make a 

standard curve.  Quantification of total DNA was performed using a Cyquant dye kit 

(Molecular Probes).  Post-digestion, cells were lysed and RNA degraded by incubation in the 

provided lysis buffer with RNase A added to make a final concentration of 1.35 KU/ml for 1 

hour at RT.  Samples were placed in 96-well white polypropylene plates (Nunc), and GR-dye 

solution was added to samples. Samples were mixed, incubated at room temperature for 10-15 

min, then fluorescence was measured (Fluostar Galaxy BMG Labtechnology).   

 

mRNA expression analysis:  Real time reverse-transcription PCR (RT-PCR) was used to 

measure mRNA expression levels for aggrecan, collagen I and collagen II.  Pellet culture 
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samples were collected, washed with PBS.  RNA was extracted using Purelink
TM

 RNA micro 

kit (Invitrogen).  Tissue was placed in lysis buffer with 1% (v/v) mercaptoethanol. Samples 

were mechanically dissociated using a pestle.  Samples were frozen at -80°C, subsequently 

thawed and homogenised by passing through a 20-gauge needle.  Samples were then mixed 

with 70% ethanol, and RNA was extracted according to the manufacturer’s instructions, 

including the on-column removal of DNA using DNase I.  RNA quantity and quality was 

determined using UV spectroscopy. Only samples which had A260/A280 ratios of at least 1.8 

and passed the agarose tris hydroxymethylaminoethane-acetate-EDTA gel analysis were used.  

Total RNA was reverse-transcribed into cDNA using the SuperScript III first-strand synthesis 

supermix for RT-PCR (Invitrogen) as per the manufacturer’s instructions.  cDNA was used 

for relative quantitation of genes of interest.  Samples were run in duplicate in 10 µl reactions 

in a 384-well format using Lightcycler 480 SYBR Green 1 mastermix (Roche) and a Roche 

LightCycler 480 II.  Reactions contained 1 X SYBR-green qPCR mix, 100 nM of each 

forward and reverse primers and approx. 2 ng total RNA/reaction. PCR amplification 

followed a multi step cycling protocol with an initial 10 min denaturation at 95 °C and 45 

cycles of 95 °C for 10 s, 63 °C for 20 s and 72°C for 10 s. All real-time reactions included a 

post-amplification melt curve analysis to determine the melting temperature of the amplified 

PCR product, indicating amplification of the correct sequence.  Crossing point (CP) values of 

each PCR reaction were determined with the Second Derivative Maximum analysis method.  

Relative quantification of genes of interest were calculated using the ΔΔCT method, relative 

to the 18s rRNA reference gene and normalised to expression levels in cell suspension (day 0) 

reference samples. 

 

Table 2: Oligonucleotide primers used for real time RT-PCR 

Gene symbol 

(primer source) 

Sequence (5'3') 

 

GenBank 

accession # 

Amplicon 

position 

COL1A1 
164

 F: CAGCCGCTTCACCTACAGC NM_000088 4335-4417 

R: TTTTGTATTCAATCACTGTCTTGCC 

COL2A1 
164

 F: GGCAATAGCAGGTTCACGTACA NM_001844 4454-4532 

R: CGATAACAGTCTTGCCCCACTT 

ACAN 
165

 F: GCCTGCGCTCCAATGACT NM_001135 739-844 

R: TAATGGAACACGATGCCTTTCA 

18S rRNA 
165

 F: GATCCATTGGAGGGCAAGTCT NR_003286 589-691 

R: CCAAGATCCAACTACGAGCTTTTT 

 

Statistical analysis: Data are presented graphically as mean +/- standard deviation (SD). Data 

were analysed using GraphPad Prism (version 5.01 for Windows, GraphPad Software, San 

Diego California, USA).  Significance of results was tested using 1-way ANOVA with post-

hoc Tukey’s test, with p<0.05 as criterion for statistical significance.  

3.5 Results 

Size and shape in pellet cultures:  Tubes-1000 tissues were significantly larger at all time-

points compared to tissues from other conditions (Figure 3-1) (day 7: p<0.05; other days: 

p<0.001), although the difference appeared to be less at day 7.  Size increased significantly 

over time for all conditions (p<0.05) (Fig. 1). Overall, microtissues became more spherical 

over time (p<0.05).  All conditions had a similar roundness of microtissues. 
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Figure 3-1: Microtissue size (a) and roundness (b) of pellets cultured in chondrogenic media in tubes, v-

bottom plates or round-bottom plates at several time points.  Data presented as mean +- SD (n=3). 

 

Well geometry:   When impressions of the internal geometries of tubes, v-bottom and round-

bottom 96 well-plates were examined, the 15 mL tubes (Tubes-1000 and Tubes-300 

conditions) appeared to have a flat bottom, approximately 3mm in width; while the Vplates 

and Rplates were as indicated in manufacturers’ technical drawings.  The Rplate well 

geometry had a slight curvature and was more similar in dimension to the 3mm wide flat base 

in 15 mL tubes, whereas the v-plates exhibited a narrow, more conical geometry at the base of 

the well. 

Histological examination: Safranin O staining demonstrated a gradual increase of GAG 

incorporation over time with all culture methods (Figure 3-2). By day 28, intense GAG 

staining was evident, and this appeared to be comparable across the different culture methods 

(Figure 3-2, m-p).   GAG was homogenously distributed throughout microtissue sections, 

though less staining was visible on the outer edges, indicative of a fibrous capsule, with 

associated flattened cell morphology evident at the periphery of the microtissues.  
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Figure 3-2:  Histological staining (safranin O/haematoxylin/fast green) of HNC microtissues after 7, 14, 21 

and 28 days. Time points in rows, conditions in columns as indicated. Scale is the same for all panels. Scale 

bar represents 200 µm. 

Quantitative GAG and DNA assays:   GAG content of tissues increased significantly 

(p<0.001) over time, while DNA content reduced (p<0.001) (Figure 3-3), demonstrating that 

chondrocytes across all conditions were predominately in a re-differentiation phase rather 

than a proliferative phase.  Microtissues in the Tubes-1000 condition had a significantly larger 

amount of GAG than all other conditions at days 14 and 21 (Figure 3-3).  At day 28, however, 

only the Tubes-300 had a significantly lower amount of GAG than the Tubes-1000.  The 

Vplates-300 also had a significantly larger amount of GAG than the Tubes-300 at 28 days. 

Culture method had a significant effect overall on DNA content (p=0.0015).  Differences 

were seen at day 7 (Tubes-1000 and Vplates-300 significantly greater than Rpates-300 

(p<0.05)) and day 14 (Tubes-1000 and Vplates-300 significantly greater than Tubes-300 

(p<0.05)).  There was no significant difference in DNA content at days 21 or 28.  No 

significant differences between conditions were detected for GAG/DNA. 
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Figure 3-3: GAG (a), DNA (b) and GAG/DNA (c) of microtissues cultured in chondrogenic media in tubes, 

v-bottom plates or round-bottom plates at several time points.  Data presented as mean +- SD (n=3). 

Collagen content:  Collagen I and II localisation was visualised using immunohistochemistry 

(Figure 3-4), and sections were counterstained with haematoxylin to visualise cell nuclei.  

Collagen II was observed in all cultures from day 7.  Limited collagen I staining was 

observed, except at the periphery of the microtissues.  There did not appear to be noticeable 

differences in intensity or distribution of collagen type I and II between the conditions.  It 

appeared that there may have been limited deposition of collagen type II in the central region 

of microtissues cultured in smaller volumes.  This may correspond to the delayed matrix 

formation indicated by the quantitative GAG results.  No necrotic tissue was noted in the 

central regions of the tissues, and hypertrophy did not appear to differ between the conditions. 

 

Figure 3-4: Immunohistochemical staining (DAB) for collagen I and II at days 7 and 21.  Scale is the same 

for all panels. Scale bar represents 200 µm. 

Gene expression:  Expression of all genes of interest increased significantly over time 

(p<0.001).  In particular, a large increase in expression was seen for collagen II at day 21.  

Significant differences between conditions were observed (Figure 3-5-b).  At day 7, Tubes-

1000 expressed significantly higher collagen II mRNA than all other conditions.  At day 21, 
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Tubes-300 showed greater collagen II mRNA expression than the 96-well plates.   At day 7 

no differences in aggrecan expression were observed between conditions, however, at day 21, 

aggrecan expression was significantly higher in both the tube-based conditions when 

compared to the Vplates-300 condition, however not when compared to the Rplates-300.  No 

significant differences between conditions were detected for collagen I expression. 

 

Figure 3-5: Gene expression for collagen I (a), collagen II (b) and aggrecan (c), normalised to 18s and 

relative to day 0.  Presented as mean +/- SD, n=3.   * indicates significant difference between columns 

below each end of line (p < 0.01). 

3.6 Discussion 

In this chapter, I demonstrated that a high-throughput method of microtissue production can 

be used for assembly of cartilaginous constructs.  Microtissue pellets formed with human 

nasal chondrocytes, cultured using the 15 mL tube method or with 96 well plate approaches, 
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had comparable redifferentiation after a culture period of 28 days.  The described methods 

met the requirements for a high-throughput, low-volume, easily accessible process that is 

potentially automatable and reproducibly produces high-quality microtissues that were be 

easily and conveniently cultured.   

Advantages of high-throughput microtissue production 

Cultures in 96-well plates reduced space taken up in the incubator by more than 90%. 

Furthermore, the well-plate method was considerably faster, both for microtissue formation 

and media changing, due to reduced handling of individual samples (e.g. capping, uncapping 

tubes). A multichannel pipette can be used for media changes in the 96-well plate, leading to 

significant time savings, and making the production of large numbers of microtissues feasible. 

However, the well-plate format did require media to be changed more often compared with 

Tubes-1000 (three times per week instead of two).  There were also reductions in consumable 

costs associated with the plate-based methods, due the use of pipette tips instead of 

serological pipettes, and using 1 plate instead of 96 tubes, for example. Using the tube-based 

method, consumables costs were 230% and media costs were 330% of the plate-based 

methods.  The 96-well plate format made production of many microtissues a feasible process, 

where the tube-based method really does place practical limits on tissues produced due to 

time and incubator space used. 

Microtissue quality 

This study showed that reliable redifferentiation capacity could be obtained in both the tube- 

and plate-based pellet cultures.  Increased matrix production was seen over time, and both 

mRNA expression and immunohistochemistry results show the formation of a predominantly 

collagen II extracellular matrix.  

A key factor when assessing if a high-throughput method is appropriate is the quality of 

cultures. My findings show that the 96-well methods appeared to produce similar, though not 

identical, redifferentiation to the conventional Tubes-1000 method.  GAG and DNA 

quantification data show that there was little difference between the tube and well-plate 

geometries or conditions, similar to that observed by Penick et al. 
109

.  GAG increased over 

time, as seen in both biochemical and histological assays.  Safranin O staining indicated that 

all conditions were similar after 28 days, while the DMMB assay showed greater GAG 

content in Tubes-1000 condition. 

Immunohistochemical evaluation indicated that there was little difference in collagen 

localisation and levels between the conditions.  This is supported by Penick et al. 
109

 who 

found little difference in collagen I and II between the 15ml tube- and 96 well plate-based 

methods using MSCs. On the other hand, significant differences were found in expression of 

mRNA between some conditions.  In particular, collagen II mRNA expression was 

significantly higher in the Tubes-1000 condition at day 7, and was higher in both the tube-

based methods at day 21 compared to the plate-based methods. Aggrecan gene expression 

also appeared to show this trend.  This indicates that there may be some property of the tubes 

that gives an advantage over the plates in relation to expressions of genes related to the 

important cartilage matrix components collagen II and aggrecan, even when media volumes 

and media change frequencies were identical.    

 

To further investigate the likely causes of the differences seen between the conditions, well 

and tube internal geometries were examined.  The shape of the 15 mL tubes (conditions 
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Tubes-1000 and Tubes-300) was surprising in that it was unexpected to observe a flat base on 

the internal surface of the tube, given that the exterior of the 15 mL tubes is conical.  The 

increased collagen II mRNA observed in both the tube-based conditions suggested that tube 

geometry may have had an effect on redifferentiation in microtissues, perhaps by altering 

nutrient transport. However, the plate-based well geometries did not appear restrictive, and 

the differences in geometries did not appear to support this.  If anything, the geometry of 

wells in Vplates were more different to the Rplates than the 15 mL tubes, however, no 

differences in tissue quality were observed between the two plate-based conditions (Figure 

3-3, Figure 3-5).  

Size and shape 

Sphericity and regular, predictable size are important properties for tissue assembly and 

automation of high-throughput processes.  In particular, if microtissues are to be press-fit 

within a scaffold of defined pore size, this is particularly important to prevent microtissue 

egress during culture.  Microtissue pellets in all conditions became more spherical over time, 

and the roundness of the tissues was consistent across all conditions, showing that well 

geometry had little effect on roundness.   

Microtissue size was lower throughout the experiment for the round- and v-bottom plates, 

with Tubes-1000 producing larger tissues overall.  However alternative well-plate methods 

still produced microtissues of a useable size (>1 mm), and this difference in size alone is not 

grounds to discard the 96-well methods.  The retardation of growth seen in all conditions 

except Tubes-1000 may have been due to lower initial or total amount of media used rather 

than geometry of the 15 ml tubes. For example, in the Tubes-300 condition, where the volume 

and refresh frequency of media was matched to the plate-based methods, size was also 

restricted.  I was not able to identify other studies that have systematically measured 

roundness of microtissues produced by pellet culture.  Studies have found that micromass 

cultures in 96-well plates formed heavier pellets than the tube-based method 
109, 168

, while 

other studies have made observations based on the appearance of pellets in histological 

sections.   The results I present here are approximately in accordance with the figure shown in 

Larson et al. 
170

, that showed ~ 1 mm diameter tissues, though  formed from freshly isolated 

osteoarthritic chondrocytes (as opposed to the expanded septal  chondrocytes I used).  Malda 

et al. 
143

 have also reported formation of “approximately 1mm in diameter” pellet-cultured 

tissues using nasal chondrocytes at the same density as I report here, and Tare el al 
148

 

reported tissues of size 0.5-1mm (with human articular chondrocytes and ATDC5 cells). 

Reduced oxygen tension in culture has been shown to positively affect the redifferentiation of 

human nasal chondrocytes in pellet cultures 
143

, and this may have had an effect on the 

microtissues in this study.  The increased size of the Tubes-1000 microtissues may have led to 

reduced oxygen diffusion throughout the tissues, or altered oxygen consumption by cells.  

This may have positively influenced tissue formation once the larger tissues had formed in 

this condition.   However, the reason for the initial increased size of the Tubes-1000 tissues 

remains unclear given that the initial cell density used to form microtissues (i.e. 0.5x10
6
 

cells/tissue) were identical across all conditions, and as a result, there should not have been 

any initial differences in diffusion or oxygen consumption.  My findings do not agree with 

Penick et al.  
109

, who reported that the plate-based method produced larger microtissues; 

however different cell sources were used in this study. 

3.7 Conclusions 

The significant time and cost saving of the 96-well plate-based system make the production of 

large numbers of microtissues feasible and practical.  Tissue quality differed slightly from the 
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tube-based method, however tissue formation and quality was still good, and the positive 

aspects outweigh the negatives. Either the Vplates-300 or Rplates-300 methods can be used to 

produce large numbers of microtissues for modular tissue engineering applications. 
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4 Placement, visualisation and tracking of 

microtissues in a 3D-plotted scaffold 

4.1  Chapter overview 

This chapter outlines and discusses a process for placement, visualisation and tracking of 

cartilaginous microtissues.  Using a combination of a biodegradable scaffold and chondrocyte 

pellet-based microtissue culture to assemble tissue engineered constructs of relevant size has 

potential for engineering and repair of articular cartilage, and controlled placement of 

microtissues could allow construction of assembled modular constructs. This also indicates 

that microtissue assembly could be applied for engineering of constructs containing multiple 

cell types arranged in an organised structure, as well as investigation of cell localisation, 

migration, and tissue interactions within these tissue engineered constructs. 

4.2  Background 

Chapter 1 of my thesis has outlined details relating to traditional and regenerative medicine-

based approaches to treatment of chondral defects.  This included discussion of autologous 

chondrocyte implantation/transplantation (ACI) and matrix-assisted ACI (MACI), which are 

cell-based approaches that have been used to treat chondral defects; and while good subjective 

clinical results have been reported 
37, 171

, evidence is emerging that these approaches are no 

better than microfracture in the long term 
39, 172, 173

. 

Repair or regeneration of articular cartilage using tissue engineering approaches has 

significant clinical potential.  One approach is to use a biodegradable scaffold component to 

provide important contributions to tissue function (structural and mechanical properties 

required for mature load bearing cartilage), and to combine separate tissue components with 

the scaffold.  As demonstrated in Chapter 3, traditional chondrocyte pellet culture can be used 

with a high-throughput system to form appropriately-sized microtissue spheroids that induce 

chondrogenic redifferentiation.  In this chapter, I investigate whether these components can be 

used to assemble larger tissue engineered constructs. In order to be of clinical relevance, any 

cartilage repair method should be able to fill a clinically-relevant defect size, and Hjelle et al 
21

 reported an average defect area of 2.1cm
2
 of chondral or osteochondral defects in 

symptomatic knees which had defects.    

The use of microtissues could potentially assist in defect repair.  Clearly, an individual 

spheroid of Ø~1 mm will not fill a ~2 cm chondral defect, and thus multiple microtissues are 

required. While there has been some investigation into seeding or filling a defect directly with 

microtissues 
159

, I consider that the evidence is not convincing that microtissues alone will 

form native-identical cartilage in vivo.  It seems likely that the microtissues will require some 

support at the initial implantation stage to shield the immature tissue from mechanical 

destruction, since mechanical loading of cartilage can induce cell death and disrupt the matrix 
11

, and it has been reported that mechanical stimulation may be negative during early 

chondrogenic differentiation 
12, 80

.  Few approaches for cartilage tissue engineering have 

combined a tissue module with a structural scaffold-based component.   

Controlling aggregate location is essential for forming structures with a defined shape, such as 

complex tissues or organs. Three-dimensional control of aggregate location allows 

construction of complex 3D structures from separate tissue modules, and may be used to 

mimic native architectures 
119

.  In articular cartilage, assembly of tissues into complex 

structures could have advantages other than mechanical protection.  Assembled constructs 

with nature-mimetic zonal organisation are of particular interest, as mimicking the zonal 

organisation could enhance the function of the engineered constructs.  Schuurman et al 
162

 

recently demonstrated that pellet-cultured microtissues containing cells originating from 
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different zones (superficial and deep) could be assembled into a zonal construct in a similar 

manner to that described in this chapter, although those authors demonstrated no zonal 

characteristics of the construct were re-established in vitro.  This is unsurprising, since it had 

been previously demonstrated that (using the method of isolating the zones described within 

the paper) pellet cultures were unable to recapitulate zonal characteristics 
155

, although 

indications of zonal differences were seen in alginate hydrogel cultures.  Modular assembly 

could also potentially be used to form osteochondral constructs for repair of osteochondral 

defects, where different cell types, appropriately differentiated, could be arranged in a bilayer 

fashion.     

For repair and regeneration of tissues other than articular cartilage, a range of approaches 

have been taken to forming these complex tissues from aggregates, including controlling cell 

aggregation using micro-moulds, cell sheet-based techniques, cell-laden hydrogels; and 

techniques have been developed for assembling these tissue modules, such as additive photo-

crosslinking, random packing, tissue printing, directed assembly, and cell sheet layering 

(reviewed in Nichol and Khademhosseini 
119

).  Aggregates and/or spheroids containing 

multiple cells types 
108, 109

, aggregates fused into simple and complex shapes 
110-118

 , and 

directed assembly/printing of microtissues have been investigated 
121

.  

In order to validate the placement and localisation of the microtissues, an experiment to 

provide proof-of-concept for modular assembly of cartilage microtissue units within a 

scaffold was designed. For this, clear identification of separate tissues is necessary to 

demonstrate control of tissue placement, and so fluorescent cellular labelling was used to 

distinguish the assembled microtissues and track the cells within the tissues.    

It is useful to be able to track cells both in vitro, to examine mechanisms and modes of tissue 

formation, as well as in vivo, where it may be particularly interesting to examine persistence 

of cells within a tissue-engineered implant.  In order to successfully track cells in a 3D 

microtissue assembly model, labels must be detectable for long periods of time (in this case 

out to 28 days), without loss or transfer of the fluorophore between cells.  There are several 

different fluorescent cell-tracking techniques, however most are designed for shorter-term 

(hours to days) rather than longer term tracking.  Commonly used cell tracking methods 

include dye-based methods, including fluorescein-based dyes such as fluorescein diacetate, 

carboxy fluorescein diacetate, 5-chloromethylfluorescin diacetate (cellTracker green) 
174

, as 

well as use of techniques such as fluorescent in-situ hybridisation or transformation with a 

fluorescent reporter gene. 

Problems with the use of traditional dye-based flourophores include broad emission peaks and 

rapid photobleaching, making repeated or long-term imaging of thick tissues and multi-label 

detection difficult.  Dyes may also leak from or be transferred between cells, and may not 

remain detectable following traditional histological processing.  Fluorescence in-situ 

hybridisation, where a fluorescent probe binds to a specific region of a chromosome, is one 

technique that has been used for identifying cell populations in cocultures 
59

.  The advantage 

of this is that tracking labels are not diluted, nor are any tracking dyes or fluorophores 

transferred between cells. 

The Qtracker nanocrystal labelling system was chosen for labelling cells within microtissue 

microtissues, mainly because of their facile use, cost-efficiency, bright fluorescence, and 

potential for persistence over time.  Qtracker is composed of Qdot nanocrystals with a CdSe 

core and a ZnS shell, and these crystals are functionalised with a polyarginine peptide to 

facilitate nonspecific intracellular uptake of the nanocrystals. Qdots have some advantages 

over conventional flourophores.  In particular, they are bright and are extremely resistant to 

photobleaching. Jaiswal et. al 
175

 found that (for dihydrolipoic acid-capped qdots) no loss of 

intensity was observed after continuous illumination for 14 h by a 50 mW, 488 nm laser. 

Qdots also have size-tuneable narrow-banded emission spectra and a broad excitation spectral 
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band 
176

(see Figure 4-1), are resistant to enzymatic degradation and chemical damage 

(reviewed in Jaiswal and Simon 
177

), and should be retained within the cell.  

 
Figure 4-1: Emission and absorption spectra for various Qtracker products 

178
. Note the excitation 

extinction coefficient (A) and emission (B) peaks of the Qdot 525 (1) and 625 (5). Used with permission. 

4.3 Hypotheses 

The hypotheses of this study were as follows: 

1. Cells within microtissues could be differentially labelled and tracked for a relevant 

period of time 

2. Microtissues could be assembled into a 3D-plotted scaffold, and demonstrating 3D 

control of microtissue location would be possible  

3. The labelled microtissues would fuse, and this could be tracked within the construct. 

4.4 Experimental approach 

Human nasal chondrocytes (HNCs) or mesenchymal stromal cells (MSCs) were isolated and 

expanded to passage two.  Expanded HNCs, MSCs or co-culture combinations of the two 

were centrifuged using a high-throughput 96 well-plate format to form microtissues 

(described in Chapter 3) and cultured in chondrogenic serum-free media for up to four weeks. 

Cells were fluorescently labelled with Qtracker 525 and 625 to identify the different cell types 

within and/or between microtissues. Microtissues (approx. Ø 1-1.5mm) were pressed into 

defined pores within 3D Plotted PEGT/PBT polymer scaffolds, and in a number of 

configurations to demonstrate control of the process and possible applications.  Distribution 

of fluorescent labels within and between microtissues was examined.  Persistence of 

fluorescence was tracked over days 7, 14, 21 and 28 via fluorescence imaging, both in single 

tissues and in assembled microtissue-scaffold constructs.  Fluorescent labels for each cell type 

were subsequently reversed in order to confirm observed results. 

4.5 Methods 

4.5.1 Cell sources 

Human nasal chondrocytes (HNCs) were obtained from septal cartilage obtained from 

patients undergoing septoplasty surgery.  Mesenchymal stromal cells (MSCs) were obtained 

from bone marrow aspirates obtained from the iliac crest in otherwise healthy donors 

undergoing spinal fusion.  Two HAC and two MSC donors were used for this study. 

4.5.2 Isolation  

Nasal cartilage was prepared for isolation by dicing into approximately 1 mm
3
 pieces using a 

scalpel.  HNCs were isolated via digestion of diced cartilage pieces in 0.15% w/v collagenase 
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II in C-X media at 37°C overnight. The resulting suspension was filtered through a 100μm 

pore cell strainer to exclude the undigested tissue and centrifuged at 700 x g for 4 minutes. 

Freshly isolated chondrocytes were re-suspended and seeded at a density of ~3000 cells/cm
2
 

in tissue culture flasks in C-X media. 

MSCs from bone marrow aspirate were isolated by plastic adhesion: bone marrow aspirates 

were diluted 1:4 in MSC expansion media, then plated into tissue culture flasks (114 µl/cm
2
).  

After 24 hours, the flasks were washed thoroughly with PBS to exclude non-adherent cells, 

and 18 mL expansion media added. 

4.5.3 Storage 

Cells in culture were washed three times with PBS, and detached by application of 0.25% 

Trypsin-EDTA.  Cells were resuspended in culture media with 20% FBS. Cells were frozen in 

freeze mix containing 20% FBS and 10% DMSO: first frozen overnight to -80°C in a “freezer 

boy”; then placed into liquid nitrogen for long-term storage. 

4.5.4 Cell expansion 

Cells in this study were expanded to passage 2 before use.  Cells were cultured at 37°C in a 

humidified 5% CO2/95% air incubator and media changed twice per week. Cells were 

passaged after approximately 7 days: subconfluent cells were washed three times with PBS, 

detached using 0.25% trypsin/EDTA, counted by Trypan blue exclusion in a haemocytometer 

and plated at 3,000 cells/cm
2
 (chondrocytes) or 1,000-5,000 cells/cm

2
 (MSCs).  

