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Abstract 
 

Background: Scapholunate interosseous ligament (SLIL) tears are a common wrist 

injury in young and active patients with suboptimal outcomes after surgical repair. 

While bone-ligament-bone (BLB) constructs have been successfully developed in 

orthopaedics for the replacement of damaged anterior cruciate ligaments (ACL), this 

has not been applied for the reconstruction of small joints. This novel approach could 

potentially be superior to equivalent autografts due to factors including: (1) 

Replication of the patient’s SLIL external morphology allowing for identical matching 

of construct to existing joint architecture (2) Maintenance of equivalent 

biomechanical properties as the native SLIL (3) Incorporation of biochemical cues to 

promote vascularisation and tissue regeneration thereby minimising overall healing 

time and (4) Elimination of donor morbidity when harvesting autografts.   

 

Study Aim: The overarching aim of this thesis is to produce an artificial construct 

with a BLB interface for subsequent implantation into small joints. To this end, 

additive manufacturing was utilised to create a novel composite bioscaffold suitable 

for dorsal SLIL replacement in the wrist. 

 

Methodology: A series of studies were conducted to achieve the aim.  

 

Stage 1 consisted of the design and fabrication of a BLB multiphasic scaffold for dorsal 

SLIL reconstruction. Two designs with a fibre interdistance of 350μm & 600μm were 

3D-printed in a continuous fashion using medical grade polycaprolactone (mPCL). 

The scaffold was characterised using microCT analysis and mechanical testing (tensile 

and cyclic loading, compression testing).  
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Stage 2 investigated numerous ways for cell seeding into the compartments using cell 

sheets and cell spheroids formed from BMSCs as well as augmentation of osteogenic 

and fibroblastic differentiation using growth factors or drugs. Extensive in vitro 

characterisation including gene expression, immunofluorescence analysis, cell 

viability and DNA/collagen quantification were conducted.  

 

Finally, Stage 3 involved the characterisation of this BLB scaffold in an ectopic rat 

model and new rabbit knee model in vivo. Histological and biomechanical analysis of 

the samples were conducted.  

 

Results and Discussion: 

Stage 1- The scaffold with a 350μm fibre interdistance was mechanically stronger 

(ultimate tensile force of scaffold= 71±2.66N) and able to withstand normal carpal 

physiological forces.  

 

Stage 2- Firstly, cell sheets treated with ascorbic acid (AA) showed high DNA content 

and extracellular matrix deposition in vitro prior to implantation. Secondly, ligament 

regeneration can be enhanced using hypoxic culture conditions. In addition, the 

BMP-6 or GDF5/BMP6 treatment combo increased protein expression but only at 

Day 3 in vitro. Thirdly, the AggreWell plates generated spheroids of sufficient quality 

for seeding into the bone compartment of the BLB scaffold with the addition of 

hydroxyapatite nanoparticles increasing collagen production. However, it was an 

inefficient method for this application. Finally, the pretreatment of BMSCs with 

BMP2/GSK126 synergistically upregulated gene expression for osteogenesis in vitro 

but this failed to translate into significant bone mineralisation after 8 weeks in vivo.  

 

Stage 3- The proof-of-concept study involving the rat subcutaneous model 

demonstrated that the BLB scaffold can provide sufficient compartmentalisation and 
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fibre guiding properties necessary for the regeneration of the dorsal SLIL. In the rabbit 

model, tissue integration and vascularisation were noted with increased scaffold 

mechanical strength at 8 weeks (p<0.05). Bone and ligament tissues were regenerated 

in their respective compartments with similar structural and mechanical properties of 

the native ligament. The bone-ligament interface was strong and histological analysis 

further supported this with the visualisation of aligned transverse collagen fibres.  

 

Conclusion: Overall, this research thesis forms the foundation for tissue engineering 

for application of ligament regeneration in small joints. It has addressed a gap in 

clinical knowledge and resulted in the design and generation of a novel multiphasic 

BLB scaffold that can be used for dorsal SLIL reconstruction. While refinement and 

improvement of this scaffold is still undergoing with several follow up studies 

planned, it represents an important step towards a future where regenerative medicine 

can provide personalised solutions to common injuries thereby greatly improving 

patient outcomes.  
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Chapter 1- Introduction 
 

1.1 Thesis Rationale 

The scapholunate interosseous ligament (SLIL) is a C-shaped ligament situated 

between the scaphoid and lunate carpal bones. Anatomically, SLIL is divided into 

dorsal, proximal and volar segments and is a primary stabiliser of the scapholunate 

joint (1, 2). Injury to this ligament is the most common cause of both static and 

dynamic carpal instability resulting in conditions such as scapholunate advanced 

collapse (SLAC) and dorsal intercalated segment instability (DISI) (1-4).  

 

The SLIL is the primary stabiliser of the scapholunate joint and injury to this ligament 

is the most common cause of carpal instability (1-3, 5). The biomechanics of the SLIL 

has been thoroughly investigated by Berger et al. (6) revealing anisotropic mechanical 

properties depending on the portion of the ligament, with the dorsal region being the 

strongest portion and hence responsible for most of the stabilisation imparted to the 

scapholunate joint. Consequently, repair and reconstruction following SLIL injury are 

primarily focused on the restoration of the dorsal segment (7). Surgical repair is 

important as untreated SLIL injuries lead to altered carpal biomechanics and early 

onset arthritis (1, 3, 8). However, these injuries are challenging to manage because of 

delay in diagnosis and poor healing after surgical repair (9). Various methods of 

surgical management in clinical practice aim to restore the ligament’s biomechanical 

stability but do not address true and functional regeneration of the damaged tissue.  

 

Current surgical options for the treatment of SLIL tears are suboptimal and there is a 

general lack of consensus among surgeons regarding treatment options (1, 2, 8, 10). 

While acute SLIL injuries within three weeks treated with primary reconstructive 

techniques including primary ligament repair, capsulodesis, tenodesis and screw 

fixation have elicited some positive results, the SLIL injuries are often unrecognised in 
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initial presentation (3, 8). Chronic tears after arthrosis development elicit poor patient 

outcomes and rely on salvage procedures such as proximal row carpectomy (PRC) or 

scaphoidectomy with four-corner fusion (1, 3, 8). As SLIL injury is common among 

young and active individuals, these methods of management are far from ideal. 

 

1.2 Thesis Objectives & Hypotheses  

Promising research of bone-ligament-bone (BLB) autografts together with 

exponential growth in the field of tissue engineering has highlighted the potential to 

develop a synthetic and biocompatible construct for surgical application in SLIL 

repair. Therefore, the primary objective of this thesis is to design and generate a 

synthetic multiphasic BLB scaffold for use in dorsal SLIL reconstruction. These 

multiphasic bioscaffolds with strategic biomimicry can allow for integrative and 

functional repair of soft tissue injuries (13). This novel approach is superior to 

equivalent autografts due to factors including:  

(1) Replication of the patient’s SLIL external morphology allowing for identical 

matching of construct to existing joint architecture;  

(2) Maintenance of equivalent biomechanical properties as the native SLIL;  

(3) Manipulation to promote vascularisation and tissue regeneration thereby 

minimising overall healing time; and  

(4) Elimination of donor morbidity when harvesting autografts.   

 

The main aims and hypothesis of this dissertation are described below in three stages: 

STAGE 
ONE 

Aim: To design, fabricate and characterise a novel multiphasic BLB 
scaffold using 3D-printing for use in dorsal SLIL reconstruction (Chapter 
4). 

 

 Hypotheses:  
1. Through fused depositional modelling, it is possible to 3D-print 

a novel multiphasic BLB scaffold in a continuous fashion.  
2. This scaffold will have sufficient fusion between layers and 

between the bone-ligament interface.  
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3. The 350μm BLB scaffold design will have greater biomechanical 
strength than the 600μm scaffold. 

4. The biomechanical strength of the 350μm scaffold will be 
comparable to the native dorsal SLIL. 

 

STAGE 
TWO 

Aim: To conduct in vitro experiments investigating different approaches 
to cell seeding and augmentation of bone and ligament regeneration for 
application to the BLB scaffold (Chapters 5-8). 

 

 Hypotheses: 
1. The cell sheets cultured with ascorbic acid (AA) will have greater 

collagen content and extracellular matrix (ECM) deposition than 
those cultured without ascorbic acid.  

2. Cell sheets from bone marrow mesenchymal stel cells (BMSCs) 
can be generated in a dependable manner to seed the ligament 
compartment of the BLB scaffold. 

3. The use of growth differentiation factor 5  (GDF-5) and/or bone 
morphogenic protein 6 (BMP-6) to pre-treat adipose-derived 
mesenchymal stem cells (AMSCs) will result in greater gene and 
protein expression supporting ligament regeneration. 

4. Cell spheroids are a viable and efficient means to seed and deliver 
pre-formed ECM into the bone compartment of the BLB 
scaffold. 

5. The use of GlaxoSmithKline (GSK126) and bone morphogenic 
protein 2 (BMP-2) to pre-treat cells in culture will result in 
greater osteogenic gene expression and subsequent in vivo bone 
formation in a mice ectopic model.  

 

STAGE 
THREE 

Aim: To conduct in vivo experiments with implantation and 
characterisation of the BLB scaffold in a rat ectopic model and rabbit knee 
model (Chapters 9-11). 

 

 Hypotheses: 
1. In an animal model, the BLB scaffold will facilitate 

compartmentalised tissue regeneration without heterotopic bone 
formation. 

2. The architecture of the BLB scaffold will allow for the generation 
of a stronger bone-ligament interface when compared to  

3. Implantation of the BLB scaffold in the ectopic rat model with 
BMP-2 in the bone compartment and cell sheets in the ligament 
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compartment will result in greater bone formation as well as 
ligament fibre alignment when compared to controls. 

4. The BLB scaffold will be able to withstand the biomechanical 
forces in a weight bearing joint when implanted into the rabbit 
knee. 

5. The BLB scaffold alone without the addition of growth factors 
(GFs) will be able to induce compartmentalised bone and 
ligament formation.  

6. The biomechanical strength of the implanted scaffold will be 
greater than the control scaffolds. 

7. The addition of BMP-2 and GDF-5 in the bone and ligament 
compartments of the scaffold respectively, will result in greater 
bone formation and ligament fibre alignment when compared to 
controls.  

 

1.3 Thesis Structure  

In order to best present the large volume of complex data generated, this thesis has 

been collated as chapters prepared for publication with relevant methods merged into 

each experimental project. Firstly, Chapter 2 details the background and literature 

review of the topic with a particular focus on the surgical management of SLIL tears. 

Pertinent research in the literature for bone and ligament tissue-engineering has also 

been reviewed and presented. Chapter 3 presents a retrospective study, which was 

conducted to fill the gap in the literature with regards to the incidence of wrist 

reconstructions and the financial health burden of SLIL injuries in Australia. The 

findings of this chapter provided the context for our team’s subsequent research in 

generating a multiphasic BLB scaffold for use in this clinical problem.  

 

The experimentation portion of the thesis is detailed from Chapters 4-11. These 

chapters are subsequently broken down into 3 stages of investigation as outlined in 

Section 1.2. Specifically, Stage 1 is Chapter 4, Stage 2 is Chapters 5-8 and Stage 3 is 

Chapters 9-11. The thesis ends with a summary and discussion of the results and 

implications for future research in Chapter 12.  
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Chapter 2- Literature Review 
 

This review chapter examines the relevant literature and evidence regarding SLIL and 

the discussion provides a context for understanding the importance of the multiphasic 

BLB scaffold generated in this thesis. The review starts with an overview of the SLIL 

anatomy, biomechanics plus clinical presentation, diagnosis and management of SLIL 

injuries. This is followed by an examination of the molecular biology and normal 

physiological healing in bone and ligament tissues. The third section critically evaluates 

current tissue-engineering techniques for bone and ligament regeneration. The chapter 

ends with a discussion on the latest application of tissue-engineering techniques in the 

field of hand surgery as well as directions and gaps of current research.  

 

2.1 The Scapholunate Interosseous Ligament (SLIL) 

2.1.1 Morphology and Histology  

A thorough understanding of the anatomy of the SLIL is necessary prior to designing a 

tissue-engineered construct. The SLIL is a complex C-shaped intra-articular ligament 

situated between the scaphoid and lunate carpal bones. Functionally, it is the primary 

stabiliser of the scapholunate joint and injury to this ligament is the most common 

cause of carpal instability (1-3, 5). Carpal instability is defined as the inability of bones 

to maintain normal congruency under physiological loads. Dynamic instability becomes 

apparent when a load is applied to the wrist while static instability involves carpal 

misalignment observed even at rest (1-3, 5). Berger’s studies of SLIL in fresh cadaveric 

specimens remain the cornerstone papers in characterising the gross and histological 

anatomy of this fundamental ligament (14-16). Studies using serial histologic sections of 

carpal ligaments from adult and foetal wrists have also contributed to this knowledge 

over time (16, 17). Recently, the use of high-frequency ultrasound imaging on patient 

and cadaveric wrists have provided further details on the quantitative anatomy of the 

dorsal SLIL (18). 
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Anatomically, the SLIL can be divided into dorsal, proximal and palmar segments 

(Figure 1). The dorsal region is the thickest portion with an average thickness of 3mm 

and proximal-distal width of 5mm. It has a trapezoidal cross-sectional shape, which 

mirrors the joint space of the dorsal articulation between the scaphoid and lunate bones. 

The dorsal SLIL is composed mainly of collagen fascicles running transversely with 

surrounding loose connective tissue (perifascicular spaces) including arterioles, venules 

and peripheral nerves. These perifascicular spaces join to form the epiligamentous 

sheath. Berger (14) identified two distinct histological regions in the superficial layers of 

the dorsal segment of the SLIL. The first region consisted of both collagen fibres that ran 

perpendicular to the fascicles attached the ligament to the dorsal radiocarpal joint 

capsule and collagen fibres that travelled in the same direction as the fascicles connected 

with the scaphotriquetral ligament distally. The second region was a zone of transition 

between the collagen and fibrocartilage fibres of the dorsal and proximal regions 

respectively. The dorsal segment has the strongest mechanical properties and is 

considered the most important structure determining scapholunate carpal kinematics 

(19).  

 

 
 

Figure 1: Anatomy of the scapholunate interosseous ligament with scaphoid removed. (Source: Hand-

drawn figure courtesy of Loko Lui) 
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In contrast, the proximal region has a variable thickness and is composed of 

fibrocartilage with longitudinal fibres travelling superficially. On the palmar surface, the 

proximal segment merges with the synovial membrane of the radioscapholunate 

ligament (RSL) and thus, the RSL demarcates the palmar and proximal regions of the 

SLIL (Figure 1) (17). This merging area between the proximal segment and the RSL is 

defined by the presence of ensheathing synoviocytes. In patients with a thicker proximal 

region, it was also observed that a meniscus-like extension is occasionally visible with 

projection into the scapholunate space. The proximal region is the weakest section and 

is devoid of organised collagen fibres, blood vessels or nerves (14, 20). Thus, it is often 

the site of age-degenerative changes. Finally, the palmar region has an average thickness 

of 1mm and is composed of collagen fibres running obliquely. Proximally, it combines 

with the intersecting region of the SLIL and RSL ligaments. The RSL obscures the dorsal 

surface of the palmar region and isolates the palmar segment from the radiocarpal joint. 

Superficially, the joint capsule covers the palmar and dorsal surfaces of the SLIL. 

 

2.1.2 Vascularisation  

Carpal vascularisation is achieved though the radial and ulnar arteries, anterior 

interosseous branches and the deep palmar arch (Figure 2) (21, 22). The RSL is a heavily 

vascularised ligament with vessels derived from the radial carpal arch (anastomosis 

between the radial artery and anterior interosseous artery) (16). These RSL blood vessels 

travel through the joint capsule and attach to the scapholunate joint, thereby 

contributing to carpal blood supply (3). Gelberman and Gross described the arterial 

patterns at risk for carpal bones in 75 cadaver limbs and demonstrated that the scaphoid 

and 20% of lunates were only supplied by vessels which entered one surface of the bone 

(22-25). This increased the risk of avascular necrosis (AVN) and reflects the common 

incidence of AVN seen in scaphoid and lunate bones.  
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Figure 2: Vascularisation of the hand and wrist. (Source: Hand-drawn figure courtesy of Loko Lui) 

 
 
2.1.3 Innervation 

Numerous studies spearheaded by Hagert and Berger (26-28) have demonstrated that 

the SLIL is densely innervated and contributes significantly to carpal proprioception. 

Thus, it subsequently plays a major role in maintaining dynamic carpal stability. The 

mechanism by which regulation of carpal movement occurs is through 

mechanoreceptor reflex arcs in combination with local muscle reflexes. The palmar 

region has been noted to have the most number of mechanoreceptors that provide 

information concerning the joint angle, movement velocity and intra-articular pressure 

(29). The dorsal segment exhibits a lower number of mechanoreceptors but is composed 

of a high number of collagen fibres (29). This indicates that the dorsal SLIL has a more 
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mechanical rather than proprioceptive role in maintaining carpal static stability. 

Overall, it can be seen that the mechanisms of wrist proprioception are also key to 

establishing and maintaining carpal stability.  

 

2.1.4 Kinematics 

Over the years, there have been numerous models including the ‘row’ and ‘column’ 

theory proposed to explain carpal kinematics (30-34). As the proximal carpal row has no 

direct tendon attachments, muscle contraction results in rotation of the distal carpal 

row first. Once threshold pressure in the mid carpal capsule has been reached, the 

proximal row will subsequently undergo rotation. In particular, the scapholunate-

capitate articulation is the first point of movement in a neutral wrist. A study of the 

wrist began with the work of Destot, who first described scaphoid fractures and 

scapholunate dissociation in 1926 (35). The link of displaced scaphoid fractures causing 

carpal instability was made by Fisk (36) and the concept of carpal instability was 

elaborated on with Mayfield et al.’s publication (37) on perilunate instability. Gilford et 

al. (38) and later Linscheid et al. (39) identified the scaphoid as the key to preventing 

carpal collapse in a zigzag direction or the ‘concertina effect’. Through reviewing a series 

of x-rays of the living hand, Bryce was the first to observe how there was differential 

motion between the scaphoid and lunate in carpal movement (40).  

 

The SLIL plays a major role in carpal stability and complex movements (41). Taleisnik 

(42) modified Navarro’s original columnar theory (42) and highlighted the role of the 

scaphoid (lateral column) and triquetrum (medial column) in controlling the central 

column (lunate, capitate and hamate) of the carpus. Following this, Garcia-Elias initially 

proposed the concept of comparing the wrist to a model of a spring with two prongs 

projecting in opposite directions (43). The tighter and stiffer the spring was, the greater 

the carpal stability. The two key ligaments in maintaining equilibrium between the 

opposing forces were the dorsal SLIL and the lunotriquetral ligament, the strongest of 
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the proximal interosseous ligaments (6). As such, the dorsal SLIL prevented excessive 

scaphoid flexion and the palmar lunotriquetral ligament prevented excessive triquetrum 

extension. An insufficiency in the SLIL will lead to abnormal scaphoid flexion and 

unopposed tension in the lunotriquetral ligament resulting in excessive lunate 

extension. This is described as dorsal intercalated segmental instability (DISI). A recent 

cadaveric study on carpal kinematics following sequential sectioning of portions of the 

SLIL has confirmed that the SLIL is the primary stabiliser of the wrist with the 

scaphotrapeziotrapezoid ligament (STT) and radioscaphocapitate ligament (RSC) 

ligaments playing key roles in secondary carpal stabilisation (Figure 3) (44).  In 1993, 

Lichtman proposed the more widely accepted ‘oval ring theory’ for carpal kinematics 

which states that multiple ligaments in the lateral and medial columns of the wrist 

(involving the scaphoid, lunate, triquetrum and capitate) are involved in maintaining 

carpal stability (45).  

 

 
 

Figure 3: Stylistic drawing of key secondary stabilisers of the wrist. (Source: Hand-drawn figure courtesy 

of Loko Lui) 
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The role of muscles in carpal stability has been studied in the literature. Salva-Coll et al. 

(46, 47) tested 30 cadaveric forearms and found that isometric contraction of midcarpal 

supinators (FCU, ECRL and APL) cause supination of the scaphoid, thereby providing a 

counterbalance against its natural tendency to go into pronation and flexion. On the 

other hand, contraction of midcarpal pronators (ECU and FCR) accentuated scaphoid 

pronation and caused widening of the SLIL gap in specimens with full SLIL sectioning. 

Therefore, the contraction of these muscles may worsen pre-existing SL instability.  

These results were supported by a study conducted by Leon-Lopez (48) which together 

indicate that targeted strengthening of midcarpal supinators may be beneficial for 

rehabilitation following SLIL tears causing dynamic instability.  

 

Corson (49) was the first to note that the “dart-throwing” motion was an important 

carpal movement in everyday life. The SLIL has an especially large role in dart throwing 

movements as highlighted by studies utilising 4D-CT scans on patients with 

scapholunate instability (50). During the arc of the dart throwing motion (combined 

radial deviation and extension to ulnar deviation and flexion), ex vivo studies have 

shown that there is minimal scaphoid or lunate movement (51, 52). In ulnar deviation, 

there is a sudden increased force at the triquetrum and hamate carpal bones. As a result, 

the SLIL pulls the scaphoid and lunate into extension. In radial deviation, the proximal 

carpal row assumes a flexion position.  

 

Individual segments of the SLIL have been shown to carry out specialised movements. 

The palmar segment has a major proprioceptive role and is involved in rotational 

movement (53, 54). On the other hand, the dorsal segment has a role in flexion and 

extension movements of the wrist (53-55). Overall, the SLIL works in conjunction with 

secondary ligament stabilisers such as the radiocarpal ligament to ensure carpal stability. 

Lesions in the SLIL lead to changes in the scapholunate interval kinematics, 

subsequently resulting in dynamic carpal instability which if unmanaged, will progress 

to static carpal instability (56, 57). Overall, studies on cadaveric specimens are limited 
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and it has been shown that in vivo studies for 3D carpal kinematics using computed 

tomography (CT) on live patients is essential for better understanding carpal kinematics 

(34). 

 

2.1.5 Biomechanics 

While the anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) are 

the primary stabilisers of the knee joint, so too can the scapholunate ligament be 

described as the primary stabiliser of the wrist. During normal movement or trauma, the 

SLIL is designed to withstand a large range of forces. The biomechanics of the SLIL has 

been thoroughly investigated by Berger et al. (6). Tensile testing demonstrated that the 

dorsal region had the strongest mechanical properties with ultimate loads of 260.3N 

±118.1. The majority of surgical techniques aim to reconstruct the dorsal region of the 

SLIL due to its key role in maintaining biomechanical stability of the wrist. Palmar and 

proximal regions failed at 117.9N ±21.3 and 62.7N ±32.2 respectively. This is supported 

by Patterson et al. (58) who found that sectioning of the membranous and palmar 

portions of the SLIL did not result in an observable scapholunate gap upon radiographic 

examination.  

 

The linear and torsional properties of the SLIL has been characterised in cadaveric 

studies such as by Zdero et al. (59) and Johnston et al. (60). As Logan et al. (61) pointed 

out, the strain rate dependent viscoelastic behaviour (stress required to reach a set strain 

at a given elongation rate) of the SLIL has been demonstrated to be nonlinear. In a 

comparison of carpal ligament biomechanical properties, it was noted that intrinsic 

ligaments such as the SLIL was able to undergo more stretch prior to permanent 

deformation as well as bear more strain before failure when compared to extrinsic 

ligaments (62). This reflects the critical role intrinsic ligaments have in maintaining 

carpal stability and kinematics. 
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Interestingly, a study conducted by Dimitris et al. (63) on six fresh-frozen cadaveric 

specimens found that the average maximum force exerted on the SLIL during cyclic 

wrist motion was 20N, with the maximum force recorded being 26N. In particular, 

greater SLIL forces were noted in positions involving wrist extension. This was 

substantially lower than the force to failure reported by Berger et al. (6) and highlights 

the key role secondary ligament stabilisers have in reducing the load on the SLIL to 

maintain normal SL joint congruency. This was supported by a study of 15 cadaveric 

wrists which found that the force required to maintain the reduction of a Geissler Grade 

IV SLIL tear during physiological carpal movements was significantly greater than the 

force in wrists with acutely sectioned SLILs (64). 

 

Short et al. (30, 65, 66) demonstrated that the SLIL is the primary stabiliser between the 

scaphoid and lunate bones. Dynamic biomechanical studies involving sectioning of the 

entire SLIL have demonstrated increased carpal instability (67). Functionally, the dorsal 

region maintains scapholunate stability by resisting rotation, translation and 

discordance between the two carpal bones (6, 14). Furthermore, both dorsal and palmar 

segments have a role in limiting rotation between the scaphoid and lunate bones (6, 14, 

19, 41). 4D-CT imaging has shown that the normal range of rotation between the 

scaphoid and lunate bones is 38° during carpal flexion-extension (68). During carpal 

extension, the palmar and proximal regions of the intact SLIL experience the greatest 

strain (69). When the SLIL was sectioned in six cadaveric wrists, it was found that the 

tensile force across the SL joint was greater in extension than in the neutral position 

regardless of whether secondary ligamentous stabilisers were intact or sectioned (70).  

 

2.1.6 Computational Modelling of SLIL 

In light of the crucial role the SLIL plays in maintaining carpal stability, numerous 

studies have focused on developing computational models to better understand in vivo 

SL kinetics and mechanics. Nowak’s early study in 1993 established that nonlinear 
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modelling using a 3 point modulus curve was superior to linear modelling and better 

matched SLIL’s mechanical behaviour (71). In 2012, Nikolopoulos developed an 

equation that modelled the nonlinear SLIL load-displacement with good correlation to 

experimental data from five cadaveric SLIL specimens (72). Surface-contact modeling 

(SCM) based off magnetic resonance imaging (MRI) scans was simpler to compute and 

provided in vivo calculations of radiolunate and radioscaphoid joint mechanics which 

were comparable to that of 3D finite element modelling (73). Specifically, SCM has also 

been used to demonstrate the increase in radioscaphoid and radiolunate contact 

pressure and contact force in in vivo radiocarpal joint mechanics during SLIL injury (5). 

Effectiveness of surgical reconstruction in six patients with scapholunate dissociation in 

restoring normal radiocarpal mechanics has also been investigated through MRI-based 

SCM (74). Fischer et al. attempted to validate the MRI-based model for radiocarpal 

mechanics based on patient-specific joint geometry and kinematics (75). This computer 

model elicited joint contact area and contact force data that satisfied the validation 

criterion when compared to direct invasive measurements on the cadaveric specimens. 

Therefore, it can be seen that an accurate and reliable model is highly beneficial in 

aiding the clinician to understand the impact of SLIL injuries on carpal kinetics and 

mechanics in vivo without invasive procedures. This can guide surgical treatment to 

revert the pathological changes in carpal joint contact pressure or force observed. 

 

2.1.7 Relevance to Thesis Research 

This thesis aims to regenerate the native SLIL as guided by the existing literature 

characterising this ligament. Therefore, a thorough understanding of the normal SLIL 

anatomy, histology, kinematics, biomechanical properties are essential for reproducing 

a BLB scaffold for use in SLIL reconstruction. The literature in this section has shown 

that the SLIL is the key stabiliser of the wrist and has substantial biomechanical strength. 

Disruption of this ligament may result in carpal instability and abnormal carpal 

kinematics. Therefore, the key element we have identified to reproduce in our 
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subsequent studies is the presence of aligned collagen fibres in the ligament 

compartment bridging the two bone compartments. This will allow us to mimic the 

SLIL microscopic anatomy which will subsequently contribute to successful 

reproduction of native dorsal SLIL biomechanical strength. 

 

2.2 Scapholunate Interosseous Ligament Injuries: The Clinical Problem 

2.2.1 Clinical Diagnosis 

SLIL rupture was first recognised in the 20th century (76) but was poorly documented 

until Linscheid et al. described the clinical features of SLIL injuries in 1972 (39). 

Mayfield (77, 78) first described the injury mechanism for SLIL tears as a sudden impact 

to the base of the hypothenar region where the wrist is extended, ulnar deviated and 

supinated (19). SLIL tears can also occur in association with fractures to the scaphoid or 

distal radius (79). The most commonly torn portion is the proximal region due to its 

weak biomechanical properties. Tears to the dorsal region often result in carpal 

instability which initially presents as dynamic instability before progressing to static 

instability. Dynamic instability is defined as a lack of radiographic evidence of 

scapholunate dissociation at rest but diagnosis can be made by a thorough physical 

examinations or stress radiography (i.e. clenched wrist) (19). In addition to positive 

physical examination findings, static instability also presents as an increased 

scapholunate angle and gap on radiographs (19). This deformity can be either fixed or 

flexible depending on whether the scapholunate gap is reducible upon radial deviation.  

 

There are six stages of scapholunate dissociation as described by Garcia-Elias (80): 

Stage 1 
(Predynamic instability) 

SLIL ligament is stretched or only partially ruptured with 

an intact dorsal SLIL. Radiographs do not display 

malalignment of the carpal bones or increased SL 

interval. Grading of the injury can be made following 

Geissler’s arthroscopic classifications (79). 
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Stage 2  
(Dynamic instability) 

Complete SLIL rupture with a repairable dorsal segment 

and intact secondary ligaments (STT, scaphoid-capitate 

ligament, scaphoid-triquetral ligament). Radiographs do 

not indicate malalignment or cartilage degeneration and 

there is no increased SL interval or angle.  

 

Stage 3  
(Dynamic instability) 

Complete SLIL rupture with unsalvageable dorsal SLIL 

but intact secondary ligaments. No carpal malalignment 

and abnormal SL gaps or angle are visible on radiographs. 

 

Stage 4  
(Static instability) 

Complete SLIL rupture with tears in the dorsal scaphoid 

triquetral ligament of lunate and distal scaphoid 

ligaments (STT, scaphoid capitate ligament). This results 

in abnormal scaphoid flexion (radioscaphoid angle >45°) 

and abnormal lunate extension (DISI). Carpal 

malalignment is easily reducible. 

 

Stage 5  
(Static instability) 

Chronic complete SLIL rupture with evidence of fibrosis 

between the carpal bones surrounding the scaphoid 

resulting in irreducible malalignment. However, there is 

no major cartilage degeneration present in the joint. 

 

Stage 6  
(Static instability) 

Complete SLIL rupture with irreducible malalignment 

and presence of cartilage degeneration. The arthritic 

changes commonly follow features of SLAC wrist. 

 

  



 

18 
 

2.2.2 Clinical Examination 

Acute SLIL tears are often asymptomatic or misdiagnosed as simple sprains and 

consequently left untreated. When present, common signs and symptoms consists of 

weakness and pain when conducting loading activities, gradual loss of grip strength in 

repetitive gripping tests, swelling in the radial snuffbox, dorsoradial tenderness over the 

scapholunate interval distal to Lister’s tubercle, pain in extreme wrist extension which is 

exacerbated upon radial deviation and a positive scaphoid ballottement test (crepitus, 

pain and excessive mobility) (19). In addition, a positive Watson test (or scaphoid shift 

test) is important in diagnosing dynamic scapholunate instability. This involves 

applying pressure on the scaphoid tuberosity as the patient moves the wrist from ulnar 

deviation to radial deviation. Pressure on the scaphoid tuberosity will result in the 

dorsal subluxation out of the radioscaphoid joint with a painful ‘clunk’.   

 

 

2.2.3 Radiographic Investigation 

If SLIL injury is suspected, posteroanterior x-rays in a neutral carpal position with no 

radial or ulnar deviation is the first line of investigation. Key signs of SLIL tears include 

an increased scapholunate gap >3mm than the other normal wrist (Figure 4). In 

dynamic instability, this may only be visible when applying a load to the wrist (i.e. 

clenching the fist). The scapholunate gap increases upon ulnar deviation and decreases 

upon radial deviation. In early cases, this widening may not be observed due to the 

presence of secondary ligament stabilisers which compensate SLIL function as shown in 

cadaveric studies by Berger et al. (81). The scapholunate (SL) angle measured using the 

longitudinal axis of the scaphoid and lunate bones in reference to the radius will also be 

increased (Normal = 45±15°).  
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Figure 4: Widening of the scapholunate gap. (Source: Courtesy of Professor Randy Bindra at Griffith 

University School of Medicine, Gold Coast University Hospital and Gold Coast Private Hospital) 

 

 

Other common signs visible on radiographs pertain to the malposition of the scaphoid 

and lunate in relation to the radius. These include the cortical ring sign visible less than 

7mm away from the proximal pole of the scaphoid, an extended lunate overlapping the 

proximal capitate with a prominent volar pole due to dorsal rotation and a vertical 

scaphoid due to rotated subluxation. Depending on the chronicity of SLIL injury, 

progressive stages of arthrosis following the SLAC pattern may also be observed. X-rays 

are often used to screen subacute and dynamic scapholunate dissociations but it is 

important to note that they often do not exhibit radiographic findings. Stress x-ray 

views that help accentuate the SL gap in dynamic instability include the patient 

clenching their fist around a pencil as well as the recently reported ‘Twist’ view which 
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adds ulnar deviation and supination onto the traditional clenched fist view (82). The 

rationale behind this is to tension the extensor carpi ulnaris (ECU) tendon which 

accentuates scaphoid pronation thereby increasing the SL gap if present.  

 

Another method of investigation is MRI imaging for suspected SLIL tears which did not 

present in plain radiographs (83). Recently, dynamic CTs (4D-CTs) have been used both 

on cadaveric specimens (84) and in practice (85, 86) to assess the scapholunate distance 

during different wrist motions and more accurately aid detection of dynamic instability 

SLIL tears. Finally, radiocarpal midcarpal arthroscopy is the most definitive method of 

diagnosis and can be employed to assess the severity of the SLIL injury (87). 

 

2.2.4 Surgical Treatment 

Treatment can be determined by the degree of SLIL tear or time elapsed since injury. 

SLIL injury staging was based on arthroscopic findings as defined by Geissler et al. (79). 

It has been recommended that Grade I requires immobilisation, Grade II requires 

scapholunate interval pinning for 6-8 weeks allowing for natural healing, Grade III 

necessitates open repair or arthroscopic suturing of the ligament, Grade IV requires 

formal open repair and capsulotomy (80). Classifications based on time elapsed post-

injury include subacute (<3months) requiring conservative treatment such as splinting, 

arthroscopic pinning and capsulodesis (if open surgery), acute (2-3 weeks) requiring 

open reconstruction of SLIL based on Geissler’s grading and chronic (>12weeks) 

requiring open reconstruction of SLIL in cases where the cartilage is healthy (88, 89). If 

degenerative changes are evident, salvage procedures such as intercarpal fusion or PRC 

may be performed (88, 89).  

 

Despite these recommendations, current surgical options for the treatment of SLIL tears 

are suboptimal and there is still a general lack of consensus among surgeons regarding 

ideal treatment options due to the variable outcomes (1, 2, 8, 10). This has been 
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highlighted by a recent systemic review of 805 wrists which showed no significant 

difference in post-operative outcomes amongst the different surgical procedures 

investigated (9). While acute SLIL injuries within three weeks treated with primary 

repair techniques have elicited some positive results, they are often unrecognised at 

initial presentation and first improperly managed with conservative treatment (3, 8). 

This trend was highlighted in a retrospective study of treatment and outcomes of 82 

wrists with SLIL injuries (1). Chronic tears after arthrosis development elicit poor 

patient outcomes and rely on salvage procedures such as PRC or intercarpal fusion (1, 3, 

8). SLIL injury is common among young and active individuals and these methods of 

management are far from ideal as they compromise wrist movement.  

 

The following section aims to summarise the main methods of surgical treatment for 

SLIL injuries. A more detailed review is provided by Walsh et al (19) and Pappou et al. 

(54).  
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Direct scapholunate ligament repair 

Current direct-repair surgical techniques aim to restore the biomechanical properties of 

the SLIL and prevent complications such as scapholunate advanced collapse (SLAC) and 

DISI from developing due to altered joint pressures and carpal kinematics. Direct repair 

utilises a dorsal approach with an incision through the dorsal wrist capsule with division 

through the third extensor compartment containing the extensor pollicus longus (EPL). 

It is important to note that only the dorsal and proximal segments can be repaired via 

this approach as the RSL ligament blocks access to the palmar segment. The SLIL is 

most commonly avulsed off the scaphoid bone. Due to the difficulties in suturing 

ligament straight onto the bone, it has been proposed that special screws or anchors 

which are drilled into the bone and thus provide anchorage for sutures be used in 

surgical repair. A recent biomechanical analysis of SLIL repair techniques has shown 

that double-loaded suture anchors provided significantly higher strength than single-

loaded sutures (91N versus 35N) in primary SLIL repairs (90). This repair is then 

protected by pinning the scaphoid and lunate bones with K wires (Figure 5) (89). 

Alternatively, temporary screw augmentation has also been investigated. In a short term 

follow up, patients with screw fixation demonstrated more superior SL gap and angle 

correction than wire pinning (91).  
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Figure 5: X-rays of SLIL repair. A & B) Intra-operative x-rays and C) post-operative x-rays. (Source: 

Courtesy of Professor Randy Bindra at Griffith University School of Medicine, Gold Coast University 

Hospital and Gold Coast Private Hospital) 

 

 

The majority of the literature focuses on the replacement of dorsal segment of the SLIL 

as it is recognised as the main contributor to carpal stability (7). Furthermore, it allows 

for easier surgical procedure with the preferred dorsal approach. However, isolated 

repair of the dorsal segment may be insufficient to restore full carpal stability. In fact, 

recent studies have highlighted the advantages of also repairing the palmar segment of 

the SLIL due to its contributory role in maintaining carpal stability (92). On the 
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contrary, recent research using 4D-CT analysis of SL rotation axes in carpal flexion-

extension has shown that dorsal SLIL reconstruction alone is most optimal for 

preserving physiological SL kinematics (68). This is because the rotation axis of the 

scaphoid and lunate bones intersect on the dorsal ridge of the proximal pole in the 

scaphoid and on the dorsal ridge of the lunate. Roo et al. (68) hypothesised that the 

reconstruction of the volar SLIL may alter this rotation axis and therefore contribute to 

reduced range of movement and poor surgical outcomes. However, further 

biomechanical studies investigating SL rotation axis in different carpal movements such 

as the dart-throwing motion needs to be conducted. Therefore, it can be seen that the 

balance of restoring SLIL biomechanics and kinematics is complex and must be 

evaluated for each individual patient case.  

 

Arthroscopic radiofrequency ligamentoplasty  

Radiofrequency probes have been used to induce thermal shrinkage of partial (Grade I 

or II) SLIL tears and have shown good short-term results (93). This technique is 

recommended for dynamic scapholunate instability (94). One advantage is decreased 

soft tissue injury due to the surgical procedure. In particular, it avoids damage to the 

posterior interosseous nerve thereby preserving carpal proprioception. Furthermore, it 

also preserves the dorsal intercarpal ligament which has an important role in dynamic 

stability. However, it can only be used in early cases where the SLIL is lax but still 

attached.   

 

Capsulodesis  

Blatt’s capsulodesis involves making a flap from the dorsal capsule that is left attached 

proximally to the radius. This flap is then attached distally to the scaphoid using drill 

holes or suture anchors after the scaphoid has been re-positioned and traditionally fixed 

with K-wires. However, the results of one 30 patient case series demonstrated that there 

was no significant difference in patient outcomes when omitting the use of K-wires, 
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thereby reducing the amount of time the wrist is immobilised post-operatively (95). 

Overall, this approach is useful in symptomatic patients with dynamic scapholunate 

dissociation without arthritic changes (96). It has demonstrated good results in short-

term reduction of SL gap and angle but studies have shown that this technique is unable 

to maintain stability and functional results in the long-term (97, 98). Furthermore, it 

does not prevent arthritic deterioration. 

 

Tenodesis 

Tenodesis is a complex procedure and there are numerous variations for its use in SLIL 

reconstruction. Linscheid (99) and Brunelli (100) outlined approaches which involved 

different configurations of threading harvested tendons (extensor carpi radialis brevis 

(ECRB)/ flexor carpi radialis (FCR)) through holes drilled in the carpal bones in an 

attempt to reconstruct the SLIL. As the Brunelli approach involves the FCR crossing the 

radiocarpal joint (Figure 6A), a loss of 40-60° of flexion over 6 months to 2 years after 

surgery has been observed in patients (100).  Furthermore, a retrospective review of 22 

patients using the Brunelli method with an average follow up 61 months showed that 

there was a loss of flexion (23°) and extension (22°) with 67% of grip strength regained 

(101). Two patients did not return to work after surgery, three patients experienced 

arthritic degenerative changes and two patients had complications (e.g. AVN of the 

scaphoid) as a result of the injury. Therefore, it can be seen that the Brunelli method is 

not ideal, but its limitations are outweighed by the presence of patient satisfaction (101).  

 

The three-ligament tenodesis or modified Brunelli technique (Figure 6B) described by 

Garcia-Eilias et al. (11) is the same as the Brunelli method but involves insertion of the 

FCR tendon on the dorsal surface of the lunate instead of the dorsal radius (Figure 7- 9). 

This alteration means that the tendon graft does not cross the radiocarpal joint and 

decreases the loss of wrist flexion (9°) after surgery (89). A cadaveric study on five wrists 

found that the modified Brunelli technique is more effective at reducing the SL interval 
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and SL angle than the Blatt capsulodesis (102). This is attributed to its distal and 

proximal points of fixation which prevents scaphoid flexion and allows for more 

support in normal carpal kinematics. Modified Brunelli technique in eight patients with 

static instability with an average follow-up of 13.8 years showed promising results (103). 

A prospective follow-up of 20 patients over a mean time of 25.1 months indicated that 

there were short-term benefits in patients who experienced static instability with 

decreased pain, increased grip strength and wrist function (104). However, long-term 

benefits were not observed.  

 

 

 

Figure 6- Stylised drawings of common tenodesis procedures. A) The Brunelli method. B) Three-

ligament tenodesis or modified Brunelli technique. (Source: Hand-drawn figure courtesy of Loko Lui) 
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Figure 7: Procedure for obtaining a FCR graft via a palmar approach with incision overlying the scaphoid. 