4.5.5 Cell labelling 

Cells were labelled using Qtracker 525 (MSC525; HNC525) or Qtracker 625 (HNC625; 

MSC625).  The 525 label emits in the green range of the visible spectrum, 625 emits in the 

red-orange region.  In order to label with Qtracker, cells were concentrated to 10
7
 cells/ml by 

centrifugation at 700g for 5 min and resuspension in CD-SF media.  A 10 nM labelling 

solution was prepared: equal amounts of Component A and Component B were pre-mixed in 

a 1.5 ml microcentrifuge tube, incubated for 5 minutes, fresh CD-SF media was added and 

suspension was vortexed for 30 seconds (per 10
6
 cells: 1 µl of component A, 1 µl of 

component B, 0.2ml of media).  The mixture was then incubated for 90 minutes.  Cells were 

subsequently washed twice with CD-SF and resuspended in CD-SF at 10
6
 cells/ml for use. 

4.5.6 Microtissue formation 

Cell suspensions were placed into v-shaped wells of 96-well polypropylene plates (0.25 x 10
6
 

cells/well).  HNC625, HNC525, MSC625 or MSC525 cells, or co-culture combinations of the 

two (50% HNC, 50% MSC) were centrifuged at 300 x g  for 4 min to form microtissues.  

Media (CD-SF, 290 µl/well) was changed 3 times per week, ensuring loosening of the 

microtissue from the well at each media change.  This avoided any likelihood of cells within 

the microtissue adhering to the surface.    

4.5.7 Scaffold plotting 

PEGT/PBT (MW of PEG =300; wt % PEGT:PBT 55:45) scaffolds were fabricated using a 

custom-built 3D plotting device.  Scaffolds consisted of a dual-layer repeating 90° lattice, 

with fibres extruded at 0°, 90°, 0°, 0°, 90°, 90°, 0°, 0°, 90°, 0° (see Figure 4-2). Fibre spacing 

was measured at 0.95 mm apart, and fibre diameters were 0.258 mm.    
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Figure 4-2: Illustration of scaffold layout.  Fibre spacing is 1mm. 

4.5.8 Microtissue assembly 

Microtissue diameters were measured at day 6 to ensure they would fit in the pores of the 

scaffold and would be subsequently retained.  Both microtissues (measured in plates) and 

scaffolds were imaged under light microscopy using an inverted microscope in order to 

measure microtissue diameter and scaffold pore diameter. The longest and shortest axes of the 

microtissues were averaged to give the diameter measurement, while the fibre spacings and 

pore sizes were measured for the scaffolds.  Measurements were taken from digital images 

imported into ImageJ 
166

.  

Microtissues were placed within the scaffolds in the desired locations by press-fitting (Figure 

4-3) allowing arrangement of microtissues to form biphasic, graduated and assorted-layout 

constructs (Figure 4-8).  The scaffolds were first cut to the appropriate size (Figure 4-3A) and 

microtissues were removed from the culture plates using a 1 ml pipette and prepared for 

placement in a petri dish (B). Microtissues were then placed on top of the scaffold in the 

appropriate locations for seeding the pores (C-E), and then pressed into pores using a spatula, 

resulting in microtissues retained within the pores of the scaffold (F - histological section) and 

G - macro image).  The scaffold was then inverted, and the process was repeated on the other 

side, allowing seeding of a 2-layer construct. The scaffold and construct was irrigated with 

culture media during this process to avoid drying of the tissue. 
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Figure 4-3: Demonstration of the assembly method.  The scaffold (A) and microtissues (B) are combined 

by press-fitting tissues into the pores of the scaffold (C-G), which are then loaded onto wires in a spinner 

flask and cultured dynamically in CD-SF media (H-I).  Panel F shows a safranin-O stained section 

immediately following assembly of a construct.  Microtissues in this figure have a diameter of ~1 mm, 

while the scaffolds have a fibre spacing of 1 mm.  

 

4.5.9 Dynamic culture 

Assembled constructs were loaded onto wires to suspend them in spinner flasks, and cultured 

under dynamic conditions in stirred bioreactors at 50 rpm, reversing direction every hour for 

7-21 days in CD-SC or CD-SF media (Figure 2-3).  Asymmetrical geometry of the cut 

scaffolds allowed identification of scaffold orientation following sample collection. 
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4.5.10 Fluorescent tracking 

Individual microtissues: Microtissues were cultured for up to four weeks. Samples were taken 

to assess persistence of fluorescence at days 0, 2, 7, 14, 21 and 28 via fluorescence imaging. 

Microtissues were imaged both live and following sectioning. 

Assembled constructs: Labelled and unlabelled microtissues (HNC525, HNC625, MSC525, 

MSC625, HNCul, MSCul) were assembled into biphasic and assorted constructs (4 

microtissues per layer, 2 layers).   Samples were imaged live at 21 days post-labelling to 

assess persistence of fluorescence.  Samples were subsequently formalin fixed, paraffin 

embedded, and sectioned for histological examination. 

4.5.11 Fluorescence imaging 

Where label intensity was compared at different time-points, exposure times were consistent 

between the time-points.  Where the experiment aimed to identify presence or absence of the 

labels, exposure times were determined automatically by the Axiovision software. 

4.5.11.1 Labelling confirmation in 2D 

Chondrocytes labelled with qTracker were imaged using an Olympus IX81 live-cell imaging 

microscope.  Due to bleed-through of the 625 label into all the filter channels, this microscope 

was not used for further imaging of the qTracker labels. Microtissues composed of labelled 

cells (HNC525, HNC625, MSC525, MSC625) were cultured for 7 days, then digested with 

0.15% w/v collagenase II.  Following digestion, centrifugation (700 x g for 5 min) and 

resuspension in PBS, samples were imaged using a Zeiss Axioimager Z1. 

4.5.11.2 Live tissues 

 Whole microtissues and assembled constructs were examined live (unfixed) submerged in 

PBS using the FITC (excitation/emission peaks 490/525 nm) and Texas Red 

(excitation/emission peaks 595/620 nm) filters of a Zeiss Axioimager Z1, and images taken 

using the attached fluorescent camera, with or without the Zeiss ApoTome optical sectioning 

imaging technique. 

Individual microtissues were imaged at higher magnifications (10x and 20x objective) using 

the ApoTome optical section technique, combined with z-stack imaging of the visible exterior 

surface.   The z-stack step size was determined automatically by the Axiovision software, 

based on the total distance imaged in the z direction, which varied from microtissue to 

microtissue. Autofluorescence was determined by increasing exposure time until diffuse 

fluorescence was observed that did not conform to the characteristic punctate fluorescence 

emitted by the qdots.  Microtissues were imaged above this threshold of autofluorescence.  

For confirmation of findings from Zeiss Axiovion imaging, early and late time-point 

microtissues were imaged under confocal microscopy   

 Low-magnification images (2.5x and 5x objectives) were taken to assess fluorescence of 

whole assembled constructs, both of initially assembled constructs and of fluorescence 

persistence over time in whole constructs. Autofluorescence was determined by increasing 

exposure time until unlabelled tissues were visible in the fluorescent channel, or until diffuse 

fluorescence was observed that did not conform to the characteristic punctate fluorescence 

emitted by the qdots.  For the time-tracked constructs (as in Fig 4-10), where the 525 label 

was only just visible at d21, detection of label was determined by imaging long exposure 

times including some autofluorescence.  The channels (FITC and Texas red) were combined, 

and where labelled cells fluoresced (ie not from the tissue autofluorescence alone), 

fluorescence in that channel could be observed.  The output of multichannel images of 

unlabelled samples was used for comparison. 
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4.5.11.3 Sections 

Formalin fixed samples were dehydrated in ethanol series ranging from 70% to 100% in 5 

steps.  Samples were embedded in paraffin wax and sectioned (4 μm slices).  

Sections were dewaxed in xylene for 2 x 2 minutes and transferred to 100% isopropyl alcohol. 

Sections were then allowed to air dry and imaged directly without coverslipping, using the 

FITC (excitation/emission peaks 490/525 nm) and Texas Red (excitation/emission peaks 

595/620 nm) filters of a Zeiss Axioimager Z1, and images taken using the attached 

fluorescent camera, with Zeiss ApoTome optical sectioning imaging technique.  

Autofluorescence was determined by increasing exposure time until diffuse fluorescence was 

observed that did not conform to the characteristic punctate fluorescence emitted by the qdots.  

Sections were imaged above this threshold of autofluorescence.   

4.5.12 Histological brightfield imaging 

Following dewaxing and rehydration, sections were stained with 0.1% w/v safranin O, Gill’s 

haematoxylin and 0.005% w/v Fast Green solution, then dehydrated, cleared in xylene and 

coverslipped with xylene-based mounting solution.  Sections were imaged using a Zeiss 

Axioimager Z1 microscope using the FITC and Texas Red filters.   

 

4.6 Results 

As shown in Figure 4-4 , the diameter of MSC525 spheroids were significantly smaller than 

HNC625 (p = 0.03) despite seeding of the same number of cells, though were still of an 

appropriate size (Ø0.95mm) to enable placement of the microtissues in the scaffold. 

 
Figure 4-4: Diameters of microtissues at day 6 composed solely of nasal chondrocytes (HNC) or 

mesenchymal stromal cells (MSC).  Each microtissue was composed of 0.25 x 10
6
 cells.  Significant 

difference indicated by * (p<0.05). 

 

4.6.1 Cellular uptake and Qdot detection 

Labelled cells were plated into tissue culture flasks and observed under fluorescence 

microscopy after 6 hours of culture.  Figure 4-5 illustrates uptake of the Qtracker 525 label by 

chondrocytes.  Chondrocytes were successfully able to take up the Qtracker label, and this 

could be imaged under fluorescence microscopy. 
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Figure 4-5: A: HNC525 labelled chondrocytes in culture flask, some adhering to the surface at day 0 (6h).   

B: Cells labelled with Qtracker imaged using Zeiss Axioimager  following digestion after 7 days culture in 

microtissues.  Qdots can be seen localised within the cells, both during adherent culture (A, B) and free-

floating in media (B). Scale bars indicate 100 µm. 

4.6.2 Microtissue fluorescence time-tracking 

Co-cultured microtissues were formed in order to track fluorescence of labelled cells over 28 

days.  The chondrogenic pellet-based microtissue method produces a matrix- and cell-dense 

tissue that is opaque and thus unable to be imaged as a whole microtissue using transmitted 

light (in contrast to monolayer culture).  The Zeiss Axiovision microscope is able to perform 

multiple “optical sections”, removing scattered light and enhancing the signal to noise ratio, 

and can produce z-stacks.  This allowed successful imaging of the convex exterior surface of 

the whole live microtissues and assembled tissues in this case (Figure 4-7 C, F).  Since the 

interior of the tissue was also of interest, tissues were paraffin embedded and sectioned 

(Figure 4-7A, B, D, E).  At day 7 of culture, both 525 and 625 labels could be easily 

distinguished (Figure 4-7 B, E), though the intensity of the 525 label was much less than the 

625 label and required longer exposure times.  Microtissues could be conventionally 

processed for histology (fixed in formalin, embedded in paraffin wax (FFPE), sectioned and 

dewaxed) with nanocrystals still able to be imaged (Figure 4-6 B, E), however, the process of 

histological staining with haematoxylin, fast green, Safranin-O and coverslipping caused 

almost complete loss of fluorescence (data not shown). 
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Figure 4-6: Brightfield (A, D) and fluorescent (B, C, E, F) images of day 7 sections (B, E) and surfaces (C, 

F) of complete live microtissues containing a 50/50 mix of cells labelled with HNC625 (colourised 

magenta) and MSC525 (colourised green).  Both labels can be distinguished in separate locations. Scale 

bar represents 200 µm. 

 
Figure 4-7: Summary of coculture (50/50 HNC625/MSC525) microtissue fluorescence images of 

histological sections over 28 days. HNC625 colourised magenta, MSC525 colourised green. Exposure 

times were consistent for all timepoints.  Scale bar represents 200 µm.  
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Both 525 and 625 labels could be distinguished up to 14 days, but after this timepoint the 525 

label faded (Figure 4-7).  The 625 label could be distinguished up to 28 days. 

This result was confirmed using confocal microscopy to rule out filter-related detection 

issues, because while the labels were chosen based on the available filters, these filters were 

not specifically designed for use with the Qdot nanocrystal labels. Using confocal imaging, 

the 525 label was able to be detected at d2, but unable to be detected in day 14 samples, while 

the 625 label fluoresced extremely brightly at both the time-points examined (data not 

shown). 

4.6.3 Scaffold placement 

Partially mature (day 7 post-aggregation) microtissues could be handled using a 1 mL pipette 

without damage.  Microtissues harvested at days 3-5 were less robust and handling of these 

often resulted in destruction or deformation of the tissues.  Microtissues cultured to day 7 

were subsequently used for all assembly experiments. Labelled microtissues (HNC625 and 

MSC525) were able to be placed within the scaffolds in the desired controlled locations by 

press-fitting, allowing arrangement of microtissues to form biphasic, graduated and assorted-

layout constructs (Figure 4-8), and since all microtissues remained within 3D Plotted 

scaffolds, a seeding efficiency close to 100% was achieved.  Some cell loss may have 

occurred during handling and placement of microtissues, however it is likely this was 

minimal. 

 Biphasic, graduated and assorted tissue arrangements were able to be demonstrated (see 

Figure 4-8).  Both of the fluorescent labels could be visualised live in the microtissues, and 

though the green label was less distinct and required a longer exposure time, it was able to be 

distinguished from autofluorescence. 
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Figure 4-8: Fluorescence images showing samples of different configurations for controlled microtissue 

assembly using HNC525 (green) and MSC625 (magenta) nanoparticle labelled microtissues. Scale bar 

indicates 200 µm. Biphasic (A and B), graduated (C and D) and assorted (E and F) constructs were 

assembled. 

 

FFPE sections of the constructs were also made, and labelled and unlabelled cells were again 

able to be distinguished (Figure 4-9).  

 
Figure 4-9: Paraffin section of a biphasic scaffold at d7, composed of labelled microtissues in the top layer 

and unlabelled microtissues in the bottom layer.  Brightfield (A) and fluorescent image (B) of the same 

section are shown.  HNC-625 labelled cells within microtissues can be seen in panel B (colourised 

magenta).  Scale bar represents 200 µm, scale is the same for both panels. 
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4.6.4 Tracking fluorescent labels in assembled constructs 

Tissue microtissues were placed within the scaffolds to track labelled cells over time and 

identify fusion of microtissues.  Scaffolds were cultured dynamically in spinner flasks for 14 

days post-seeding (a total of 21 days from labelling & microtissue formation).   The Qtracker 

525 label and the 625 label were both able to be distinguished from background at day 21 in 

whole constructs (Figure 4-10), and construct layouts (biphasic, assorted) were still 

identifiable. 

 
Figure 4-10: Fluorescent images of unlabelled (A, D, G), biphasic (B, E, H) and assorted (C, F, I) 

constructs at day 21 post-microtissue formation. Cells were labelled with Qtracker 525 (colourised green) 

or Qtracker 625 (colourised magenta).   Scale bar represents 1 mm, scale is the same for all panels.   

4.6.5 Tissue fusion 

Fusion of the cartilage microtissues was observed after 7-14 days dynamic culture (see Figure 

4-11, Figure 4-12), with the microtissues merging with neighbouring microtissues to form a 

coherent tissue-scaffold construct. Locality of labelled cells could be tracked, both in macro 

images of the constructs (Figure 4-10) and in histological sections (Figure 4-11).   
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Figure 4-11: Paraffin section of a biphasic construct after 14 days dynamic culture.  Insert (red outline) 

shows a seeded scaffold before dynamic culture.  Panels on left (A, C, F) show brightfield images of 

scaffold cross-section, with the corresponding fluorescent images in the right panel (B, E, G).  625 label 

colourised magenta. 

Tissue growth between and around the scaffold can be seen in Figure 4-11 and Figure 4-12.  

Figure 4-11 (B) illustrates growth and migration of labelled cells around the scaffold, and in 

Figure 4-11(F and G) the interface of two fused microtissues.  In all cases the interior of the 

scaffold was filled with tissue at later timepoints and interior spaces present at initial seeding 

day, such as in Figure 4-11(D), were not present (Figure 4-11, Figure 4-12).  
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4.6.6 ECM production 

Safranin-O staining was performed on histological sections of scaffolds (Figure 4-12), and 

indicated that some chondrogenic redifferentiation occurred in the assembled constructs.  

GAG distribution and intensity of staining was inconsistent across the different conditions and 

between replicates, so no conclusions could be drawn with regard to the effect of assembly 

layout on redifferentiation.  It should be noted this experiment was not designed to investigate 

this question. 

 
Figure 4-12: Safranin O/Fast green/Haematoxylin stained sections of assorted (A-C) and biphasic 

scaffolds (D-F) at days 7 (A, D) and 21 (B, C, E, F). Two replicates are shown for the day 21 samples.  

Scale bar indicates 500 µm. 

4.7 Discussion 

4.7.1 Label visualisation and cell tracking over time 

Cells and tissues were able to be labelled with Qdot fluorescent nanocrystals, and the labels 

persisted for a relevant period of time. The Qtracker 525 and the Qtracker 625 labels were 

chosen to avoid overlap and to match available microscope filters.  In whole live microtissues, 

up to day 7 culture, both 625 and 525 labels could be individually distinguished, and 

microtissues could be processed using conventional histological methods (i.e. fixed in 

formalin, embedded in paraffin wax, sectioned and dewaxed) with nanocrystals still able to be 

imaged (Figure 4-6).  Both 525 and 625 labels could be distinguished in sections up to 14 

days, though after this, the 525 label faded and could not be detected. FFPE sections of 

cultured constructs also allowed labelled and unlabelled cells to be distinguished (Figure 4-9).  

The same fading of the 525 label was observed in whole tissue-seeded scaffolds as well as 

mixed-cell microtissues, although using long exposure times, the 525 label was able to be 

detected at day 21 in whole scaffolds.  Both of the fluorescent labels could be visualised live 

in the microtissues, and though the 525 label was less distinct and required a longer exposure 
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time, it was able to be distinguished from autofluorescence.  The 625 label could be clearly 

distinguished and remained bright up to 28 days in all cases. This allowed tracing of tissue 

growth in later time-point assembled constructs.  The continued bright emission of the Qdot 

625 label could be used for future in vivo tracking to check persistence of implanted cells, in 

agreement with Zscharnack et al. 
179

, who used a Qdot 605 label to track chondrocytes in an 

ovine model and were able to detect fluorescently labelled cells at 6 weeks. 

Dilution of the label through proliferation cannot explain the fading of the 525 label, as 

reverse-labelling the samples produced similar results. In other words, the 525 label faded and 

the 625 label persisted no matter which cell type was labelled.  The relatively fast 

disappearance of the 525 label agrees with work by Seleverstov et al 
180

, who found that the 

smaller (525) quantum dots also stopped fluorescing, in their case after only 96 hours. These 

authors demonstrated that the smaller sized quantum dots caused an autophagy reaction, 

leading to cell death.  This may suggest some mechanism for the loss of fluorescence found in 

my experiment, although necrotic tissue was not noted in these cultures.  The initial weak 

fluorescence of the 525 label may have contributed to the difficulty of detection at later 

timepoints.  Figure 4-1 indicates the extinction coefficient for the 525 label is much lower at 

the excitation band where a mercury vapour lamp would provide excitation (and also much 

lower overall).  This could explain the weak fluorescence at early timepoints for the 525 label.  

One recommendation for future investigations using the qTracker system would be to use 

larger qdots (such as qTracker 705) in combination with the appropriate filters, as these have 

a larger overall excitation extinction coefficient, and are physically larger so are unlikely to 

undergo any autophagy reaction.  They can also be selected so the emission bands do not 

overlap.   

Some limitations of this labelling system need to be taken into account.  The toxicity of Cd-

derived Qdots needs to be considered if this labelling system was to be used in vivo for 

tracking implanted cells.  While the Qtracker labelling did not appear to demonstrate any 

cytotoxic effect in this experiment, whole-animal and organ-specific effects remain to be 

elucidated, and there may be some long-term effects, particularly with the release of Cd
2+

, and 

Qdots may accumulate in the kidney, liver and spleen 
181

, although there is also some 

evidence that Qdots may not be toxic 
177

.  It is important that the tracking label used should 

not interfere with functioning of the cells or tissues. While influences on cellular function 

cannot be excluded, Ricles et al 
182

 found that loading of cells with gold nanotracers had no 

significant impact on function of MSCs; and no effects on redifferentiation or viability were 

immediately obvious in this experiment, though toxicity was not directly investigated. There 

may also be some unknown effects of these nanoparticles relevant specifically to the local 

environment in synovial joints. 

4.7.2 Microtissue assembly and fusion 

Use of a microtissue-based culture system allowed for chondrogenic culture of hyaline-like 

cartilage tissue (see Figure 4-12).  Cartilaginous spheroidal microtissues composed of either 

HNCs, MSCs, or a combination of the two were able to be press-fit into the pores of a 

specifically designed scaffold, although MSC microtissues were noticeably smaller they were 

still of an appropriate size to enable placement in the scaffold.  The tissues maintained their 

spheroidal shape upon insertion (Figure 4-8, Figure 4-11), indicating that the assembly 

process had not damaged the tissues. Tissues were retained during subsequent dynamic 

culture. 

Microtissues were arranged in a number of configurations, including a biphasic construct, 

with a layer of chondrocytes on the top and a layer of MSCs below; a graduated construct, 

with a chondrocyte layer, a mixed layer, and a MSC layer; and assorted constructs, where 

different cell origin microtissues were place in an assorted arrangement.  Both the biphasic 
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and graduated constructs have direct applicability to articular tissue engineering.  One of the 

possible uses for the graduated construct is in a zonal arrangement.   This could be replicated 

using cells of different zonal origins (e.g. deep, middle, superficial chondrocytes) which may 

be desirable as a more representative in vitro model or as an enhanced repair method 
183

.  

Recent research, however, has demonstrated that microtissue assembly of spheroids 

replicating zonal origin does not result in zonal redifferentiation or organisation in the 

engineered constructs 
162

. Engineered osteochondral constructs could be useful for repairing 

osteochondral defects, where there is damage to both the cartilage and underlying subchondral 

bone.   Osteochondral constructs are of interest for many investigators (reviewed in Martin et 

al 
184

, and bilayer structures composing different cell types in the layers could be useful in 

addition to the graduated construct outlined above. Possibly, the graduated construct I have 

investigated may be more useful in an osteochondral application, providing a gradual 

transition from cartilage to bone.  Alternatively, the outlined assembly layouts could be used 

for other related or unrelated applications involving gradual or biphasic tissue or cell type 

transitions.   

Fusion of the cartilage microtissues was observed after 7-14 days dynamic culture (see Figure 

4-11). Microtissues fused to form a coherent tissue, growth of tissue was observed, and 

locality of red labelled cells could be tracked (Figure 4-11, Figure 4-12). The GAG content 

and distribution within the constructs was variable, though no clear trends were able to be 

identified. This was likely due to the small sample size examined in this proof-of-concept 

experiment, and the effect of tissue-tissue interactions on matrix components warrants further 

investigation. 

Tracking of the cells within these constructs may be useful for examining progression of 

construct maturity and relative contributions of different cell types.  It appeared from 

fluorescence images that the fusion between microtissues occurred by both cell migration and 

proliferation, as some labelled cells were observed within the “fusion regions” – the spaces 

filled between the initially seeded microtissues.  The tissue in these regions often appeared to 

be of the fibrous type, as indicated by Safranin O/fast green/haematoxylin staining (Figure 

4-12).  Again, the persistence and bright fluorescence of the Qtracker 625 label allowed 

tracking of the labelled cells.  These were clearly observed at the microtissue interfaces, as 

well as remaining at the centre of the constructs and where the microtissues had previously 

been located. 

The manual assembly process described here limits assembly to a two-microtissue-layer 

construct.  This can be overcome, however, by integrating the assembly process with the 3D 

plotting process, for example using a spheroid singulation and delivery device as described by 

Lang et al 
160, 185

.  This is currently under further development within our group, and would 

allow layer-by-layer fabrication of a construct with greater than two layers of spheroids. 

The combination of microtissue assembly and 3D Plotted scaffold allows for a fabrication of a 

construct that is composed of both scaffold-free and scaffold components.  It further allows 

assembly of the tissue components in specific desired 3-dimensional locations within the 

scaffold, while likely providing excellent seeding efficiency.  It is possible that tissue 

assembly approaches may have advantages as these components may have modular tissue- 

and scaffold-specific features that can be separated. However, whether they are independent 

from each other and whether nature-identical function can be generated remains to be seen. 

4.8 Conclusions 

Microtissues were able to be arranged in a number of configurations within the 3D scaffold 

consisting of homogeneous HNC, MSC or co-culture assembled constructs, as well as 

alternating combinations of the above either between layers, or within layers.  Cells labelled 

with Qtracker 625 could be distinguished throughout all timepoints up to day 28 in vitro. 
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Though the Qtracker 525 label could just be detected in whole tissues at later time-points,  it 

was unable to be detected in sections.  Qtracker 625 is a useful label for tracking of 

chondrocytes in 3D, however the 525 label is not useful. Different cell types could initially be 

visualised within the same microtissue, however the 525 label was much less bright and faded 

early.  Fluorescence of the 625 label persisted for the length of culture examined in this 

experiment, and it seems likely it would persist for a longer time.  This has applications for 

investigation of organised cartilage constructs, as well as microtissue fusion and migration in 

3D cultures of HNC, MSC and co-cultured constructs. It demonstrates that organised 

microtissue placement is feasible, and that cell localisation can be tracked over time.  It also 

demonstrates the potential for engineering of alternative (homogenous or heterogeneous) 

tissues, such as bone or organ cultures using this approach if appropriate micromass cultures 

can be formed. 
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5 Uncoupling the role of cell-material interactions to 

enhance modularity 

5.1 Chapter overview 

In this chapter, I present an investigation into the effect of the scaffold surface properties on 

chondrogenic redifferentiation in a microtissue-assembled model.  Maintaining cell-cell 

interactions through a 3D microtissue model while reducing cell-material interactions by 

seeding into a non-adhesive scaffold could be a useful method for enhancing clinical utility of 

microtissue assembly. 

5.2 Background 

5.2.1 Rationale  

Scaffolds are used in tissue engineering or regenerative medicine applications for a variety of 

reasons.  They are predominantly used as a substrate or delivery vehicle for cells, to allow 

attachment, to alter cellular behaviour, such as redifferentiation, migration, or homing 
45

.  

They also must allow diffusion of nutrients, and promote the target tissue functions 
186

.  In 

articular cartilage engineering, they may provide mechanical support, have a protective 

function, or enhance tissue remodelling, as well as assisting with implant fixation (see 

Chapter 1, Figure 1-6).    

In order to achieve homogenous cell distribution and high seeding efficiency, it is often 

important to promote cell attachment to the biomaterial or scaffold.  It is often considered 

advantageous in tissue engineering strategies to enhance cell attachment by surface 

modifications or material choice 
87

.  In order to enhance cell seeding efficiency, approaches 

have often either reduced porosity or increased the cell adhesion to the surface of the scaffold.  

Reducing porosity has the disadvantage that diffusion-based nutrient transport is reduced 
187

, 

and this may inhibit tissue formation or cause cell senescence or death, particularly in the 

centre of the construct.  Material surfaces can be modified by a number of techniques which 

may modify the material topology or physiochemical properties, such as gas plasma 

treatment, chemical etching, covalent linkage of polymers or proteins, application of coatings, 

blended or mixtures of base polymers and extracellular matrix incorporation 
188, 189

.  

Increasing cell adhesion by surface modification has been shown to negatively affect 

chondrogenic redifferentiation as chondrocytes adhere to the surface and lose their 

chondrogenic phenotype 
190

 and this has also been seen with mesenchymal stromal cells 

embedded in hydrogels with arginine-glycine-aspartic acid (RGD) added to enhance integrin-

mediated adhesion 
191

. 

In previous chapters of this thesis, I have investigated a 3D-plotted scaffold fabricated using 

degradable a co-polymer (PEGT/PBT) that has high interconnecting porosity and mechanical 

strength, as well as biocompatibility.  PEGT/PBT block copolymers have been previously 

investigated for cartilage tissue engineering, and their surface properties were found to be 

important for the attachment, proliferation and differentiation of chondrocytes on 2D films 
192

.  

Previous work has shown differences in cell adhesion with the use of serum-containing versus 

serum-free media using 2D films composed of 300/55/45 PEGT/PBT polymer, with the 

number of cells attached to the 2D films greatly reduced in the absence of serum 
94

 . 

Woodfield et al. 
190

 demonstrated that a porous 3D Plotted PEGT/PBT scaffold could be used 

to generate neocartilage using a traditional single-cell suspension seeding approach.  The 

specific composition of the PEGT/PBT was shown to be important to preserving the 

chondrogenic phenotype in 3D scaffolds, however the composition most favourable to 

redifferentiation (1000/70/30) also exhibited reduced mechanical properties; whereas the 
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300/55/45 composition reduced redifferentiation capacity in 2D.  We have previously 

reported that chondrogenic differentiation does occur in 3D-Plotted 300/55/45 scaffolds (see 

Chapter 4 and 
193

).  Our group has seen improved tissue formation with nasal chondrocytes in 

microtissue-assembled 3D-Plotted 300/55/45 constructs compared to single-cell seeded 

constructs (Strobel et al; unpublished data, manuscript in preparation). 

It is possible that, since the microtissue seeding involves placement of pre-formed tissue 

spheroids, there could be less interaction with the biomaterial scaffold and redifferentiation 

may be positively influenced. If this is the case, a stiffer scaffold could be used, resulting in a 

tissue engineered construct that is more resistant to mechanical stress in vivo while still 

promoting chondrogenic redifferentiation capacity. 

Therefore, this poses the following key questions: does the microtissue seeding method have 

an effect on chondrogenesis, and do the cells and scaffold still interact with each other to such 

an extent that tissue quality is influenced by the surface properties?  

5.2.2 Focal adhesion detection 

Focal adhesions (also called focal contacts or adhesion plaques) are the sites at which the cell 

attaches to a substrate or material.  The cell does not attach to the surface, but rather interacts 

with factors adsorbed to the surface, such as proteins (reviewed in Owen at al. 
194

).  Much of 

the plasma membrane is separated from the surface it is growing on - in a culture dish, 

approximately a distance of 50nm 
195

, and at the focal adhesions this distance is reduced.  In 

general, focal adhesions consist of a transmembrane link protein (usually of the integrin 

family) that attaches to extracellular matrix proteins (eg fibronectin).  The link protein is 

attached indirectly (via a number of attachment proteins) to intracellular actin filaments 

(Figure 5-1).   

 
Figure 5-1: Demonstration of the spatial interaction of most of the focal adhesion linker and signalling 

Proteins (after Owen et al 
194

). Vinc = vinculin, α & β = , α & β integrins, α-act = α-actinin, Pax = paxillin, 

Ten = tensin, FAK = focal adhesion kinase, Src = Src kinase. 

Cells, including chondrocytes, use these focal adhesions to migrate, sequentially attaching and 

detaching the adhesion sites, allowing movement along the surface.  Vinculin is part of the 

link protein complex, assisting in linking the focal contact with the actin cytoskeleton, and is 

highly conserved. The structural role of vinculin linking the focal adhesion complex to the 

cytoskeleton is illustrated in Figure 5-1.  Quantification of focal adhesions by measurement of 



Chapter 5 

74 

 

vinculin was suggested by Owen et al. 
194

, and Brinck et al. 
196

 has used IHC to examine cell 

adhesions in PPFE vein grafts, as I have done here to examine cell-material adhesion.  

5.3 Hypothesis 

I hypothesised that seeding a 3D-plotted scaffold via the modular assembly technique would 

negate the influence of the material surface on chondrogenic redifferentiation. 

5.4 Experimental approach 

Human nasal chondrocytes were obtained, isolated and expanded.  Initial experiments 

identified suitable cell-adhesive and non-adhesive treatments in 2D polymer films.  

Subsequently, microtissues were formed, and tissues were cultured in chondrogenic media for 

7 days, then placed in individual scaffolds under the two treatments (cell adhesive or non-

adhesive), or cultured outside scaffolds as control tissues.  Two donors were used, and for 

each donor microtissues were produced and assayed in triplicate for histological examination, 

mRNA expression, biochemical assays, and in duplicate for scanning electron microscopy.  

Redifferentiation, tissue growth, and cell adhesion were subsequently assayed.   

5.5 Methods 

5.5.1 Cell sources 

Human nasal chondrocytes (HNCs) were obtained from septal cartilage obtained from 

consenting patients (two donors) undergoing septoplasty surgery.  

5.5.2 Isolation  

Septal cartilage was prepared for isolation by dicing into approximately 1 mm
3
 pieces using a 

scalpel.  HNCs were isolated via digestion of diced cartilage pieces in 0.15% w/v collagenase 

in C-X media at 37°C overnight. The resulting suspension was filtered through a 100 μm pore 

cell strainer to exclude the undigested tissue and centrifuged at 700 x g for 4 minutes. Freshly 

isolated chondrocytes were re-suspended and seeded at a density of ~3000 cells/cm
2
 in tissue 

culture flasks in expansion media. 

5.5.3 Cell expansion 

Cells were cultured at 37°C in a humidified 5% CO2/95% air incubator and media changed 

twice per week. Cells were passaged after approximately 7 days: subconfluent cells were 

washed three times with PBS, detached using 0.25% trypsin/EDTA, counted by Trypan blue 

exclusion in a haemocytometer (Nembauer improved) and plated at 3,000 cells/cm
2
. 

5.5.4 Microtissue formation and culture 

HNCs (0.25 x 10
6
 per well) were suspended in 300 μL CD-SF media and placed in 96-well 

polypropylene plate wells.  Plates were centrifuged at 300 x g for 4 min. Cells were allowed 

to condense for 24 hours to form a loose aggregate, and media was then agitated to free 

microtissues from plate surface.  Redifferentiation media in plates was changed 3 times per 

week (290 µl/change).   

5.5.5 Two-dimensional polymer film fabrication and seeding 

PEGT/PBT polymer granules with a 300/55/45 composition were placed on the surface of a 

microscope slide.  A second slide was paced on top of the granules, and a weight was placed 

on top of this.  The slides were then heated to 210°C for 10 min, and slowly cooled.  Slides 

were briefly soaked in water, then peeled apart and the polymer film was removed from the 
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surface.  Circular discs were cored out using a 14.9 mm diameter hand corer and sterilised 

with 70% ethanol for 1 hour. Films were rinsed thrice, and soaked for two hours in 

appropriate medium (described below).  Discs were transferred to a 24-well culture plate and 

a stainless steel ring was placed on top to prevent the discs from floating.  Discs were seeded 

with human nasal chondrocytes at 50 000 cells/cm
2
, under 3 culture media conditions.  “Non-

adhesive” discs were soaked for 2 hours in DMEM-base media and cultured in CD-SF media; 

“Adhesive” discs were soaked in 100% foetal bovine serum for 2 hours, then cultured in CD-

SF media; “Serum-10%” discs were soaked for 2 hours and cultured in CD-SF media with 

10% FCS added (see Table 5-1).  Discs were harvested at day 1 and 7, and stained with 

haematoxylin for imaging or digested for DNA quantitation as previously described in 

Chapter 2.   

 
Table 5-1: Summary of soak and culture conditions for 2D PEGT/PBT films 

 Non-adhesive Adhesive Serum-10% 

Soak media DMEM-base 100% FBS DMEM-base +10% FBS 

Culture media CD-SF  CD-SF CD-SF +10% FBS 

5.5.6 Haematoxylin staining 

Discs were rinsed in PBS and transferred to a 12-well plate.  Cells were fixed with formalin 

for 1 hour.  Discs were washed in PBS and stained in haematoxylin for 2 min, washed with 

tap water 3 times, and allowed to develop for 10 min.  They were then dehydrated in an 

ethanol series (50% for 2 minutes, 70% for 2 minutes, 100% for  2 minutes) and air dried.  

Images of the discs (2.5x and 10x objective) were taken using brightfield light microscopy 

(Zeiss Axioimager Z1).   

5.5.7 Scaffold fabrication 

Scaffold architecture was similar to scaffold structures described in previous chapters, 

however the 3D Plotted fibres were designed and cut to hold a single microtissue.  Polymer 

fibres were deposited in layers, with fibres spaced at 1-mm intervals in the x- and y-

directions.  Six layers were extruded, with layers orientated as illustrated in Figure 5-2.  

Larger 30 mm x 30 mm scaffold blocks were fabricated from which individual scaffold boxes 

were prepared. Movement speed was reduced compared to previously described fabrication to 

enhance integrity of single-box scaffolds during preparation and culture as described in the 

plotting parameters in Table 5-2. 

 

 

 
Figure 5-2: Illustration of scaffold layout with simulated microtissue.  Fibre spacing is 1mm. 

Table 5-2: Parameters for 3D plotting 

Parameter Value 

Number of layers 6 

Layer orientations 0-90-0-0-90-0 

Polymer 300/55/45 

x-fibre spacing 1 mm 

y-fibre spacing 1 mm 

z-increment 0.29 mm 

Movement speed 184 mm/min 

Pressure 3.2 Bar 

Auger 36 RPM 

Temperature 210 °C 

Nozzle inside Ø 0.18 mm 

Pause time 90 ms 
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5.5.8 Construct seeding and culture 

Two donors were used for this experiment. Microtissue spheroids (0.25 x 10
6
 

cells/microtissue) were cultured in 96-well v-bottom plates for 7 days, after which they were 

subsequently press-fit into individual scaffold boxes cut from 3D-plotted scaffolds (see Figure 

5-6).  The individual microtissue-scaffold constructs and control microtissues (microtissues 

not seeded into scaffolds) were cultured in 96-well plates in a semi-dynamic environment 

consisting of a plate shaker rotating horizontally at 300 rpm, in CD-SF media at 37°C and 5% 

CO
2
.  Samples were taken at 0, 7, 9, 14, and 21 days post-microtissue-formation.  Conditions 

used for 3D culture are outlined in Table 5-3  
Table 5-3: Summary of culture conditions for 3D assembled construct culture 

 Non-adhesive Adhesive 

Soak media DMEM-base 100% FBS 

Culture media CD-SF  CD-SF 

5.5.9 Histological examination 

Fixed samples were dehydrated in ethanol series ranging from 70% to 100% in 5 steps.  

Samples were embedded in paraffin wax and sectioned (4 μm slices). Samples were 

rehydrated (3 min 100% IPA, 3min 100% IPA, 3 min absolute ethanol, 3 min 70% ethanol, 3 

min 50% ethanol, 3 min milli-q water) then stained (3 min Gill’s haematoxylin, 10 min tap 

water, 3 min 0.001% w/v Fast Green solution, 2 dips 1% acetic acid, 6 min 0.1% w/v safranin 

O, 3 min milli-q water), dehydrated, cleared (3 min 50% ethanol, 3 min 70% ethanol, 3 min 

absolute ethanol, 3 min absolute ethanol, 1 min xylene, 1min xylene) and coverslipped. 

Sections were imaged using a Zeiss Axioimager Z1 microscope. 

5.5.10 Immunohistochemistry 

Samples were fixed, dehydrated, embedded in paraffin wax and sectioned, deparaffinised, and 

then rehydrated in an ethanol/water series as above.   Sections were concurrently treated with 

0.1% w/w hyaluronidase and 0.1% w/w pronase for 30 min for antigen unmasking. An 

immunohistochemical avidin-biotin complex staining kit (VECTASTAIN Elite ABC-

Peroxidase kit) containing normal horse serum, biotinylated secondary antibody, horse anti-

rabbit/mouse IgG (H+L);  avidin and biotinylated horseradish peroxidase complex; as well as 

diaminobenzidine (ImmPACT DAB substrate) were used for IHC staining  (obtained from 

Vector).  Sections were rinsed 3 times, then blocked with 2.5% normal horse serum for 20 

min.  Monoclonal primary antibodies were applied, and incubated in a moist chamber for 1 

hour at room temperature.  Antibodies were mouse anti-human collagen type I antibody 

(Clone I-8H5, from MP biomedicals, 3.7 µg/ml), Mouse anti-chicken collagen type II 

antibody (II-II6B3, from the DSHB, 11 µg/ml), anti-human vinculin (hVIN-1, Sigma-Aldrich, 

0.5 µg/ml), and mouse and rabbit IgG isotype controls (Sigma-Aldrich).  Sections were rinsed 

three times, and a biotinylated secondary antibody was applied for 30 min at room 

temperature.  Sections were then rinsed three times, and an avidin and biotinylated 

horseradish peroxidase complex was applied for 30 min at room temperature.  Sections were 

rinsed twice, and diaminobenzidine was applied for 5 min. Sections were counterstained with 

Gill’s haematoxylin for 2 min, and imaged using a Zeiss Axioimager Z1.  

5.5.11 Vinculin detection 

0.5 µg/mL Anti-vinculin antibody was determined to be an appropriate concentration for 

immunohistochemistry (IHC) following optimisation.  Subsequently, samples were stained 
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against vinculin by IHC by the general method described in Chapter 2, but using the primary 

anti-vinculin antibody. Images were visually examined for localisation and distribution of 

vinculin protein, particularly at the material-tissue interfaces.  Low-magnification randomised 

images were scored on a scale of 1-5 for overall intensity, overall distribution, peripheral 

staining, peripheral continuity, and scaffold interface staining.   Semi-quantitative data was 

also obtained from these images using the Fiji version of ImageJ 
166

. To get a measure of 

differences in vinculin distribution, vinculin-stained slides were deconvoluted using the 

“Color Decovolution” plugin by Gabriel Landini (based on the process outlined in Ruifrok 

and Johnston 
197

) and 20X magnification images of material interfaces were examined.  One 

field of view was examined for each section, 2 sections for each replicate, and 6 replicates for 

each condition (3 for each donor) were examined.     For each, as shown in Figure 5-3, an area 

of width 35 µm and length 150 µm was defined starting at and perpendicular to the surface of 

the material-tissue or material-media interface. Pixel intensities extending from the surface 

toward the interior of the microtissue were measured.  The area under the curve gave total 

staining for the measured region.  

 
Figure 5-3: Schematic of method for measurement of vinculin staining at the media-tissue (A) and 

material-tissue (B) interface. The red rectangle in both panels indicates the defined measurement area. 

5.5.12 Measurement of glycosaminoglycans 

Microtissues and constructs were digested overnight at 56°C in 1 mg/mL proteinase-K. Total 

GAG content was determined by measuring the absorption at 520 nm of the complex created 

during the reaction of sGAG with dimethyl-methylene blue dye.  Chondroitin sulphate B was 

used to make a standard curve.   

GAG in media was measured by the same method, using pooled media for that condition 

collected at the time point indicated, which represents a two day period of GAG release. 

5.5.13 DNA/Cell number estimation 

Quantification of total DNA was performed on digested samples using a Cyquant dye kit 

(Molecular Probes).  Post-digestion, cells were lysed and RNA degraded by incubation in the 

provided lysis buffer with RNase A added to make a final concentration of 1.35 KU/ml for 1 

hour at RT.  Samples were placed in 96-well opaque polypropylene plates, and GR-dye 

solution was added to samples. Samples were mixed, incubated at room temperature for 30 

min, then fluorescence was measured (excitation 485 nm/emission 520 nm). A standard curve 

for estimation of cell number was produced from a control sample containing expanded 

chondrocytes (counted using a haemocytometer) which were frozen and lysed.  GAG/DNA 

was calculated by dividing the amount of GAG per sample by the measured DNA for the 

same sample. 
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5.5.14 mRNA expression analysis 

Quantitative time reverse-transcriptase PCR (qRT-PCR) was used to measure mRNA 

expression levels for collagen I and collagen II (see Table 4 for primers).  Samples were 

collected and washed with PBS.  RNA was extracted using Purelink
TM

 RNA micro kit.  

Tissue was placed in lysis buffer with 1% (v/v) mercaptoethanol, mechanically dissociated 

using a pestle, and frozen at -80°C. They were subsequently thawed and homogenised by 

passing through a 20-gauge needle, mixed with 70% ethanol, and RNA was extracted 

according to the manufacturer’s instructions, including the on-column removal of DNA using 

DNase I.  RNA quantity and quality was determined using UV spectroscopy. Only samples 

which had A260/A280 ratios of at least 1.8 were used. Total RNA was reverse-transcribed into 

cDNA using the SuperScript III first-strand synthesis supermix for RT-PCR as per the 

manufacturer’s instructions.  cDNA was used for relative quantitation of genes of interest.  

Samples were run in duplicate in 10 µl reactions in a 384-well format using Lightcycler 480 

SYBR Green 1 mastermix.  Reactions contained 1 X SYBR-green qPCR mix, 100 nM of each 

forward and reverse primers and approximately 2 ng total RNA/reaction. PCR amplification 

followed a multi step cycling protocol with an initial 10 min denaturation at 95 °C and 45 

cycles of 95 °C for 10 s, 63 °C for 20 s and 72°C for 10 s. All real-time reactions included a 

post-amplification melt curve analysis to determine the melting temperature of the amplified 

PCR product, indicating amplification of the correct sequence.  Crossing point (CP) values of 

each PCR reaction were determined with the second derivative maximum analysis method.  

Relative quantification of genes of interest were calculated using the ΔΔCT method, relative 

to the 18s rRNA reference gene and normalised to expression levels in cell suspension (day 0) 

reference samples. 

 

Table 4: Oligonucleotide primers used for real time RT-PCR 

Gene symbol 

(primer source) 

Sequence (5'3') 

 

GenBank 

accession # 

Amplicon 

position 

COL1A1
164

 F: CAGCCGCTTCACCTACAGC NM_000088 4335-4417 

R: TTTTGTATTCAATCACTGTCTTGCC 

COL2A1
164

 F: GGCAATAGCAGGTTCACGTACA NM_001844 4454-4532 

R: CGATAACAGTCTTGCCCCACTT 

18S rRNA
165

 F: GATCCATTGGAGGGCAAGTCT NR_003286 589-691 

R: CCAAGATCCAACTACGAGCTTTTT 

5.5.15 Statistical analysis 

Data were analysed by t-test or 1-way ANOVA with Tukey’s post test where appropriate.  

Data reported in Figure 5-14 were log-transformed to equalise standard deviations, as 

Bartlett’s test indicated pre-transformed values had significantly unequal variances. 

5.6 Results 

5.6.1 Cell adhesion in two dimensional culture 

Seeding of 2D films resulted in clear reduction in cell numbers for the serum-free condition 

(Figure 5-4 A, D) compared to the serum-soaked (Figure 5-4 B, E) and serum-containing 

(Figure 5-4 C, F) conditions as seen in stained films after 24 hours. As illustrated in Figure 

5-5, DNA results 24 hours after seeding on 2D PEGT/PBT films showed a significant 

reduction in cell numbers in serum-free culture conditions compared to serum-soaked 
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conditions.  It should be noted that there may have been some proliferation during this time in 

the serum-soaked or serum-free conditions. 

 

 

 
Figure 5-4: Brightfield images of PEGT/PBT copolymer films seeded with 50,000 cells/cm

2
 and stained 

with haematoxylin at 24 hours.  Conditions are serum free (A, D), serum-soaked (B, E), and 10% serum-

containing (C, F).  Two magnifications are shown, 10x objective (A-C) and 2.5x objective (D-F). Scale bars 

indicate 200 µm, scale is the same for each row. 
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Figure 5-5: DNA results for films seeded with 50,000 cells/cm

2
 after 24 hours expressed as percentage of 

initial cells seeded. Data shown as mean ±SEM, n=3.  Significant difference indicated by * (p<0.05). 
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5.6.2 Modular assembly 

Microtissue spheroids were seeded into the individual scaffolds by press-fitting as described 

in Chapter 2.  Microtissues were secured within the scaffold due to their size and geometry 

(see Figure 5-6). 

 
Figure 5-6: Individual box culture immediately after microtissue spheroid seeding.  The 1 mm x 1 mm 

scaffold box architecture can be seen in top view (A) and in side view (B). Scale bar indicates 0.5 mm. 

Seeding efficiency was high for these cultures, with no statistically significant difference in 

measured DNA between the control microtissues and the seeded box construct (Figure 5-7), 

indicating that cells were not lost during the assembly process. 
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Figure 5-7: DNA content of control microtissues seeded scaffolds immediately after assembly. Data 

presented as mean ± SEM, n=6.  Microtissues were initially formed from 250,000 cells per tissue. 

5.6.3 Cell adhesion in three dimensional culture 

Cell adhesion and tissue growth on the material surface was seen in the adhesive condition, 

with growth occurring around the adjacent scaffold fibres as well as along the fibre surface 

(Figure 5-8, Figure 5-13), while this was not seen in the nonadhesive condition.  Fibrillar 

material was observed at the material-tissue interface, and these fibrils were exclusively 

observed in the non-adhesive condition.  Serial sections were cut to investigate the 

composition of the observed fibrils.  Location and identification of the fibrils was difficult in 

thin sections.  They were putatively detected in several histological sections (Figure 5-9).  

These fibrils were, again, only detected in the non-adhesive condition.  The fibrillar material 
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could be discerned at the edge of the tissue, in the region of the material-media interface.  

Fibrillar material was seen to extend from the tissues up to 26 µm. This was not able to be 

confirmed using IHC, and the nature of the fibrils could not be identified as the IHC process 

appeared to destroy or remove the fibrils.  The scarcity of the fibrils in sections also made this 

difficult. 
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Figure 5-8: Scanning electron microscopy images showing cultured scaffolds (non-adhesive and adhesive).  

Adhesion and growth along the surface of the tissue was observed in the adhesive condition (B, D, F), but 

this was not seen in the non-adhesive condition (A, C, E), where instead some samples showed fibrillar 

material extending across the material-tissue interface (indicated by black arrows). 
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Figure 5-9: Images of safranin-o/fast green/haematoxylin sections of day 21 non-adhesive condition 

samples, showing macro and enlarged images of fibrillar material at material-media edge. Scale bars = 50 

µm. 

 

5.6.4 Focal adhesion detection by vinculin staining 

Vinculin staining was observed in both the control microtissues and the test conditions (non-

adhesive and adhesive) at the periphery of the tissue at the interface between the surface and 

the media (Figure 5-10).  This could be related to the presence of a fibrous layer at this 

location (Safranin-O staining confirmed this, see Figure 5-9).  Vinculin staining was not 

observed at the interface between the tissue and the scaffold in either the adhesive or non-

adhesive conditions, and this was in agreement with the lack of a fibrous capsule at the 

interface observed in the safranin-O stained sections (Figure 5-9, Figure 5-10).  Day 7 

samples stained more strongly for vinculin than day 21 samples (Figure 5-10).  At day 21, the 

staining was localised at the periphery of the tissues (Figure 5-10 E-J), but interestingly was 

excluded at the tissue interfaces with the scaffold (Figure 5-10, indicated by black arrows).  
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This can also be seen in Figure 5-11, where little vinculin was observed at the cell-material 

interfaces. 

 
Figure 5-10: Representative images following colour deconvolution of samples stained for vinculin via 

IHC using DAB chromogen.  Conditions in rows, donors in columns as indicated.  Arrows indicate 

location of tissue-material interfaces. Scale bar indicates 500 µm, scale is the same for all panels. 
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Figure 5-11: Vinculin IHC of samples at day 21 focused on interfaces between material and tissue (non-

adhesive and adhesive: B, C, E, F), or tissue and media (ctr: A, D). Interfaces are indicated by black 

arrows.  Scaffold can be observed in panels B and C and is indicated by *.  The gap separating the scaffold 

and material is histological artefact generated during sectioning due to differences in the densities of the 

tissue and scaffold.   Scale bar = 100 µm, scale is the same for all panels. 

Image analysis of the vinculin IHC images confirmed these visual observations, with the 

tissue-material interfaces staining less strongly than the control (tissue-media) interfaces at 

day 21 (Figure 5-12), both using the automated intensity analysis and the visual scoring 

system. 

V in c u lin  s ta in in g  im a g e  a n a ly s is

A
U

C
 p

ix
e

l 
in

te
n

s
it

y
 a

s
 %

 d
7

 c
o

n
tr

o
l

d
7
 c

o
n

tr
o

l

d
2
1
 c

o
n

tr
o

l

d
2
1
 n

o
n

-a
d

h
e
s
iv

e

d
2
1
 a

d
h

e
s
iv

e

0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

V in c u lin  s ta in in g  s c o r e s

S
ta

in
in

g
 s

c
o

r
e

 a
s

 %
 d

7
 c

o
n

tr
o

l

d
7
 c

o
n

to
l

d
2
1
 c

o
n

tr
o

l

d
2
1
 n

o
n

-a
d

h
e
s
iv

e

d
2
1
 a

d
h

e
s
iv

e

0

5 0

1 0 0

1 5 0

A B

 

Figure 5-12:  Presence of vinculin at the tissue-scaffold interface (for non-adhesive and adhesive 

assembled constructs) or the tissue-media edge (for control microtissues cultured without scaffolds) as 

measured using image analysis (A) and manual scoring of images (B). 