(Source: Courtesy of Professor Randy Bindra at Griffith University School of Medicine, Gold Coast 

University Hospital and Gold Coast Private Hospital) 
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Figure 8: Surgical procedure of the modified Brunelli technique. A-D) The bony ends of both the 

scaphoid and lunate was prepared with significant removal of scar tissue. E-G) Joystick K-wires were 

placed in the scaphoid and lunate for reduction of the SL gap. H-J) FCR graft was passed through the 

drilled hole in the scaphoid. A small incision was made over the ulnar aspect of the wrist overlying the 

triquetrum and a hole was drilled between the lunate and triquetrum, extending to the scapholunate joint. 

K) The graft was passed through from the scaphoid through to the triquetrum. L) SL joint was reduced 
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under direct vision. FCR graft was secured with a 3mm interference screw in the triquetrum. M-O) The 

tail of the graft was passed dorsally back over the proximal carpus to be fixed into the scaphoid with a 

bone anchor. The remainder of the graft was utilised to augment the capsular repair. The patient was 

placed in a cast for 6 weeks of immobilisation. (Source: Courtesy of Professor Randy Bindra at Griffith 

University School of Medicine, Gold Coast University Hospital and Gold Coast Private Hospital) 

 

 

 

Figure 9: X-rays of dorsal SLIL reconstruction using the modified Brunelli technique. A & B) Intra-

operative x-rays and C) post-operative x-ray. (Source: Courtesy of Professor Randy Bindra at Griffith 

University School of Medicine, Gold Coast University Hospital and Gold Coast Private Hospital) 

 

 

Athlani et al. has recently reported another modification of the three-ligament tenodesis 

with the reconstruction of the dorsal SLIL and dorsal intercarpal ligament using an 

additional free palmaris longus graft (scapholunate and dorsal intercarpal 

ligamentoplasty, SLICL) (105, 106). The retrospective study involved the comparison of 

20 patients receiving three-ligament tenodesis and 26 patients receiving SLICL (105). 

After a mean follow up of 36 months, it was found that the SLICL patients reported 

greater functional improvement as determined by the pre and post-operative the 

Disabilities of the Arm, Shoulder and Hand (DASH)/ Patient-Rated Wrist Evaluation 

(PRWE) scores as well as a greater improvement in scapholunate gap and scapholunate 

angle on x-ray when compared to patients treated with three-ligament tenodesis. 
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While the three-ligament tenodesis aims to reconstruct the dorsal SLIL only, there have 

been newer techniques developed to address both dorsal and volar SLIL tears. The 

Scapholunate Ligament Internal Brace 360-Degree Tenodesis (SLITT) has been recently 

described utilising a palmaris longus tendon graft in combination with synthetic suture 

tape internal bracing to increase structural support (107). This allowed for the resistance 

to load along multiple axial planes as commonly seen in Geissler Grade IV tears. The 

use of this technique was reported in a case study where a patient was followed up 13 

months after surgery and described high patient satisfaction and outcomes. Similarly, 

the Anatomical Dorsal and Volar Repair (ANAFAB) was developed based off the 

isometric ligament points obtained from 3D CT modelling of the wrist (108) and 

involves the use of a FCR graft together with suture tape. This was presented at the 2017 

American Society for Surgery of the Hand Annual Meeting in San Francisco and is not 

yet published. The procedure was performed on 10 patients and is currently in the 

process of being followed up for 24-40 months. The box technique described by Ho et 

al. involves arthroscopic assistance to reconstruct the dorsal and volar SLIL with a 

palmaris longus tendon graft (109). This minimally invasive surgical technique had 

good initial reports of patient satisfaction after a mean patient follow up of 48 months.  

 

Overall, these methods allow for a more accurate reconstruction of the native SLIL 

without the requirement of K-wire fixation therefore reducing the time required in 

immobilisation after surgery and accelerating the rehabilitation process. However, the 

main limitations of utilising tendon grafts in ligament reconstruction such as stretching 

and creep still remain and the future of ligament replacement must shift from this focus.  

 

Grafts for SLIL reconstruction 

Numerous sites for autograft harvesting of BLB grafts have been investigated in the past 

and have been shown to be promising for the future of SLIL repairs. Recent studies have 

attempted to use bone-retinaculum-bone (BRB) autografts from the distal radius (10, 
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110, 111) or 3rd dorsal or extensor compartment base near the Lister tubercle (112, 113) 

as an alternative method of treatment in SLIL injury. It was noted that the construct was 

poor at addressing static instability (SL angle= 45-87°, SL interval 3-11mm). Long-term 

follow up in 14 patients for an average of 11.9 years where BRB autografts were used in 

dynamic instability showed that failures were mainly attributed to insufficient graft 

stiffness and strength. The BRB autograft is significantly weaker than the SLIL and also 

thinner than the dorsal segment of the SLIL (111, 114). It was also found that the BRB 

graft strength deteriorated over time (average of 2-4 years), resulting in subsequent 

invasive salvage procedures (10, 111). Therefore, the success of this approach was solely 

dependent on the hypertrophy or remodelling of the BRB graft that occurred after 

surgery. Overall, there have been successful cases reported but the data highlights that it 

is not an ideal graft for SLIL reconstructions.  

 

Autografts derived from the hand have similarly been investigated. The use of bone-

capitohamate ligament-bone autografts by Nakumara et al. (20, 115, 116)  returned 

favourable clinical and radiographic results in 15 wrists of 14 patients with both 

dynamic and static scapholunate dissociations after at least one year follow-up. These 

included an improved Modified Mayo Wrist Score, reduced pain, wrist flexion and 

extension of 60°, and 74° respectively, reduced SL gap (4.8mm to 2.1mm) and reduced 

SL angle (67° to 55°). However, maintenance of the graft strength over longer periods of 

time has not yet been investigated. In addition, the biomechanical properties (stiffness/ 

load to failure) of the second metacarpal-trapezoid ligament and 3rd metacarpal-

capitate ligament has also been found to be inferior to that of SLIL in numerous 

cadaveric studies (117). On the other hand, a biomechanical study of cadaveric 

trapezoid-to-second metacarpal and capitotrapezoid ligaments found that they shared 

similar load to failure and stiffness to that of the dorsal SLIL (118). Further long term 

clinical studies are required to elucidate any long-lasting patient benefits.  
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Svoboda et al. (119) was the first to explore the use of foot ligaments as potential 

autografts for SLIL reconstruction. The trend of inferior biomechanical properties of 

potential autografts from the foot (4th and 5th dorsal metatarsal ligaments, dorsal 

tarsometatarsal ligament, dorsal calcaneocuboid ligament and navicular-first cuneiform 

ligament) compared to the native SLIL was again observed (119, 120). Furthermore, the 

intrinsic spherical shape of foot ligaments in comparison to the trapezoidal shape of the 

SLIL posed another limitation to clinical use (121). A study of 49 patients with an 

average of 2 years follow-up found that there was promising clinical recovery with only 

one graft failure (120). However, concerns regarding midfoot stability subsequent to the 

removal of tarsometatarsal ligaments coupled with added morbidity to a healthy lower 

limb remains.   

 

Outside of the limbs, BLB constructs using the periosteal flap of the iliac crest has been 

attempted (122, 123). It was noted that this graft had similar biomechanical properties 

to SLIL but concerns with high morbidity to donor site prevents widespread use of this 

approach. The use of acellular dermal matrix in SLIL reconstruction has also been 

reported (124). This has been previously employed in rotator cuff reconstructions with 

histological tissue demonstrated and clinical success (125). One pertinent advantage is 

that no donor site is required. A cadaveric study on 15 wrists with acellular dermal 

matrix allograft used for SLIL reconstruction showed that this graft had inferior 

biomechanical properties when compared to the native SLIL (124).  

 

Overall, the major limitation of these techniques is that there still lacks sufficient long-

term follow up of patients (126). The complications of bone-tendon-bone (BTB) 

autografts often used in surgery include graft pull-out and graft stretching which are 

related to the revascularisation stage of healing (7). When considering suitable grafts 

that can be used in SLIL reconstruction, compatible biomechanical properties to the 

native ligament are major factors in determining graft success. 
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Association of scaphoid and lunate 

The reduction association of the SL joint (RASL) procedure was first described by 

Rosenwasser et al. (127) in 1997 and involves complete removal of the SL ligament and 

the placement of a Herbert screw between the scapholunate joint. Despite the advantage 

of biomechanical strength, follow up studies for patients who underwent the procedure 

after 36 and 38 months illustrated poor patient outcomes (128, 129).  This was 

supported by a recent prospective cohort study of 12 patients with a mean follow up 

time of 40 months (130). Aibinder et al. showed that the RASL technique was capable of 

reducing SL gap but had an increased occurrence of early failure and re-operation. In 

fact, seven wrists developed degenerative changes with three requiring invasive salvage 

procedures. 

 

Similarly, the scapholunate ligament axis method (SLAM) is a new technique which 

offers superior biomechanical strength to other reconstruction methods. It consists of 

realignment of the scapholunate bones using a tendon graft passed through the 

scaphoid and lunate along the central axis of rotation and fixed into the lunate (131). 

Another variation of this technique is the Scapholunotriquetral Tenodesis which passes 

the tendon graft through the scaphoid, lunate and triquetral bones before fixation 

within the triquetrum (132). However, long-term clinical studies are lacking with cases 

of AVN in the lunate bone after the SLAM procedure being reported in the literature 

(133, 134). Furthermore, these surgical techniques fail to reconstruct the native SLIL 

and regenerate the cellular composition of ligamentous tissue.  

 

Intercarpal fusion and resection 

Intercarpal fusion or resection can involve scaphotrapezial-trapezoidal fusion, 

scaphocapitate fusion, PRC or scaphoid excision coupled with midcarpal fusion (135). 

Historically, intercarpal fusion was the first-line treatment option but is undesirable due 
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to poor patient outcomes including decreased range of movement and decreased grip 

strength (7).  

 

2.2.5 SLIL Injury Complications 

The natural history of SLIL injuries is not known. Numerous studies have pointed out 

that SLIL tears result in altered intercarpal pressures and kinematics (5, 136) and while 

patients will not always develop scapholunate advanced collapse (SLAC) or dorsal 

intercalated segmental instability (DISI), they are at a higher risk for these conditions 

(89, 137). DISI is defined as abnormal scaphoid flexion coupled with lunate extension. 

The latter is attributed to the attachment of the lunotriquetral interosseous ligament to 

the triquetrum (138). 3D analysis of DISI secondary to scapholunate dissociation in six 

wrists found that patients had stage IV scapholunate instability with a scapholunate 

angle of ≥3mm, a scapholunate angle >70° and a radiolunate angle >15° (139). The 

hallmark of successful treatment results in decreased contact surface area between the 

carpal bones and the radius after surgery. If there is no decrease in contact area, this 

indicates a more severe dissociation that requires more invasive treatment. Overall, this 

study highlights the importance of surgery in managing carpal instability in order to 

minimise osteoarthritic changes.  

 

Scapholunate Advanced Collapse (SLAC) is defined as arthritis between the radial 

styloid, scaphoid and radioscaphoid articular surface. The SLAC pattern of arthritis is 

first observed at the radioscaphoid joint and can be explained by the manner in which 

the scapholunate bones translate dorsally and radially in DISI thereby shifting the 

radioscaphoid contact area to the dorsoradial rim of the radius (80). As described by 

Watson et. al, Stage I involves the radial styloid only, Stage II involves the radial styloid 

and radioscaphoid joint, Stage III consists of arthritis at the radial styloid, radioscaphoid 

joint and midcarpal (often capitolunate) joint and Stage IV is defined by evidence of 

pancarpal arthritis (136).  
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Overall, this section highlights the need for better options in SLIL reconstruction. The 

following section will address the molecular biology, anatomy and physiology of bone 

and ligament that are important in tissue regeneration. 

 

2.3 Molecular Biology of Tissue Repair 

2.3.1 Mesenchymal Stem Cells 

While mesenchymal stem cells (MSCs) can be isolated from almost any tissue in the 

body (140), the most commonly used sources of MSCs include bone marrow and 

adipose tissue-derived MSCs. Over time, there has been the accepted belief that MSCs 

injected into an injured area will directly differentiate and regenerate the patient’s 

damaged tissue (141). MSCs, especially those derived from bone marrow, have been 

used in orthopaedic applications for fracture reconstruction, spinal fusions and to treat 

osteoarthritis (141, 142). However, it has been noted that the standard IV dose of 1-

5million MSC cells per kilogram as used in both animal models and clinical trials is not 

efficient (143). New research has postulated a new differentiation pathway for MSCs 

whereby an embryonic mesodermal progenitor differentiates into pericytes which line 

the blood vessels throughout the body. Upon injury, these pericytes are released from 

the basal lamina and differentiate into MSCs. The type of MSCs they become is 

modulated by the growth factors (GFs) and chemicals present in the local environment 

(144).  

 

Thus, MSCs have been identified to have two major roles in tissue repair as summarised 

in Figure 10. First, they modulate the immune system by secreting biofactors including 

GFs, cytokines and chemokines which suppress the activation of B cells, T cells, 

macrophages and dendritic cells (145-148). Thus, MSCs successfully prevent an 

excessive autoimmune attack on damaged cells. This mode of action is supported by the 

therapeutic benefits of using MSCs to treat Graves Vs Host disease in a mice model 

(149). Secondly, MSCs initiate trophic mechanisms which promote tissue regeneration. 

Actions include decreasing ischaemia related apoptosis and scar formation as well as 
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increasing angiogenesis critical to tissue repair. These effects have been well 

documented in the literature investigating the use of MSCs in stroke, acute myocardial 

infarctions and meniscal tear models (150). Recently, Ichihara et al. has developed a 

hydrogel that allows for instant coating of the epicardium with MSCs for the treatment 

of heart failure in rats (151).  

 

Given the promising results of using MSCs for tissue repair, the addition of MSCs to the 

BLB scaffold in this clinical application would be beneficial for aiding bone or ligament 

regeneration. In order to appreciate the mechanisms in which MSCs are able to perform 

their function, an understanding of the cell signalling pathways and signalling molecules 

involved in bone and ligament regeneration is essential.  

 
 

Figure 10: Summary of the role of MSCs in tissue repair. (MSCs: Mesenchymal stem cells; GFs: Growth 

factors; DC: Dendritic cell) 
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2.3.2 Cell Signalling 

Cell signalling is integral to maintaining homeostasis and tissue repair in the body. 

These mechanisms for cell-to-cell communication can be classified into intracrine, 

autocrine, paracrine, juxtacrine and endocrine cell signals. Substances such as hormones 

secreted by endocrine glands, neurotransmitters and cytokines are examples of 

signalling molecules. They can bind to a specific receptor on a cell, enter through the 

cell membrane or be endocytosed into the target cell thereby activating secondary 

messenger pathways which in turn bring about physiological effects to instigate tissue 

repair. The process in which bone and ligament regeneration occur is outlined in the 

following sections.  

 

2.4 Anatomy and Physiology of Bone and Ligament 

2.4.1 Bone  

Anatomy 

Carpal bones are categorised as short bones in the human body and have a cortical and 

trabecular component (152). Cortical bone is dense and surrounds the bone marrow 

while trabecular bone has a ‘sponge-like’ structure and is interspersed amongst the bone 

marrow region (153). The functional unit of bones are osteons and in cortical bone, this 

is called the Haversian system (152). The osteons are built in concentric lamellae with 

osteocytes situated in the canaliculi. The main functions of cortical bone include 

providing mechanical support and protection to the body as well as maintaining 

biochemical homeostasis through the release of calcium (152).    

 

Stages of fracture healing 

During injury, there are three overarching stages of fracture healing as reviewed by 

Claes et al. (Figure 11) (154). Firstly, the acute inflammatory stage is characterised by 

the migration of leukocytes and exudation of plasma. The clotting cascade is activated 

resulting in the conversion of fibrinogen to fibrin and subsequent fracture hematoma 
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formation (155). Resident macrophages have been identified to influence 

intramembranous bone formation following fractures. Polymorphonuclear neutrophils 

are the first cells to migrate to the injury site to remove cellular debris. These cells 

secrete chemokines (eg. CCL2 and IL-6) that recruit macrophages for endochondral 

ossification (156). Other proinflammatory cytokines (e.g. TNF, IL-1, bone 

morphogenetic proteins (BMPs) and receptor activator of nuclear factor κB ligand 

(RANKL) are released resulting in chemotaxis of MSCs to the area of injury (157). In 

particular, the binding of RANKL to RANK activates the signalling pathway which 

stimulates osteoclast differentiation for bone breakdown and is integral in fracture 

healing (156, 158, 159). In regulating the process of bone formation, osteoprotegerin 

(OPG) is a competitor receptor of RANKL and binding of the molecule results in 

inhibition of osteoclastogenesis thereby providing a ‘check-and-balance’ to the effects of 

RANK (160). In addition, angiogenic factors such as angiopoietin-1 and vascular 

endothelial growth factor (VEGF) are released in response to hypoxic conditions at the 

injury site (157). Angiogenesis is essential for bone regeneration as it transports 

nutrients, GFs and cells to the fracture site while also removing unwanted debris.  

 

Secondly, the repair stage of fracture healing involves either direct or indirect bone 

healing. Direct or primary bone healing occurs in the presence of compressive force (e.g. 

via compression plates) exerted to hold the fracture fragments tightly in place. In this 

situation, normal bone remodelling occurs and osteons with Haversian systems are 

regenerated at the fracture site over an extended period of time (154). Mechanical 

stimulation has been shown to increase the cells’ response to BMP while downregulating 

BMP antagonists (161, 162). Indirect or secondary bone healing occurs when there is 

slight movement between the fracture fragments such as when plaster or external 

fixators are used to secure the fracture.  This allows for the formation of a 

fibrocartilaginous callus thought to be due to a downregulation of osteoblasts in hypoxic 

conditions (163).  Once angiogenesis occurs, recruited monocytes differentiate into 
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osteoclasts to remove the cartilage tissue while MSCs differentiate into osteoblasts to 

produce new trabecular bone, thereby forming a bony callus (152). Maturation of the 

bony callus involves chondrocyte differentiation through the Wnt cell-signalling 

pathway. Finally, the trabecular bone is remodelled into new compact bone through 

osteon regeneration. In order to prevent excessive bone formation, upregulation of 

TGF- I and TGF- II receptors on the cell surface results in increased binding of TGF-

 ligand which consequently inhibits osteoblastic mineralisation (164).  As carpal bones 

are unable to generate a bony callus, it is important that any displaced fractures be fixed 

surgically to enhance primary healing (165).   
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Figure 11: Stages of fracture healing. (Source: Hand-drawn image courtesy of Loko Lui) 

 

 

2.4.2 Ligament 

Anatomy 

Ligament tissue connects bone to bone and is relatively hypocellular, consisting of dense 

collagenous tissue bundles with differentiated fibrocytes (152, 166). Collagen type 1 

forms 70-80% of normal ligament tissue with the remaining 20-30% composed of 

collagen types 3, 5, 10, 11 (152, 166). While the main role of collagen 1 is to maintain 

mechanical strength and stiffness in the normal tissue, collagen 3 is often upregulated to 
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reinforce this during ligament healing (166, 167). Collagen fibrils are surrounded by a 

matrix consisting of water, elastin, proteoglycans and glycolipids (166, 167). Spindle-

shaped fibroblasts are located parallel and between bundles of collagen fibrils. Together, 

these components combine to form collagen fibres.  

 

Stages of ligament healing 

As outlined by Hsu et al., extra-articular ligaments such as the medial cruciate ligament 

(MCL) follow the classical stages of healing and repair is not generally problematic 

(152). The first stage involves the formation of a hematoma and acute inflammatory 

response characterised by the influx of monocytes, leukocytes and macrophages (Figure 

12). The second stage involves the synthesis of collagen 3 by migrating fibroblasts and 

formation of granulation tissue. The third stage is characterised by the deposition of 

ECM and extensive cellular proliferation. Finally, the fourth stage involves increased 

synthesis of collagen 1, re-alignment of fibres following the tissue’s functional axis and 

reduction in cellularity during this remodelling phase. 

 

 
Figure 12: Stages of ligament healing. 
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Intra-articular ligaments such as the SLIL and ACL are generally much more avascular 

and hypocellular and thus, do not follow the general healing pattern described above. 

Firstly, these ligaments are bathed in synovial fluid and bleeding as a result of a tear 

makes it difficult to form a hematoma (152). Secondly, as the SLIL and ACL are primary 

stabilisers of the wrist and knee joints, a complete tear often results in retraction of the 

ends of each fragment due to the loss of normal strain usually present in the ligament 

(152). This tissue gap poses another challenge to spontaneous ligament repair. Given the 

complex and often insufficient healing process of torn intra-articular ligaments, grafts 

developed using tissue-engineering concepts have been used to help reconstruct these 

tissues. 

 

In following the examination of physiological bone and ligament healing tissues, the 

following section critically evaluates current tissue-engineering concepts used in 

promoting bone and ligament regeneration.  