5.6.5 Tissue growth 

Scanning electron microscopy confirmed the tissue outgrowth seen in histological sections 

with the non-adhesive and adhesive conditions (Figure 5-13, Figure 5-15), and also confirmed 

the variability observed in both the quantitative and qualitative measures.  Some extreme 
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outgrowth well beyond the peripheral boundary of the scaffold was observed (Figure 5-13), 

however this was not the case for all samples (see Appendix A, Fig. Append-A5 for all 

images).  

 
Figure 5-13: Scanning electron microscopy images of examples of tissue outgrowth showing an example of 

tissue growth between day 7 and day 21 for the non-adhesive (A, C) and adhesive conditions (B, D).   
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5.6.6 Redifferentiation 

GAG content was significantly higher at day 21 when compared to day 7 controls (control = 

p<0.05, non-adhesive = p<0.001, adhesive = p<0.001).  The conditions at day 21 were 

similar, with no statistical difference in GAG content between both the control and adhesive 

conditions, and adhesive and non-adhesive conditions, although a difference was detected 

between the day 21 microtissue control and day 21 seeded non-adhesive condition (p<0.05).  

The day 21 non-adhesive condition also appeared to trend towards being higher GAG content 

than the day 21 microtissue control.   This was also seen in the GAG in media results. The 

quantitative GAG data was supported by the safranin-O stained histological sections, which 

saw a greater volume of tissue growth in both the non-adhesive and adhesive conditions when 

compared to the day 21 microtissue control tissues (Figure 5-15). 

With respect to cell number, DNA content decreased significantly from day 7 to day 21 for all 

conditions (ctr = p<0.001, non-adhesive = p<0.05, adhesive = p<0.001), however there was 

no significant difference detected among the conditions at day 21.  GAG/DNA at d21 was 

found to be significantly greater than control values at day 7 for all conditions (p<0.001), but 

was not significantly different among the day 21 samples.  

When comparing the microtissue seeded scaffolds with the control samples, GAG/DNA and 

DNA were not significantly different, but GAG content was significantly increased compared 

to the control samples (p = 0.031).  

The scaffolds did not have any large effect on quantitative assays.  At day 7, as expected, 

there was little difference in GAG detected between the control microtissues and immediately 

seeded box cultures, and cell number estimation was similar across the conditions and donors. 

 
Figure 5-14: Combined GAG, GAG in media, DNA and GAG/DNA results for both donors.  All are 

expressed as a percentage of the day 7 microtissue control value (indicated by the dotted line).  Significant 

differences between conditions are indicated by lines above bars. Data are presented as mean ±SEM, n=10 

for day 7 control condition, n=6 for day 21 conditions). * = p<0.05, ***=p<0.001. 
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5.6.7 Histology and IHC 

Safranin-O staining indicated limited GAG staining on both control and micro-tissue seeded 

scaffolds at day 7, however, this increased over culture and abundant GAG staining was 

observed at day 21 across all conditions in combination with tissue growth (Figure 5-15).  

IHC for collagen type I and type II indicated high levels of collagen I at early time points, and 

high levels of collagen II at late timepoints.  Collagen I was seen at the peripheral fibrous 

regions of the tissues in both the microtissue controls and the seeded scaffolds at day 21, 

while collagen II was homogenously distributed in all the conditions at day 21.  See Appendix 

A, Figures Append A1-Append A4 for images of all microtissues. 

 
Figure 5-15: Summary of Safranin-O stained histological sections (5 µm) for donor 1.  Scale bar= 200 µm, 

scale is the same for all panels. 
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Figure 5-16: IHC for collagen type I (A,B, E-G) and collagen type II (C, D, H-J) on sections (5 µm) of 

donor 1 samples at day 7 (A-D) and day 21 (E-J). Scale bar = 200 µm, scale is the same for all panels. 

5.6.8 RT-qPCR 

The results for GAG, DNA, Histology and IHC were confirmed by quantitative reverse 

transcriptase PCR for expression of collagen type I and II mRNA (Figure 5-17).  Both the test 

conditions, as well as the controls, saw an increase in collagen II mRNA expression, with 

little change in collagen I expression from day 7 to day 21 of culture.  No statistically 

significant differences were detected between the conditions, or when comparing the 

conditions to the control, however the adhesive scaffold condition did appear to have a 

smaller increase in expression of collagen II.   
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Figure 5-17: Change in gene expression in tissues for collagen I and II at day 21, relative to start values 

(day 7) and reference gene (18s).  Data are presented as mean ±SEM, n=6.   

 

5.7  Discussion 

The surface properties of biomaterials are often thought to be important and can have 

significant effects on cell behaviour.  Often it is considered that the material surface is a key 

property of the scaffold for tissue engineering applications.  The scaffold surface properties 

may also be a side-effect, or unintended consequence, of a material that has other desirable 

characteristics, such as ideal mechanical properties, straightforward scaffold fabrication, or 

favourable degradation and biocompatibility.  My results show that attachment of the cells to 

the surface is unimportant when seeding with microtissues. 

In this study, I developed a 3D model system using known culture conditions that promote 

cell adhesion and proliferation, to probe whether adopting micro-tissue assembly approaches 

actually decouple these typical cell-material interactions or not. I showed that the selected 

PEGT/PBT biomaterial substrate affected cell attachment differently between the adhesive 

and non-adhesive conditions.  The 2-dimensional adhesion assay illustrated that cell adhesion 

significantly increased on serum-soaking of material films. This is as expected, since protein 

adsorption to surfaces affects cell adhesion 
198

, and similar effects have been seen previously 
94

.  It was a simple method of altering the cell-adhesive properties of the scaffold while 

maintaining an otherwise consistent scaffold between the conditions.  Clear differences in 

adhesion at later time points were seen in the scanning electron microscopy images (see 

Figure 5-8), with the cell attachment and tissue growth in the adhesive conditions indicating a 

long-term effect of the initial soaking on the surface properties in the presence of serum 

compared to the non-adhesive condition.  However, differences in focal adhesions as detected 

by vinculin staining were not observed in tissue directly adjacent to the biomaterial surface, 

where the presence of vinculin staining did not differ between adhesive and non-adhesive 

conditions.   I also noted a large difference in the distribution of vinculin staining between the 

tissue-media interface and the tissue-material interface; the focal adhesion staining near the 

material interface was more similar to that seen in the interior of the microtissue.  Vinculin, 

being part of the link protein complex in focal adhesions, is also involved in cell-cell adherins 

(via cadherins) as well as cell-matrix adherins (attachment to ECM), and links the actin 

cytoskeleton to extracellular proteins. Vinculin is thus involved in the anchoring of both cells 
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to the ECM and cells to the plasma membrane of other cells, so vinculin staining also detected 

cell-cell interactions, which could explain the presence of vinculin in the outer layer of the 

tissues.  

It should be noted that performing IHC using DAB does not allow for quantitation of protein 

based on intensity since antigen-antibody reactions are not stoichiometric and its spectral 

spread changes with intensity of signal 
199

.  From the data, any conclusions are restricted to 

the presence of vinculin at the material surface in both conditions, and that vinculin presence 

near the material surface was more like the centre of the tissues than the tissue-media 

interface. It is still possible that there was a difference in quantity of vinculin at the surface.  

 

Despite the differences in adhesion, there was little difference in redifferentiation between the 

conditions, with good redifferentiation seen in both micro-tissue seeded scaffolds as well as 

the controls.  The similarities in redifferentiation capacity are both interesting and novel, and 

indicate that scaffold surface has little effect on tissue redifferentiation or quality when using 

this spheroid-seeding method.  Previous research has shown that allowing cells to attach to a 

300/55/45 PEGT/PBT material has a negative influence on chondrogenesis given that these 

substrates typically promote preferential adsorption of fibonection from serum, stimulating 

cell adhesion and dedifferentiation 
94

.  Altering the PEGT:PBT ratio and PEG molecular 

weight (e.g. 1000/70/30) results in an altered profile of protein adsorption and also 

hydrophilicity of the substrate, which in turn reduces overall cell adhesion and spreading, and 

promotes retention of a more chondrogenic phenotype. However this reduced mechanical 

properties of the biomaterial, making the subsequent plotted scaffold significantly less stiff.  

While it is then possible to fabricate a scaffold that is less porous to regain some mechanical 

stiffness, this can be detrimental to nutrient diffusion and high quality tissue formation.  

Enhancement of stiffness by reducing porosity has been recently demonstrated by Hendricks 

et al. 
200

 in a single-cell seeded PEOT/PBT 100/70/30 scaffold, though differences in tissue 

formation between the less and more porous scaffolds was not examined extensively.   I 

propose that the use of a mechanically stiff but cell-adhesive polymer (i.e. the 300/55/45 

PEGT/PBT) that typically is less favourable for promoting chondrogenic differentiation is 

ideally suited for the purpose of engineering cartilaginous tissue an when adopting the 

microtissue assembly approach described here. The most likely explanation for the lack of 

differences in redifferentiation between the conditions is due to the small number of cells in 

direct contact with the scaffold, in comparison to those in contact with other cells.  

 

Reducing the reliance on promoting cell-material interactions typically necessary to achieve 

suitable seeding efficiency in scaffolds for tissue engineering may have the advantage of 

‘uncoupling’ these two normally competing mechanisms, namely cell attachment versus 

differentiation capacity. An uncoupled tissue assembly strategy means that cells at high 

density are in a 3D micro-environment consisting almost exclusively of cell-cell interactions 

and are not dependant on the surface properties of the scaffold, and vice-versa.  Chondrocytes 

often do not maintain their phenotype and produce optimal ECM when combined with a  

synthetic polymer scaffold 
40

, however  in the microtissue-assembled constructs this is 

avoided. As a result, the construct can be considered as having independent tissue and 

scaffold ‘modules’ whose different properties can be optimised to meet the functional in vivo 

requirements of the desired construct.   Modularity may be advantageous in tissue engineering 
107

, both for articular cartilage as well as other tissues with complex 3D architecture.  Being 

able to offer various tissues without significant redesign of the construct may also be useful, 

and could be achieved with minor modifications to scaffold composition and architecture, or 

microtissue type, size, and arrangement. For example, this could include a composite 

polymer/hydroxyapatite 3D Plotted scaffold component, combined with osteogenically 
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differentiated bone marrow stromal cell microtissues for applications in bone tissue 

engineering.   

The tissue assembly method that I have investigated provides a strategy for assisting the early 

implantation of relatively immature neo-cartilage consisting of rapidly differentiating 

chondrocytes and ECM whilst also allowing early load bearing and in vivo mechanical 

stimulation of the regenerating cartilage by matching the dynamic stiffness of the scaffold to 

the host cartilage, if such a scaffold can be fabricated. Placing aggregates within a scaffold 

provides the cells with a local environment (pellet culture) known to induce chondrogenesis 
51

, likely due to the 3-dimensional environment, large number of cell-cell contacts, and 

similarity to the mesenchymal condensation reaction during embryogenesis 
141, 148, 201

.  It also 

provides the mechanical support that is likely to be needed for this new tissue to persist, 

survive, integrate and function as native tissue, right from initial implantation.  Assembly of 

immature microtissues in a mechanically apt scaffold that is then implanted could provide a 

useful  “in vivo bioreactor”, providing appropriate nutrient diffusion due to deformation and 

fluid flow, entirely appropriate mechanical stimulation (both shear and compressive forces in 

the physiological range), while still protecting the neotissue.   Delivery of chondrogenic 

cytokines (e.g. TGFb) are also factors that can stimulate tissue formation and the tissue 

assembly process could also provide a platform for delivery of growth factors via modified 

scaffolds to further promote rapid and high quality ECM formation.   

Providing an intermediate step between in vitro model systems and whole engineered 

constructs could be useful to accelerate and enhance tissue engineering of cartilage.  

Separation of the components and reducing interdependency of the tissue and scaffold may 

lead to reduced complexity overall.  This also means changes can be made to one or other of 

the modular components without alteration or complete redesign of the other.  

Another outcome from this study is that a completely serum-free redifferentiation media can 

be used to seed and culture a scaffold-tissue construct, and results in good chondrogenic 

redifferentiation. Serum-free culture is often considered desirable, as it has manufacturing and 

regulatory advantages, reduces disease transfer risk and reduces batch-based variations. It also 

mimics the largely serum-free normal physiological environment of chondrocytes 
202

.The 

enhanced tissue formation (Figure 5-14, Figure 5-15) observed growing out of the micro-

tissue seeded scaffolds at later time points was an unexpected result.  The most likely 

influence is the semi-dynamic culture method used.  Horizontal orbital shaking was used, and 

this may have led to forces being applied to the tissues – both shear forces from the fluid flow 

(or motion of the tissues relative to the media) and from shear, compressive and tensile forces 

applied by the struts of the scaffold as the scaffolds impacted the well sides.  This explanation 

is only feasible if the forces differed between the box cultures and the microtissue controls.  

While both the microtissue controls and the box cultures were shaken, in the case of the box 

cultures, mechanical forces resulting from contact with the walls of the culture wells were 

transferred via the struts of the scaffold, and fluid flow may also have differed.  Conceivably, 

the movement of the cuboidal boxes may have been different to the spheroidal control 

microtissues.   While my culture conditions have not been previously investigated, other 

authors have found that dynamic culture can influence tissue formation in chondrogenic  

pellet, aggregate or microtissue cultures.  Hydrostatic pressure increases GAG accumulation 

in pellet-cultured tissues as well as increasing cellular metabolism 
82

, perfusion culture 

appears to positively influence tissue formation 
203

 and rotational culture (shaking similar to 

that used in my experiment)  has seen large-scale chondrogenic aggregates produced 
204

. 

Another explanation for the observed tissue growth is the physical confinement of the tissue 

spheroid resulting in mechanical stimulation as pressure is generated with tissue growth. 

There was also a lack of fibrous layer observed at the tissue-material interface.  This could 

indicate that the cells in the scaffold identified the scaffold as a continuation of solid or 
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cartilaginous tissue.  Perhaps the mechanosensing apparatus of the chondrocytes was deceived 

by contact with the scaffold surface.  Alternatively, the effect could be due to reduced oxygen 

levels at the material-tissue interface compared to the tissue-media interface.  Hypoxia has 

been shown to have beneficial effects on redifferentiation in engineered cartilage 
143, 205

; 

although nasal chondrocytes seem to be less affected by reduced oxygen tension 
72

.  Thus the 

scaffold edges may have had a beneficial effect on tissue formation by reducing oxygen 

diffusion.    

 

5.8 Conclusions 

 

Placement of microtissues within a scaffold negates the effect of the biomaterial on 

chondrogenesis.  Using this method for seeding a scaffold, a cell-adhesive surface did not 

result in reduced differentiation.  Alternatively, cells were not lost during seeding when using 

a nonadhesive surface (i.e under completely serum-free redifferentiation conditions).  This 

means that the biomaterial scaffolds which have either adhesive or non-adhesive surfaces can 

be chosen while still achieving high quality tissue formation.  In particular, for the work 

contained in this thesis, this means that the use of the 300/55/45 polymer is a justifiable and 

reasonable approach, despite its previously-reported negative effect on chondrogenesis in 2D 

(and in 3D where cell attachment is widespread and required for seeding). These results also 

mean further research could explore materials that had previously been discounted because of 

unfavourable surface properties.  The apparent enhanced tissue growth in the box cultures was 

unexpected, and I propose that it is likely to be due to a combination of enhanced mechanical 

stimulation and perhaps restriction of oxygen diffusion.  Future work could investigate these 

proposed mechanisms, as this may have implications for enhancing growth of tissue-

engineered cartilage.   Moving the tissue- scaffold construct by horizontal shaking of the 

culture wells appears to be a useful method for mechanical stimulation without direct 

actuation.   

I hypothesised that microtissue assembly would negate the influence of the material cell-

adhesive properties on chondrogenesis. I show here that this is indeed the case, and that an 

assembly method allows use of materials that otherwise might be considered unfavourable.  

Since the quality of matrix formed is independent of the surface of the scaffold, the scaffold 

and the tissues can be thought of as separate modular components, which can be designed to 

have different roles to generate a functional engineered construct. 

The 3D tissue assembly approach enhances tissue formation compared to microtissue 

controls, and does not depend on adherent characteristics of the scaffold surface. Although 

adherence and tissue growth at the cell-material interface appears to differ, it has little 

influence on tissue quality. Such a strategy negates the need to consider biomaterial surface 

properties, enabling the focus to move to optimising other important criteria such as 

mechanical properties, biodegradability, interconnected porosity, and clinical utility of the 

scaffold. 
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6 3D microtissue fusion: tissue-tissue interactions 

6.1 Chapter overview  

In this chapter, fusion of pellet-based chondrogenic microtissues was investigated.  An in 

vitro 3D model for examining the process of fusion between microtissues was developed and 

used to investigate the influence of physical and soluble factors, as well as cell type, on tissue-

tissue interactions.  

6.2 Background 

Tissue-engineered cartilage that replicates the structure and function of native articular 

cartilage is desirable to enabler optimal repair of damage or degeneration 
183

.  Microtissue 

assembly may be a useful strategy to achieve this objective. This thesis has thus far shown 

that cartilaginous microtissues can be reproducibly mass produced (Chapter 3), can be 

assembled in specific desired locations in a 3D scaffold, are able to fuse to form a coherent 

construct (Chapter 4), and are able to produce high-quality cartilaginous matrix (Chapter 5).  

The development of a model system for examining inter-tissue interactions is useful to 

investigate in detail the interactions between separate microtissues in vitro, and may allow 

elucidation of affectors and mechanisms that have been previously unexplored.  It could allow 

tracking and investigation of microtissue fusion kinetics, tracking of cells, and matrix 

characterisation, investigation of fusion in particular and redifferentiation in general in multi-

tissue constructs.    

In this chapter, a novel 3D model system is described which examines the in vitro fusion 

process of microtissues, allowing examination of a single tissue-tissue interface. This can be 

defined as being the interface between two single microtissues formed via pellet culture. The 

tissue fusion model system described here could also be useful for in vitro optimisation of 

aspects related to clinical applicability of tissue engineering approaches, in particular in 

modular constructs, where an ability to identify how quickly the tissues fuse or merge is 

especially relevant.  The implanted construct will need to integrate well with surrounding 

tissue, and it is essential that microtissues are not lost from the assembled construct into the 

joint space.  Rapid fusion between microtissues will ensure loss of neotissues by physically 

dropping out of the scaffold is avoided during in vitro culture, implantation procedure and 

once implant is in the joint. This model also has promise for use in high-throughput screening 

applications, where large numbers of factors can be examined for their influence on inter-

tissue fusion.  Rapid tissue fusion is also important in spheroid-based “organ printing” or 

directed self-assembly processes, for preservation of the spatial definition and organisation of 

printed constructs 
121

 . 

In order to investigate tissue-tissue interactions accurately, a specific porous polymer scaffold 

was designed and fabricated to confine and hold the microtissues in place.  The model system 

was designed to be relevant to the modular assembly approach described in this thesis by 

replicating the architecture of the scaffolds and the interaction of the microtissues, easy to 

manipulate, relatively high-throughput, simple and reproducible.   The interface between the 

two tissues was examined using image analysis and histology, as well as biochemical assays 

on the combined structure.  This allowed investigation of tissue fusion rate, kinetics, and 

whether this process could be influenced by physical or soluble factors.   The usefulness of 

this model system for investigating influences of various factors on tissue-engineered 

cartilage self-integration, as well as other aggregate-based systems was also examined. 

Previous studies have shown that immature engineered neocartilage (<1 week in vitro culture) 

has the ability to integrate better with native tissues 
206

 as opposed to more mature tissue 
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(cultured > 5 weeks.  Due to cost reductions associated with reduced in vitro culture times 

(see Chapter 3), it would be advantageous to implant the construct at an immature stage.  

However, in order to provide optimal tissues for cartilage engineering applications, the tissues 

need to be coherent and of good quality.  

Therefore there is demand for the development of in vitro 3D model systems that can 

systematically investigate and manipulate tissue fusion over time, and give quantitative 

description of how the fused tissues integrate with each other, as well as suggesting influences 

on integration with native tissue.   

There is currently significant interest in microtissue- and aggregate-based tissue engineering 

approaches 
207

. Microtissue spheroids are also of interest as mini-organ cultures and for 

screening 
208

.  Fusion of aggregates has been investigated as part of formation of more 

complex tissues, such as fusion of spherical lumen-forming aggregate cultures 
209

, large 

honeycomb structures formed by aggregation in non-adhesive gel moulds 
210

, or fusion of 

spheroids with a view to organ printing using aggregates embedded in a gel 
121, 122

.  Other 

models for spheroid-spheroid fusion, as well as models for examining implant-native 

integration have been examined. Rago et al. 
108

 investigated the fusion of multiple aggregate 

microtissues (normal human fibroblasts) in agarose wells, particularly the influence of 

spheroid pre-culture time.  Shorter pre-culture resulted in more complete fusion and end 

macrotissue contraction.   Fusion of separate aggregate spheroids has also been investigated 

by Hajdu et al. 
133

, where they looked at fusion of fluorescently-labelled spheroids in hanging 

drops and attempted to quantify the degree of fusion.   

The aim of my study was to develop a model designed for examining fusion of microtissues 

in a 3D-plotted scaffold.  The model systems for investigating fusion of spheroids described 

above have been unconfined.  My model system was designed to recreate the tissue assembly 

technique described in Chapters 2-4 as closely as possible. Microtissues were confined in a 

scaffold designed to hold two microtissues.  The scaffold struts that usually separated the 

spheroids (as in Chapters 2, 4) were omitted to allow observation of fusion kinetics.  The 

scaffold used here allowed the microtissues to be confined and prevented microtissue 

movement once placed.  This is   especially relevant for replicating the environment in the 

modular assembled constructs described in this thesis. One advantage that this model had was 

allowing designation of the distance between the microtissues, which other models have not 

allowed for.  This enables investigation of fusion distance and ability of microtissues to close 

gaps between tissues.  This is important for scaffold design, as the distance between the 

microtissues will be determined and restricted by the architecture of the scaffold.  It is useful 

to elucidate how close the microtissues are required to be for fusion to occur in relation to 

integration with native tissue.     Another advantage is that it allows examination of a range of 

different factors and conditions for analysis of spheroid fusion, and can be applied to a range 

of microtissues.  It should be noted that this does require the information from Chapter 5, 

related to cell adhesion to the scaffold.  The reduction of the cell-material interaction with 

microtissue assembly observed in Chapter 5 meant this fusion model was focused on tissue-

tissue and cell-cell interactions. 

The fusion model was developed to examine a panel of test conditions for their effect on 

fusion.  The treatments were chosen in order to examine possibilities for enhancing fusion, to 

see how some treatments that the tissue may encounter may affect fusion, as well as providing 

mechanistic information on the fusion process.  Mechanical disruption was investigated to 

give information on the role of mechanical support in the construct as it has a negative effect 

on native cartilage, with excessive compressive force resulting in apoptosis and GAG release 
75, 76

, as well as collagen denaturation 
77

. Microtissues were disrupted in this model by 

crushing in forceps to simulate excessive loading, as well as influence of microtissue 
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mishandling.  Heat treatment (“burn” condition) was likely to provide a good negative 

control, as cells exposed to a heat treatment were likely to undergo necrosis and prevent tissue 

formation.   Trypsin treatment may enhance integration by reducing proteoglycans at the 

tissue border, which present a barrier to cell adhesion and migration in native tissue, and 

hence integration 
206

. Transforming growth factor β (TGFβ), insulin/transferrin/selenium+ 

(ITS+), and ascorbic acid (AsAP) are components of the CD-SF media, and are often 

considered to be essential for chondrogenic redifferentiation; hence removal or 

supplementation may have negative or positive effects on fusion.  TGFβ1 stimulates synthesis 

of ECM in chondrocytes 
211

.  ITS+1 is a media supplement that contains insulin, selenium and 

transferrin, plus linoleic acid.  Each of these is likely to have some effect on chondrogenesis 

or cellular homeostasis. Ascorbic acid is required by chondrocytes in particular for collagen 

synthesis, during formation of procollagen were it is important for hydroxylation of proline to 

form hydroxyproline. This stabilises the triple collagen helices by forming hydrogen bonds 

between the three chains 
212

 and is required for matrix formation in chondrogenic aggregate 

cultures 
213

. Therefore, removal of AsAP is likely to inhibit matrix formation, while high 

concentration AsAP may enhance matrix formation if supplementation at 0.1mM is 

inadequate.  FGF was added as it has been shown to increase proliferation in 2D 
214

, as well as 

affecting cell morphology and matrix deposition 
215

.  

The information specifically on cartilaginous microtissue spheroid fusion is sparse.  Also, the 

influence of MSC/AC co-culture on fusion is one area that does not appear to have been 

previously examined at all.  There is also little information on chondrocyte microtissue fusion 

kinetics, particularly in a system close to that used for 3D tissue assembly approaches as 

described in this thesis. MSCs have been suggested as a remedy for the limited availability of 

articular chondrocytes for repair procedures 
55

, however, bone marrow-derived MSCs have a 

tendency to terminally differentiate and undergo hypertrophy, heading towards the osteogenic 

lineage 
61

.  A number of studies have examined direct co-culture, where cells are in direct 

contact in a tissue or combined within a hydrogel, with results often showing beneficial 

effects on chondrogenesis 
56-60

.  Indirect co-cultures, where conditioned media or physically 

separated cells are used have demonstrated beneficial effects of indirect co-culture or 

chondrocyte-conditioned media on chondrogenesis of MSCs 
216

. 

The effects of co-culture in two separate microtissues has not been investigated previously for 

chondrocytes and MSCs.   If microtissue assembly is to be used for generating bilayer 

constructs, it is therefore important to understand if there are differential effects compared 

with chondrocyte-chondrocyte tissue fusion. 

6.3 Hypotheses 

1. The fusion of microtissues is modifiable and occurs via cell proliferation and 

production of matrix.   

2. Fusion rate and mechanisms are consistent in MSCs, ACs and co-cultures of these cell 

types. 

6.4 Experimental approach 

Microtissues were formed from expanded human articular chondrocytes, expanded human 

MSCs, or a combination of the two, and placed adjacent to each other within specially 

designed 3D-plotted scaffolds, which allowed observation of tissue fusion.  Physical and 

enzymatic treatments were applied and addition or withdrawal of soluble factors was also 

carried out.  The influence of these treatments on tissue fusion was examined.  Subsequently, 

the effect of direct and indirect co-culture using MSCs and articular chondrocytes on fusion 

was investigated.  
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6.5 Methods 

6.5.1 Cell sources 

Human articular chondrocytes were obtained from consenting donors undergoing ACL 

surgery.  Mesenchymal stromal cells (MSCs) were obtained from bone marrow aspirates 

obtained from the iliac crest in otherwise healthy donors undergoing spinal fusion or upper 

limb surgery where iliac crest bone grafts were required. One HAC and one MSC donor were 

used for this study. 

6.5.2 Isolation  

Articular cartilage was prepared for isolation by dicing into approximately 1 mm
3
 pieces 

using a scalpel.  HACs were isolated via digestion of diced cartilage pieces in 0.15% w/v 

collagenase II in C-X media at 37°C overnight. The resulting suspension was filtered through 

a 100μm pore cell strainer to exclude the undigested tissue and centrifuged at 700 x g for 4 

minutes. Freshly isolated chondrocytes were re-suspended and seeded at a density of ~3000 

cells/cm
2
 in tissue culture flasks in C-X media. 

MSCs from bone marrow aspirate were isolated by plastic adhesion: bone marrow aspirates 

were diluted 1:4 in MSC expansion media, then plated into tissue culture flasks.  After 24 

hours, the flasks were washed thoroughly with PBS to exclude non-adherent cells, and 18 mL 

expansion media added. 

6.5.3 Storage 

Cells in culture were washed three times with PBS, and detached by application of 0.25% 

Trypsin-EDTA.  Cells were resuspended in culture media with 20% FBS. Cells were frozen in 

freeze mix containing 20% FBS and 10% DMSO: first frozen overnight to -80°C in a “freezer 

boy”; then placed into liquid nitrogen for long-term storage. 

6.5.4 Cell expansion 

Cells in this study were expanded to passage 3 before use.  Cells were cultured at 37°C in a 

humidified 5% CO2/95% air incubator and media changed twice per week. Cells were 

passaged after approximately 7 days: subconfluent cells were washed three times with PBS, 

detached using 0.25% trypsin/EDTA, counted by Trypan blue exclusion in a haemocytometer 

and plated at 3,000 cells/cm
2
 (chondrocytes) or 5,000 cells/cm

2
 (MSCs).  

6.5.5 Cell labelling 

Cells were labelled using Qtracker 625.  In order to label with Qtracker, cells were 

concentrated to 10
7
 cells/ml by centrifugation at 700g for 5 min and resuspension in CD-SF 

media.  A 10 nM labelling solution was prepared: equal amounts of Component A and 

Component B were pre-mixed in a 1.5 ml microcentrifuge tube, incubated for 5 minutes, fresh 

CD-SF media was added and suspension was vortexed for 30 seconds (per 10
6
 cells: 1 µl of 

component A, 1 µl of component B, 0.2ml of media).  The mixture was then incubated for 90 

minutes.  Cells were subsequently washed twice with CD-SF and resuspended in CD-SF at 

10
6
 cells/ml for use. 

6.5.6 Microtissue formation 

Cell suspensions were placed into v-shaped wells of 96-well polypropylene plates (0.25 x 10
6
 

cells/well) and centrifuged at 300 x g for 4 min to form microtissues.  Microtissues were 

cultured for 7 days in v-bottom polypropylene 96-well plates prior to assembly into scaffolds. 

Assembled constructs were cultured in a 96-well flat-bottom pate in a variation of 
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chondrogenic serum-free media (CD-SF), with 290 µl media changed 3 times per week.  The 

scaffolds held the microtissues above the surface of the plates, and the flat-bottom wells 

allowed repeated imaging using an inverted light microscope. 

6.5.7 Development of model system and scaffold fabrication 

This experiment required microtissue spheroids (pellet cultures) to be placed adjacent to each 

other in a specific location to analyse changes in tissue growth and fusion over time in a non-

destructive manner.  Destructive sampling was also required for sectioning and digestion to 

examine cellular morphology in the relevant region and estimate matrix component 

formation.   It was desirable that the movement of microtissues was restricted, as is the case in 

the assembled constructs described in Chapter 4.   

Since I previously demonstrated that there was no significant influence of cell-material 

interactions on redifferentiation with the microtissue assembly method (Chapter 5), I aimed to 

exploit this capability by applying a similar method to confine the microtissues and enable 

control of location in this experiment.  The similarity of this fusion model to the modular 

assembly method described in chapters 2, 4 and 7 maximises relevance of the fusion model.  

In order to meet these criteria, a scaffold was designed to allow two microtissues to be 

constrained at desired locations along the x-axis (see Figure 6-1).  As-designed fibre spacings 

were 3mm on the x-axis and 1mm on the y-axis.  A similar architecture to previous scaffold 

described in Chapters 4, 5 was adopted as it had immobilised the microtissues appropriately.  

The plotting parameters were modified to increase deposition slightly (see Table 6-1) by 

reduction of movement speed compared to scaffolds in Chapter 4 to ensure cohesive 

structures once cut to individual units.   

 
Figure 6-1: Illustration of scaffold design (A) and light microscopy image of scaffold with microtissues in 

well of 96-well plate (B).  Axes indicated by x, y, z.  Scale bar indicates 1mm for panel B. 

Microtissues were place into the scaffold by press-fitting.  The tissues could be translated 

along the long (x) axis of the scaffold by manipulation using fine forceps. Once in place 

however, microtissues were unable to move within the scaffold during normal handling, such 

as transfer and placement in well plates and during media changes. 
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Table 6-1: Parameters for 3D plotting of scaffold 

Parameter Value 

Number of layers 6 

Layer orientations 0-90-0-0-90-0 

Polymer 300/55/45 

x-fibre spacing 3 mm 

y-fibre spacing 1 mm 

z-increment 0.32 mm 

Movement speed 160 mm/min 

Pressure 3.2 Bar 

Auger 36 RPM 

Temperature 210 °C 

Nozzle 27 gauge 

 

6.5.8 Treatments 

Physical and enzymatic conditions investigated are outlined in Table 6-2. Soluble factor 

treatments are shown in Table 6-3. 

Table 6-2: Physical and enzymatic treatments 

Treatment name Treatment 

Burn Pass tissue through Bunsen flame 

Mech Mechanical disruption using forceps 

Tryp Trypsin (0.25%) applied to microtissues 

for 5 minutes 

Table 6-3: Summary of soluble factor treatments 

Treatment 

name 

Factor of interest Normal concentration of 

factor 

Modified 

concentration of 

factor 

-TGF TGFβ1 10µg/ml 0 

++TGF TGFβ1 10µg/ml 20µg/ml 

-ITS ITS+1 media 

supplement 

1X (6.25µg/ml insulin, 6.25µg/ml 

transferrin, 6.25ng/ml selenous 

acid, 1.25 mg/ml bovine serum 

albumin, 5.35 μg/ml linoleic acid) 

0 

++ITS ITS+1 1X 2X 

-AsAP Ascorbic acid-2-

phosphate 

0.1 mM 0 

++AsAP Ascorbic acid-2-

phosphate 

0.1 mM 0.2 mM 

+FGF Fibroblastic growth 

factor 

0 1 ng/ml 

 

Direct and indirect co-cultures of ACs and MSCs were also examined to investigate the effect 

of cell type on fusion.  Indirect co-cultures are defined here as a microtissue composed solely 

of chondrocytes adjacent to a solely MSC-based tissue.  This is referred to as the “MSC/AC” 
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condition.  For the direct co-cultures, MSCs and chondrocytes were mixed in equal 

proportions and formed into microtissues.  This condition is referred to as the “Mix” 

condition.  Conditions solely of ACs and MSCs were also included.  Table 6-4 outlines the 

four co-culture conditions.  

 

Table 6-4: Summary of conditions for examining effects of cell type on fusion 

 MSC AC MSC/AC Mix 

Human ACs  100% 50% 75% 

Human 

MSCs 
100%  50% 25% 

Arrangement 

    

 

Image analysis 

Images were aligned to the Day 0 image for each sample and cropped to the region of interest 

using ImageJ.  Images were thresholded to remove background, then area of change (Figure 

6-2 C) was measured by image subtraction of later (Figure 6-2 B) from earlier time point 

thresholded images (Figure 6-2 A), followed by measurement of area shown in the 

differenced image using ‘analyze particles’ command. An ImageJ macro for automating this 

process is outlined in Appendix C.  Tissue front fusion was manually measured on aligned 

images. Distance between contacted edges was used as this measure, and the difference 

between start and end line length gave change in fusion front (Arrows, Figure 6-2A,B). 

 
Figure 6-2: A and B illustrate measurement of fusion front movement (double-headed arrows represent 

measured distances). Area of change from image A to image B is shown in C. 

6.5.9 Statistical analysis 

Data are presented graphically as mean ± standard error of the mean (SEM). Data were 

analysed using GraphPad Prism.  Significance of results was tested using 1-way ANOVA 

with post-hoc Tukey’s test, with p<0.05 as criterion for statistical significance.  
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6.6 Results 

6.6.1 Fusion of AC spheroids: physical and soluble factors 

6.6.1.1 Physical and enzymatic treatments 

Tissues consistently fused when in direct contact, and though they could fuse from a relatively 

large distance (up to 68 µm), larger distances (~200 µm) were unable to be bridged within the 

7 day culture period.  Fusion of intermediate distances was not certain, and failure to fuse was 

seen in one sample at 50µm, though successful fusion was also seen at 68 µm. Figure 6-3 

shows distances and fusion success or failure. 

 

 
Figure 6-3: Success (black circles) or failure (grey squares) of fusion between HAC microtissues at in 

contact, intermediate and distant initial spacing.  Each point is a single sample. 

 

Manual measures of tissue front growth and automatic image subtraction area of change 

measured gave similar results, as expected, since these two measures were both applied to 

analyse fusion extent. Fusion occurred rapidly, with observable changes after 1 day.  At day 5 

the limit of the imaging window was often reached (as in Figure 6-4), so fusion measurements 

often appeared to plateau after day 3.  Because of this, image-based comparisons of fusion 

extent were limited to day 3. 
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Figure 6-4: An example of microtissue fusion viewed over 7 days.  

Fusion was negatively affected by heat treatment and mechanical destruction, with the burn 

condition fusion front growth significantly lower than the control (p < 0.05, see Figure 6-5). 

Heat treatment and mechanical destruction also prevented growth in size of the microtissues 

(Figure 6-6). 

 

 
Figure 6-5: Influence of physical and enzymatic factors on fusion of HAC microtissues at day 3. (A) 

represents measured tissue front, (B) represents measured area of change.   Ctr = control, burn = heat 

treatment, mech = mechanical disruption, trypsin = treatment with trypsin.  Data presented as mean ± 

SEM, n=3. Statistical significance indicated by * (p<0.05).  
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Figure 6-6: Influence of physical and enzymatic factors on change in size of HAC tissues at day 3. Ctr = 

control, burn = heat treatment, mech = mechanical disruption, trypsin = treatment with trypsin.   Data 

presented as mean ± SEM, n=3.  

 

6.6.1.2 Soluble factors 

Soluble factors were able to influence rate of fusion (Figure 6-7), in particular, high 

concentration TGFβ1 increased tissue front fusion front (++TGF; p<0.05), while removal of 

ascorbic acid-2-phosphate (-AsAP) resulted in a decrease in fusion that was consistent across 

both measures, albeit non-significant relative to control (Figure 6-7A).  The ++TGF condition 

also caused significantly increased fusion measured at the tissue front compared to the -ITS, -

AsAP, and ++AsAP conditions, and this pattern was repeated in the area of change 

measurements (Figure 6-7B).   Microtissue size was also significantly increased in the ++TGF 

condition relative to control, as well as in the –ITS and ++AsAP conditions respectively 

(Figure 6-8).    
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Figure 6-7: (A) Fusion of HAC tissues affected by soluble factors, as measured by movement of the fusion 

front and (B) the area of change.  Data presented as mean ± SEM, n=5.  Statistically significant differences 

indicated by * (p < 0.05) or *** (p < 0.001).  

 
Figure 6-8: Effect of soluble factors on HAC spheroid size change. Data presented as mean ± SEM, n = 5. 

Statistically significant differences indicated by * (p<0.05), ** (p<0.001) or *** (p<0.0001).   

 

GAG, DNA and GAG/DNA in the tissues was altered at day 7 for several of the conditions.  

GAG was significantly increased in the TGF++ condition compared to a number of treatments 

where factors were removed, however GAG was not significantly different from control in 

any of the conditions.   GAG was consistently reduced when any of the soluble factors were 

removed from the media, and in addition, the –TGF and –ITS conditions saw reduced cell 

numbers, with the –ITS having significantly reduced cell numbers compared to control. It 

appears that the tested media components are required for maintaining GAG production and 

cell numbers.   

Removal of ITS+1 media supplement (-ITS) did reduce DNA content of the samples relative 

to control, though this did not significantly reduce fusion relative to control.  Spheroid size, 

GAG, and DNA were increased in the ++TGF compared to the –ITS condition.  Fusion was 
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also greater (Figure 6-7A).  This indicated that increased spheroid size, driven by matrix 

production and cell proliferation enhanced fusion.   

DNA content was significantly higher in the +FGF condition, though this did not appear to 

influence fusion, indicating that simply increasing cell proliferation is not sufficient to 

enhance tissue fusion.   

 

 
Figure 6-9: Influence of soluble factors on HAC microtissue GAG content and cell number (as indicated 

by DNA content).  Data presented as mean ± SEM, n=3.  Significant differences are indicated by * 

(p<0.05), ** (p<0.01), or *** (p<0.001). 

 

 
Figure 6-10: Influence of soluble factors on HAC microtissue GAG/DNA.  Data presented as mean ± SEM, 

n=3.  Significant differences are indicated by * (p<0.05). 
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These results indicate that tissue fusion is a resilient process, and while it can be altered by 

soluble factors, there appear to be contributions from matrix production, cell proliferation, and 

size growth that are able to compensate in many cases. 

As demonstrated in histological sections, the previous border between the tissues could be 

seen at day 7 (Figure 6-11, indicated by black arrows).  Cells were elongated in the direction 

of the fusion borders, showing a visible junction.  Intensity of Safranin-O staining indicated 

reduced GAG in the +FGF sample in particular, and possibly in the –ITS, -TGF and –AsAP 

conditions.  This was supported by the reduction in GAG seen in these conditions in tissue 

digests (Figure 6-9). 
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Figure 6-11: Safranin-O/fast green/hematoxylin staining showing GAG distribution and cell morphologies 

in tissue fusion regions at day 7. Scale bar = 100 µm, scale is the same for all panels. Black arrows indicate 

join between microtissues. 

Immunohistochemical staining for collagen type I and II showed that withdrawal of TGFβ1, 

ITS, and AsAP, as well as addition of FGF seemed to reduce collagen II expression after 7 

days of treatment (Figure 6-12).  Collagen I appeared to be abundant and homogenously 

distributed in all the conditions, while collagen II distribution was more heterogeneous in 

those conditions were it was seen. 
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Figure 6-12: IHC (DAB counterstained with haematoxylin) for collagen type I (A-D, I-L) and II (E-H, M-

P) in soluble factor treatments at day 7.  Scale bar = 200 µm, scale is the same for all panels.  

6.6.2 Cell type: Fusion of AC-MSC co-cultures 

Separate and mixed co-cultures of MSCs and chondrocytes also influenced fusion rates and 

extent.  Fusion of AC-only tissues again appeared to be due to growth in tissue size.  MSCs in 

a separate co-culture contributed most to fusion between the microtissues, and in the direct 

co-culture (“mix” condition) fusion was also similar (Figure 6-13).  GAG and DNA results 

did not confirm earlier findings that tissue growth was the main contributor to fusion extent, 

and this indicates fusion is driven differently in the two cell types.  It appears MSCs 

contributed more to fusion in the co-cultures. 
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Figure 6-13: (A) Tissue fusion front and (B) area of fusion change at day 3. Data presented as mean ± 

SEM, n=9. Statistical significance indicated by *** (p<0.001).  

  

 
Figure 6-14: Change in (A) GAG and (B) DNA content after 7 days co-culture. Data presented as mean ± 

SEM, n=2. 

 

Fusion was greater in MSC and Mix conditions, and considerably lower in AC-only cultures 

(Figure 6-13).  Interestingly, both indirect and direct co-cultures had a smaller increase in 

GAG at day 7 than either individual culture (Figure 6-14A).   

Diameter of tissues was smaller for the Mix condition than any of the other conditions, and 

ACs were larger (Figure 6-15).  The mix condition did not appear to increase in size over 

time, whereas growth did occur in the other conditions. 

 
Figure 6-15: Diameter of tissues up to 7 days, as measured by image analysis (ellipse fitting). Note the 

“mix’ condition tissues do not increase in size over time. 
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Figure 6-16: Examples of fusion images through to day 7.   

The fusion of the Mix cultures appeared to occur by a different mechanism, as the combined 

length of the microtissues reduced significantly, indicating that the spheroids were not 

confined by the scaffold (Figure 6-16, Figure 6-17).  The reduced size of the Mix tissues 

(Figure 6-15) also suggested this was the case. 

 
Figure 6-17: Change in combined tissue length. Data presented as mean ± SEM, n=9. Statistical 

significance indicated by *** (p<0.001).  

 

Differences in GAG distribution between the cell types were also observed in histological 

sections (Figure 6-18).  The MSC, MSC/AC and Mix condition seemed to have a greater 

extent of neotissue production in the fusion region compared to the ACs (Figure 6-18 E-P), in 

accord with the image analysis data (Figure 6-13).  At day 21, however, the AC-only 

condition (Figure 6-18 N) appeared to be better integrated than the MSC and MSC/AC 

condition (Figure 6-18, M, O, P), with the cells no longer appearing vertically elongated in 

the fusion or “seam” indicating enhanced redifferentiation in this region compared to the other 

conditions.  In all cases, the neotissue formed in the fusion region seemed to be more of the 

fibrous type, with less GAG present.  The Mix culture, in particular, appeared to have less 

GAG present, despite a larger amount of fusion (Figure 6-18 L, P.  In the centre of MSC-

containing tissues, necrotic regions appeared to be present (Figure 6-18 I, M G, K, H, L, 

indicated by black arrows).  
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Figure 6-18: Safranin O/fast green/haematoxylin staining of histological sections through the centre of 

MSC, AC, MSC/AC indirect and direct co-cultures (mix).  Conditions in columns, time points in rows as 

indicated. Scale bar represents 200µm, scale is the same for all conditions. Black arrows represent possible 

necrotic regions. 

As demonstrated by fluorescent labelling of cells (Figure 6-19), in the indirect co-cultures 

(MSC/AC condition), MSCs invaded the fusion region (Figure 6-19 A), while the ACs were 

static and were not observed in the region of newly formed tissue (Figure 6-19 B).  Fusion of 

indirect co-cultures (MSC/AC) was due to invasion and proliferation of MSCs into the fusion 

region, but not due to the ACs migration.  However, in the “mix” condition, both labelled 

MSCs and labelled ACs were located in the fusion region (Figure 6-19 C, D), indicating that 

the MSCs were either influencing the ACs behaviour or entrapping the ACs in their matrix.   
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Figure 6-19: Histological sections through the centre of co-cultures, with fluorescent labelling of co-

cultures overlaid onto brightfield images.  Note presence of labelled MSCs in fusion zone of indirect co-

cultures (A), and absence of the ACs in this zone (B).  Also note presence of labelled MSCs (C) and ACs 

(D) in fusion zone of direct co-cultures. Scale bar represents 200 µm, scale is the same for all panels 

With respect to biochemical markers for re-differentiation over the longer term (Figure 6-20), 

the direct co-culture (Mix condition) had a negative effect on redifferentiation over longer-

term culture.  GAG and GAG/DNA were significantly reduced in this condition at 21 days 

(Figure 6-20) and distribution of collagen II (Figure 6-21) was lowest for this condition.  

Neither of the co-culture conditions had a positive effect on redifferentiation compared to 

MSC and AC alone, and the MSC/AC indirect co-culture condition exhibited levels of 

GAG/DNA between that of the AC alone and MSC alone conditions.   

The conditions that included MSCs exhibited increased levels of the hypertrophic marker 

alkaline phosphatase (ALP).   Both the MSC-only condition and MSC-containing co-cultures 

(MSC-AC and Mix) had elevated levels of ALP in conditioned media (Figure 6-22). 
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Figure 6-20: GAG, DNA and GAG/DNA to day 21 for MSC-only, AC-only, MSC/AC indirect co-cultures 

and Mix (direct) co-cultures.  Panels A, C and E show changes in each condition over time, while 

differences between conditions at each time-point are indicated in panels B, D, and F.  Data presented as 

mean ± SEM, n=2.  Statistical significance is shown on panels B, D and F only, and indicated by * (p < 

0.05), ** (p<0.01), *** (p<0.001) 
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Figure 6-21: IHC for collagen II (DAB-brown colour, counterstained with haematoxylin) at days 0-14 

post-assembly.   

 
Figure 6-22: Alkaline phosphatase activity in conditioned media to day 21. Panel A shows changes in each 

condition over time, while differences between conditions at each time-point are indicated in panel B.  

Statistical significance is shown on panel B only, and indicated by ** (p<0.01), *** (p<0.001), or **** 

(p<0.0001). 

 

 

6.7 Discussion 

Development of the 3D microtissue fusion model described in this chapter allowed 

investigation of rate, distance and extent of fusion in vitro. Validation of the model using 

individual and co-culture models of MSCs and ACs demonstrate the significant effect of 
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different physical and soluble treatments on microtissue fusion as well as cell type effects, 

thereby allowing systematic analysis of tissue fusion kinetics and mechanisms.  

6.7.1 Physical, soluble and enzymatic influences on microtissue fusion 

Initial physical contact was not required for successful AC microtissue fusion, but the 

microtissues were required to be in close proximity (<50 µm) to allow diametric growth to 

bring each microtissue into contact.  It is intuitive that contact between tissues is essential for 

fusion (as reported by Rago et al. 
108

), but my experiment demonstrated that initial contact 

was not necessarily required.  Studies on native-implant integration have shown that contact 

between the engineered and native tissues is important for integration 
217

 but the design of 

most studies makes it difficult to say just how close it needs to be.  This study showed that 

tight tolerances are likely to be required for integration with native tissue, and that the spacing 

between microtissues could be of critical importance in cartilage tissue engineering strategies 

that involve assembly or interaction of chondrogenic microtissues. My data suggests that 

tissue integration could be enhanced if an interference fit for tissue modules and engineered 

constructs was ensured. Alternatively, this work could give some guidance for constructs 

where spaces between tissue-engineered microtissues are desired, such as where spaces may 

be desired for promoting vasculature (e.g. tissue engineered bone constructs).  Enforcing a 

separation of 200µm between the microtissues should ensure fusion between microtissues 

does not initially occur. 

The tissues were able to fuse rapidly, with fusion observable at 24 hours.  Initial fusion was so 

rapid, in fact, that it exposed a limitation of this model for studying tissue fusion, since 

beyond 3 days in some cases, image analysis became difficult as the viewable area was 

obscured and it was not possible to view further fusion.  As a result of this, analysis of the 

image-based data was limited to day three.  The extent of fusion observed in the control 

condition at day three indicates this may be a suitable timepoint for implantation into a defect. 

With respect to clinical strategies adopting cell-based tissue engineering approaches, a 

reduction in in vitro culture time is favourable due to cost reductions, benefits to the patient, 

and possible positive effects on construct quality and integration.  Using the current reagent 

costs and culture volumes, I calculate that for a cylindrical implant of 25 mm diameter and 2 

mm thickness (volume 981.7 mm
3
), the cost of redifferentiation culture (including media, 

consumables and labour) is approximately NZ$2012 per week.  The information in Chapter 4 

indicated that redifferentiation culture of the assembled constructs for 14-21 days (total of 28-

42 days including expansion) will result in a coherent construct.  The information from the 

current experiment (Chapter 6) suggests that fusion occurs much earlier, and that 3 days of 

redifferentiation culture may be sufficient to achieve an at least partially coherent construct.  

Reducing culture time by ~3 weeks could therefore save around NZ$6000 per implant.  It also 

has benefits for the patient in reduced wait times between biopsy harvest and implantation, 

and may also enhance integration, as less mature engineered tissues have been shown to 

integrate better with native tissue 
206

.  Implantation of less mature engineered tissues may also 

lead to more appropriate redifferentiation, as appropriate mechanical stimuli will be applied in 

vivo through a controlled post-surgical rehabilitation programme allowing partial- to full-load 

bearing of the joint.  

 It is also possible that fusion of the microtissues may affect mechanical properties of the 

construct.  Interaction between the individual microtissues and formation of a coherent, 

continuous macrotissue will be required during the period of biodegradation of the structural 

scaffold.  Ensuring fusion between the tissues will be crucial for this, and earlier interactions 

to fuse the microtissues may result in enhanced mechanical properties sooner. 
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This microtissue fusion model provided a method to analyse the effects of a panel of physical, 

soluble and cell-type specific treatments on microtissue fusion.  Fusion was negatively 

affected by heat treatment and mechanical destruction.  Both these conditions saw no growth 

in tissue size to day 7, as well as little or no change in fusion (Figure 6-5, Figure 6-6).  

Trypsin has previously enhanced integration between engineered and native cartilage 
206

, 

however I found that trypsin treatment did not affect the rate of fusion between microtissues. 

Fusion was resistant to change by soluble factors, indicating that multiple mechanisms may be 

responsible, and that reduction of one factor can be compensated for by another. Compared to 

the control values, fusion increased significantly in the ++TGF condition only.  This suggests 

that adding extra TGFβ1 to the culture media could be a simple way to enhance tissue fusion, 

and achieve a coherent engineered construct earlier.  This advantage would need to be 

balanced against the extra cost, as TGFβ is by far the most expensive components of the 

redifferentiation media used here.  The size of the ++TGF samples was also increased relative 

to control, indicating that growth in size was the main driver of fusion in these cultures. GAG, 

DNA and GAG/DNA values were not greatly altered compared to control, while IHC staining 

indicated high levels of both collagen type I and II, however it was unclear if this was greater 

than control. Certainly the ++TGF condition seemed to contain more collagen II than the –

ITS condition which had lower levels of fusion and inhibited size growth. This was as 

expected, since TGFβ increases collagen II and GAG production in monolayer 
215

 as well as 

3D cultures 
218

. It is likely that matrix production, as evidenced by a slight increase in GAG 

and possibly collagen II, and an increase in cell number led to increased size, and fusion. 