 

2.5 Tissue Engineering Concepts 

2.5.1 Basic Principles 

The concept underpinning tissue engineering relies on the utilisation of a substrate, 

natural or synthetic, for allowing the expansion, differentiation and maturation of a 

“neo-tissue”. Regardless of the application, this scaffold must be biocompatible and 

highly porous with an interconnected porosity for allowing homogenous cell growth, 

media and oxygen diffusion throughout the entire construct. As documented in the 

literature, there are numerous ways in which scaffolds can be fabricated. Historically, 

porosity was introduced in scaffolds using a sacrificial porogen (168) (salt, sugar etc.) 

that leads to the fabrication of 90% porous scaffolds albeit with inadequate pore 

interconnection unless a modification of the porogen is performed (Figure 13A) (169). 

Other techniques utilised supercritical CO2 (170) (gas foaming, Figure 13B), controlled 

freezing of a polymer solution prior to sublimating the solvent (171) (Thermally 
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Induced Phase Separation, Figure 13C) or the creation of micro and sub-micrometric 

polymer fibres resembling the natural ECM by forcing a polymeric solution through a 

high electrical field (electrospinning, Figure 13D) (171, 172).  

 

Conventional methods of 3D-printing include stereolithography, fused deposition 

modelling (or additive manufacturing) and selective laser sintering. More recently, 3D-

printing has offered better control over the architecture and physical properties of the 

scaffold thereby enabling the manufacturing of patient-specific constructs (Figure 13E 

and Figure 13A) (173, 174). The emergence of 3D bioprinting and 4D printing methods 

has also been investigated for use in scaffold fabrication for tissue regeneration. 
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Figure 13: Scaffold fabrication technologies. A) Principles of solvent casting particulate leaching out using 

rectangular or spherical porogen, B) CO2 supercritical foaming involving the saturation and dissolution of 

polymer pellets with supercritical CO2 which once the pressure is release creates pores as it resumes its 

gaseous phase, C) Thermally Induced Phase Separation, the controlled cooling of the polymer solution 

enables the separation of the polymer and the solvent which once sublimated creates high porosity, D) 

Electrospinning which principle relies on extruding a polymer solution or melt through a high voltage 

leading to the formation of a polymer jet undergoing whipping instabilities and hence leading to the 

deposition of micro- to submicrometer fibres, E) 3D-printing whereby a polymer melt is extruded and 

deposited according to a computer controlled pattern in a layer by layer manner. (Source: A Adapted with 

permission from Mikos AG, Sarakinos G, Leite SM, Vacant JP, Langer R. Laminated three-dimensional 

biodegradable foams for use in tissue engineering. Biomaterials. 1993;14[5]:323–330; and Vaquette C, 
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Frochot C, Rahouadj R, Wang X. An innovative method to obtain porous PLLA scaffolds with highly 

spherical and interconnected pores. J Biomed Mater Res B Appl Biomater. 2008;86[1]:9–17. B Adapted 

with permission from Jenkins MJ, Harrison KL, Silva MM, Whitaker MJ, Shakesheff KM, Howdle SM. 

Characterisation of microcellular foams produced from semi-crystalline PCL using supercritical carbon 

dioxide. Eur Polymer J. 2006;42[11]:3145–3151. C Adapted with permission from Nam YS, Park TG. 

Biodegradable polymeric microcellular foams by modified thermally induced phase separation method. 

Biomaterials. 1999;20[19]:1783–1790. D Adapted with permission from Vaquette C, Cooper-White JJ. 

Increasing electrospun scaffold pore size with tailored collectors for improved cell penetration. Acta 

Biomater. 2011;7[6]:2544–2557. E Adapted with permission from Moroni L, de Wijn JR, van Blitterswijk 

CA. 3D fiber-deposited scaffolds for tissue engineering: influence of pores geometry and architecture on 

dynamic mechanical properties. Biomaterials. 2006;27[7]:974–985.) 

 

 

2.5.2 Cell Seeding for 3D Scaffolds 

The use of bioreactors in cell culture has helped overcome the limitations of static cell 

seeding methods and allows for detailed control of nutrient perfusion and oxygen levels 

(175-177). In particular, Wagner et al. (176-178) investigated the best method for cell 

seeding on 3D scaffolds by comparing the effects of static seeding (direct pipetting of 

cell suspension onto scaffolds over a 5 minute period), suspension seeding (direct 

pipetting of cell suspension followed by immersing the seeded scaffolds in the same 

medium for 12 hours) and dynamic seeding (use of a dynamic rotating bioreactor 

(Synthecon) programed to rotate at 18RPM for 18hours to eliminate gravitational 

forces). Through analysis of the number of cells attached to the scaffolds, it was 

determined that the dynamic cell seeding method yielded the best results and allowed 

for greatest cell attachment. Therefore, experiments in Chapters 4 and 6 of this thesis 

have adopted the use of a dynamic rotational bioreactor to facilitate MSC seeding onto 

synthetic PCL scaffolds.  

 

The following section explores the use of 3D-printing in bone and ligament 

regeneration. The essential components of a successful scaffold for tissue engineering 



46 

have been identified as: (1) biocompatible and biodegradable property (2) optimised 

shape to encourage cell differentiation following its native anatomical structure and (3) 

3D porous structure with strategic biomimicry to facilitate cellularisation and tissue 

growth (179, 180). 

2.5.3 Bone Tissue Engineering 

Autologous bone grafts have been used extensively in the medical field to fill 

craniofacial, cavarial and long bone defects. While autografts are still the gold standard 

for bone reconstruction, the donor morbidity and increased chance of graft resorption 

by osteoclasts have led to the development of synthetic biomaterials for use in 3D-

printing for bone regeneration. Over the years, additive manufacturing of patient-

specific structures for bone regeneration has been made possible with the development 

of technology and design software (181).  

The architecture of the scaffold is of great importance in bone tissue engineering. An 

increased porosity optimises bone regeneration as it allows for greater nutrient diffusion 

and angiogenesis, thereby transporting important progenitor cells to the scaffold for 

osteoblastic differentiation.  However, a high scaffold porosity will result in reduced 

mechanical strength and thus, these two characteristics must be balanced in order to 

design the ideal scaffold for bone regeneration. An adequate pore size is necessary to 

allow for cells to pass through in the scaffold. As reviewed by Karageorgiou & Kaplan 

(182, 183), a pore size of greater than 300μm is recommended in the literature. 

However, in an in vivo ectopic implantation model in immunocompromised rats, the 

seeding of human gingival fibroblasts onto polycaprolactone (PCL) scaffolds ranging 

from 350-800μm porosity showed that it had a limited impact on bone regeneration 

(184). Therefore, it is important to remember that there are many other factors such as 

pore shape, pore interconnectivity and permeability which also play a vital role in 

regulating bone regeneration. Furthermore, dynamic mechanical loading has an 

important role in directing bone regeneration. In particular, it has been shown to 
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increase osteoblast proliferation, promote angiogenesis and organise the laying down of 

collagen in the load-bearing direction (185).  

 

Scaffold material for bone tissue engineering includes ceramics (calcium phosphates), 

hydroxyapatite (HA), bioglasses, polymers (collagen, chitosan, polylactide) and hybrid 

materials cellularised with adipose-derived stem cells or bone-marrow-derived MSCs 

(186-188). The incorporation of other newer materials such as grapheme has shown 

great potential in bone tissue engineering applications due to its superior biomechanical 

properties and osteoinductive properties (189, 190). Ceramics are advantageous due to 

their excellent bioactivity but are inherently brittle. This makes it difficult for clinical 

translation as the scaffolds cannot be fixed with screws. On the other hand, polymers 

lack bioactivity but are ductile and have superior mechanical properties. Therefore, it is 

important to blend the two in hybrid biomaterials to find a balance between maximising 

bioactivity and reducing brittleness.  

 

There are numerous examples of using synthetic biomaterials for bone reconstruction. 

A silk-based scaffold for ACL reconstruction was implanted without cellularisation or 

GFs in 33 sheep and found to stimulate early stages of integration in bone tunnels (191). 

In Zhang et al.’s study, polylactic acid and HA composite scaffolds was seeded with bone 

marrow stromal cells and was shown to facilitate cell proliferation and differentiation 

when implanted in a critical-size rat cavarial defect model (192).  In addition, Roohani 

et al. (193) has developed a novel porous bioglass-ceramic scaffold which had was able 

to withstand compressive force (110MPa) similar to that of native cortical bone (100-

150MPa). In another study, Roohani et al. (194) coated calcium phosphate scaffolds 

with a thin layer of PCL and HA nanoparticles thereby improving mechanical 

properties and increasing bone growth.  
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Nyberg et al. (195) investigated the effect of incorporating mineral additives such as 

tricalcium phosphates, HA, Bio-Oss and decellularised bone matrix (cadaverial bone 

grafts) with PCL to create composite scaffolds with the latter two being most effective in 

facilitating bone regeneration. The incorporation of 2D grapheme oxide into porous 

PCL scaffolds was found to increase scaffold mechanical strength and did not cause 

cytotoxicity (196). Furthermore, bioactive silicate cements (eg. tricalcium silicate) which 

could form stable structures at room temperature poses an alternative to silicate 

bioceramics which require high-temperature sintering post-printing (197). The 

sintering causes volume-shrinkage of the scaffold, thereby making it difficult to control 

the pore size and overall dimensions of the biomaterial. In addition, the high 

temperature utilised during sintering prevents the inclusion of GFs.  

 

Surface modification of scaffolds allows nanoscale adjustments to the topography, 

which subsequently facilitates cell adhesion, proliferation and differentiation (198). 

Faia-Torres et al. (199) varied the surface roughness of PCL scaffolds seeded with 

human MSCs with an average roughness of 0.93μm found to be a suitable alternative to 

soluble osteogenic inducers. In addition, Wang et al. (200) found that surface 

modification of 3D-printed PLA scaffolds using cold atmospheric plasma was a simple 

and inexpensive method to increase the scaffold’s surface area and hydrophilicity. 

Furthermore, the linking of GFs in the bone morphogenetic proteins (BMPs) family 

(specifically BMP 2, 4, 6 and 7) to the surface of scaffolds have been shown to be 

osteoinductive (187, 201, 202).  Studies such as Ruhele et al. (203) have investigated the 

ideal dosage of bone morphogenic protein 2 (BMP-2) to deliver in order to balance the 

advantages of use with risks of heterotopic ossification. Patel et al. (204) demonstrated 

that the binding of BMP-2 via adsorption resulted in more bone regeneration. This is 

compared to conjugation methods which allowed for increased initial BMP-2 binding, 

but decreased bioactivity as demonstrated by reduced ALP expression. This may be due 

to the conformational changes of molecular structure during conjugation reactions. 
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These experiments were conducted at room temperature with BMP-2 loading times of 

one hour only to mirror realistic surgical conditions and improve the chances of clinical 

translation.  

 

Titanium implants have been long used in orthopaedic applications due to their 

advantageous low cytotoxicity and mechanical properties. The challenges of low 

bioactivity have been met with coating the titanium scaffolds with substances such as 

magnesium-calcium silicate, chitosan or combinations including gelatin, HA, 

dexamethasone, AA and GP (205, 206). In Hokmabad et al.’s study, ethyl cellulose and 

PCL nanofibres were electrospun prior to submersion in alginate solutions containing 

nano-HA particles to mimic the native ECM environment (207). These processes have 

improved cellular adhesion, upregulated cellular proliferation and differentiation 

resulting in greater bone mineralisation when implanted into critical-size bone defects 

of rabbits (205). Similarly, the coating of poly-L-lactide (PLLA) nanofibres synthesised 

by electrospinning with plant-derived flavonoids such as epigallocatechin gallate has 

been reported in the literature with upregulation of osteogenesis and downregulation of 

adipogenesis of adipose-derived MSCs (208). Furthermore, coating of PLGA/HA 

scaffolds with quaternised chitosan has been reported to have both antimicrobial and 

osteoconductive functions which are especially useful in repairing bone defects (209).  

 

The incorporation of osteoblast-inducing drugs such as simvastatin into PLGA scaffolds 

has been investigated in the literature. Encarnacao et al. (210) reported no significant 

loss of scaffold biomechanical strength and demonstrated that gradual and prolonged 

simvastatin release was achieved thereby highlighting its potential use in bone 

regeneration. Similarly, the seeding of 3D-printed PLGA scaffolds with simvastatin 

microspheres also unregulated cellular proliferation and enhanced bone osteogenesis in 

femoral segmental defects of Sprague-Dawley rats (211).  
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2.5.4 Ligament Tissue Engineering 

Tissue engineering for ligament tissue has mainly been focused on ACL reconstruction. 

The preliminary biomaterials graft developed for this purpose was the ligament 

advanced reinforcement system (LARs). This is a non-degradable artificial ligament 

synthesised from polyethylene terephthalate (PET) which allowed for augmentation of a 

short ACL tendon graft and has high mechanical strength (212). However, the use of 

these grafts has resulted in cases of poor patient outcomes with reports of failure, laxity, 

osteolysis in the bone tunnel, synovitis and early-onset arthritis (212). A retrospective 

review of 117 synthetic early/ preliminary ACL grafts found that the main reason for 

failure was due to insufficient abrasion resistance against individual fibres and against 

bone (213). Another retrieval study of LARS ligaments found that 10 out of the 15 

samples explanted showed signs of an acute inflammatory response and foreign body 

reaction (214).  

In order to reduce the adverse outcomes associated with the use of LARs, coatings such 

as cationised gelatin and hyaluronic acid have been used to enhance the 

osseointegration of PET artificial ligament grafts in bone tunnels after ACL 

reconstructions (215). Furthermore, the grafting of PET synthetic ligament with 

polystyrene sodium sulfonate (PolyNaSS) has shown to be biomimetic, regulating 

collagen proliferation more effectively while also upregulating bone mineralisation in in 

vitro experimentations (216). 

Ligament tissue engineering has commonly used silk (217, 218), collagen, PLLA and 

polyglycolic acid family of synthetic polymers as scaffolds (Figure 14) together with 

MSCs or fibroblasts for cellularisation (219-222). Decellularised and demineralised 

cortical bone matrix (223), decellularised iliotibial band (224), porcine Achilles tendon 

enthesis (225) and porcine superflexor tendon (226) have been explored as options for 

ligament regeneration given its advantage of abundant ECM delivery. However, the 
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presence of cell debris and consequent inflammatory response has been recognised as a 

weakness. Textured PLA fibres have been used previously to create a porous scaffold 

however, these constructs exhibited insufficient mechanical properties for in vivo 

transplantation for ACL repair (227). Therefore, braided or knitted scaffold structures 

are more commonly seen in the literature. 

 

Braided techniques for ligament tissue engineering have been investigated extensively by 

numerous groups (41, 217, 220-222, 228-231). The design of these 3D braided scaffolds 

often consists of a fibrous intra-articular zone terminated at each end by less porous 

bony attachment zones in a single braid (Figure 14A-B) (13, 219). Braided scaffolds have 

poor cell infiltration due to small pore size and porosity. Therefore, this does not 

promote optimal tissue integration. On the other hand, knitted scaffolds have superior 

mechanical properties but a large pore size, which decreases cellular attachment (232).  

 

Thus, hybrid scaffolds have been developed to maintain the mechanical properties of 

knitted scaffolds while enhancing cellular attachment. For example, composite silk 

scaffolds based on knitting technology (Figure 14) have exhibited increased human ACL 

cell migration and angiogenesis in ligament regeneration (233). In addition, hybrid silk 

scaffolds (combination of knitted and electrospun fibres) have also shown increased 

MSC differentiation into fibroblasts (220). An in-depth review of silk fibroin scaffolds 

used in ligament regeneration can be found here (234).  

 

Electrospinning has offered new possibilities for generating nanofibrous filaments 

which can be aligned and hence, mimic the tissue structure of ligaments when stretched 

(235). This involves the creation of micrometric polymer fibres resembling the natural 

ECM by forcing a polymer through a high electrical field. These filaments allowed for 

increased cellular proliferation and cell adhesion thereby highlighting its potential for 
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clinical use to promote tissue regeneration (236). Further summary of the use of 

electrospinning in this field has been detailed by Manoukian et al. (237) 

 

The architecture of the scaffold has been demonstrated as an important determinant of 

MSC lineage differentiation. Olvera et al. (238) showed that in the presence of 

connective tissue growth factor (CTGF), MSCs cultured on aligned electrospun PCL 

fibres differentiated into fibroblasts with concurrent upregulation of tenomodulin 

(TNMD) compared to when cultured on scaffolds with nonaligned electrospun PCL 

fibres. Adjustment of the topographical surface of the scaffold with microgrooves has 

allowed researchers to direct the formation of 3D orientated ligamentous structures 

(239).  

 

 
 

Figure 14: Scaffolds utilised in ligament tissue engineering. A) Braided ligament construct featuring 

densely pack bone sections for insertion in the bone tunnels and an intra-articular segment consisting in 

aligned polymer fibres, B) Braided construct manufactured utilising a twisting technology enhancing the 

biomechanical strength of the resulting scaffold, C) Composite silk scaffold whereby the porous knitted 

mesh is infiltrated by a porous silk fibroin foam enhancing cellular retention and interaction of the 
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construct. (Source: A Adapted with permission from Laurencin CT, Freeman JW. Ligament tissue 

engineering: an evolutionary materials science approach. Biomaterials. 2005;26[36]:7530–7536. B 

Adapted with permission from Altman GH, Horan RL, Lu HH, et al. Silk matrix for tissue engineered 

anterior cruciate ligaments. Biomaterials. 2002;23[20]:4131–4141. C Adapted with permission from Fan 

H, Liu H, Toh SL, Goh JC. Anterior cruciate ligament regeneration using mesenchymal stem cells and silk 

scaffold in large animal model. Biomaterials. 2009; 30[28]:4967–4977.) 

 

 

In an attempt to better mimic the natural architecture of ACL fibres, Chen et al. (240) 

have used electrospun poly(L-lactide-co-acryloyl carbonate) to create a crimped scaffold 

where ligament fibres are arranged in a ‘wave’. Scaffolds with a crimped ligament fibre 

orientation showed increase ECM production from seeded fibroblasts when cultured in 

a bioreactor (240, 241).  However, the weak mechanical properties of the graft mean that 

it would not withstand normal ACL physiological loads. Szczesny et al. (242) 

investigated the mechanical behaviour of crimped electrospun scaffolds and found that 

when stretched, the uncrimping process exhibited nonlinear mechanical behaviour 

which modelled that of native ligament. This prevented excess strain to be placed on cell 

nuclei and may therefore influence gene expression during cellular differentiation. 

Alternatively, a study by Hoyer et al. (243) used an embroidery machine and surgical 

threads to create scaffolds which had zig-zags along the longitudinal axis from P(LA-

CL). These embroidered scaffolds were then seeded with primary lapine ACL cells and 

exhibited good cell attachment. Furthermore, Hahner et al. (244) created a triphasic 

embroidered scaffold by varying the polymer thread materials which had comparable 

mechanical properties of lapine ACL tissue grafts. 

 

Numerous approaches have been explored to improve ligament graft outcomes. 

Bioreactors have been used in vitro to provide mechanical stimuli for promoting tissue 

remodelling and enhancing its biomechanical properties (245-251). In particular, 

ligament tissue grown in conditions with mechanical stimuli have demonstrated 
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upregulated production of ECM factors such as collagen 1A, collagen 3A, elastin and 

tenascin C (252, 253). The coupling of braided scaffolds with the use of computational 

modelling via Finite Element (FE) analysis allows opportunity for prediction and 

manipulation of the scaffold’s mechanical behaviour thereby optimising in vitro 

conditions to culture cells on the scaffolds (15).  

Other approaches to improve graft outcomes include coating of PCL scaffolds with a 

hydrogel designed to mimic natural ECM in order to act as a nutrient reservoir and 

provide a platform for quick cell attachment and proliferation of collagen thereby 

preventing scar tissue from developing (213, 254). Recently, Liu et al. (255) described 

the methods for coating a PCL braided scaffold with polyelectrolyte multilayer films 

containing poly-l-lysine and HA. Culture of MSCs on these scaffolds resulted in 

secretion of collagen 1A, collagen 3A and tenascin C. Addition of exogenous elastin 

(100μg/ 0.5mL per week) for six or twelve weeks has been shown to promote ligament 

regeneration in a rabbit medial collateral ligament (MCL) model with upregulation of 

collagen and elastin synthesis (256). Treatment of cells isolated from human ACL with 

serum mimicking exercise conditions has been proposed as an alternative experimental 

model for studying the mechanical properties and cellular biochemistry of ligament 

regeneration (257). In previous years, ligament augmentation involving the use of 

resorbable PCL and PLGA blend fibres (PCL and PLGA blend) has been investigated to 

strengthen the tendon grafts and prevent ACL graft failure after surgery (6, 14). 

Furthermore, the study of nanoparticle HA added to PCL/ chitosan to form a composite 

biomaterial prior to electrospinning has demonstrated that the scaffolds had 

biomechanical properties similar to that of ligament tissues (258).   

2.5.5 Multiphasic Scaffolds 

The concept of multiphasic scaffolds has been used extensively in repairing 

osteochondral defects with a plethora of biphasic and multiphasic scaffolds developed 
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(259) with common biomaterials used for tissue-engineering applications (260-263). In 

2011, a triphasic scaffold has progressed to human clinical trials for osteochondral 

regeneration (264). This novel tissue engineering approach has also been pursued in 

periodontal regeneration with promising results from the incorporation of traditional 

regenerative approaches such as guided tissue regeneration (GTR), stem cells and 

supporting GFs into compartmentalised biphasic and triphasic scaffolds (179, 265, 266). 