Removing TGFβ did not have immediate effects on fusion between the microtissues, 

however, it did reduce both GAG and DNA relative to the ++TGF condition. The IHC also 

seemed to show reduced collagen II in this condition.   

TGFβ1 has previously been examined in a spheroid fusion model using mouse bone marrow 

and cardiac valve interstitial cells by Hadju et al 
133

, who found that it increased the extent of 

fusion, as well as increasing detected levels of Hsp47 (a collagen chaperone important in 

folding, assembly and transport of procollagen 
219

). It also increased envelopment (a similar 

measure to my “fusion front” measure) as well as collagen accumulation. My data agrees with 

this, as increasing TGFβ1 was the only factor tested that significantly increased fusion of AC 

microtissues relative to control; and it also increased spheroid size (Figure 6-7, Figure 6-8) 

and collagen I and II were observed within the tissues (Figure 6-12).   

Other soluble factors did not significantly alter fusion of the microtissues, despite some 

having significant effects on cell number (reduced by –ITS, increased by +FGF, see Figure 

6-9) and what seemed a quite dramatic reduction in collagen II matrix production (reductions 

with –TGF, -ITS, +FGF, see Figure 6-12).   

Removal of ITS significantly reduced fusion and tissue size compared to ++TGF, though it 

was not significantly different from control.  GAG and DNA in the –ITS condition were both 

reduced relative to ++TGF also.  This supports the idea that reducing matrix production and 

cell number reduced fusion by preventing growth in size of the tissues. 

Increasing proliferation was achieved with supplementation of FGF-2, however this did not 

alter fusion or tissue size. In human chondrocytes, fibroblastic growth factor 2 (FGF-2) has 

been shown to increase cell proliferation in monolayer 
214

, and reduces proteoglycan 

deposition and encourages fibroblastic morphology 
220

.  Matrix production appeared to reduce 

in this condition, with less GAG staining and collagen II (Figure 6-11, Figure 6-12), as well 

as a possible reduction in GAG and GAG/DNA Figure 6-9,Figure 6-10).  The increased cell 

proliferation seemed to have compensated for the lack of matrix production, preventing any 

reduction in fusion with this treatment.   
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These results demonstrate the applicability of this model system for testing of soluble effects 

on short-term fusion of microtissues.  These factors are practical and straightforward to apply 

in an in vitro system as part of the culture media.   Limitations include that the effect must be 

of a relatively large size to detect differences in the measures investigated in this study, 

particularly for assays that use whole sample digests, as the effect on the interface region is 

unable to be separated from the whole-sample effects.  Modifications to the sampling regimen 

may be able to overcome this.  In addition, the period of observation is limited for examining 

the fusion interface using image analysis. 

6.7.2 Co-culture effects 

Fusion was enhanced by inclusion of MSCs in the co-culture treatments, although this may be 

at the expense of later redifferentiation.  It seems that the main drivers of fusion are different 

for MSCs and ACs. 

Cell tracking demonstrated that the AC microtissues had limited cell migration and 

proliferation into the fusion region when co-cultured indirectly with MSCs, with the MSCs 

enveloping the AC spheroid. When MSCs and ACs were directly co-cultured (the Mix 

condition), labelled ACs were seen in the fusion region, and it is likely that these were 

entrapped in the matrix with the proliferative and migratory MSCs, although it is possible that 

the MSCs had induced changes in behaviour in the ACs.   

Enhanced fusion was seen with MSC-only and co-cultures containing MSCs.  The fusion 

measures showed that the indirect co-cultures had levels of fusion between that of the ACs 

and the MSCS.  The direct co-cultures, however, had similar or greater fusion than the MSC-

alone cultures.  This initially suggests some direct cell-cell effect of MSCs on the ACs.  

However, it seems more likely it was that the physically smaller spheroids of the Mix 

condition were unconstrained and were able to move together, as a large reduction in 

combined tissue length was seen with the Mix condition (Figure 6-17), so it is likely to be a 

different mechanism of fusion (i.e. agglomeration of spheroids versus infilling of fusion 

region).  The enhancement of fusion when unconfined demonstrates the necessity to confine 

spheroids if they will be confined or their movement is restricted in the application.  

Measurement of fusion by previous authors 
108, 133

 has often included overall length of the 

combined tissues.  In the current experiment, where the microtissues were constrained in their 

movement, total length did not reduce, however for the Mix cultures, physical microtissue 

size was reduced such that the microtissues were not confined and total length did reduce 

(Figure 6-17; data not shown for other AC-only experiments).  This meant that the Mix 

cultures fused by a different method to that of the other conditions, and it is likely that 

reduction of free energy and maximisation of cell-cell contact, as described by the differential 

adhesion hypothesis 
221, 222

, was driving the fusion in this case since the two-microtissue 

aggregate was unconfined.  The enhancement of fusion in unconfined microtissues 

demonstrated the necessity to confine microtissues in 3D experimental models in vitro, 

especially if they will be restricted from moving in their relevant application within a tissue 

engineered construct in vivo.  Despite enhancing fusion of microtissues, MSCs did in fact 

have a negative influence on redifferentiation of the constructs. This was evidenced by greater 

levels of ALP activity, indicating hypertrophy, and the presence of necrosis within the cores 

of MSC microtissues (Figure 6-18, Figure 6-21).  This conflicts with much of the literature on 

MSC-chondrocyte co-cultures, though the experimental conditions here did not use primary 

chondrocytes as is often the case 
57, 59, 60

 or native cartilage tissue 
216

.   

The development and enhancement of fusion with MSCs in the co-cultures indicates this 

could be useful for enhancing short-term implant integrity, though the reduction in matrix 

production and the increased hypertrophic marker indicates this could be unfavourable. 
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6.8 Conclusions 

Microtissues fused rapidly, and small gaps between tissues could be bridged by diametric 

growth in size of the microtissues.  Both mechanical factors and soluble factors were able to 

alter the rate of fusion of AC microtissues.  Doubling the usual concentration of TGFβ1 

enhanced microtissue fusion, and this could be useful for improving cohesion of an assembled 

construct.  The mechanisms altering fusion in the physical and soluble factor conditions look 

to be similar, largely based on an increase or inhibition in growth of the size of tissues.  This 

demonstrates the applicability of this model for investigating a range of factors on microtissue 

interactions in a 3D model.   MSCs and chondrocytes have different effects on fusion, and 

may have differing fusion mechanisms.  MSCs appear to be able to proliferate and migrate to 

a greater extent than the ACs.  As well as this, direct co-culture as a different effect than 

indirect co-culture on fusion, due to unconfined spheroids fusing faster causing contraction of 

overall tissue, demonstrating that it is essential to match the appropriate model to the planned 

application.   The enhancement of fusion with MSCs included could result in negative effects 

on matrix production and cell survival, so whether MSC co-culture is desirable depends on 

the application and relative importance of fusion rate and extent of fusion versus 

chondrogenic redifferentiation. 
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SEVEN 

MODULAR ASSEMBLY OF SCAFFOLD-
MICROTISSUE CONSTRUCTS THAT MIMIC 

THE NATIVE MECHANICAL PROPERTIES OF 

ARTICULAR CARTILAGE 
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7 Fabrication of scaffold-microtissue constructs that 

mimic the native mechanical properties of articular 

cartilage 

7.1 Chapter overview 
In this chapter I present investigations into mechanical properties of scaffold and assembled 

modular constructs.  The 3D plotting fabrication process was shown to be sensitive to changes 

that allow modification of mechanical properties, and scaffolds were able to be fabricated that 

could provide the structural component of a modular articular construct.  This structural 

component was assembled with tissue modules, and the assembled modular constructs 

demonstrated mechanical properties that matched the dynamic compressive properties of 

native cartilage, with the cell and structural components playing their separate roles.  These 

results demonstrate that the modular assembled construct is prepared for introduction to a 

load-bearing environment. 

7.2 Background 
 

In previous chapters of this thesis, I have showed that modular assembly may be possible for 

engineering of articular cartilage.  Engineered microtissue modules were generated in a high 

throughput manner, and these formed appropriate matrix components when cultured in vitro, 

indicating redifferentiation of chondrocytes (Chapter 3).  These microtissues were able to be 

assembled within a 3D-plotted scaffold (Chapter 4) composed of a material whose surface did 

not affect tissue formation (Chapter 5), and supported tissue fusion via a range of mechanisms 

(Chapter 6) to form a coherent engineered construct.  In this chapter I demonstrate the 

fabrication of scaffolds for cartilage engineering, show how the plotting parameters can be 

modified to alter these mechanical properties, and demonstrate constructs that possess 

mechanical properties matching those of native articular cartilage, seeded with spheroids 

ready for implantation. 

 

The mechanical properties of engineered cartilage constructs are important for its proper 

functioning.  In vivo, articular cartilage experiences loading from normal daily activity, as 

well as more extreme and unusual movements which deform the cartilage matrix. The 

resistance to compression by articular cartilage that allows it to perform its major functions of 

absorbing shock and load distribution while maintaining integrity is due mostly to the 

interactions between the large negatively charged proteoglycans and fluid flow within the 

matrix, as well as the tensile strength provided by collagen.  The immobilisation of the 

proteoglycans within the collagen fibrillar matrix produces a cohesive matrix 
9
, and the highly 

charged nature of the proteoglycans means the tissue has a high affinity for water 
10

, while a 

swelling pressure in the tissue is generated by repulsion between the proteoglycans and 

confinement of these by the collagen matrix.   The crosslinked collagen components of the 

tissue provide tensile and shear strength, while the resistance to compression is largely due to 

fluid interaction: interstitial fluid pressurisation in native cartilage supports most of the load 

during compression, measured at 79% in human and 94% in bovine articular cartilage under 

unconfined compression 
19

. This is due to the frictional drag force as fluid flows through the 

extracellular matrix. Cartilage can be considered as a porous viscoelastic material, made up of 

2 phases: a solid phase composed of collagen and proteoglycans, and a fluid phase of water, 

ions and other solutes 
18

. Importantly,  its stress-strain behaviour depends on strain rate and 
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extent 
5
, with greater stiffness occurring at greater strain rates.  At low strain rates, creep is 

seen due to exudation of the fluid component of the matrix.  

Mimicking the native tissue mechanical characteristics is useful to ensure that tissue 

formation in the implant will not be restricted by mechanical failure of the scaffold before the 

tissue has had a chance to appropriately regenerate 
20

.  Forces applied to the chondrocytes on 

matrix deformation include compression, shear, tension, and hydrostatic pressure 
1
.  Impact 

damage and inappropriate loading of cartilage can lead to damage and contribute to 

degradation leading to osteoarthritis 
74

. Excessive loading of cartilage negatively affects cell 

viability 
75

 
76

, and ECM organisation and function including causing GAG release 
75

, collagen 

denaturation 
77

 and disruption of collagen organisation 
78

 resulting in tissue swelling and 

reduced mechanical function.  In addition I have seen that it negatively affects fusion of 

engineered microtissues (Chapter 6).   

Achieving appropriate loading is also essential, as mechanical stimuli play an important role 

in modulating chondrocyte behaviour. Appropriate mechanical signals are important for 

differentiation of chondroprogenitors 
20

, and mechanical stimuli contribute to development in 

cartilage formation and embryogenesis in addition to maintaining chondrocyte homeostasis 

and phenotype in adult tissues 
1
, as well as enhancing redifferentiation in engineered 

constructs 
79-82

, while absence of loading has negative consequences on cartilage. It is 

suggested that the inferior mechanical properties of the fibrous tissue generated during 

microfracture or ACI contributes to the eventual failure of these treatments.   

Implant retention at the site is also important, and a mechanically stiff material and 

architecture will likely assist in implant handling, fixation as well as implant tissue retention.  

The engineered construct, therefore, should allow for appropriate loading to both protect the 

neotissue from damage while providing stimulation to enhance function. 

Appropriate mechanical testing of cartilage constructs is necessary to give useful information 

for future applications.  Choosing an appropriate test for the construct presents some 

difficulties, though it should consider the repair strategy that will be used 
223

: that is, will the 

construct be initially responsible for load bearing to protect immature tissue, or is greater 

contribution from the tissue expected on implantation, and will the contribution of the tissue 

be expected to change over time as the scaffold degrades. Mechanical testing of the scaffold 

or construct provides a functional measure of the engineered construct, and dynamic 

mechanical testing to test physiologically relevant dynamic behaviour is recommended 
223

.  

While static mechanical tests, such as equilibrium modulus, are commonly used to describe 

engineered constructs ,these do not necessarily give physiologically-relevant information on 

mechanical properties 
224

, as confined compression and biphasic indentation methods that 

assume a homogenous and isotropic cartilage structure do not capture the important nonlinear 

characteristics and functional properties of cartilage under dynamic conditions 
223

. 

In this experiment, dynamic stiffness in strain-based unconfined compression was measured, 

modified from 
225

 and 
226

, with a frequency of 1Hz and physiological strain between 5 % and 

15% chosen. The parameters for dynamic testing of scaffolds and tissue were informed by 

physiological demands on tissue.  The range of 5-15% compressive strain is a likely range 

that normal articular cartilage experiences in vivo, as 
227

 reported deformations of 7-23% of 

resting height during walking as measured by MRI; while compressive strains of 

approximately 10% 
228

 and up to 20% deformation has been reported in the hip joint during 

the stance phase of gait 
229

. Park et al 
224

 found that strains between 10-20% fall in the normal 

physiological range, though it should be noted that these authors applied greater forces in their 

experiments than those in  my testing.  Dynamic testing at 1Hz is a physiologically relevant 

frequency, one that a joint may encounter during daily load-bearing activities, such as 

walking, stair climbing/descending, or jumping.   Others have tested frequency ranges from 
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0.1 to 2 Hz for physiological range testing 
226, 230-233

, and up to 40 Hz to upper limits and 

damaging strain rates 
224

.  It is useful to consider carefully what components and time-points 

are appropriate for mechanical testing of tissue-engineered cartilage.  Mechanical properties 

often improve over time in vitro, particularly where mechanical stimulation is applied
31, 234, 

235
, however immature tissue alone does not demonstrate good mechanical properties, which 

why scaffolds are usually used in combination.  Simply testing the biomaterial scaffold will 

not give information on the mechanical properties of the mature construct, or how these 

mechanical properties will change over time in vivo. However, if we consider the planned 

application, testing the empty and immediately-seeded scaffolds makes sense, as it allows 

confirmation that the initially-implanted construct will provide both the required mechanical 

support and protection as well as the desired mechanical stimulation once in vivo.  The 

planned early implantation means testing at later in vitro time-points is unlikely to provide 

useful information.  

Given that the design parameters for scaffold architecture modification are somewhat 

restricted by the tissue units previously developed, the use of spheroids for modular assembly 

requires a scaffold with pores of an appropriate size, limiting the design parameters somewhat 

for an ‘appropriate’ scaffold.  While the microtissue size can be modulated by altering the 

number of cells per spheroid, the 3D plotting fabrication system places a lower limit on fibre 

diameter, and as the ratio of fibre size to pore diameter increases, porosity will reduce, 

altering nutrient transport.  The tissue surface area in contact with the microtissues will also 

increase.  In addition, the high-throughput method for production of microtissues, as well as 

the handling and seeding methods have been developed based on the ~1mm spheroids, 

therefore it is optimal to tune the scaffold to include these developed tissue units if possible. 

The design of scaffolds to enhance mechanical properties has been a topic of interest for many 

investigators, with much effort put into design of scaffolds that can be seeded with cells with 

mechanical properties approximating native tissue 
236

. A number of authors have reported 

scaffold dynamic or static mechanical properties similar to native tissue though none of these 

have investigated scaffolds specifically for modular assembly.  Woodfield et al. 
225

 and 

Moroni et al.
232

, for example, have demonstrated 3D-plotted scaffold architectures with 

dynamic mechanical properties matched to native cartilage tissue  for engineering constructs 

by single-cell seeding, and Hendricks et al. 
200

 have recently shown scaffolds matching the 

dynamic mechanical properties of native cartilage seeded with cells.  None of these 

approaches, however, have demonstrated scaffolds appropriate for modular assembly, and it is 

a challenging to provide the mechanical properties while still enabling assembly of 

microtissues within the scaffold.   

A scaffold that is able to enable modular assembly using immature (7-day) mass-produced 

pellet-based microtissues described in Chapter 3, while still providing functional mechanical 

properties is likely to be necessary for improved long-term in vivo outcomes for the 

engineered construct.  This chapter, therefore, investigated fabrication and modular assembly 

of a construct with similar dynamic mechanical properties to that of native cartilage. 

7.3 Hypothesis 

I hypothesised that a modular construct which mimics the dynamic mechanical properties of 

native articular cartilage could be fabricated and assembled. 

7.4 Experimental approach 

Porous scaffolds were fabricated using 3D plotting as previously described in Chapter 2.  A 

number of plotting parameters and scaffold architectures were altered with the aim of 

modifying the dynamic stiffness of the scaffolds.  These parameters were then used to 
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fabricate scaffolds of matched and increased stiffness compared to native cartilage, and these 

were seeded with microtissues formed using human nasal or articular cells, and the assembled 

constructs were tested. 

7.5 Methods 

7.5.1 Native tissue mechanical testing controls 

Human articular cartilage was obtained from macroscopically and microscopically healthy 

articular cartilage resected from the tibial plateau of a patient undergoing total knee 

arthroplasty for avascular necrosis.  Tissue was examined macroscopically and 

microscopically ex vivo to confirm normal appearance and organisation (see Figure 7-3). 

Bovine cartilage was resected from the condyles of the hind stifle joint of a skeletally mature 

steer (20 months at slaughter).  For both, cartilage cores (3 mm Ø) were taken perpendicular 

to the articular surface.  The deep cartilage dissected from the subchondral bone, then cut 

parallel to the articular surface using a cutting jig to obtain a cylindrical sample.  Samples 

were stored frozen until required for mechanical testing, or fixed in formalin and processed 

for histological examination. 

7.5.2 Scaffold fabrication 

Scaffolds were made via a melt-extrusion 3D-plotting process using a custom-built apparatus 

(see Chapter 2 for details) using the previously mentioned PEGT/PBT block copolymer 

(300/55/45) as well as polycaprolactone (PCL: CAPA 6500, molecular weight of ~50 000). 

Scaffold plotting parameters, material composition, and architectures were varied with the 

goal of altering dynamic stiffness.  3D-plotted architectures and plotting parameters are 

outlined in Figure 7-1and Table 7-1 respectively.  Scaffolds were plotted as larger scaffold 

blocks (400 mm
2
 – 2500 mm

2
), with smaller scaffold units cut from these larger blocks to 

ensure consistency across the sample replicates and eliminate minor variations in the 3D-

plotting process between scaffolds. 

Scaffold plotting parameters (z start height, deposition rate, nozzle diameter), material choice, 

and architecture were varied to modify the stiffness of the scaffolds, with the goal of 

achieving a structure with dynamic stiffness matched to that of native articular cartilage.  

These plotting parameter changes (results in section  7.6.3.2) involved altering the start z-

height, the nozzle diameter and the material deposition rate in order to modify the adhesion 

between the layers and the amount of material deposited in each fibre.   

The material used for scaffold fabrication (results in section 7.6.3.3) was changed in order to 

alter stiffness, as the literature reports that PCL and 300/55/45 PEGT/PBT have different bulk 

material properties 
237,238

 and I wished to verify this was observed in 3D plotted scaffolds.  

Architectures modifications reported here were: offsetting of the fibres by 0.5 mm in the x 

and y directions, including a solid base with no space between the fibres to brace the scaffold 

in the x and y directions, and reducing the fibre spacing by half to reduce porosity (results in 

section 7.6.3.5).  Other modifications to architecture and plotting parameters were 

investigated but results are not presented in this thesis. 
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Figure 7-1: Illustration of scaffold architectures (in columns).  Scale bars indicate 1mm.  Scale same for all rows. 
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Table 7-1: 3D plotting parameters for all scaffolds outlined in this chapter.  

Experiment 

(figure) 

Start z-height (Figure 7-5) Nozzle diameter and polymer deposition  

(Figure 7-8) 

Material 

comparison 

(Figure 7-9) 

Architecture (Figure 7-11) Native-matched 

assembled 

constructs  

(Figure 7-14) 

Scaffold 

name 

0.3 0.4 0.5 0.6 0.7 Discrete 

0.25 

Discrete 

0.41 

Overdep 

0.25 

Overdep 

0.41 

300/55

/45 

PCL 0.5 

Offset 

n-

Discrete 

Solid 

Base 

0.5 

Spacing 

Norm-

P 

Norm-

p offset 

Fibre 

architecture 

(as per 

Figure 7-1) 

Norm-P Norm-
P 

Norm-
P 

Norm-
P 

Norm-
P 

Norm-P Norm-P Norm-P Norm-P 0/90 0/90 Norm-P 
offset 

Norm-P Solid 
Base 

0.5 
Spacing 

Norm-
P 

Norm-
p offset 

Material 300/55 

/45 

300/55/
45 

300/55/
45 

300/55/
45 

300/55/
45 

300/55/4
5 

300/55 

/45 

300/55 

/45 

300/55 

/45 

300/55
/45 

PCL PCL PCL PCL PCL 300/55/
45 

300/55/
45 

Nozzle ID 

(mm) 

0.25 0.25 0.25 0.25 0.25 0.25 0.41 0.25 0.41 0.25 0.41 0.41 0.41 0.41 0.41 0.25 0.25 

Temp (°C) 210 210 210 210 210 210 210 210 210 210 181 181 181 181 181 210 210 

Auger speed 

(RPM) 

35 35 35 35 35 36 36 36 36 36 15 15 14 14 15 34 34 

Pressure 

(Bar) 

3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 4 4 4 4 4 3.4 3.4 

x-y speed 

(mm/min) 

400 400 400 400 400 380 380 250 250 380 200 200 200 200 200 400 400 

Start z-

height (mm) 

0.3 0.4 0.5 0.6 0.7 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Z-increment 

(mm) 

0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

Fibre 

spacing x 

(mm) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.5 1 1 

Fibre 

spacing y 

(mm) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.5 1 1 

Number of 

layers 

10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
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7.5.3 Cell sources 

Human articular chondrocytes were obtained from consenting donors undergoing ACL 

surgery, and human nasal chondrocytes from patients undergoing septoplasty surgeries.  Two 

HAC and two HNC donors were used for this study. 

7.5.4 Isolation  

Articular and nasal cartilage was prepared for isolation by dicing into approximately 1 mm
3
 

pieces using a scalpel.  HACs and HNCs were isolated via digestion of diced cartilage pieces 

in 0.15% w/v collagenase II in C-X media at 37°C overnight. The resulting suspension was 

filtered through a 100μm pore cell strainer to exclude the undigested tissue and centrifuged at 

700 x g for 4 minutes. Freshly isolated chondrocytes were re-suspended and seeded at a 

density of ~3000 cells/cm
2
 in tissue culture flasks in C-X media. 

7.5.5 Storage 

Cells in culture were washed three times with PBS, and detached by application of 0.25% 

Trypsin-EDTA.  Cells were resuspended in culture media with 20% FBS. Cells were frozen in 

freeze mix containing 20% FBS and 10% DMSO: first frozen overnight to -80°C in a “freezer 

boy”; then placed into liquid nitrogen for long-term storage. 

7.5.6 Cell expansion 

Cells in this study were expanded to passage 3 before use.  Cells were cultured at 37°C in a 

humidified 5% CO2/95% air incubator and media changed twice per week. Cells were 

passaged after approximately 7 days: subconfluent cells were washed three times with PBS, 

detached using 0.25% trypsin/EDTA, counted by Trypan blue exclusion in a haemocytometer 

and plated at 3,000 cells/cm
2
.  

7.5.7 Microtissue formation 

Cell suspensions were placed into v-shaped wells of 96-well polypropylene plates (0.25 x 10
6
 

cells/well) and centrifuged at 300 x g for 4 min to form microtissues.  Microtissues were 

cultured for 7 days in CD-SF media in v-bottom polypropylene 96-well plates prior to 

construct assembly.   Each donor was cultured and assembled within the scaffold separately, 

and results describe combined data from the two articular and nasal donors. 

7.5.8 Construct assembly 

After 7 days culture of microtissues in v-bottom 96-well plates, scaffolds were prepared for 

seeding by cutting to appropriate size, and sterilisation for at least 2 hours in 70% ethanol.  

Scaffolds were then washed five times with PBS, and pre-soaked in culture media.  A 1 ml 

pipette was used to handle and transfer microtissues from plates to scaffolds.  Microtissues 

(formed from HNC or HACs) were placed on top of the scaffold pores, and a spatula was 

used to press-fit the microtissues into the scaffolds after placement in the appropriate location. 

Microtissues were incorporated into the scaffolds in a bi-layered configuration, with 6 

microtissues per layer (3x2).  

7.5.9 Empty scaffold soak test 

Empty (unseeded) scaffolds were cut to size and placed in CD-SF media for 7 or 21 days (n=2 

for each time-point) at 37°C prior to mechanical testing .   
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7.5.10 Mechanical testing 

Empty scaffolds and native controls were tested both statically and dynamically.  For both 

native tissue and assembled constructs, samples were collected into PBS and stored at -20°C 

until the day of testing.  For static testing, samples were tested at room temperature 

submerged in PBS under unconfined compression using an Instron 3369 with a 500N load 

cell and using Bluehill 2 software to control the instrument and record force and crosshead 

translation data.  Samples were compressed to 80% strain at 0.5 mm/min.  A stress-strain 

curve was generated for each scaffold or articular cartilage sample to confirm the 

physiologically-relevant strain range of 5-15% chosen for dynamic testing lay in the linear 

elastic region of curve. For dynamic testing, samples were prepared by cutting to square pre-

defined areas 9 mm
2 

using a cutting jig and microtome blade, or samples were cored out using 

a Ø3 mm biopsy punch.  Samples were thawed and equilibrated at room temperature.  A dish 

containing room-temperature PBS was placed on the compression plates of a texture analyser 

capable of cyclic compression measurement (TA.XT) with a 5 kg load cell installed (Figure 

7-2).  The machine crosshead was zeroed at the dish surface and samples were submerged in 

PBS in the dish.  The crosshead was brought close to the sample, and the load cell tared.  The 

sample height was obtained by lowering the crosshead until a 0.1 N load was detected, and 

this was confirmed by measurement with vernier calipers.  Strain-based sinusoidal cyclic 

compression was applied to the sample in the range of 5-15% strain at 1 Hz, and force was 

measured.  The cyclic strain was applied until an equilibrium peak force was obtained (~100 

cycles for empty scaffolds, ~200 cycles for native cartilage tissue and assembled constructs).  