Multiphasic scaffolds may also be optimised for regenerating bone-ligament interfaces 

like the SLIL for this thesis research. 

Overall, this section outlined the vast amount of research using 3D-printing for bone 

and ligament regeneration. The following section will focus on the developments and 

challenges in applying tissue-engineering concepts for use in the field of Hand Surgery 

specifically.  

2.6 Tissue Engineering for Hand Surgery  

2.6.1 Introduction 

The field of hand surgery is constantly evolving to meet the challenges of repairing 

intricate anatomical structures with limited availability of donor tissue. The past ten 

years have seen an exponential growth in tissue engineering, which has broadened the 

perspectives of tackling these age-old problems. Various fabrication techniques such as 

melt electrospinning and fused deposition modelling have been employed to synthesise 

three-dimensional bioscaffolds that can be used to replace lost tissue. These bioscaffolds 

with strategic biomimicry have been shown to allow for integrative and functional 

repair of tissue injuries. This section will summarise the most current advances in tissue 

engineering and its applications in the field of hand surgery. It will outline the current 

tissue engineering techniques commonly used for tackling musculoskeletal problems 

and highlight the most promising approaches according to clinical evidence. In 

particular, this review will explore regenerative medicine concepts applied to bone and 
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ligament tissue relevant to this thesis investigation. In the face of innovative and 

pioneering research, tissue engineering will undoubtedly play a key role in 

reconstructive hand surgery in the not too distant future. 

 

2.6.2 Bone  

Autologous iliac crest graft has long been the golden standard of bone replacement and 

continues to be the mainstay of management of segmental bone loss (267). Any 

artificially engineered bone substitute material should offer an osteoinductive three-

dimensional structure, promote bone growth with osteogenic cells and osteoinductive 

factors as well as encourage vascularisation while maintaining form and structure of the 

missing tissue.  In order to create such a multifunctional replacement a synthetic 

construct must be seeded with living cells and bioactive macromolecules.  

 

Using CT imaging and rapid prototyping technology, it is possible to create 3D models 

that replicate a defect (Figure 15A) or an entire bone such as the scaphoid or lunate 

(268). The scaffold can then be seeded by adipose-derived and bone marrow 

mesenchymal stem cells (BMSCs) that have been shown to result in successful 

differentiation into osteoblasts (269). A coral scaffold seeded with cultured periosteal 

cells has been successfully used for replacement of a thumb distal phalanx (270). 

Additionally, GFs such as BMP-2 and BMP-7 may be used to stimulate osteoblast 

differentiation and mineralisation (Figure 15B) (202, 271).   

 

Accelerated angiogenesis has been identified using both intrinsic and extrinsic 

vascularisation methods through culture in perforated chambers compared to intrinsic 

vascularisation methods alone (272). In addition, bioactive glass scaffolds which release 

inorganic ions such as copper are known to promote osteogenesis and angiogenesis 

(273).  
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Figure 15: Bone regeneration strategy utilising a combination of additively manufactured scaffold and a 

biological cue (rhBMP-7). A) 3D-printed scaffold for large bone defect, B) outcomes of the regenerative 

procedure in sheep tibia 12 months post-implantation for control specimens and rhBMP-7 (1.75mg) as 

seen per microCT and histology. (Source: A, B Adapted with permission from Cipitria A, Reichert JC, 

Epari DR, et al. Polycaprolactone scaffold and reduced rhBMP-7 dose for the regeneration of critical-sized 

defects in sheep tibiae. Biomaterials. 2013;34[38]:9960–9968; and Reichert JC, Cipitria A, Epari DR, et al. 

A tissue engineering solution for segmental defect regeneration in load-bearing long bones. Sci Transl 

Med. 2012;4[141]:141ra193, with permission.) 
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2.6.3 Ligament  

Ligament tissue engineering has commonly used silk, collagen, PLLA and polyglycolic 

acid family of synthetic polymers as scaffolds (Figure 14) and MSC or fibroblasts for 

cellularisation (219, 220). Much of the current literature with regards to tissue-

engineering applications for ligament regeneration has focused on the ACL. Common 

to most of these scaffolds is their fibrous nature and the relative high strength 

mimicking the biomechanical properties and architecture of the native tissue. Several 

groups have focused on the development of biodegradable braided scaffolds with 

ultimate strength approaching that of native tissue, similar to their commercially 

available non-degradable counterparts (217, 221, 222). The design of these the 3D 

braided scaffolds often consists of a fibrous intra-articular zone terminated at each end 

by a less porous bony attachment zones in a single braid (Figure 14A-B) (13, 219). 

Composite silk scaffolds based on knitting technology (Figure 14C) have exhibited 

increased human ACL cell migration and angiogenesis in ligament regeneration (233). 

Furthermore, the use of bioreactors during in-vitro production successfully simulates 

tissue implantation and provides cells with mechanical stimuli to enhance the 

biomechanical properties of ligament tissue regenerated (245-251).  

 

To date, there is a paucity of studies aimed at regenerating irreplaceable ligaments such 

as the SLIL.  In an early attempt at addressing this issue, Endress et al. (89) decellularised 

the proximal interphalangeal joint collateral ligament and used it to substitute the dorsal 

portion of the SLIL in a cadaver study. Furthermore, they were able to successfully seed 

the scaffold with AMSCs in vitro. Despite the disadvantages of lacking in vivo testing, 

this study has taken the first steps at applying engineering concepts in reconstructing 

the SLIL. 
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2.7 Conclusion  

This chapter provided a comprehensive review of the current knowledge on SLIL 

anatomy, biomechanics and clinical management of SLIL injuries. It also examined the 

physiological process of bone and ligament healing as well as tissue engineering 

concepts and key research attempts to regenerate these tissues.  

 

With the exponential growth of regenerative medicine, there is still a paucity of studies 

regarding the application of tissue-engineering concepts for treating SLIL injuries. 

Another significant research gap identified in the evidence-base is the lack of 

epidemiological studies on SLIL injuries in Australia. This thesis aims to address these 

gaps in the literature with the primary objective being to develop a multiphasic BLB 

scaffold for use in SLIL reconstruction. The following chapter provides an 

epidemiological descriptive analysis of the trends and financial burden of wrist 

reconstructions in Australia. The analysis helps set up a wider context for report of the 

development of the BLB scaffold in subsequent chapters. 
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Chapter 3- The Epidemiology and Financial 
Burden of SLIL Injury in Australia 

 

 

3.1 Introduction 

Scapholunate interosseous ligament (SLIL) injuries are the most common cause of 

carpal instability that contributes to altered carpal kinematics and early arthritis 

resulting in reduced hand mobility. Despite the importance of the problem, the 

incidence and health care burden of SLIL tears in Australia is still unknown. An 

understanding of the demographics of SLIL injuries is important as it will justify future 

resource distribution for the development of both preventative measures and improved 

surgical treatment for this condition.  

 

A descriptive epidemiological study using longitudinal data obtained from the 

Australian Institute of Health and Welfare (AIHW) was conducted to investigate the 

incidence and demographic features of wrist reconstructions in Australia between 2000 

and 2017. As wrist reconstructions performed in Australia are recorded as a single 

category that comprised of triangular fibrocartilage complex (TFCC), lunotriquetral 

(LT) and SLIL tears, it is impossible to calculate the incidence rate of SLIL injuries 

specifically. However, the overall trend of wrist reconstruction provides a good 

indication of the development of SLIL tears given the three mechanisms of injuries are 

similar. This study also provided an estimation of the financial costs of treating patients 

with SLIL tears based on data (2014-2018) obtained from the Gold Coast University 

Hospital (GCUH), which is a public tertiary hospital in Queensland.   
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3.2 Methodology 

3.2.1 Descriptive Epidemiological Analysis of Wrist Reconstruction  

The numbers of wrist reconstruction between 2000 and 2017 were obtained via the 

Procedure Data Cube of the AIHW (274). The AIHW classifies surgical procedures 

according to the International Statistical Classification of Diseases and Related Health 

Problems, 10th revision, Australian modification (ICD-10-AM) and the Australian 

Classification of Health Interventions (ACHI) 3rd to 8th editions. The ICD-10-AM and 

ACHI code is 49215 and described as ‘WRIST, reconstruction of, including repair of 

single or multiple ligaments or capsules, including associated arthrotomy’. The variables 

examined in the analysis include age, sex and length of hospital stay. Incidence rates of 

number per 100,000 people-years were calculated based on census figures reported by 

the Australian Bureau of Statistics (275).  

 

3.2.2 Estimation of Financial Cost  

The ICD-10-AM code for the related surgical procedure (49215) was used to source the 

patients who had a wrist reconstruction at GCUH between 2014 and 2018.  Each patient 

file was manually reviewed to identify those patients who had a SLIL reconstruction. 

The average operation time as stated in the anaesthetic record and the average follow up 

duration in outpatient clinics after the surgery was also recorded and analysed. Total 

costs breakdown into inpatient and outpatient costing were retrieved from the hospital’s 

‘Power Performance Manager’ costing system for these patients. Data extracted included 

total encounter costs broken down by Health Round Table cost buckets. The average 

cost per patient for each cost bucket was calculated and reported (Appendix 1). The 

surgeon reimbursement amount for wrist ligament reconstruction (Medicare Benefits 

Scheme code 49215) was sourced from the public (Medicare) (276) and private 

(WorkCover Queensland) (277) systems.  
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3.2.3 Ethics Approval 

The analysis of declassified official statistical data did not require ethics approval. For 

the financial burden analysis, the project obtained approval from the Gold Coast 

University Hospital Ethics Committee under the category of a Quality Activity 

(LNR/2019/QGC/52773). 

 

3.3 Results 

3.3.1 Trends and Demographics of Wrist Reconstruction 

A total of 14,657 wrist reconstructions were performed between 2000 and 2017 in 

Australia. 8,961 (61%) of these cases were male and 5,696 (39%) were female. The 

number of wrist reconstruction has increased from 402 in 2000-01 to 1,429 in 2016-17 

or a rise of 355% (Figure 1). As Figure 2 has shown, the incidence rate of wrist 

reconstruction per 100,000 people-years has risen from 2.11 in 2000-01 to 5.92 in 2016-

17 which equates to an increase of 281%. The average annual growth of the incidence 

rate of this period is 17 %. 

 

 
Figure 1: Number of wrist reconstructions performed in Australia by sex and year, 2000-2017.  
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Figure 2: Incidence of wrist reconstructions performed in Australia by sex and year, 2000-2017.  

 

 

As Figure 1 has shown, there was an upward trend of wrist reconstruction of both sexes 

over the period, with males (61% of all cases) being more likely to have a reconstruction 

procedure than females. In terms of incidence rate, the rate of males has risen from 2.84 

to 6.73 per 100,000 people-years between 2000 and 2017 (Figure 2). For females, there 

was an increase in incidence over the period from 1.40 to 5.11 per 100,000 people-years 

(Figure 2).  The average annual increase in incidence rate was 16% and 21% for males 

and females respectively.  

 

In terms of age, the 20-50 age group comprised 60% of all wrist reconstructions (Figure 

3) and had the highest incidence rate (Figure 4A) between 2000 and 2017. In 2000-01, 

the incidence rate for males peaked at the 25-29 age group (5.30 per 100,000 people-

years) compared to that of the female population which peaked at the 30-34 year age 

group (2.40 per 100,000 people-years) (Figure 4B &C). In 2016-17, the peak incidences 

shifted to later in life with males peaking at the age group of 35-39 year-olds (11.85 per 

100,000 people-years) and females peaking at the age group of 50-54 year-olds (8.78 per 
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100,000 people-years) (Figures 4B & C). In other words, there was a greater age gap in 

peak incidence for wrist reconstructions between males and females in 2016-17.  

 

 
Figure 3: Total number of wrist reconstructions in Australia by sex and age group, 2000-2017.  
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Figure 4: Incidence of wrist reconstructions performed in Australia, 2000-2017. Data for every four years 

during 2000-2017 was plotted to form a representative view of incidence trends over this time period. A) 

Total incidence of wrist reconstructions per age group. B) Incidence of males undergoing wrist 

reconstructions per age group. C) Incidence of females undergoing wrist reconstructions per age group.  
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In terms of broad age group, the incidence of people over 50 years old undergoing wrist 

reconstruction increased the most by 288 % throughout the period or on an annual 

average rate of 17% (Figure 5).  From Figure 6, it can be seen that the increase in female 

cases among the 75-79 age group contributed significantly to this growth in incidence. 

Compared to the incidence rates of younger age groups, the incidence rate of people 

over 50 years old had increased 1.7 times (versus people younger than 20 years old) and 

1.4 times (versus people 20-49 years old) (Figure 5).  

 

There was no significant difference in the length of hospital stay throughout the period, 

with 54% of patients staying overnight post-operation.  

 

  
Figure 5: Incidence rate of wrist reconstructions performed in Australia by broad age group, 2000-2017.  
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Figure 6: Average annual growth in the incidence of wrist reconstructions performed in Australia by sex 

and age, 2000-2017.  

 

 

3.3.2 Financial Costs of SLIL Surgery  

Between 2014 and 2018, there were a total of 15 patients who underwent a wrist 

reconstruction (ICD-10 procedure code 49215) at GCUH. Of these 15 cases, 8 were for 

SLIL tears involving reconstruction procedures (such as tenodesis) and were used for 

calculation of the cost of SLIL surgery. The average operation time for these 8 patients 

was 2.72 ±0.47 hours. The financial cost of SLIL wrist reconstruction covered the date of 

surgery and subsequent appointments in the outpatient clinic for hand therapy and 

orthopaedic surgeon review until discharge from clinic or loss to follow up (average 

length of follow up = 6 ± 3 months). In total, the mean cost per patient requiring a wrist 

reconstruction in the public system was $13,675, which comprised of inpatient and 

outpatient costs of $9,898 and $4,392 in respectively. Table 1 provides a breakdown of 

the inpatient and outpatient costs.  
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Average Inpatient Costs
Allied Health  $202
Anaesthetics  $1,410
Imaging  $279
Medical and Surgical Services  $1,970
Pathology  $74
Pharmacy  $207
Prostheses  $968
Other Services  $400
Theatre Services  $2,854
Ward Services  $919
Sub-total $9,283

Average Outpatient Costs
Allied Health  $1,066
Imaging $519
Medical and Surgical Services $1,093
Pharmacy $432
Other Services $693
Specialist Outpatient Services $588
Sub-total $4,392
 

Table 1: Average inpatient and outpatient costs for patients requiring a SLIL wrist reconstruction at 

GCUH, 2014-2018 (n=8). 

 

 

Information on costs of SLIL reconstruction in private hospital is not available for 

analysis. However, a rough estimation can be made by comparing the surgeon 

reimbursement for wrist ligament reconstructions in the public (Medicare Benefits 

Scheme) and private (WorkCover Queensland) systems as per the procedure code 

49215.  According the latest figures, the surgeon’s reimbursement from Medicare was 

$660.10 (276) compared to $1975.00 from WorkCover Queensland (277). In other 

words, the surgeon fee in the private system is triple the amount of the surgeon fee in 

the public system. Therefore, the cost of care for wrist ligament reconstructions in the 

private system is predicted to be substantially higher than the public system.  
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3.4 Discussion 

3.4.1 Demographics of Wrist Ligament Reconstructions 

This study reports the trends of wrist reconstruction (TFCC, LT or SLIL tears) in 

Australia between 2000 and 2017.  Given the method of data classification, it was not 

possible to calculate the incidence of SLIL reconstruction specifically. Overall, there has 

been an increasing trend in the incidence of wrist reconstructions throughout the 

period. The rise in wrist reconstructions may be a result of improvement in surveillance 

and detection of wrist ligament injury with arthroscopy, improved imaging and 

increased awareness of ligamentous injuries. For instance, the number of MRI and CT 

scans ordered by general practicioners in Australia had increased between 2002–03 and 

2011–12 (278). 

 

People between the ages of 20 to 50 year-olds comprised the majority of wrist 

reconstruction cases performed between 2016-17. The curve of 2000-01 incidence rates 

of different age groups was relatively flat with cases distributed equally amongst all age 

groups. In contrast, the incidence rates were substantially higher and peaked at the 30-

35 age group in 2016-17 possibly reflecting increased sports involvement (279) and 

participation in manual labour (280) of this group over time. The increase in wrist 

reconstructions may also be a result of the natural progression of injury with acute 

ligament tears occurring at an earlier timepoint but delayed presentation resulting in 

carpal instability that requires ligament reconstruction during later life. Furthermore, 

the shifting of the peak incidence of wrist reconstruction to later life may be related to 

TFCC pathology as the prevalence of TFCC tears is known to increase with age (281). 

 

In terms of differences between the two sexes, the peak incidence of males was 31.70% 

higher than that of females in 2016-17. This may be a result of males participating in 

more sports than females (282), which increased their likelihood of wrist ligament 
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injuries. In fact, the AIWH report on hospital injuries in 2012-13 stated that 70% of all 

patients with wrist injuries requiring hospitalisation were male (283).  

 

The peak incidence of wrist ligament reconstructions in males also occurred at an earlier 

age (35-39 year-old age group) compared to females (peaked at the 50-54 year-old age 

group) during 2016-17. Two possible explanations of this is that men are more active in 

the under 40 years age group (284) and are more engaged in manual labour  than 

women (280). Therefore, it is possible that a wrist ligamentous injury may become 

symptomatic at an earlier age in males.  

 

A possible explanation for the peak incidence of wrist reconstructions being in the older 

age group for the female population may also be related to change in activity levels later 

in life. Between ages 40 and 54, females (43%) are more active and more likely to 

complete ‘sufficient exercise’ according to National Guidelines than males (33%) (285). 

The ABS has also reported higher female sport participation compared to males in the 

45-64 years age group during 2012 (282).  

 

Overall, the findings on incidence rates and trends of wrist reconstruction highlight the 

need for research into wrist ligament injury prevention programs and the development 

of more effective reconstruction techniques for wrist ligament tears in the population.  

 

3.4.2 Financial Burden of SLIL Reconstructions 

Scapholunate instability is a debilitating injury affecting carpal function due to pain and 

weakness (286). The surgical procedure to reconstruct the SLIL is complicated requiring 

relatively long operation times and specialist hand surgery expertise. In addition, 

extensive rehabilitation is required post-surgery. On average in GCUH, a public hospital 

in the Gold Coast, the cost involved with SLIL reconstruction (from operation to 

discharge or loss to follow up) was $13,675 per patient. Using this figure as a base, the 
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cost of SLIL reconstruction for the Australian public health care system in 2016-17 was 

about $20 million ($13,675 x 1,431 patients).  

 

It is important to keep in mind that the estimation offered here does not take into 

consideration of higher costs associated with a wrist reconstruction in a private hospital, 

and any future revision surgeries or procedures such as intercarpal fusion for treatment 

of secondary osteoarthritis (scapholunate advanced collapse, SLAC) resulting from SLIL 

tears later in life. The figure also does not account for indirect costs incurred to the 

patient such as time off work and transport costs associated with attending outpatient 

clinics. The actual financial burden of SLIL reconstruction would be larger if these costs 

are taken into consideration. 

 

3.4.3 Limitations  

The major limitation of this study was that it was not possible to separate SLIL 

reconstructions from other types of wrist ligament procedures. At the same time, these 

data do not take into account patients who refused surgery and may underestimate the 

extent of the clinical problem. Regarding the estimation of costs, the calculation was 

based on data collected from one public tertiary hospital only. However, the cost for this 

procedure is unlikely to vary greatly in the public hospital although the exact 

approaches for SLIL reconstruction may differ among surgeons. Given all costing data 

was taken from a standardised source, it is reasonable to expect that the small sample 

size used in this study to be reflective of the general situation of other public hospitals in 

Australia, although further confirmation will be required to fully ascertain this claim.  

 

3.5 Conclusion 

The management of wrist ligament injuries is challenging due to the patient 

demographics, diagnostic difficulties and complex surgical procedures. In Australia 

between 2000 and 2017, the majority of wrist reconstructions were performed on males 
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and peaked in the 25-29 age group. A conservative cost estimate for this procedure is 

$20 million in 2016-17 and this poses a large financial burden to the Australian health 

care system. The findings presented in this chapter highlight the need for research to 

better understand carpal mechanics for SLIL injury prevention. Given the young age of 

many patients with SLIL injuries, a better method for SLIL reconstruction will also 

improve patient outcomes. The research reported in subsequent chapters focuses on this 

latter task. Specifically, this thesis aims to generate a synthetic BLB scaffold for SLIL 

reconstruction which offers a more effective solution to this clinical problem. 
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Chapter 4- Design and Fabrication of the SLIL 
Scaffold 

 

4.1 Introduction 

As most failure occurs at the bone-ligament interface, the development of a single 

ligament implant alone does not necessarily nor fully address the issue surrounding 

graft integration. Hence, this has driven the rationale for the development of 

multiphasic constructs. Multiphasic scaffolds are defined by the variation of architecture 

in particular regions that allow for compartmentalised regeneration of the different 

tissues. These are integrated into a cohesive construct in order to mimic the structural, 

biomechanical and cellular composition of the native tissue. A major advantage of 

multiphasic designs is that they allow for better mimicry of native tissue with the 

incorporation of physical and biochemical cues to influence cellular differentiation and 

function. These scaffolds hold great potential for orthopaedic tissue translation where 

tissue complexity involving multiple bone and soft tissue interfaces are present (13, 180, 

219). For example, a typical BLB interface consists of three distinct tissue regions: 

ligament, fibrocartilage and bone (13, 180, 219, 287). To this end, various fabrication 

techniques such as electrospinning have been employed and combined to synthesise 

three-dimensional bioscaffolds (288).  