Dynamic stiffness was calculated based on the 10 last complete cycles (total number of cycles 

- 1), by taking the ratio of average force amplitude for the last 10 cycles to cross-sectional 

area, and dividing by the applied strain. 

 
Figure 7-2: Setup for dynamic mechanical testing of scaffold and construct samples using TA.XT plus. 

Inset shows detail of dish for immersion in PBS and compression indenter. 
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7.5.11 Porosity 

Volume percent (Vol%) porosity was estimated by the mass-volume method (modified from 
225

). Volumes of both core samples and square-cut samples were calculated based on 

geometry measured using digital vernier calipers.  The porosity of core samples was 

determined by calculation of weight of a solid volume based on previously reported density 

for the PEGT/PBT 300/55/45 polymer 
225

: 1.25 g/cm
3
.  The expression for calculation of 

porosity used was: 

 

    Equation 1 

 

where Mscaff is measured scaffold mass, and Mcalc represents estimated mass of solid based on 

equivalent volume and polymer density i.e. for a cylinder  

 

    Equation 2 

 

where ρ = density = 1.25 g/cm
3
, r = radius, h = height. 

 

7.5.12 Deposition rate 

Polymer deposition rate was determined by measurement of flow rate (mass of extruded 

polymer at different auger speed and pressure settings), and subsequent calculation based on 

x-y speed:  

 

   Equation 3 

 

with polymer deposition rate in mg/cm, flow rate in mg/min and x-y speed in mm/min. 

7.5.13 Histological examination 

Fixed samples were dehydrated in ethanol series ranging from 70% to 100% in 5 steps.  

Samples were embedded in paraffin wax and sectioned (5 μm slices). Samples were 

rehydrated (3 min 100% IPA, 3min 100% IPA, 3 min absolute ethanol, 3 min 70% ethanol, 3 

min 50% ethanol, 3 min milli-q water) then stained (3 min Gill’s haematoxylin, 10 min tap 

water, 3 min 0.001% w/v Fast Green solution, 2 dips 1% acetic acid, 6 min 0.1% w/v safranin 

O, 3 min milli-q water), dehydrated, cleared (3 min 50% ethanol, 3 min 70% ethanol, 3 min 

absolute ethanol, 3 min absolute ethanol, 1 min xylene, 1min xylene) and coverslipped. 

Sections were imaged using a Zeiss Axioimager Z1 microscope. 

7.5.14 Immunohistochemistry 

Samples were fixed, dehydrated, embedded in paraffin wax and sectioned, deparaffinised, and 

then rehydrated in an ethanol/water series as above.   Sections were concurrently treated with 

0.1% w/w hyaluronidase and 0.1% w/w pronase for 30 min for antigen unmasking. An 

immunohistochemical avidin-biotin complex staining kit containing normal horse serum, 

biotinylated secondary antibody, horse anti-rabbit/mouse IgG (H+L);  avidin and biotinylated 

horseradish peroxidase complex; as well as diaminobenzidine were used for IHC staining.  
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Sections were rinsed 3 times, then blocked with 2.5% normal horse serum for 20 min.  

Monoclonal primary antibodies were applied, and incubated in a moist chamber for 1 hour at 

room temperature.  Antibodies were mouse anti-human collagen type I antibody (Clone I-

8H5, 3.7 µg/ml), Mouse anti-chicken collagen type II antibody (II-II6B3, 11 µg/ml), and 

mouse and rabbit IgG isotype controls.  Sections were rinsed three times, and a biotinylated 

secondary antibody was applied for 30 min at room temperature.  Sections were then rinsed 

three times, and an avidin and biotinylated horseradish peroxidase complex was applied for 

30 min at room temperature.  Sections were rinsed twice, and diaminobenzidine was applied 

for 5 min. Sections were counterstained with Gill’s haematoxylin for 2 min, and imaged using 

a Zeiss Axioimager Z1.  

7.5.15 Scanning electron microscopy 

Samples were fixed with 4% paraformaldehyde, then prepared for scanning electron 

microscopy by sequential dehydration as per Table 2-4, and critical-point dried using liquid 

CO2 and a custom-build critical point drying apparatus.  They were then gold sputter-coated, 

and examined using scanning electron microscopy (Jeol 7000F) with secondary electron 

detection. 

 

7.6 Results 

7.6.1 Native cartilage histological assessment 

The macroscopically healthy cartilage was examined microscopically by histological staining 

via Safranin O/fast green/haematoxylin, as well as IHC for collagen type I and II. 

Representative images are presented in Figure 7-3.  The articular cartilage appeared normal, 

with chondrocytes of normal morphology in a zonal organisation observed along with high 

GAG content, which was also distributed zonally (Figure 7-3A).  As expected, collagen I was 

detected only in the superficial layer (Figure 7-3B), while high levels of collagen II were 

detected throughout the thickness of the tissue (Figure 7-3).  Bovine tissue was also examined 

for GAG distribution and cellular morphology, and was also of a normal appearance (data not 

shown).   The mechanical testing results for the human articular cartilage were also compared 

with native bovine tissue for further confirmation. 
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Figure 7-3: Sections of formalin fixed, paraffin embedded native human cartilage stained by Safranin 

O/fast green/haematoxylin (A), or by IHC for collagen I (B) or II (C). Scale bar indicates 500 µm. 

7.6.2 Static mechanical test data 

Static stress-strain curves were produced for all scaffold architectures and 3D plotting 

parameters.  These demonstrated that the 300/55/45 and PCL 3D-plotted scaffolds of 

architectures 0/90 and norm-p typically had linear behaviour within the range of 5-15% strain, 

indicating elastic behaviour for a relevant physiological range.  Plastic deformation was 

observed at above ~20% strain, and behaviour was more unpredictable above this threshold.  

Examples of these curves (data presented for 3 samples only) are shown in Figure 7-4, 

demonstrating this linear behaviour in the 5-15% strain range. 
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Figure 7-4: Stress-strain curves for examples of 300/55/45 polymer scaffolds (two architectures, “norm-p” 

and “0/90”) demonstrating linear behaviour in the 5-15% strain range. 
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7.6.3 Dynamic stiffness of 3D Plotted scaffolds and native tissue 

A number of modifications to the scaffold fabrication parameters were made which were able 

to influence the dynamic stiffness in the tested physiologically-relevant range, and these are 

outlined below. 

7.6.3.1 Start z-height 

As illustrated in Figure 7-5, parameters controlling the initial vertical positioning (start z-

height) of the nozzle with respect to the plotting surface affected dynamic stiffness of the 

scaffolds.  The dynamic stiffness of scaffolds fabricated with identical pore architecture and 

fibre orientation decreased dramatically with z-height starting at 0.4mm and above (Figure 

7-5 A), and this was most likely due to delamination of the fibres.  Despite the dramatic 

reduction in mechanical properties, delamination was not observable under scanning electron 

microscopy at the start z-height of 0.4 or 0.5 mm (Figure 7-5 C, D, H, I).  Partial delamination 

was noted in scanning electron microscopy images of samples with start z-heights above 0.6 

mm, and could be observed in 0.6 mm and 0.7 mm start z-heights Figure 7-5 E, F, J, K).  

Scaffolds fabricated with a z-height of 0.7 mm were unable to be mechanically tested due to 

complete delamination of the scaffold on manipulation (as seen in Figure 7-5 F, K). 

 

 
Figure 7-5: Effect of start z-height on dynamic stiffness of scaffolds at 1 Hz and 5-15% strain. Oblique (B-

F) and cross-section (G-J) scanning electron microscopy images shown for differing start heights.  K 

presented as top view as 0.7 mm z-start height sample unable to be sectioned without complete 

delamination.  Data in panel A presented as mean ±SEM, n=3. 
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Figure 7-6: Higher magnification view of delaminating scaffold fibres (start z-height of 0.6 mm). 

 

7.6.3.2 Polymer deposition rate and nozzle diameter 

Macroscopically discrete fibre interactions, where the fibres have minimal melting between 

adjacent fibres in the z-direction, were desired in the scaffold to maintain porosity, 

particularly in the z-direction (see Figure 7-7). Over-deposited scaffolds were fabricated by 

reducing x-y speed without altering other parameters, resulting in increased weight and 

volume of polymer per mm. Figure 7-7 shows the variation in inter-fibre contact area and 

fibre diameter possible simply by altering x-y speed while maintaining all other parameters 

constant.  The central column of the cross-section shown (indicated by the white arrow) has 

the x-y speed reduced by 50% compared to the outer columns (indicated by black arrows).   

 
Figure 7-7: Scanning electron microscopy image of scaffold cross-section illustrating effect of 

overdeposition on fibre diameter.  The columns of fibres indicated by the black arrows were extruded at 

200 mm/min, and considered “discrete” while the fibres composing the central column (white arrow) were 

extruded at 100 mm/min and considered “overdeposited”. 

Stiffness could be enhanced by increasing the inside diameter (ID) of the nozzle used.  

Increasing the nozzle diameter from 0.25 mm to 0.41 mm significantly increased dynamic 

stiffness of constructs, both in over-deposited and discrete scaffolds (Figure 7-8).  Over-

depositing of polymer also increased stiffness, and there was a greater increase in stiffness by 
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increasing nozzle size in the over-deposited scaffolds (Figure 7-8).    Plotting parameters are 

outlined in Table 7-1 and Table 7-2. 

 

 
Figure 7-8: Effect of nozzle diameter (ID either 0.25mm or 0.41mm) and polymer deposition (discrete or 

over-deposited fibres) on stiffness of scaffolds at 5-15% strain and frequency of 1 Hz in PBS (A).  Scaffold 

cross-sections depicted below their corresponding bars in the chart: B =0.25 mm ID nozzle with discrete 

fibres, C= 0.41 mm ID nozzle with discrete fibres, D = 0.25 mm ID nozzle with overdeposited fibres, E= 

0.41 mm ID nozzle with overdeposited fibres. Data in panel A presented as mean ±SEM, n=3.  Statistical 

significance indicated by *** ( p<0.001). Scale bar indicates 1mm for images B-E. 

 

Table 7-2: Parameters for 3D plotting of scaffolds for comparisons of nozzle diameter and deposition rate. 

 Discrete 0.25 Discrete 0.41 Overdep 0.25 Overdep 0.41 

Fibre architecture  Norm-P Norm-P Norm-P Norm-P 

Material 300/55/45 300/55/45 300/55/45 300/55/45 

Nozzle ID (mm) 0.25 0.41 0.25 0.41 

Temp (°C) 210 210 210 210 

Auger speed (RPM) 36 36 36 36 

Pressure (Bar) 3.4 3.4 3.4 3.4 

x-y speed (mm/min) 380 380 250 250 

Start z-height (mm) 0.3 0.3 0.3 0.3 

Z-increment (mm) 0.2 0.3 0.2 0.3 

Fibre spacing x (mm) 1 1 1 1 

Fibre spacing y (mm) 1 1 1 1 

Number of layers 10 10 10 10 
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7.6.3.3 Material choice 

Material choice also altered stiffness of the scaffold.  Polycaprolactone (PCL) generated 

stiffer scaffolds than the PEGT/PBT 300/55/45 polymer for similar architectures (Figure 7-9).  

Architectures were equated by matching fibre diameter and pore size in the x-plane, Figure 

7-9 B, C as the differing viscosities of the two materials meant matching parameters did not 

produce similar structures. 3D-plotting parameters are outlined in Table 7-3. 

  
Figure 7-9: Effect of material PEGT/PBT 300/55/45 or PCL on dynamic stiffness of 0/90 fibre layout 

scaffolds at 5-15% strain and frequency of 1 Hz in PBS (panel A) and macro imaging of architectures in 

coarse section (B, C). Data in panel A presented as mean ±SEM, n=3. Statistical significance indicated by 

*** ( p<0.001).  

Table 7-3: Parameters for 3D plotting of scaffolds for material stiffness comparisons. 

 300/55/45 PCL 

Fibre architecture 0/90 0/90 

Material 300 pcl 

Start z-height (mm) 0.3 0.3 

Nozzle ID 0.25 0.41 

Temp (°C) 210 181 

Auger speed (RPM) 36 200 

Pressure (Bar) 3.4 4 

Movement speed (mm/min) 380 15 

Z-increment 0.2 0.2 

Fibre spacing x 1 1 

Fibre spacing y 1 1 

Layer number 10 10 
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7.6.3.4 Native articular cartilage baseline 

In order to compare baseline or target stiffness for the abovementioned test parameters, native 

articular cartilage was tested under dynamic compression (Figure 7-10).  The relative stiffness 

of cartilage and the 3D-plotted scaffolds of varying architectures can be seen in Figure 7-11. 
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Figure 7-10: Articular cartilage baseline values at 5-15% strain and frequency of 1 Hz in PBS. Data 

presented as mean ±SEM, n=3 (human) n=6 (bovine). 

7.6.3.5 Scaffold architecture 

The most flexible technique to tailor mechanical properties of 3D Plotted scaffolds whilst still 

allowing suitable pore space for assembly if microtissue spheroids was to modify scaffold 

architecture via changes in fibre orientation and spacing. As illustrated in Figure 7-11, PCL 

scaffolds fabricated with 0.5offset, n-discrete, solidBase, and 0.5Spacing (with plotting 

parameters outlined in Table 7-4) had stiffness properties ranging from 9.6 to 21.6 MPa.   
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Stiffness of selected architectures
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Figure 7-11: Effect of selected PCL scaffold architectures on dynamic stiffness at 5-15% strain and 

frequency of 1 Hz in PBS.  All conditions were significantly different from each other and from native 

human articular cartilage control.  Data presented as mean ±SEM, n=3. Statistical significance indicated 

by **p <0.01, ***p<0.001). 

 

Table 7-4: Parameters for 3D plotting of PCL scaffolds of varying architectures and stiffness 

 0.5Offset n-discrete solidBase 0.5Spacing 

Material PCL PCL PCL PCL 

Nozzle ID (mm) 0.41 0.41 0.41 0.41 

Temp (°C) 181 181 181 181 

Auger speed (RPM) 15 14 14 15 

Pressure (Bar) 4 4 4 4 

Movement speed (mm/min) 200 200 200 200 

Z-start height 0.3 0.3 0.3 0.3 

Z-increment 0.2 0.2 0.2 0.2 

Fibre spacing x (mm) 1 1 1 0.5 

Fibre spacing y (mm) 1 1 1 0.5 

Layer number 10 10 10 10 

Architecture 
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7.6.4 Determination of parameters and architectures to mimic native cartilage stiffness 

Following this demonstration of stiffness modification, it was desired to match mechanical 

properties to native articular cartilage using the polymer previously investigated in this thesis.  

In addition, a reduction in dynamic stiffness was desired as all the scaffolds outlined in Figure 

7-11 had greater stiffness compared to native tissue.  Using the 300/55/45 PEGT/PBT 

polymer, I was able to fabricate scaffolds to match native mechanical properties, while 

maintaining a scaffold architecture that enabled placement of tissue spheroids within the 

scaffold.  A scaffold that matched native properties and one with increased stiffness were 

fabricated (Figure 7-12) using information from previous optimisation.  Interconnecting pores 

were observed in the x, y, and z directions.  Scaffolds Norm-P and Norm-P offset were chosen 

for microtissue assembly.  Parameters are outlined in Table 7-6.  As-designed scaffold 

architecture was similar to that achieved in the plotted scaffolds, and the 0.5 mm offset could 

be clearly observed in the norm-p offset scaffold (Figure 7-12). 
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Figure 7-12: Scanning electron microscopy images of Norm-p  (A, C, E, F) and Norm-p offset (B, D, F, H) 

scaffolds 
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Both scaffolds achieved porosities of greater than 70% (Table 7-5), had 100% interconnecting 

pores, and were porous in the x, y and z directions (Figure 7-12).  The norm-p scaffold was 

slightly (3.4 %) and significantly (p < 0.001) more porous than the offset scaffold. 

 

Table 7-5: Porosity of mechanically matched scaffolds.  Data presented as mean ± SEM, n=6. 

Scaffold Porosity (%) 

Norm-p 74.9 ± 0.6 

Norm-p offset 71.5 ± 0.5 

 

Following incubation in SF-CD media at 37°C for 21 days, the mechanical properties of 

norm-p scaffolds appeared to decrease (Figure 7-13), though this difference was not 

statistically significant.  The norm-p architecture was again significantly stiffer than the norm-

p offset scaffold (Figure 7-13). 
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Figure 7-13: Mechanical properties of empty (unseeded) scaffolds over time following incubation in media 

at 37°, 5% CO2 for 7 and 21 days (tested at 5-15% strain and frequency of 1 Hz in PBS. Data presented as 

mean ±SEM, n=2. 
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Table 7-6: Parameters for 3D plotting of scaffolds with mechanical properties similar to native tissue 

 Norm-P Norm-P offset 

Nozzle ID 0.25 0.25 

Temp (°C) 210 210 

Auger speed (RPM) 34 34 

Pressure (Bar) 3.4 3.4 

Movement speed (mm/min) 400 400 

Z-start height 0.3 0.3 

Z-increment 0.2 0.2 

Fibre spacing x 1 1 

Fibre spacing y 1 1 

Size (mm) 50 x 50 50 x 50 

Layer number 10 10 

Architecture 

  

 

 

Mechanical properties of scaffolds seeded with microtissue spheroids were also tested as 

shown in Figure 7-14.  Norm-p constructs were significantly stiffer than Norm-p offset 

constructs (p<0.0001). There was no significant contribution to the overall construct stiffness 

with the addition of 7-day cultured microtissue spheroids (p>0.05), with either the articular or 

nasal chondrocytes.   



Chapter 7 

 

143 

  

 
Figure 7-14: Dynamic stiffness at of assembled constructs (cycles 90-99 for empty scaffold, 190-199 for AC 

and NC-seeded; at 5-15% strain and frequency of 1 Hz in PBS). Data presented as mean ±SEM, n=2 for 

empty scaffolds, n=4 for seeded scaffolds.  Statistically significant differences indicated by *** (p<0.0001).  

Dotted line indicates measured stiffness for native human articular cartilage. 

 

7.6.5 Microtissue assembly of scaled-up constructs 

Large constructs of clinically-relevant size were assembled to demonstrate scale-up 

possibilities and capability of the modular assembly approach.  Two 10 mm x 10 mm x 2 mm 

scaffolds were seeded with 1mm microtissue spheroids (200 microtissues per scaffold). The 

repeatability of the high-throughput production method meant regular, consistent, and 

appropriate-sized microtissues could be used for assembly.  This resulted in microtissues that 

were confined within the scaffold, and that could be assembled in large numbers to form this 

large construct.   
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Figure 7-15: Macro images of an assembled 10mm x 10mm scaffold, immediately following seeding with 

d7 microtissue spheroids.  A, D, E show angled views of the construct surface, while B and C show side 

views.  Scale bars represent 3mm. 

7.7 Discussion  

This work demonstrated that controlled changes in 3D Plotted scaffold composition and 

parameters enabled stiffness to be increased or decreased as desired.  For examples, pore 

architecture (Figure 7-11), start z-height (Figure 7-5), nozzle diameter (Figure 7-8), material 

deposition rate (Figure 7-8), and biomaterial composition (Figure 7-9) all affected stiffness of 

the scaffolds.  Moroni et al. 
232

 previously showed that 3D Plotted scaffolds could be tuned by 

altering architectures and porosity, however, that study did not design scaffolds suitable 

assembly of microtissues, and found that scaffolds fabricated using similar architectures and 

material to my study had significantly lower stiffness compared to native cartilage. 

One critical factor for ensuring the successful fabrication of a mechanically stable scaffold 

was the appropriate selection of start z-height. This was an important parameter for avoiding 

undesirable delamination of the deposited fibres. The cooling and solidification of the fibres 

between extrusion from the nozzle and deposition on the layer below was likely to account for 

this, as a larger z-height allows for a longer period of cooling and less bonding with the 

previously deposited layer, preventing the desired slight merging of the fibres.  Increased 

nozzle diameter also resulted in increased stiffness.  This was most likely due to increased 

bulk material per same unit volume (hence reduced porosity), as well as increased bonding 

area between the fibres.   

Material choice also affected stiffness of the scaffolds, with the 300/55/45 PEGT/PBT 

polymer producing a less stiff scaffold for similar architecture.  This illustrated that scaffolds 

can be fabricated from either PCL or the 300/55/45 polymer with architecture suitable for 

modular assembly using microtissues.  The PEGT/PBT copolymer has been applied in a range 

of in vivo applications 
225

 It  has been used clinically to repair tympanic membranes, and has 

been FDA approved for clinical use as an orthopaedic cement restrictor. It is biocompatible 

and does not cause adverse systemic or local tissue reactions 
239

 . In addition, a cartilage 

repair strategy based on a 3D-plotted PEGT/PBT copolymer scaffold is currently undergoing 

a clinical safety and efficacy trial by CellCoTec (Bilthoven, The Netherlands).   
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PCL is another biocompatible polymer, FDA approved as a cranial burr hole filler and for 

trapezoid joint spacers 
240

.  Though PCL has been investigated for cartilage tissue engineering 

applications, unmodified PCL may have negative effects on chondrogenic differentiation 
241

.  

Using modular assembly may be an advantage in this case as it does not rely on an adhesive 

or otherwise scaffold surface for differentiation. 

The difference in stiffness of scaffolds composed of the two materials was likely due to the 

relative bulk mechanical properties of the polymers.  PCL of the same molecular weight has a 

reported compressive modulus 264.8 MPa when melt extruded 
237

, while the compressive 

modulus of solid PEGT/PBT 300/55/45 has been reported at 88.15 MPa 
238

. 

The measured values for native cartilage reported here were similar to other reported values 

for dynamic stiffness of unconfined compression.  The values for native cartilage are similar 

to that of Treppo et al. 
226

, who reported dynamic stiffness between 3-7 MPa (3MPa on the 

tibial plateau, ~6MPa on femoral condyles), although this was tested at 0.1Hz.  My 

measurements recorded average values of 3.5MPa and 4.2MPa for native bovine and human 

articular samples respectively when tested at 1Hz.  Contact stresses (including average and 

peak or localised stresses) in vivo in human hip and knee joints have been estimated between 

0.1 and 10MPa (hip) and 0.5-6MPa (knee, tibiofemoral) (see table 1 in 
242

).  The range of 

static and dynamic mechanical properties reported in the literature imply that testing of 

articular cartilage should be carried out alongside that of the test samples, and this was carried 

out in my study.  In combination with the test data on native bovine and human articular 

cartilage in my studies, these data suggest that my scaffold can provide appropriate 

mechanical protection for the assembled neotissue while allowing appropriate mechanical 

stimulation.   

As part of the mechanical testing protocol, multiple loading cycles were used to precondition 

the tissue or scaffold.  After a number of cycles, the tissue, scaffold or constructs generated 

reproducible stress-strain responses, and gave consistent measurements.  While this may not 

necessarily represent the mechanical properties of the cartilage on initial loading 
243

, it still 

gives a useful, physiologically relevant and reproducible measure for determining dynamic 

compressive properties of articular cartilage and scaffolds designed for use in environments 

that experience cyclic compressive loads, and is more relevant than static tests. 

I further demonstrated that complex 3D scaffold architecture could be designed and tuned to 

achieve a range of desired mechanical properties, while also importantly being able to 

maintain capabilities for assembly of microtissue spheroids.  A number of architectures were 

fabricated, and the resultant variations in mechanical properties were observed, with scaffolds 

varying in stiffness between 1 and 21 MPa.  Furthermore, a simple modification of the 

architecture that still enabled microtissues to be assembled within the scaffold, namely 

offsetting of one “sphere layer” of the scaffold by 0.5 mm in the x and y directions, reduced 

stiffness by around half, in both the PCL (Figure 7-11) and the 300/55/45 (Figure 7-13) 

materials, while maintaining similar porosity (Table 7-5) to the non-offset scaffolds.  The 

reduced compressive stiffness in the offset scaffolds is likely to be due to the arrangement of 

the fibres.  The fibres in the norm-p scaffold were stacked directly on top of each other,  

forming a column of fibres, whereas at the midpoint of the vertical height of the offset 

scaffold, the fibres were offset at a distance of 0.5 mm from this stack.  This increased 

distance from these columns would have altered the location where the force was transduced 

through the lower 5 layers.  This likely increased torque at the interface of the offset layers 

and flexed the 0.5mm portions of the horizontal fibres that were distant from the columns, 

with this leading to the reduced stiffness observed.  
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Scaffolds matched to the mechanical properties of native tissue were fabricated.  A scaffold 

with stiffness as close as native cartilage as possible, and a scaffold with increased stiffness 

compared to native cartilage were both desired.  The stiffer scaffold was desired in particular 

to allow for degradation of the polymer while still protecting the immature neotissue.  The 

two targeted scaffolds had interconnected pores, and porosities of > 70% (Table 7-5). 

The ability to tune the mechanical properties of scaffolds that have similar porosity and 

architectures by altering plotting parameters may also be useful for customising the scaffold 

based on the required repair location and the required mechanical properties of the individual 

patient cartilage. Variations could be required due to the joint the scaffold is designed for, or 

locations within the joint which have different mechanical requirements.  I observed that in 

the norm-p scaffold stiffness (Figure 7-13) there was a nonsignificant reduction after 21 days 

of soaking in media at 37°C, indicating that some degradation may be occurring, though this 

can perhaps be discounted. The change seen contrasts with data recorded by Deschamps et al. 
244

 who found little degradation of a similar composition polymer (300/50/50), even over 24 

weeks in vivo, and Sakkers et al. 
238

 who saw little change in compressive modulus with 

implantation of 300/55/45 out to 25 weeks.  The differences observed in the current study 

could be due to the porous 3D structure, the greater overall surface area, and the small contact 

are between fibres in this case, or it may be, as mentioned, that it can be discounted.  This 

requires further investigation to confirm alteration in mechanical properties over time. 

The stiffer scaffold (norm-p) may be the more optimal one for use in articular applications, as 

the stiffness of both the norm-p and offset scaffolds are likely to reduce over time, and having 

a stiffer scaffold to begin with means that this gives more time for the neotissue to mature and 

take over provision of mechanical properties.  However, a disadvantage of using an 

intentionally stiffer scaffold may be that the cells may be shielded from experiencing 

mechanostimulation which could have positive influences on tissue formation.  Alternatively, 

the scaffold architecture and plotting parameters could be tailored to the specific mechanical 

requirements of the defect location. 

Constructs could be assembled using the norm-p and norm-p offset scaffolds, and these 

demonstrated the desired stiffness.  Microtissue spheroids formed from human nasal and 

articular chondrocytes were placed within the scaffolds, and the assembled constructs 

demonstrated good mechanical properties (Figure 7-14).   Other approaches have used gels 

seeded with cells which often have poor mechanical properties 
245

 or use single-cell-seeded 

scaffolds which may have a relatively poor seeding  efficiency 
246, 247

, large effects of the 

material on redifferentiation of the cells, and heterogeneous distribution of cells 
248

.  Any 

reduction in seeding efficiency reduces the available size of the construct for a given cell 

number, while heterogeneous cell distributions on seeding and effects on cells may be 

undesirable for reasons of overall construct quality and redifferentiation.  Previous 

demonstrations of modular or microtissue-assembled methods for engineering of cartilage 

have not considered mechanical properties 
158, 159, 162, 249

. 

The ability to assemble microtissues formed from different cell sources further demonstrated 

the modularity of this approach, as both the constructs containing ACs and those containing 

NCs had the mechanical properties designated by the scaffold, and no differences were seen 

between scaffolds assembled from the two cell types (Figure 7-14).  In addition, there was no 

significant contribution to mechanical properties from the tissue component in the assembled 

constructs. This was as anticipated, since the engineered tissue stiffness would not be 

expected to exceed that of native tissue, and the mechanical properties of the scaffold were 

designed to match or exceed native tissue stiffness.  
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 The combination of the microtissue and scaffold components showed that the mechanical 

properties were independent from the tissue component in the assembled constructs, and that 

immature microtissue modules could be used in a scaffold with the properties of mature 

articular cartilage.  While there was no initial contribution from the tissue component, it is 

possible that long term in vitro culture and likely that long term in vivo would see greater 

tissue contribution as the scaffold degrades and the mechanical properties provided by the 

scaffold diminish, while the tissue matures.   

Large constructs were also assembled from the structural and tissue components (Figure 

7-15), and this indicated scale-up is facile using these modular components, if sufficient cells 

are available.  Constructs with an area of 100mm
2 

and thickness of 2mm were assembled.   

The repeatability of the high-throughput production method meant regular, consistent, and 

appropriate-sized microtissues could be used for assembly.  This resulted in microtissues that 

were confined within the scaffold, and that could be assembled in large numbers to form this 

large construct.  Further scale-up of the constructs could likely be achieved, and autologous 

donor tissue should be available.  For an average 2.1cm
2 

clinical-size defect, approximately 

700 microtissues would be required to form a 2mm thick defect.  The cells required to 

produce this number of microtissues is 175 x 10
6
.  This number of cells can be achieved after 

two passages from a biopsy containing 0.525 x 10
6
 cells, using a seeding density of 3000 

cells/cm
2
. The biopsy of 0.525 x 10

6
 cells requires a small biopsy, which would likely be 

obtainable from either the articular surface or nasal septum. 

The assembly of large constructs consisting of a scaffold with appropriate mechanical 

properties, with microtissues that form tissue indicated that the modular assembled construct 

could be ready for testing in vivo in a suitable large animal preclinical model. 

7.8 Conclusions 

Mechanically-tuneable 3D Plotted scaffolds were used to fabricate modular assembled 

articular constructs with stiffness similar to, or greater than, that of native articular cartilage.   

The 3D Plotting process was sensitive to changes that allowed modification of mechanical 

properties, including start z-height, nozzle diameter, deposition rate of polymer, material, and 

architecture.  A simple modification to the scaffold enabled fabrication of a scaffold with 

dynamic stiffness matched to native tissue, as well as a scaffold with slightly enhanced 

stiffness.  Both of these scaffolds were above 70% porous, with interconnected pores, yet still 

allowed placement of microtissues.  These scaffolds were assembled with microtissue 

modules formed from human articular and nasal chondrocytes, and the assembled constructs 

demonstrated the desired mechanical properties, with little or no contribution to the 

mechanical properties from the immature tissue.  The process was scaled up to form a 10mm 

x 10mm scaffold.  These results demonstrate a modular assembled construct prepared for 

introduction to a load-bearing environment, and for testing in a preclinical animal model. 
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8 Conclusions 

8.1 Summary of findings 

This work highlights the potential for 3D tissue assembly in the development of 

clinically relevant cartilage tissue engineering repair strategies.  The model systems 

developed and investigated in this thesis give useful information for the optimisation 

of the modular assembly method, and were able to outline aspects of differentiation, 

cell-material interactions, inter-tissue fusion and direct and indirect cocultures. The 

modular assembly method can use microtissue spheroids that redifferentiate and 

produce hyaline-like matrix.  These can be produced with ease, in large numbers.  A 

scaffold can be fabricated with high levels of porosity and interconnected and 

accessible pores, with an architecture that enables pellet insertion, while having good 

mechanical properties.  This allows for production of large-scale microtissue-seeded 

constructs that have mechanical properties matched to that of native cartilage.  The 

modular approach allows substitution and combination of different tissue modules to 

form constructs with appropriate dynamic mechanical properties.  

8.2 Aims and findings 

8.2.1 Development of a high-throughput method for production of spheroidal tissue 

components  

In this thesis, I have described a high throughput pellet fabrication technique 

demonstrating that mass production of spheroidal microtissues by pellet culture was 

possible in 96-well plates with minimal effect on chondrogenesis compared to 

standard tube-based pellet culture (Chapter 3). Large numbers of these microtissues 

could be produced while providing significant cost and time advantages.   This is in 

agreement with a number of authors who have also achieved similar results with high-

throughput methods of microtissue or aggregate production 
109, 139, 168, 169

.  The 96-

well production method outlined demonstrates practicality of this method, and 

production of a large number of microtissues could allow for repair of chondral 

defects using expanded chondrocytes.  Based on the microtissue assembly method, to 

fill a Ø2.1 cm defect with a thickness of 2 mm, approximately 700 microtissues (173 

x 10
6
 cells), would be required to fill a critical defect, which is easily able to be 

achieved within 2 passages from a starting cell number of 0.525 x 10
6
 cells.  To 

resurface an entire knee joint (femoral condyles and tibial plateau), a volume of 

approximately 9657-17266 mm
3
 cartilage 

250
 is required.  This would require 

approximately 9657-17266 microtissues (2414 – 4316 x 10
6 

cells); which again could 

be obtained in 3 passages from an initial 1 x 10
6
 cell biopsy, assuming 3.51 cell 

doublings per passage and a seeding density of 3000 cells/cm
2
.  The problem with this 

is that traditional culture methods may be unsuitable to produce this number of cells, 

as even using a 5-layer tissue culture flask, this would require up to 201 culture flasks, 

with the significant expense for consumables and media, as well as handling and 

equipment requirements this would entail.  Automated cell expansion systems may 

have a role here.  

8.2.2 Controlled microtissue placement and tracking 

The flexibility and novel capabilities of the 3D tissue assembly process was 

demonstrated given that microtissues were able to be arranged in a number of 

configurations within the 3D scaffold (Chapter 4). These consisted of homogeneous 
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HNC, MSC or co-culture assembled constructs, as well as alternating combinations of 

the above either between layers, or within layers.  

This has applications for investigation of organised cartilage constructs, as well as 

microtissue fusion and migration in 3D cultures of HNC, MSC and co-cultured 

constructs. It demonstrates that organised pellet placement is feasible, and that cell 

localisation can be tracked over time.  

While the assembly of cartilage macrotissues from randomly organised microtissues 

has been previously reported 
110

, the particular advantages of the modular assembly 

strategy include the ability to achieve a 100% seeding efficiency, the promotion of a 

re-differentiation environment which is predominantly dominated by cell-cell 

interactions in 3D, the ability to assemble pre-differentiated cartilage pellets at 7 days 

in a mechanically robust scaffold for early autologous implantation back into the 

patient (reducing the in vitro culture time required for the tissue engineered construct) 

as discussed in Chapters 6 and 7, and the ability to assemble pellets in desired 

locations, offering the potential for bi- or multi-phasic implants, such as 

osteochondral constructs. 

8.2.3 Investigation of tissue-material surface interactions:  

This thesis has shown that microtissue assembly does in fact negate the adhesive or 

otherwise properties of the scaffold surface (Chapter 5), and that an assembly method 

allows use of materials that otherwise might be considered unfavourable for 

chondrogenesis.  Since the quality of matrix formed was independent of the surface of 

the scaffold, the scaffold and the tissues can therefore be thought of as separate 

modular components, which can be designed to have different roles to generate a 

functional engineered construct.  

Seeding efficiency was unlikely to be affected by surface properties, and could be 

retained under completely serum-free redifferentiation conditions, since cells were 

pre-aggregated into microtissues, and the scaffold confined the tissue rather than 

trapping the cells.  This means that the biomaterial scaffolds which have either 

adhesive or non-adhesive surfaces can be chosen while still achieving high quality 

tissue formation.  In particular, for the work contained in this thesis, this means that 

the use of the 300/55/45 polymer is a justifiable and reasonable approach, despite its 

previously-reported negative effect on chondrogenesis in 2D and in 3D, where cell 

attachment is widespread and required for seeding. These results also mean further 

research could explore biomaterials that had previously been discounted for articular 

cartilage repair applications because of unfavourable surface properties. 

8.2.4 Investigation of tissue-tissue interactions 

A model for examining microtissue fusion was developed and interactions were 

examined. It allowed investigation of fusion kinetics and influences, and provided 

information of differential effects of cell types on fusion.  The tissue fusion model 

used in Chapter 6 showed that microtissues in contact fused rapidly, and small gaps 

between tissues could be bridged by diametric growth in size of the microtissues.  

Both mechanical factors and soluble factors were able to alter the rate of fusion of AC 

microtissues.  Doubling the usual concentration of TGFβ1 enhanced microtissue 

fusion, and this could be useful for improving cohesion of an assembled construct.  It 

should be noted, however, that prolonged treatment with increased concentration of 

TGFβ could increase the likelihood of hypertrophy.    
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MSCs and chondrocytes have different effects on fusion, and may have differing 

fusion mechanisms.  MSCs appeared to be able to proliferate and migrate to a greater 

extent than the ACs.  As well as this, direct coculture has a different effect than 

indirect coculture on fusion, due to unconfined microtissues fusing faster causing 

contraction of overall tissue, demonstrating that it is essential to match the appropriate 

model to the planned application.   The enhancement of fusion with MSCs included 

could result in negative effects on matrix production and cell survival, so whether 

MSC coculture is desirable depends on the application and relative importance of 

fusion rate and extent of fusion versus chondrogenic redifferentiation. The 

requirements for physical contact in order for fusion to occur, and the rapid fusion 

seen in Chapter 6, combine to suggest that early implantation following assembly may 

be advantageous, with low likelihood of microtissue loss.  The reduction in cost, 

combined with evidence from the literature that shows that less mature constructs 

integrate better with native tissue 
206

, supports the idea of early construct implantation 

for minimum cost and maximum efficacy.   

8.2.5 Development of structural component and modular assembly 

An appropriate structural scaffold was fabricated with mechanical properties matched 

to native articular cartilage, while maintaining tissue module-friendly scaffold design 

characteristics (Chapter 7).  A modular construct offering a range of dynamic 

mechanical properties was fabricated and assembled, and modular assembly of 

constructs that matched the mechanical properties of native articular cartilage was 

achieved.  

Mechanically-tuneable 3D plotted scaffolds were used to fabricate modular assembled 

articular constructs with dynamic stiffness similar to or greater than that of native 

human articular cartilage.  The 3D plotting process was sensitive to changes that 

allowed modification of mechanical properties, including start z-height, nozzle 

diameter, deposition rate of polymer, material, and architecture.  A simple 

modification to the scaffold architecture enabled fabrication of scaffold with dynamic 

mechanical properties similar to and slightly greater than that of articular cartilage, 

which were above 70% porous, with interconnected pores, yet still allowed placement 

and 3D assembly of microtissues.  

Scaffolds were assembled with tissue modules formed from human articular and nasal 

chondrocytes, and the assembled constructs again demonstrated the desired 

mechanical properties, with little or no contribution to the mechanical properties from 

the immature tissue.  The process could be scaled up to form a 10mm x 10mm 

scaffold, and further scale-up would be straightforward.  The robust nature of the 

scaffold implied that immature tissue could be used with this scaffold, and this fits 

with a restricted redifferentiation culture time for saving cost and enhancing tissue 

fusion and possibly integration and reorganisation.  These results demonstrate a 

modular assembled construct prepared for introduction to a load-bearing environment 

in vivo. 

8.3 Implications and future work 

This thesis has allowed determination of the most clinically-relevant culture time for 

pre-implantation culture, and has shown the usefulness of a model system for 

examining microtissue fusion and tissue-tissue interactions.  It has demonstrated that 

the 300/55/45 is an appropriate material for the structural module, as appropriate 

mechanical properties can be created, and the cell-material interactions become 
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unimportant.  In addition, the ability to accurately place microtissues, and track cells 

over long-term culture time has been demonstrated using a marker that has been 

successfully used in vivo.  

The next step that presents itself is a move to a large animal model. Studies in goat, 

sheep, pig or horse for proof-of-concept study would be most likely, these are likely 

to be sufficient for pivotal studies 
223

.  Promising in vitro results do not necessarily 

lead to successful translation to in vivo work, due to the considerably more complex 

environment in the joint 
44

.  However, prior to investigation in vivo, sufficient 

evidence was required that a modular approach is both feasible, and that it may offer 

advantages over existing cell-based approaches for articular cartilage repair.  It makes 

sense to proceed to a relevant in vivo model, and for this system, this requires a large 

animal model.  Ectopic culture, as commonly used immunocompromised mice, 

provides an interesting “in vivo bioreactor” type environment, but does not place the 

construct in a physiologically relevant environment 
223

, as little or no shear or 

compressive stress will be applied, and nutrient supply, particularly to the centre of 

the construct, will not be similar to that in a loaded joint location.  Load-bearing small 

animal models are also unsuitable for testing.  Chondral defect models in rabbits have 

been described, and are sometimes used, however rabbits are an unsuitable animal 

model, due to their excellent intrinsic repair capacity, particularly in younger animals 
223

.  In addition, the size of the modular-assembled construct places a lower limit on 

cartilage thickness for testing, as the modular assembly technique described in this 

thesis has been optimised for thickness close to human cartilage.  Moving to a small 

animal such as rats or mice presents significant difficulties due to the small joint size 

and very thin cartilage present.  Larger animals, with cartilage thicknesses >1mm, are 

therefore required for the in vivo testing of this technique.  

Further investigations into articular cartilage engineering in vitro using modular 

assembly are necessary to expand on the novel findings from this thesis.  A rate-

limiting step of the current process is the necessity for manual placement and 

assembly of microtissues.  In this regard, our group has described the development of 

an automated device which allows for the singulation of one microtissue from a 

collection of microtissues, and incorporates a delivery system for assembling each 

singulated pellet within a 3D Plotted scaffold 
160, 185

.  The singulation and delivery 

device is currently undergoing optimisation and validation to further elucidate the 

effect of automated handling of the microtissues on viability.   

Further limitations of this method as a repair strategy include likely high financial 

cost and whether health authorities and insurance institutions would fund such a 

procedure, the requirement for cell expansion and the associated facilities required, 

regulatory hurdles, and the requirement for both harvest and repair procedures.  This 

last is undesirable from the point of view of both the patient and the surgeon.  The 

difficulties have not, however, prevented the uptake of the ACI procedure as a 

treatment strategy, though given the current lack of clear evidence for advantages of 

ACI over simpler strategies such as microfracture, future therapies may need to 

demonstrate clear, long term evidence of the advantage of a novel treatment. Co-

culture combinations may be useful to avoid or reduce the cell-expansion component 

of the modular assembly strategy.  Rapid aggregation and subsequent assembly could 

be investigated, as this may also have advantages for reducing the wait time and, 

depending on methods or factors used, may reduce regulatory difficulties. 

It remains to be seen how the assembled modular construct will fare in vivo in a 

loaded, complex joint environment.  One consideration is the response to the scaffold 
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material.  While a good safety profile has been reported with this material 
239

  as well 

as successful tissue formation 
162, 187, 200

, some foreign body response may be induced 

in vivo with fragmentation of the polymer as degradation occurs through hydrolysis, 

oxidation and phagocytosis 
239

. However, this is likely to be reduced due to the slow 

degradation profile of the chosen PEGT/PBT composition (330/55/45).  Further work 

on automation of the assembly process is also warranted.  Investigation of cell 

survival following an automated singulation and delivery process (as described in 
160

), 

as well as demonstration of the layer-by-layer sequential plotting and seeding process 

will be useful.   Also, the response of tissue spheres in vivo, under loading, in the joint 

environment, is unknown until tested.  However, it is likely that results will be at least 

as good as those of Anderer and Libera, 2002 
251

, who have reported success with in 

vitro of culturing aggregates/microtissues from expanded human articular 

chondrocytes and that these integrate with native tissue when implanted into a defect 

without any scaffold.  They have also filed a patent on this technology, reporting that 

they have “mechanically stable” pellets,  
252

 though this was not investigated other 

than the statement that pellets were mechanically stable.   While this method has been 

investigated in an in vivo minipig model 
159

, the data presented is sparse.  It seems that 

direct transplantation of spheroids without mechanical support is still likely to destroy 

the neotissue, since excessive mechanical stress induces damage, mechanical 

destruction delays fusion of microtissues (Chapter 6), and, in addition, excessive 

mechanical stress has been suggested for the lack of improvement of ACI over 

microfracture 
40

.  The modular 3D microtissue assembly method avoids the likelihood 

of mechanical destruction while allowing appropriate force transmission to the 

neotissue.  

An initial extension of the modular assembly process could be to investigate zonal 

assembly, in order to more closely mimic the organisation, and possibly function, of 

native articular tissue.  While this has not been successful in the case of Schurrman et 

al.
162

, refinements on these authors’ methods may produce enhanced results.  More 

accurate and precise separation or identification of the zonal donor cells may improve 

assembly outcomes, as may miniaturised spheroids allowing for finer resolution.    

The development of osteochondral constructs consisting of distinct chondrogenic and 

osteogenic layers also presents a possible application, both in vitro as a model system 

for investigating cartilage and bone development and cross-talk, and in vivo as a 

strategy for repair or regeneration of osteochondral defects. As a proof of principal, 

the precise placement with microtissues from different cell sources (i.e. HACs/HNCs 

combined MSCs or co-cultures thereof) has been demonstrated in my thesis. For 

future applications, the chondral layer could be composed of chondrocytes, whereas 

hypertrophically differentiated chondrocytes or MSCs could form the underlying 

calcified layer, and a scaffold matched to the mechanical properties of cartilage 

forming the structural component.  In addition, this could be combined with an 

osteogenic scaffold, one matched to mechanical properties of subchondral bone, and 

include tissue modules that had been osteogenically differentiated.   

The ability to mass-produce articular tissue modules, in combination with the 3D 

plotting technology used for scaffold fabrication, means that modular assembly may 

be suitable for joint resurfacing.  3D plotting allows for shaped, curved constructs to 

be produced, and scale-up is a facile process.  This could result in a product suitable 

for total or partial joint resurfacing.  It should be noted however that resurfacing is 

likely to be particularly challenging for repair due to the hostile joint environment 
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usually present in advanced degenerative joint disease or severe trauma where 

resurfacing is required.   

8.3.1 Non-clinical applications of modular tissue assembly  

There is still much to be understood about aspects of articular cartilage biology and 

underlying cellular mechanisms of chondrocytes and chondroprogenitor cell 

differentiation inherent to developing successful tissue engineering cartilage repair 

strategies.  While simple 2-dimensional (single-cell or monolayer) in vitro models and 

complex in vivo models exist, there is a need for the development of 3D models of 

intermediate complexity 
253

 that better predict in vivo environment or allow for high 

throughput analysis of the plethora of cell-cell or cell-biomaterial interactions that 

may control tissue formation and cell differentiation processes.  Besides clinical 

potential, modular assembly provides a 3D model that allows for investigating a 

number of important topics, with the modules providing an extension of a well-

established chondrogenic culture technique.  In vitro, interventions can be used to 

investigate the roles of various factors on cell and tissue interactions, such as soluble 

factors, mechanical stimulation, cell-biomaterial and biomaterial-ECM interactions.  

High-throughput screening could be a useful application for the modular assembly 

method described here.  Tissue modules of different types could potentially be 

organised into 3D in vitro or in vivo “mini-organ cultures”, which would represent an 

intermediate step between 2D cell cultures and whole organisms.  Automated 

assembly and handling of these constructs in vitro could be an attractive and cost-

effective method for a relevant 3D model system for screening drugs or compounds 

for treatment of disease, as well as factors for enhancement of regeneration.   In vivo, 

the scaffold-plus-spheroid model could be used to apply a matrix-style or mini-organ 

style construct setup for testing multiple cell types or conditions within a single 

implant.  A similar system is currently commercially available (from Screvo Ltd.), 

though their method uses gel- or cell-filled solid wells, rather than porous structures 

combined with microtissues or micro-organs.   

8.3.2 Alternative clinical applications 

There are a number of alternative applications for the modular tissue engineering 

approach described in this thesis.   The use of cellular modules based on different cell 

types could allow for a range of different tissue constructs to be formed. 

A structural framework for micro-organs is a potential application, as investigated by 

Rago et al. 
254

 who encapsulated an array of HepG2 microtissues in alginate, and were 

able to demonstrate control of albumin secretion with control of initial cells seeded; 

indicating possible use as an alternative to microencapsulation.  The structural 

scaffold could provide protection from mechanical disruption or damage, and confine 

beads or tissues a single location for easy retrieval or localisation.  

Structural cartilage in non-articular locations within the body may be fabricated using 

the modular assembly method.  For example, specific applications include septal 

cartilage replacement, and patient-specific shaped cartilaginous or bone craniofacial 

and maxillofacial implants for facial reconstruction 
3
.  Trachea is another cartilage-

based structural application where assembly may find favour, and the automated 

assembly under development and the SFF structural module fabrication will be 

advantageous here. 

By altering the composition of the polymer used or the scaffold architecture (as in 

Chapter 7), mechanical properties of the construct can be modified, and a more 
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“elastic-like tissue” could be fabricated, making modular assembly suitable for elastic 

cartilage structures, such as auricular applications. 

The intervertebral disc is another location where modular assembly could find favour, 

as it presents an unmet clinical need and could avoid spinal fusion, and tissue 

engineering or regenerative medicine are suggested for repairing or replacing this 

tissue 
255, 256

.  The tissue and structural modules could be tuned to provide the 

appropriate mechanical and cellular properties of the annulus fibrosis, the nucleus 

pulposis and the cartilage endplates in an anatomically-shaped construct. 

Bone tissue engineering approaches are thought to be useful for critical bone defects 

caused by trauma, infection, congenital abnormalities, tumour or pathological 

degeneration 
257, 258

.  If appropriate tissue and structural modules can be fabricated, 

modular assembly could provide bone constructs for repair of large defects where 

sufficient autograft bone is unavailable or is inappropriate, and where metal or 

ceramic implants are undesirable or unsatisfactory 
259

.   

Including vascularised microtissues or vascularisation capabilities within the scaffold 

component is likely to be important for engineering of bone.  It should be noted that 

the fabrication of a porous scaffold with appropriate mechanical properties will be a 

significant challenge. Investigations into the use of MSCs to engineer a bone organ by 

endochondral ossification have recently been published 
260

, and the process of 

inducing hypertrophy of MSCs, and subsequent osteogenesis used by these authors 

could be applied to the modular assembly approach described in my thesis, in order to 

assemble large bone organs shaped appropriately to fit the individual patient or defect.  

 

8.4 Final comments 

 

Repair and regeneration of articular cartilage in order to generate structure and 

function identical to native tissue remains difficult.  In this thesis, I have demonstrated 

significant advancement of a modular assembly method to assemble microtissues and 

a scaffold in an organised and controlled fashion.  I have also shown separate 

optimisation of the tissue and scaffold components, investigated their interaction, and 

demonstrated enhanced modularity.  Modular tissue engineering of articular cartilage 

has potential as a scalable repair strategy.  Perhaps modular tissue engineering can 

help to repair those intractable chondral defects to avoid the long-observed result of 

cartilage degeneration, where “...the malignancy , having got root in the bone, will 

daily gain ground, the caries will spread, and at last the unhappy person must submit 

to extirpation, a doubtful remedy, or wear out a painful, though probably a short 

life.” 
22
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Appendix A 

Chapter 5: all samples IHC and SEM images 

 

 

 

Figure Append-A1: Images of all donor 1 samples - IHC for collagen I and II. 
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Figure Append-A2: Images of all donor 2 samples - IHC for collagen I and II. 

 

 

Figure Append-A3: Images of all donor 1 samples - IHC for vinculin 
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Figure Append-A4: Images of all donor 1 samples - IHC for vinculin 

 

 

Figure Append-A5: Low-magnification SEM images of all samples at days 7, 14 and 21. 
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Appendix B 

Chapter 6: Area of change Imagej macro 

/* Area_Of_Changes imageJ macro by Ben Schon Jul-2012 

This macro takes two previously aligned 8-bit grayscale images  

of the same size, and outputs values for added and removed items. 

 

I used this to estimate area of tissue growth in ROI over time. If image (ROI) height 

varies, values should be normalised to image height. 

 

Filename in the results table is the name of subtracted image 

ie d0 = tissue added 

d7 = tissue lost 

 

If you do not wish to see the resulting masks and original images, 

add to the end of this macro: 

close(); 

close(); 

close(); 

close(); 

*/ 

 

//open the 2 files, get 2 ids 

path2=File.openDialog("start image"); 

open(path2); 

file2= getImageID(); 

path1=File.openDialog("end image"); 

open(path1); 

file1= getImageID(); 

 

//run the subtractor- to get added tissue 

imageCalculator("Subtract create", file1, file2) 

addedStuff=getImageID(); 

setThreshold(70, 300); 

run("Convert to Mask"); 

run("Set Measurements...", "area shape display redirect=None decimal=3"); 

run("Analyze Particles...", "size=500-Infinity circularity=0.00-1.00 show=Nothing 

display"); 

 

//run the subtractor to get taken away tissue 

imageCalculator("Subtract create", file2, file1) 

removedStuff=getImageID(); 

setThreshold(70, 300); 

run("Convert to Mask"); 

run("Set Measurements...", "area shape display redirect=None decimal=3"); 

run("Analyze Particles...", "size=500-Infinity circularity=0.00-1.00 show=Nothing 

display" 
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