 

 Melt electrospinning involves the deposition of very thin nanofibres to create scaffolds 

with a detailed topography and high porosity. These factors facilitate greater guidance 

for cellular deposition of collagen and differentiation (287). However, the major 

disadvantage of melt electrospinning is that scaffolds have a low biomechanical strength 

and therefore, this technique is not suitable for the clinical application of SLIL 

reconstruction. On the other hand, fused depositional modelling allows for the 

fabrication of scaffolds with larger fibre diameters and it therefore has superior 

biomechanical properties capable of withstanding the normal physiological forces in the 
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wrist (289). Furthermore, we hypothesise that the use of FDM to continuously fabricate 

the multiphasic scaffold will result in improved surface interface between the bone and 

ligament tissue in these complex structures. Therefore, the use of the FDM fabrication 

technique would be best suited to construct a multiphasic scaffold for SLIL 

reconstruction. 

 

Recently, an attempt to recreate the bone-ligament interface through differentiation of 

the same population of MSCs in fibrin-alginate hydrogels by introduction of certain 

biochemical cues has been successful and opens a new method of tissue engineering for 

ligament regeneration (290). Although the concept of compartmentalised regeneration 

for osteochondral and periodontal is common to our current application, the 

mechanical loading varies greatly. While the osteochondral and periodontal tissues 

undergo mostly compressive loading, the SLIL is stretched during hand motion. In 

current literature, the ACL has been at the forefront of multiphasic scaffold 

development yielding promising results (13, 217, 287, 291, 292). Constructs for use in 

supraspinatus and infraspinatus tendon tears have also been investigated (293). In these 

clinical applications, the constructs’ performance of high resistance and resilience to 

deformation is very similar to what is needed for SLIL regeneration. A previous study by 

Spalazzi et al. (292) demonstrated the ability to co-culture fibroblasts and osteoblasts in 

a stratified scaffold design. This was confirmed by in vivo studies with successful 

generation of fibrocartilage in the hard-soft tissue interface (291).   

 

Numerous tissue-engineering approaches have been utilised in the past to regenerate the 

anterior cruciate ligament (ACL) in the knee. For example, braided biodegradable 

scaffolds such as PLLA pre-coated with fibronectin (41) as well as braided silk scaffolds 

(222) have been previously evaluated. Promising research of BLB autografts together 

with exponential growth in the field of tissue engineering has highlighted the potential 

to develop a synthetic and biocompatible construct for surgical application in SLIL 
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repair. These multiphasic bioscaffolds with biomimicry can allow for integrative and 

functional repair of soft tissue injuries (13). This novel approach could potentially be 

superior to equivalent autografts due to factors including: (1) Replication of the patient’s 

SLIL external morphology allowing for identical matching of construct to existing joint 

architecture (2) Maintenance of equivalent biomechanical properties as the native SLIL 

(3) Incorporation of biochemical cues to promote vascularisation and tissue 

regeneration thereby minimising overall healing time and (4) Elimination of donor 

morbidity when harvesting autografts.   

 

The aim of this thesis is to produce an artificial construct with a BLB interface for 

subsequent implantation into small joints. To this end, additive manufacturing will be 

utilised to create a novel composite bioscaffold suitable for dorsal SLIL replacement in 

the wrist. This chapter summarises the process of designing and manufacturing the BLB 

scaffold.  

 

4.2 Methodology 

4.2.1 BLB Scaffold Design 

3D reconstruction of patient carpal CT scans was completed using Materialise 3-Matic 

(Figure 1A). In addition, three human cadaveric SL specimens were scanned with 

microCT (μCT40, SCANCO Medical AG, Brüttisellen, Switzerland) with a voltage of 55 

kVp, a current of 120 μA and power of 8W, an integration time of 300 ms and a voxel 

size of 20 μm to determine bone alignment. 3D images were reconstructed using the 

SCANCO inbuilt software (Figure 1A & B). Bridging fibres were placed between the 

scaphoid and lunate using SolidWorks to create the complete SLIL (Figure 1C).  

 

The 3D reconstructions in Figure 1 illustrated the gross anatomical size of the space 

occupied by the SLIL between the scaphoid and lunate, in particular focusing on the 

dorsal portion. microCT reconstructions of the SL complex (scaphoid, lunate and SLIL) 
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guided design of the bone plug heights as well as the length of the scaffold ligament 

compartment required to bridge the gap between the two bones. Overall, the dorsal SLIL 

scaffold dimensions (5x5x3mm) chosen for this study was modelled off the dimensions 

of these 3D reconstructions and supported by data from previous SL anatomical studies 

such as the landmark study by Berger et al. (14).  

 

Additively manufactured BLB mPCL scaffolds were designed using in house software at 

the Queensland University of Technology, Institute of Health and Biomedical 

Innovation (IHBI) comprising of two bone compartments bridged by aligned mPCL 

fibres (ligament compartment) mimicking the architecture and organisation of the 

native ligament. Two designs comprising of a 350μm and 600μm fibre interdistance in 

the ligament compartment were generated for physical characterisation, in vitro testing 

and subsequent ectopic implantation (Figure 2). 

 

 
 

Figure 1: 3D reconstructions of the scapholunate. A) CT scan of patient’s wrist. B) MicroCT scan of the 

SL joint from fresh-frozen cadavers. Image is representative of the three specimens analysed. C) Addition 

of longitudinal fibres between the scaphoid and lunate bones to reconstruct the complete SLIL.  
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Figure 2: Design and fabrication process of the BLB scaffold for dorsal SLIL reconstruction. A) BLB 

scaffold dimensions. B) Scaffold design on in house software for 3D-printing. C) Side view of 3D-printed 

BLB scaffold. D) 350μm BLB scaffold design. E) 600μm BLB scaffold design. 

 

 

4.2.2 BLB Scaffold Manufacturing 

While additive manufacturing theoretically allows the creation of various shapes and 

dimensions, it is challenging for the internal porous structure or strut layout to be varied 

throughout the scaffold printing. In order to achieve this dual architecture, an in-house 

g-code production software was used to permit manual modification of the internal 

layout of the scaffold and resulted in the creation of aligned struts.  
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Medical-grade polycaprolactone (mPCL, 80kDa) was purchased from Corbion. The 

mPCL 3D scaffolds were fabricated using an in-house bioextruder for fused depositional 

modelling under the following conditions: the mPCL was placed in a stainless steel 

reservoir and heated at 110°C through a heated cartridge unit and extruded through a 

22G needle at 280mm/min to deposit mPCL fibres on a programmable stage.  

 

Continuous printing process resulted in fabrication of properly connected fibres 

forming a construction with 0/90° between layers (in the bone compartment) and a 0/0° 

arrangement in the ligament compartment (aligned fibres) with a layer thickness of 

300μm. This resulted in the production of individual scaffolds having an elongated U-

shape whereby the bone compartments had a dimension of 5x5x10mm3 and were 

bridged by the ligament compartment with a dimension of 5mm long, 5mm wide and 

3mm high (Figure 2). These scaffolds were utilised as such for the rest of the study.  The 

exception was the scaffolds used for tensile testing (15x5x3mm3) due to experimental 

requirements which still featured the 5mm long bone compartments and a 5mm long 

ligament compartment. 

 

4.2.3 BLB Morphology and Porosity 

The morphology of the scaffold was investigated using Scanning Electron Microscopy 

(SEM). SEM was conducted at the Centre of Analytical Research Facility (CARF) using 

a QUANTA200 microscope. The mPCL scaffolds were sputter coated with gold for 150 

seconds prior to visualisation under the microscope (EHT= 10kV). The morphology 

along with the porosity of the scaffold (n=6) were investigated using micro-computed 

tomography (μCT). The 350 and 600μm BLB-scaffolds were analysed using a μCT40 

(SCANCO Medical AG, Brüttisellen, Switzerland)  with a voltage of 55 kVp, a current of 

120μA, and power of 8W, an integration time of 300ms and a voxel size of  20 μm. 3D 

images were reconstructed using the μCT software. 
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4.2.4 Mechanical Testing 

Tensile testing and cyclic testing 

In preparation for mechanical testing, the bone compartments were carefully filled with 

a fast setting epoxy resin (Selleys Araldite 5 Minute, Australia) to stiffen the bone 

compartments before being subsequently inserted in pneumatic grips (Figure 3A & B). 

This prevented irreversible compression and stress concentration at the ligament-bone 

compartment interface. Care was taken to ensure that the resin remained contained in 

the bone compartments and that there was no contact with the ligament fibres. The 

specimens were dried overnight at room temperature. The sample was placed into the 

grips, ensuring that the ligament fibres were parallel to the longitudinal axis of the grips 

(Figure 3C). The tensile mechanical properties of the construct were measured using a 

5848 Instron microtester fitted with a 500N load cell and a cross-head speed of 

20mm.min-1 at room temperature. Five replicate samples were tested for each design 

and the linear stiffness (calculated from the initial linear part of the F/elongation curve), 

the yield force and the ultimate force and strain were calculated. Cyclic testing was 

performed in PBS at 37°C by applying a preload of 0.1N (Figure 3D). Five new replicate 

samples were then subjected to 1,000 continuous cycles at a frequency of 0.5Hz in the 

range of 0-5% or 0-10% strain. The evolution of the stiffness and the force at peak were 

measured and plotted as a function of cycle number.  
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Figure 3: Mechanical testing of scaffolds. A) 600μm scaffolds prepared for tensile load to failure and cyclic 

testing. B) 350μm scaffolds prepared for tensile load to failure and cyclic testing. C) Sample placement in 

grips of Instron microtester and equipment set up for tensile load to failure test. D) Sample placement in 

grips of Instron microtester and equipment set up for cyclic testing. E-F) Sample placement and 

equipment setup of Instron microtester for bone compressive testing.  

 

 

Compressive test 

The bone compartments of the 350μm and 600μm designs were printed and cut into 

5x5mm2 squares (Figure 3E). The compressive properties were assessed using a 5848 

Instron microtester fitted with a 500N load cell and at a cross-head speed of 

0.5mm.min1 at room temperature (Figure 3F). The compressive modulus was 

determined from the initial linear curve of the stress versus strain curve (n=5). 

 

4.2.5 Statistics 

Unpaired, parametric, two-tailed T tests with Welch’s correction was conducted for 

tensile tests, compressive tests and scaffold porosity. 
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4.3 Results 

4.3.1 Scaffold Morphology 

The morphology of the scaffolds was investigated by SEM and this revealed the 

production of two architecturally highly distinct components within the construct; the 

two extremities (bone compartments) of the BLB-scaffold consisted of the typical 

alternating 0/90° angle polymeric struts layer (Figure 4A and E), whereas the ligament 

compartment, as per our printing design, was composed of aligned and superimposed 

struts creating macroscopic grooves (Figure 4B and F). Importantly, the struts 

composing the ligament compartment are completely integrated within the bone 

compartments hence ensuring a mechanically strong cohesion, while maintaining a 

porous interface.  

 

In this sense, the BLB-scaffold is a biphasic scaffold, having two architecturally different 

portions, but manufactured in a continuous manner similar to a monolithic 3D-printed 

construct. For a scaffold to be defined as ‘multiphasic’ or ‘biphasic’, it must have varying 

regions of architecture, biomaterial or chemistry. While it is common for bone and 

ligament to be reconstructed with different scaffold materials, this could not have been 

achieved through using a continuous printing fashion. mPCL has been utilised in the 

regeneration of both bone and ligament in the literature and this justifies its choice for 

this clinical application. The key advantage of printing the two regions in a continuous 

fashion means that there is preservation of the interconnected pores between the bone 

and ligament compartment. This may encourage greater infiltration of tissue growth at 

the compartment intersection and strengthen the bone-ligament interface.  

 

SEM imaging showed that the strut diameter was 420μm ± 25μm (n=5) and that there 

was adequate fusion between layers for both of the 350μm and 600μm designs (Figure 4 

C & H, square arrows), thereby ensuring a strong interrelation between the layers. The 

mPCL struts in the ligament compartment were homogenous in width, although some 
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sagging was observed (Figure 4 B & F, white arrows). This can be explained by the fact 

that the mPCL was extruded well above its melting point and hence was in a semi-

molten state when deposited. Furthermore, there was a lack of adjacent support over the 

length of the ligament compartment hence resulting in filament sagging. While this was 

an inherent limitation of the design, this event was limited to a few struts and did not 

compromise the function of the scaffold.   

 

MicroCT analysis of the scaffolds enabled the determination of the BLB-scaffold 

porosity (Figure 5). While the 600μm design resulted in a 70% porosity, the 350μm 

design displayed a porosity around 60%. This result was expected as the 350μm design 

had more material per unit volume printed due to a smaller inter-fibre interdistance. 
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Figure 4: SEM of 350μm and 600μm porosity BLB constructs. Sagging of PCL fibres is indicated by the 

white arrows. PCL fibre fusion between adjacent layers is indicated by the square arrows. A) Bottom view 

of 350μm bone compartment at 40x magnification. B-D) Cross-sectional view of 350μm bone 

compartments at 40x, 100x and 500x magnification illustrating good fusion between PCL strands of each 

layer. E) Bottom view of 600 μm bone compartment at 40x magnification. F-H) Cross-sectional view of 

600 μm ligament compartments at 40x, 100x and 500x magnification.  
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Figure 5: Characterisation of 3D-printed scaffolds. Unpaired, parametric, two-tailed T tests with Welch’s 

correction was conducted for statistical analysis of scaffold porosity. ‘*’ denotes statistical significance 

between two groups were p<0.05. A) Photo of 350μm (upper) and 600μm (lower) porosity scaffolds. B) 

MicroCT 3D reconstruction of 350μm (upper) and 600μm (lower) porosity scaffolds. C) Scaffold porosity 

of scaffolds where 350μm: 60.7 ± 0.3% (n=6; p<0.0001); 600μm: 68.3 ± 0.6% (n=6; p<0.0001). 

 

 

4.3.2 Mechanical Properties 

The mechanical properties of the construct were assessed in both tension and 

compression, under quasi-static and cyclic loading.  

 

Static 

Tensile testing of ligament compartment 

The 3D-printed scaffold displayed a typical force-strain curve of polymeric material 

composed of an initial linear region followed by a yield point and a plastic deformation 

region (Figure 6A). As expected, the 350μm BLB-scaffold was the strongest construct 

with a yield force around 65N (Figure 6B) and an ultimate force of 70N (Figure 6C), 

whereas the 600μm displayed a yield and ultimate force of 40N and 50N respectively 

(Figure 6B & C). Similarly, the less porous 350μm BLB-scaffold was significantly stiffer 

than the 600μm BLB scaffold with a stiffness of 130N.mm-1 and 90N.mm-1 respectively 

(Figure 6E). Table 1 lists the mechanical parameters measured for the quasi-static tensile 

test and compares them to the properties of the human native tissue. It is evident that 

the ultimate force of both constructs is substantially lower than the anatomic SLIL 
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complex. However, the physiological load withstood by the ligament is in the range of 

20N (63) which is still in the elastic range of the BLB-scaffold. 

 

 

 

Figure 6: Tensile testing results at elongation rate of 20mm/min. Unpaired, parametric, two-tailed T tests 

with Welch’s correction was conducted for statistical analysis. ‘*’ denotes statistical significance between 

the two groups where p<0.05. A) Force Vs Strain displacement curves of 350μm and 600μm scaffolds. B) 

Yield force of 350μm and 600μm scaffolds. C) Ultimate force of 350μm and 600μm scaffolds. D) Ultimate 

strain of 350μm and 600μm scaffolds. E) Stiffness of 350μm and 600μm scaffolds. 



 

86 
 

 
350μm Scaffold  

(n=5) 

600μm Scaffold  

(n=5) 

Native Dorsal SLIL 

(n=5) 

Yield Force (N) 65.5 ± 6.5 38.01 ± 6.3 --- 

Ultimate Force (N) 71 ± 2.7 47.7 ± 6.4 185.3 ± 87N (114) 

Ultimate Strain (%) 360.1 ± 34.1 381.5 ± 17.3 --- 

Linear Stiffness 

(N.mm-1) 
130.6 ± 12.5 92.5 ± 15.0 162 ± 86.4 (114) 

 

Table 1: Tensile testing results of the 350μm/600μm scaffold as compared to the native dorsal SLIL. 
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Compressive testing of bone compartment 

The mechanical compressive behaviour of the bone compartment was also investigated 

(Figure 7) and this revealed that despite changes in the scaffold internal microstructure, 

there was no significant difference between the compressive modulus of the two designs 

(350μm: 29.03 ± 3.35MPa; 600μm: 26.94 ± 2.37MPa (p >0.05)). These values are in the 

range of those previously reported for similar scaffolds (294).  

 

 
 

Figure 7: Compressive behaviour of the bone compartment. Unpaired, parametric, two-tailed T tests with 

Welch’s correction was conducted for statistical analysis. ‘*’ denotes statistical significance between the 

two designs where p<0.05.  A) Representative stress-strain curves of 350μm and 600μm scaffolds. B) 

Compressive modulus of 350μm and 600μm porosity bone compartments.  

 

 

Cyclic testing 

In order to further assess the suitability of the BLB scaffold for functional regeneration 

of the SLIL, the mechanical behaviour was investigated under dynamic conditions. The 

testing parameters, 5 and 10% strain at 0.5Hz, were selected as they represented, to some 

extent, the physiological extension that the native tissue withstands during normal 

motion. For both designs, 350μm and 600μm, the scaffolds displayed a high level of 

recovery as shown in Figure 8 by the superimposition of the deformation hysteresis. No 

accumulation of plastic deformation was noted over the 1000 cycles of the experiment. 

Interestingly, the scaffolds withstood some level of compression upon returning to zero 
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strain.  This indicates that the polymer did not fully recover from the stretching and 

therefore the scaffold withstood some level of compressive forces. Notably, the level of 

compression did not change for a given design regardless of the stain applied (5 or 10%), 

however, the stiffer construct (350μm) experienced a higher level of compression.  

The evolution of the force at peak was plotted against cycle number and this 

demonstrated that the force at peak sharply decreased after the first cycle and remained 

relatively constant thereafter, indicating that strain-induced relaxation occurred in the 

BLB construct (Figure 9). Similarly, the construct stiffness was evaluated and this 

revealed a differential behaviour between the 350μm and 600μm design. Indeed, the 

350μm design, which is the stiffer construct, could better retain of its stiffness as the 

percentage decrease in this parameter was less at both 5% and 10% strain (Table 2). 

However, the less rigid construct (600μm) displayed a decrease in the stiffness of about 

20-30% for both strains. This indicates that from a biomechanical point of view, the 

350μm is potentially a better candidate for SLIL reconstruction. It is also worth noting 

that despite the softening of the constructs, the force at peak remained in the range of 

the physiological loading experienced by the native ligament. 

Figure 8: Cyclic testing hysteresis loops for each scaffold design at 5% and 10% strain.  
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5% Strain 10% Strain 

Percentage decrease Percentage decrease 

Force at Peak Stiffness Force at Peak Stiffness 

350μm 
(n=5) 

18 ± 1% 15 ± 1%* 20 ± 2%* 24 ± 3% 

600μm 
(n=5) 

24 ± 3% 20 ± 1%* 33 ± 3%* 31 ± 3% 

Table 2: Percentage decrease between cycles 1 and 1000 in force at peak and stiffness of each construct at 

5% and 10% strain. Unpaired, parametric, two-tailed T tests with Welch’s correction was conducted for 

statistical analysis where ‘*’ denotes statistical significance at p<0.05 between designs.  
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Figure 9: Changes in ultimate force over 1000 cycles for each scaffold design. Curves are representative of 

the five samples tested.  
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4.4 Discussion 

This study features the development of a multiphasic BLB multiphasic construct, using 

fused depositional modelling for the reconstruction of the dorsal SLIL. The potential 

utilisation of this scaffold strongly aligns with clinical practice as reconstruction 

procedures aim to replace the dorsal segment of the SLIL, the main contributor to carpal 

stability (7). Furthermore, recent 4D CT analysis of 21 patient wrists has highlighted 

how dorsal SLIL reconstruction alone may be optimal for restoring the SL rotation axis 

and therefore physiological SL kinematics in flexion-extension motion (68). Synthesis of 

BLB constructs is a novel approach to meet the demands of grafts needed which are 

biomechanically compatible with the native SLIL while also preventing donor site 

morbidity. The clinical translatability and broader number of patients that could benefit 

from this novel approach justifies the creation and utilisation of a synthetic BLB 

scaffold. 

 

Despite a plethora of studies aiming to develop TECs for other orthopaedic applications 

(180, 217), there is a paucity of application of tissue-engineering concepts for the 

regeneration of bone, ligament and tendon in the hand and wrist. In fact, only one study 

has investigated the use of tissue engineering in generating a BLB construct for SLIL 

reconstruction. The process involved decellularisation of the proximal interphalangeal 

joint collateral ligament and replantation using two 1.2 x 10mm self-tapping cortical 

screws to substitute the dorsal SLIL (89). It was noted that the decellularisation process 

did not negatively affect the scaffold integrity, load-bearing properties or stiffness. The 

construct was seeded with AMSCs in vitro and yielded promising results. An obvious 

advantage to this concept is that the proximal interphalangeal joint collateral ligament 

has a similar anatomical structure, composition of aligned collagen and biomechanical 

properties to the native SLIL. However, limitations to this approach include graft 

availability, differences in the anatomical dimensions and potential disease 
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transmission. In addition, the construct was tested in a cadaveric model and hence its 

regenerative performance and re-cellularisation ability are not known.  

 

The development of advanced scaffold manufacturing technologies has enabled the 

fabrication of complex multiphasic scaffolds whereby the internal porous organisation 

can be controlled and tailored to address tissue-specific needs. Traditionally, the 

compartments of these multiphase scaffolds are fabricated separately and subsequently 

assembled using various methodologies. This may result in weak cohesion at the 

interface of the different compartments (295, 296) and affect the ability of the 

multiphasic construct to withstand physiological loads without excessive biomechanical 

fatigue (297). In our strategy, the bone and ligament compartments are created via a 

continuous additive manufacturing process enabling the formation of a porous yet fully 

integrated interface. This strategy ensures that the polymeric filaments of the ligament 

compartment are entirely anchored in the adjacent layers of the bone compartment, 

allowing a high number of fusion points and thus providing excellent biomechanical 

stability. This was best illustrated by the ability of the BLB scaffold to withstand 

repetitive loads without excessive fatigue or delamination at the bone-ligament interface 

under repeated mechanical cycles.  

 

Another important aspect of the BLB design originates from the creation of a porous 

interface between the compartments resulting from the continuous printing, which 

should allow for superior integration of the ligament into the bone compartment once 

implanted into an animal model. In the native ligament, the collagen fibres are 

transversely oriented and inserted into both the lunate and scaphoid bone enabling the 

transmission of force during flexion and torsion of the wrist. Subsequent implantation 

of the scaffold into animal models will provide an opportunity to characterise the role it 

has in guiding tissue regeneration and determine whether the same bone-ligament 

interface can be replicated. 
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A limitation of this study is that fatigue of the BLB scaffold was only tested uniaxially 

and as such does not capture the complexity of the physiological loading. Nevertheless, 

it is a step forward demonstrating the potential of this multiphasic BLB construct 

towards clinical translation. In addition to this, the current knowledge on the 

biomechanical behaviour of the SLIL is mostly limited to pull out tests in a quasi-static 

uniaxial testing setting, whereby the deformation rate seems arbitrarily selected with 

potentially no similarity to the physiological rate (2). The lack of proper characterisation 

remains a critical impediment for designing and developing standardised testing 

methods for biomaterial constructs. 

 

4.5 Conclusion 

This chapter reported the successful utilisation of additive manufacturing to generate a 

novel BLB scaffold architecturally mimicking the native dorsal SLIL. It has been 

demonstrated that the scaffold was capable of withstanding normal physiological carpal 

forces. Two scaffold designs of varying porosity (350μm and 600μm) were created and 

used for subsequent experimentation. The next stage in investigation (Chapters 5-8) 

involves finding the best method for cell seeding into each compartment of the BLB 

scaffold. Furthermore, the use of GFs to augment bone or ligament regeneration will be 

explored. 
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Chapter 5- Cell Sheet Characterisation for 
Ligament Regeneration 

 

5.1 Introduction 

With the successful fabrication of the mPCL BLB scaffold for dorsal SLIL reconstruction 

in the previous chapter, different methods for seeding the scaffold compartments were 

investigated. Recently, biofabrication techniques have progressed towards the utilisation 

of cell sheet technology in order to overcome limitations such as low cell density and 

heterogenous cell distribution when seeding into scaffolds. Furthermore, prolonged 

culture allows for the production and maturation of the cell’s own ECM, which will then 

be implanted with the cells into the scaffold, thereby improving the quality of tissue 

generated. The main components of the ECM for ligament tissue which contribute to its 

biochemical and biomechanical properties are collagen 1A, collagen 3A and elastin. 

Collagen 1A are crosslinked fibres which contribute to the tensile properties. On the 

other hand, collagen 3A are thin, flexible fibres which in conjunction with elastin, 

contribute to the elastic properties of the tissue. The addition of AA which acts through 

the ERK1/2 signalling pathway for enhancing both synthesis and crosslinking of 

collagen (298), is essential to in vitro cell sheet formation in order to develop a mature 

collagen network and enable mechanical harvesting.  

 

As reviewed by Matsuura et al. (299) and Neo et al. (300), cell sheet technology has been 

applied in various clinical scenarios such as for the heart, liver, cornea, periodontal 

ligament, cartilage and esophagus. In particular, Ouyang et al. (301) has demonstrated 

the incorporation of bone marrow stromal cell sheets with a knitted PCL scaffold to 

create ligament tissue grafts. Recently, Ma et al. (217) has successfully generated a BLB 

construct for ACL reconstruction using bone and ligament monolayers pinned together 

and allowed to fuse laterally before implantation in a sheep model.  Follow up studies by 

Florida et al. (302) investigated the remodelling process of this BLB scaffold-free graft 
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when implanted into a sheep model, highlighting the importance of the host’s acute 

inflammatory immune response in facilitating graft maturation. Nokakova et al. (303) 

has also explored this cell sheet technology for use in repairing rotator cuff tears in a 

sheep model. While there was no significant increase in tensile strength of these BLB 

grafts after a six month recovery period compared to the traditional double row suture 

repair approach, histological analysis confirmed the regeneration of a bone-tendon 

enthesis. This indicates that maturation of the graft through GTR over time may allow 

future increase in the biomechanical strength. Given the success reported in the 

literature, it is hypothesised that this cell sheet technology can be used to generate an 

optimal ligament compartment as part of our novel BLB multiphasic scaffold. 

 

Other research in the literature has focused on reducing the culture time required for 

tissue grafts in vitro while also maximising ECM production. Current extensive time 

duration of in vitro cell culture to form the required tissue pre-implantation is 

undesirable due to increased risk of phenotypic drift and cell senescence and also from a 

commercial viability perspective. Macromolecular crowding (MMC) is the addition of 

an unreactive macromolecule which stimulates native ECM production via imitation of 

increased cell density thereby upregulating the rates of normal biological processes. This 

in turn reduces the time required for in vitro culture of the cell sheet before the tissue 

properties are appropriate for implantation. From testing a range of different 

macromolecules at varying concentrations, it has been identified that carrageenan (Cr) 

is one of most efficient macromolecular crowders to upregulate ECM production for 

soft tissue (304, 305). In particular, the addition of 100ug/mL Cr to corneal fibroblasts 

elucidated a 12-fold increase in ECM deposition with no changes in cell morphology 

(306, 307). Djalali-Cuevas et al. (308) likewise reported the extensive production of 

ECM from human dermal fibroblasts, equine tenocytes and equine AMSCs after culture 

using MMC principles. Furthermore, it has been shown that with the addition of MMC, 

collagen produced by BMSCs exhibited increased density and fibril structure (309, 310). 

On the other hand, Prewitz et al. (309) showed that MMC (Ficoll 20, Ficoll 40, Dextran 
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Sulfate 10) cultured with BMSCs counteracted the elevated collagen production 

normally associated with the addition of AA.  

 

This project aimed to generate cell sheets through the addition of AA or Cr alone to 

culture media or with the addition of both AA and Cr to culture media with subsequent 

characterisation in vitro.  

 

5.2 Methodology 

5.2.1 Cell Culture and Generation of Cell Sheet (CS) 

Human BMSCs (PT-2501, Lonza Australia, Mt Waverley, VIC) between passages 5 and 

7 were used in this experiment. Cell culture medium was a combination of Dulbecco’s 

modified Eagle’s medium (DMEM, Gibco) with 10% foetal bovine serum, 1% Penicillin 

Streptomycin (Gibco), MEM Non-essential Amino acids (Gibco) with or without 

100μg/mL of L-ascorbic acid 2-phosphate (AA) (Sigma-Aldrich) or 100μg/mL of Cr 

(Sigma-Aldrich). 

 

For the MMC experiment, BMSCs were seeded at 10,000 cells/cm2 in a 24-well plate. 4 

different study groups were generated: 1) normal basal culture medium (Ctrl); 2) Basal 

culture medium with 100μg/mL AA (+AA); 3) Basal culture medium with 100μg/mL Cr 

(+Cr); 4) Basal culture medium with 100μg/mL Cr and 100μg/mL AA (+Cr/AA). These 

were cultured for 14 days (at 37°C, 5%CO2) until mature cell sheet retraction was visible 

from the wall of the well. Medium was changed every 2 days. After 14 days, the samples 

were frozen at -80°C for DNA and collagen quantification, or immediately harvested for 

live-dead analysis. 

 

In order to ensure that the length of the ligament compartment in the BLB scaffold 

would be fully covered by the cell sheets, a larger diameter was required. Therefore, the 

next experiment aimed to investigate the effects of a larger well size in the generation of 
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cell sheets. For more in-depth in vitro characterisation, BMSCs were seeded at 10,000 

cells/cm2 in a 12-well plate and cultured in AA supplemented medium for 21 days until 

cell sheet maturation (at 37°C, 5%CO2). At this time point, the mature cell sheets visibly 

retracted from the wall of the well. For comparison purposes, cells were also cultured in 

expansion medium (DMEM, Gibco) with 10% fetal bovine serum, 1% Penicillin 

Streptomycin (Gibco) with additional MEM non-essential amino acids). The medium 

was changed every 2 days. After 21 days, the samples were utilised for the various 

experiments: they were either fixed with 4% paraformaldehyde for 

immunofluorescence, frozen at -80°C for DNA and collagen quantification, or 

immediately harvested for live-dead analysis.  

 

5.2.2 Cell Sheet Characterisation 

Cell viability 

Cell sheets (n=3 per group) were stained with fluorescein diacetate (FDA) and 

propidium iodide (PI) at 5μg/mL and 2μg/mL respectively and incubated for five 

minutes before visualisation using confocal microscopy (Nikon AR1+ Confocal 

Machine) at 488nm and 561nm. Mortality was calculated with ImageJ by taking the 

percentage of the mean area intensity under the green channel (live cells) divided by the 

total mean area intensity under both the green and red channel (dead cells).  

 

DNA and collagen quantification 

DNA quantification was conducted as per protocol using the Quant-iTTM PicoGreen® 

dsDNA kit (Invitrogen) (n=6 for each group). Fluorescence of samples was measured 

using a fluorescence plate reader (BMG POLARstar Omega, Ottenberg, Germany) at an 

excitation wavelength of 480nm and emission wavelengths of 480nm and 520nm. 

Similarly, collagen quantification was conducted as per protocol using the 

Hydroxyproline Colorimetric Assay Kit (Biovision) (n=6 for each group). Sample 
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absorbance was evaluated using a plate reader (BMG POLARstar Omega, Ottenberg, 

Germany) at a wavelength of 560nm.   

 

Immunofluorescence  

Immunofluorescence staining was conducted to assess the morphology and quantity of 

ECM in the control and +AA samples (n=3 per stain). Cell sheets were incubated with 

1%BSA, 23mg/mL glycine in PBST for 30 minutes to block unspecific binding of 

antibodies. Primary antibodies for collagen 1A (Santa Cruz Biotechnology; 1:250), 

collagen 3A (Abcam; 1:200), elastin (Abcam; 1:200), tenascin C (Abcam; 1:500) and 

aggrecan (Abcam; 1:50) were diluted accordingly in 1% BSA and samples were 

incubated at 4°C overnight. Samples were rinsed three times with PBS and further 

incubated with the respective secondary antibody (1:200; Invitrogen, goat anti-mouse 

IgG alexa fluor, or Santa Cruz Biotechnology, goat anti-rabbit PE) for 30 minutes. The 

cell sheet was then counterstained with HOECHST (ThermoFischer; 1:1000) and 

imaged using confocal microscopy (Nikon AR1+ Confocal Machine) using 405nm, 

488nm and 561nm wavelengths.  

 

5.2.3 Statistics 

For the control, +AA, +Cr and +AA/Cr cell sheets cultured in 24 well plates, One Way 

Anova with Tukey’s multiple comparison test was conducted for cell viability, DNA and 

collagen quantification results. For the control and +AA cell sheets cultured in 12-well 

plates, unpaired, parametric, two-tailed T tests with Welch’s correction was conducted 

for cell viability, DNA and collagen quantification results. Significant results were 

determined by a p-value of <0.05.  
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5.3 Results 

5.3.1 MMC and Cell Sheet Formation in 24-Well Plate 

Cell viability (flat sheets only) 

The use of Cr and AA enhanced cell viability as illustrated in the live-dead staining and 

semi-quantification presented in Figure 1 (p<0.05). While there was a statistically 

significant difference between the cell viability of +AA and +Cr groups (p<0.05) as well 

as +AA/Cr and +Cr groups (p<0.05), there was no significant difference in cell viability 

noted between +AA and +AA/Cr cell sheets. Therefore, this indicates that the addition 

of AA had a prominent role in maintaining BMSC cell viability in culture.  
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Figure 1: Cell viability analysis of flat cell sheets cultured in a 24-well plate with FDA (green, live cells) 

and PI (red, dead cells). One Way Anova with Tukey’s multiple comparison test was conducted for 

statistical analysis. ‘*’ denotes statistical significance between the indicated groups. A-D) Representative 

live-dead staining images of flat cell sheets cultured under the four different conditions. E) Percentage of 

live cells in flat sheets.  
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 DNA and collagen quantification 

The cell sheets utilised in this experiment were characterised by measuring DNA 

content as an indicator of relative cell number and collagen deposition. Cell sheets 

containing Cr visibly retracted from the well plate wall in a similar fashion to the +AA 

group after 2 weeks but were not able to be handled and removed with tweezers as a 

continuous cell sheet was not formed (Figure 2). This was an indication of insufficient 

ECM production and was confirmed by collagen quantification, which demonstrated 

that there was significantly less collagen synthesis when compared to the +AA group 

(Figure 3B). The addition of AA also promoted BMSC proliferation as highlighted in the 

DNA quantification (Figure 3A).  

 

 

 

Figure 2: Light microscopy images of cell sheets in culture after 14 days. A) Control cell sheet showing no 

retraction from the well wall. B) +AA group showing with mature cell sheet formation and retraction 

from the well wall. C-D) +Cr and +Cr/AA group showing less mature cell sheet formation with some 

retraction from well wall.  
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Figure 3: DNA and collagen quantification of cell sheets in 24-well plate. +AA groups demonstrated 

significantly greater cellular proliferation and collagen synthesis when compared to the other treatment 

groups. One Way Anova with Tukey’s multiple comparison test was conducted for statistical analysis. ‘*’ 

denotes statistical significance between the indicated groups. 

 

 

5.3.2 Control and +AA Cell Sheet Formation in 12-Well Plate 

The cell sheets utilised were characterised by measuring DNA content as an indicator of 

relative cell number and collagen deposition. Total DNA content and collagen synthesis 

by the human BMSC cell sheets cultured in AA supplemented medium were 

significantly higher than that of control cells cultured in expansion medium (Figure 4A 

& B). Immunofluorescence of collagen 1A, collagen 3A and tenascin C showed dense 

and homogenous distribution of ECM with a fibular structure in +AA groups (Figure 

4C & D). This was not seen in the control group cultured without AA. Isotype and 

secondary antibody controls only demonstrated minimal background (Figure 4E & F).  
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Figure 4: Characterisation of cell sheets in a 12-well plate. A) DNA and B) collagen quantification of cell 

sheets. Unpaired, parametric, two-tailed T tests with Welch’s correction was conducted for statistical 

analysis. ‘*’ denotes statistical significance between the indicated groups. +AA groups demonstrated 

significantly greater cellular proliferation and collagen synthesis when compared to the controls (-AA). 

Immunofluorescence staining of C) Collagen 1A (green) /3A (red) staining; D) Tenascin C; E) Mouse 

isotypic control; F) Rabbit isotypic control; G) anti-mouse secondary antibody only and H) anti-rabbit 

secondary antibody only. 
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5.4 Discussion 

The implantation of cells within a mature ECM network, developed during in vitro 

culture, can significantly circumvent limitations related to host cell infiltration and 

differentiation within the construct. Cell sheet technology is an efficient manner to 

deliver cells committed towards a specific differentiation lineage by a prolonged in vitro 

maturation step whereby the deposition of the cell’s own ECM improves the quality of 

the regenerated tissue. In addition, cell sheet technology has been applied to the 

regeneration of various tissues and organs, such as for the heart, liver, cornea, 

periodontal ligament, oesophagus and musculoskeletal applications (299, 300). In 

particular, this technology has been utilised for orthopaedic applications to create both 

scaffold-based (311) and scaffold-free (218, 312) cellularised constructs. Orthopaedic 

applications such as ACL replacement have been at the forefront of cell sheet utilisation, 

either combined with knitted structures (301) or simply created by stacking cell sheets 

and allowing their fusion in vitro prior to implantation (217).  

 

This study demonstrated the generation of cell sheets from BMSCs with the addition of 

AA in cell culture. In 24 and 12 well plates, culture of BMSCs in the +AA group took 2 

and 3 weeks respectively to form mature cell sheets indicating a size effect which should 

be taken into consideration when upscaling cell sheet technology. One pertinent 

advantage of utilising cell sheet technology is that the extended culture duration 

facilitates maturation and increased deposition of the cell’s own ECM prior to 

implantation. The low amount of DNA detected in the control samples (Figure 3 & 4A) 

can be attributed to decreased proliferation and increased cell death over the 14 or 21-

day culture period with DNA being discarded with each medium change. This is also 

supported by the significantly lower number of live cells observed in cell viability 

analysis (Figure 1). 
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The addition of Cr to cell culture at a concentration of 100μg/mL did not reduce the 

time needed to form mature cell sheets. In fact, cell sheets were less mature and unable 

to be removed from the well plate despite retraction from the cell wall. Furthermore, 

DNA and collagen quantification demonstrated that the addition of Cr did not globally 

increase collagen synthesis in vitro. This contradicts previous MMC studies in the 

literature where the addition of Cr has been observed to upregulate ECM production to 

higher levels than the addition of AA alone. However, these MMC experiments were 

conducted on different cells than BMSCs and it is possible that the effects were cell-line 

specific.  Furthermore, difficulties in dissolving Cr in culture media for the current 

experiments may have affected the BMSCs response and resulted in the formation of 

discontinuous cell sheets. Overall, it highlights the unpredictable and unreliable effect of 

MMC in augmenting ECM production for ligament regeneration.  

 

5.5 Conclusion 

Given the results of these in vitro experiments, it was shown that cell culture with the 

addition of AA alone to basal media is the best method for generating cell sheets in a 

reproducible manner. This will be the technique used to seed the ligament component 

of the BLB scaffold prior to in vivo implantation. To further improve ligament 

regeneration, the next part of the thesis will explore different options for GF 

augmentation. 
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Chapter 6- Biological Enhancement of 3D Cell 
Cultures in Hypoxia Using GDF-5 and BMP-6 for 

Ligament Regeneration 
 

 

6.1 Introduction 

The regenerative outcome of a tissue-engineered construct (TEC) is generally enhanced 

when its biomanufacturing has enabled cell maturation and extensive ECM secretion, 

creating a niche for the recruitment and differentiation of the recipient progenitor cells. 

As such, the cell type and the culture conditions or differentiation cocktails utilised in 

the production of the TEC are of primary importance. In regards to cell selection, stem 

cells are preferably used over already terminally differentiated cells. Adipose tissue has 

been identified as a source for multi-potent stem cells and is used widely in ligament 

and tendon regeneration research (313, 314). Advantages of using adipose-derived 

MSCs (referred herein as AMSCs) include higher availability of tissues, a facilitated 

procedure for harvesting, and reduced donor morbidity and pain when compared to 

harvesting bone marrow stem cells (BMSCs) from the iliac crest.  

 

The cell culture environment also plays a major role in tissue regeneration. After injury, 

disruption of the vasculature surrounding the wound, as well as haemostasis, induces a 

hypoxic condition which enables the production of HIF-1 (315). This in turn initiates 

infiltration of vascular cells, encourages MSC differentiation as well as increased 

secretion of TGF- β1 from fibroblasts to encourage tissue healing. Therefore, it is 

evident that replicating the hypoxic environment in vitro may be beneficial for inducing 

AMSC differentiation in a fibroblastic phenotype.  
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In the context of developing a TEC with a differentiated cell population, the utilisation 

of differentiation agents is required. One method for augmenting ligament regeneration 

is through supplemented delivery of key factors integral to the healing process of 

ligament. These include growth differentiation factor 5 (GDF-5 or bone morphogenic 

protein 14 (BMP-14)), connective-tissue growth factor (CTGF), bone morphogenetic 

protein 6 (BMP-6) and fibroblast growth factor 2 (FGF-2).  

 

GDF-5 (BMP-14) and BMP-6 are part of the TGF- family and follow the same Smad-

dependent and Smad-independent cell-signalling pathways. GDF-5 is particularly 

important in the early remodelling stages of tendon repair (316). In fact, the expression 

of GDF-5 is highly enhanced during the first weeks of healing in a rat supraspinatus 

tendon model before returning to baseline expression 16 weeks post-injury (317). 

Therefore, GDF-5 has the potential to be used as a differentiation agent. This capacity 

has been demonstrated in vitro whereby the addition of GDF-5 in culture medium 

resulted in higher proliferation and ECM deposition in a dose-dependent manner and 

for a variety of cell types (318-320). Furthermore, the application of GDF-5 in vivo has 

demonstrated enhanced regeneration in various animal models and for different tissues 

ranging from periodontal ligament to alveolar bone reconstruction (315, 317, 319, 320).  

 

Likewise, BMP-6 has an important role in bone and cartilage formation and its impact 

has been demonstrated both in vitro when used as a differentiation biochemical and in 

vivo in various animal models (321-323). Analysis of gene expression of ligament tissue 

found that BMP-6 is also expressed by fibroblasts in the early stages of healing and this 

highlights its potential role in guiding ligament regeneration (324). While it has not 

been previously used to stimulate fibroblastic differentiation and ligament regeneration 

directly, it may be particularly useful to help regenerate ligament or the bone-ligament 

interface. 
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The incorporation of CTGF in differentiation medium containing AA for the culture of 

human MSCs resulted in significantly increased secretion of ECM proteins (including 

collagen I and tenascin C) by 2 and 4 weeks (325). Several studies have also highlighted 

that the addition of CTGF in culture pushed the cells towards the fibroblastic lineage as 

indicated by decreased MSC differentiation into osteoblast, adipocyte or chondrocyte 

lineages (326). Furthermore, it was demonstrated that the delivery of 100ng/mL of 

CTGF in a fibrin glue into a bovine knee meniscus defect resulted in the recruitment of 

endogenous MSCs (327). This emphasised the potential for soft tissue regeneration 

through the control over environmental factors without the need of cell transplantation. 

FGF (176, 328) and TNMD (329) are also upregulated in tendon and ligament healing 

and contribute to the formation of aligned bundles of collagen fibres.  

 

While these GFs have been used alone, their utilisation in combination has been 

demonstrated to potentially provide a synergetic effect. Indeed, the combined use of 

FGF and GDF-5 on a rabbit MCL model induced an increase in collagen 1A (COL1A) 

deposition, fibre alignment and improved fibroblast morphology (319). One 

downstream effect of increased FGF-2 expression is the upregulation of TNMD 

expression. TNMD is a type II transmembrane glycoprotein which is regulated by the 

Wnt/-catenin pathway (330) and scleraxis (328, 329, 331). It inhibits angiogenesis in 

vitro and in vivo thereby creating a hypoxic environment to support tissue regeneration 

(332). In a rat rotator cuff healing model, FGF-2 has been shown to stimulate tenogenic 

progenitor cells to differentiate into tenocytes and upregulate secretion of TNMD (333). 

 

While there is a great variety of GFs involved in the early phases of tendon and ligament 

healing, their selection, utilisation and efficacy as biochemical differentiation agents is 

not based on a large amount of human data. Therefore, the objectives of this study are to 

select via RNASeq analysis and bioinformatics the GFs specifically expressed during 
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ligament healing in humans and to assess their in vitro differentiation potential under 

normoxic and hypoxic conditions.      

 

6.2 Methodology 

6.2.1 RNASeq Analysis of Human Ligaments 

Preliminary high-throughput expression profiling of tendon and ligament tissues had 

been developed at the Regenerative Medicine Centre in Mayo Clinic, as part of a novel 

musculoskeletal RNASeq database using over 1000 orthopedic tissues and cell samples. 

In order to determine which GFs were exclusively expressed in ligament tissue, total 

RNA was extracted from freshly frozen specimens of tendon and ligament, and RNASeq 

was performed by the Mayo Clinic Genomic Analysis Core Facility. Quality control and 

primary bioinformatics analysis were conducted by the Bioinformatics Core Facility 

(Mayo Clinic), while secondary bioinformatics analysis (such as differential gene 

expression analysis) was performed by the Orthopaedic Surgery research group. 

Ligament-specific signaling molecules were identified by comparing mRNA expression 

in ligament tissue against data already collected by the research team from other 

musculoskeletal tissues (>1,000 musculoskeletal tissues and cells). Real time polymerase 

chain reaction (RTqPCR) was used to validate the mRNA expression of cell signaling 

molecules and ECM protein. Identification of the signaling molecules specific to 

ligament regeneration guided the decision for selecting GFs that should be used in 

subsequent in vitro cell culture experiments.  

 

6.2.2 3D-Printing 

mPCL was used to manufacture the 3D-printed scaffolds as described in Chapter 3. 

Continuous printing process resulted in fabrication of properly connected fibres 

forming a construct with 0/90° between layers and a 600μm fibre interdistance. A 5mm 

biopsy punch (Integra) was used to create discs (5mm diameter x 1.5mm height).  
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6.2.3 AMSC Extraction and Cell Culture 

AMSCs were isolated as previously described (334), in compliance with the Mayo Clinic 

institutional review board (IRB). Briefly, human adipose tissue was obtained from three 

patients undergoing general surgical operations (Male, 56 year old; Female, 43 year old; 

Male 38 year old). The tissues were subsequently minced with scalpels, incubated in 

0.075% collagenase type I (Worthington Biochemical, Lakewood, NJ) for 90 min at 37 

°C, centrifuged at 500g for 10 minutes and passed through a 70μm cell strainer (BD 

Biosciences, San Jose, CA). Basal cell culture medium was a combination of Advanced 

modified Eagle’s medium (aMEM, Gibco) with 5% human platelet lysate, 0.2% of 

Heparin, 1% Penicillin Streptomycin (Gibco) and 1% glutamax (Gibco). The addition of 

human platelet lysate (hPL), as the serum additive to AMSCs cell culture, has been 

shown to increase proliferation and differentiation (335). Cultured cells were 

maintained in a humidified incubator at 37 °C and 5% CO2. The medium was changed 

every 3 days, and cells were split at 70–80%confluency. All experiments were performed 

with cells from passage 5 and 6. AMSCs were assessed for their capacity to express 

ligament genes as outlined in Appendix 2. The differentiation culture medium was the 

basal medium with the addition of 100μg/mL of AA (Sigma-Aldrich).  

 

6.2.4 Cell Seeding on PCL Scaffolds 

Scaffold preparation and sterilisation 

Firstly, scaffolds were etched by immersion in 5M NaOH at 37°C for 30 minutes before 

being washed three times (5-minute duration) with distilled H2O (336). Secondly, the 

scaffolds were incubated in 100% ethanol at room temperature for 30 minutes before 

being sterilised under UV light for 30 minutes.  
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Loading of dynamic bioreactor for cell seeding onto scaffolds 

Cell seeding onto the PCL scaffolds was conducted as described by Wagner et al. (176-

178).  A cell suspension of adequate cell density (1million cells/mL/scaffold) was created 

from cultured human AMSCs. 5mL of complete media was added into the culture vessel 

to wet the membrane of the bioreactor (Synthecon, Houston, Tx). The sterilised 

scaffolds were added with forceps (50 scaffolds seeded at a time; total n=126, Table 1) 

and the bioreactor was filled with the remaining cell suspension (forming a final cell 

suspension concentration of 1 million cells/mL). A 10mL syringe was used to remove 

excess air bubbles in the culture vessel. The bioreactor was set to 18RPM for 24 hours 

and incubated at 37°C to allow for cell seeding.  

 

 

Table 1: Breakdown of scaffold numbers used for analysis.  

 Condition/Group No. per timepoint No. of timepoints Total

SE
M

 Normoxia Control 3 2 6
Hypoxia GDF5/BMP6 3 2 6

RT
qP

CR
 

Day 0  3 1 3
 Normoxia Control 3 3 9

GDF-5 3 3 9
BMP-6 3 3 9
GDF5/BMP6 3 3 9

 Hypoxia Control 3 2 6
GDF-5 3 2 6
BMP-6 3 2 6
GDF5/BMP6 3 2 6

Ce
ll 

V
ia

bi
lit

y &
 

Im
m

un
of

lu
or

es
ce

nc
e 

Day 0  3 1 3
Normoxia Control 3 2 6

GDF-5 3 2 6
BMP-6 3 2 6
GDF5/BMP6 3 2 6

Hypoxia Control 3 2 6
GDF-5 3 2 6
BMP-6 3 2 6
GDF5/BMP6 3 2 6

TOTAL 126
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After this time period, the seeded scaffolds were removed from the bioreactor and 

transferred to a poly-2-hydroxyethyl methacrylate (poly-HEMA) coated 24-well plate 

(to avoid cell attachment to plate surface) for treatment with GDF-5 (100ng/mL), BMP-

6 (100ng/mL) or a combination of both in basal medium with 100μg/mL AA for 21 days 

under normoxic 21% oxygen) or hypoxic (2% oxygen) condition. Concentrations for 

GDF-5 and BMP-6 were chosen based on previously reported studies (337, 338). The 

medium was changed every two days.  

 

Hence, four different treatment groups were created: 1) normal differential medium 

(Control), 2) differentiation medium with GDF-5 (GDF-5), 3) differentiation medium 

with BMP-6 (BMP-6), 4) differentiation medium with GDF-5 and BMP-6 

(GDF5/BMP6). An integrated system with a cell culture hood and incubator accessible 

through a gas-lock (I-Glove, BioSpherix, New York, NY) was used to culture cells in a 

hypoxic environment (2% oxygen). 

 

At Day 0, 3, 7 and 21, the samples were harvested for cell viability analysis using a live-

dead assay and RNA extraction for RTqPCR analysis. In addition, samples were fixed in 

McDowell-Trump fixative for SEM analysis and in 4% paraformaldehyde for 

immunofluorescence.  

 

6.2.5 Cell Viability  

The impact of the PCL scaffold and bioreactor environment on the AMSCs were 

assessed by measuring cell viability for the Control and GDF5/BMP6 only due to sample 

number restriction. The scaffolds (n=3 per condition (Control and GDF5/BMP6) and 

per time points) were stained with calcein acetoxymethyl (1:500 dilution) and ethidium 

homodimer-1 (1:2000 dilution) according to the manufacturer’s instructions (Live-

Dead Viability/cytotoxicity kit for mammalian cells; Molecular Probes). The samples 

were incubated for twenty minutes before visualisation using an inverted LSM 780 

multiphoton laser scanning confocal microscope at 488nm and 561nm.  



 

113 
 

6.2.6 SEM 

SEM was used to characterise the non-cellularised and cellularised scaffolds (at day 21). 

Non-cellularised scaffolds (n=3) were mounted on aluminium stubs, and sputter-coated 

for 150 seconds using gold-palladium. Cellularised scaffolds cultured under normoxic 

and hypoxic conditions (for each condition, n=3 for Control; n=3 for GDF5/BMP6) 

were fixed in McDowell-Trump solution at 4°C for 1 hour, washed in PBS, rinsed in 

water and dehydrated through a graded series of ethanol. They were then critical point 

dried using CO2, mounted on an aluminium stub, and sputter-coated for 150 seconds 

with gold-palladium. Samples were imaged in a Hitachi S-4700 cold field emission 

scanning electron microscope at 5kV accelerating voltage. 

 

6.2.7 Quantitative Real-Time qPCR 

To evaluate gene expression of osteogenic related markers, total RNA was isolated from 

the control and the different treatment groups (GDF-5, BMP-6 or GDF5/BMP6). 

Normoxia conditions involved the harvesting of samples at Day 0, Day 3, Day 7 and Day 

21 post-treatment by Trizol-based extraction. Hypoxia conditions involved harvesting 

samples at Day 0, Day 3 and Day 21. In order to ensure that the RNA from all cells 

inside the scaffold was extracted, the samples in Trizol were homogenised using a 

microblender and centrifuged at 12000g for 10mins. The sample was mixed thoroughly 

using an 18G needle and the supernatant was removed for RNA extraction as per the 

Direct-zol RNA Isolation MiniPrep Protocol.  

 

Using the SuperScript III First-Strand Synthesis System (Invitrogen), complementary 

DNA (cDNA) was prepared and used as a template for real-time PCR in a SYBR Green-

based reaction. Samples were run on CFX384 Real-Time qPCR System (BioRad, 

Hercules, CA). Previously validated primer sequences were used to amplify cDNAs for 

genes of interest, including collagen 1A (COL1A1), collagen 3A (COL3A1), decorin 

(DCN), tenascin C (TNC), marker of proliferation ki-67 (MKI67) and cyclin B2 
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(CCNB2) (Table 2). Gene expression was quantified by 2-ΔΔCt method and presented 

as relative expression units (REU) normalised to a single housekeeping gene, GAPDH.  

 

Gene Forward Reverse 

GAPDH ATGTTCGTCATGGGTGTGAA TGTGGTCATGAGTCCTTCCA 

COL1A1 GTAACAGCGGTGAACCTGG CCTCGCTTTCCTTCCTCTCC 

COL3A TTGAAGGAGGATGTTCCCATCT ACAGACACATATTTGGCATGGTT

DCN ATGAAGGCCACTATCATCCTCC GTCGCGGTCATCAGGAACTT 

TNC AGGGCAAGTGCGTAAATGGAG TGGGCAGATTTCACGGCTG 

CCNB2 CCGACGGTGTCCAGTGATTT TGTTGTTTTGGTGGGTTGAACT 

MKI67 ACGCCTGGTTACTATCAAAAGG CAGACCCATTTACTTGTGTTGGA

 

Table 2: Previously validated primer sequences used in RTqPCR analysis for gene expression.  

 

 

6.2.8 Immunofluorescence  

Immunofluorescence staining was conducted to assess the morphology and quantity of 

ECM in the control, GDF-5, BMP-6 and GDF-5/BMP-6 samples (n=3 per stain). The 

samples were sectioned to allow for visualisation within the construct under confocal 

microscopy. Samples were permeabilised with 0.1% Triton-x/PBS for five minutes and 

then rinsed three times with PBS.  Cellularised scaffolds were then incubated in a 

blocking buffer at room temperature for two hours to block unspecific binding of 

antibodies. This consisted of 0.01% BSA, 10% Goat serum, 2M Glycerine and 0.01% 

Tween in PBS. Primary antibodies for collagen 1A (Abcam ab34710; 1:400), collagen 3A 

(Invitrogen MA5-16891); 1:100) and elastin (Abcam ab21610; 1:200) were diluted 

accordingly in 1% BSA and samples were incubated at 4°C overnight. Samples were 

rinsed three times with 0.1%Tween/PBS and further incubated at room temperature 

with DAPI (Sigma D9542-5MG; 1:1000) and the respective secondary antibody (1:400; 

Abcam ab175473, goat anti-mouse IgG Alexa Fluor; Abcam ab150077, goat anti-rabbit 
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IgG Alexa Fluor) for one hour. After washing three times with 0.1% Tween/PBS, were 

visualised using confocal microscopy (Nikon Eclipse Ti Confocal Machine) using 

405nm, 488nm and 561nm wavelengths. Quantification of immunofluorescence for 

ECM was calculated using Image J software by measuring the mean intensity (expressed 

as average number of pixels) per mm2 of the scaffold under either the red channel 

(collagen 1A) or green channel (collagen II or elastin). Three samples were analysed for 

each group and timepoint. 

 

6.2.9 Statistics 

One-way ANOVA was used for determining statistical significance in cell viability, gene 

expression, immunofluorescence and histomorphometry as more than two means were 

compared. A p≤0.05 was considered to represent statistically significant differences. 

 

6.3 Results 

6.3.1 Characterisation of Musculoskeletal Tissue 

RNASeq 

Examination of differences between tendon and ligament within the compiled 

Musculoskeletal RNASeq Atlas (Figure 1A) showed that BMP-6 and GDF-5, are 

selectively expressed in ligament tissues (Figure 1B). These findings justified the 

selection of GDF-5 and BMP-6 as the GFs to be added to cell culture in subsequent 

experiments in an attempt to augment in vitro differentiation of AMSCS towards the 

fibroblastic ligament lineage. 
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Figure 1: RNASeq analysis results. A) Illustrative screenshot of a heat map based on a subset of the Mayo 

Musculoskeletal RNASeq Atlas. The heat map was obtained by hierarchical clustering of expression levels 

quantified by RNASeq of select biomarker genes (vertical) that discriminate between different 

musculoskeletal cell types and tissues (horizontal). Red shading indicates the dense clustering of gene 

expression for specific tissues.  B) The evaluation of expression levels of multiple classes of cell signaling 

molecules across different mesenchymal tissues and cells lines.  

 

 

6.3.2 Scaffold Characterisation 

SEM 

SEM analysis revealed uniform 0/90° fabrication patterns that resulted in homogeneous 

scaffolds with polymer struts of 600 ± 30μm diameter (Figure 2). 
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Figure 2: Characterisation of the 8mm diameter, 600μm porosity mPCL scaffold. A) Photo of scaffold. B) 

SEM image of scaffold. 

 

 

In vitro culture 

Live-dead assay was conducted to investigate the impact of culture in normoxia and 

hypoxia on cell viability (Figure 3). Overall, the impact of the culture condition is only 

observed at the later timepoint with a significant decrease in the control group under 

hypoxic condition. Interestingly, the addition of GFs provided certain protection against 

cell death in both culture conditions since there was no difference between the control 

group in normoxia and the GDF5/BMP6 group in hypoxia. SEM of the cellularised 

construct demonstrated extensive ECM formation with more dense cellular 

proliferation and alignment visualised at Day 21 regardless of the culture condition 

(Figure 4). 
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Figure 3: Cell viability analysis on seeded scaffolds with calcein acetoxymethyl (green, live cells) and 

ethidium homodimer-1 (red, dead cells). One-way ANOVA was used for determining statistical 

significance and an LSD post-hoc was conducted. ‘*’ denotes statistical significance between groups where 

p<0.05.  A-I) Representative images of seeded scaffolds at D0, D3 and D21 time points. J) Percentage of 

live cells on seeded scaffold at D0, D3 and D21 time points. Black symbols represent scaffolds cultured 

under normoxia condition and grey symbols represent scaffolds cultured under hypoxia conditions. 
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Figure 4: SEM of cellularised scaffold after 21 days of culture with dense ECM fibres visible. A-B) Control 

and GDF5/BMP6 scaffolds under normoxic conditions at 20x, 100x and 500x magnification at Day 21. C-

D) Control and GDF5/BMP6 scaffolds under hypoxic conditions at 20x, 100x and 500x magnification at 

Day 21. 
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RTqPCR analysis 

Under both normoxia (21% oxygen) and hypoxia (2% oxygen), cell cycle genes (MKI67 

and CCNB2) were significantly down-regulated by Day 21 of culture for most 

conditions as anticipated (Figure 5). The exception was the GDF-5 and BMP-6 groups 

where the decrease in MK167 did not reach statistical significance at the late time point. 

This could suggest that a GDF-5/BMP-6 synergy had some effect on sustaining cellular 

proliferation. In addition, it can be seen that overall the hypoxia condition decreased 

MK167 and CCNB2 expression on Day 3 when compared to the samples cultured under 

normoxic conditions. This trend was expected, as hypoxia is known to induce a 

reduction in cell proliferation. 

 

When the gene expression in response to GDF-5 and BMP-6 were normalised to the 

control, it was seen that the BMP-6 and GDF-5/BMP-6 treatment group upregulated the 

gene expression of collagenous (COL1A1, COL3A1) and non-collagenous (DCN, TNC) 

proteins in normoxic conditions at Day 21 (Figure 6). This was significantly greater than 

the gene expression seen upon addition of GDF-5 only (p<0.05). In fact, under both 

normoxia and hypoxia, GDF-5 consistently had an inhibitory effect on gene expression 

to BMP-6 (Figure 6) at late time point. This indicates that the BMP-6 and GDF/BMP-6 

treatments have a role in promoting ECM production for ligament re-modelling in the 

long-term process of tissue healing.  

 

In contrast to normoxic conditions, hypoxic conditions resulted in constant gene 

expression (when normalised to the hypoxic control samples) and no drug effects were 

observed (Figure 6). In general, the cells in hypoxia, regardless of the differentiation 

cocktail, had higher gene expression than the corresponding group in normoxia 

(Appendix 3). Hence, the control group cultured under hypoxic conditions also had 

very high gene expression relative to GAPDH, indicating that the culture condition was 

already efficient at upregulating the genes for collagenous and non-collagenous 

proteins. Consequently, the addition of the GFs did not significantly change the gene 
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expression, suggesting that the hypoxic condition had a more significant impact than 

the addition of the selected GFs (Appendix 3). 

 

 
Figure 5: Expression of cell cycle genes (MKI67 and CCNB2) for all treatment conditions under 

normoxia and hypoxia. scaffolds with calcein acetoxymethyl (green, live cells) and ethidium homodimer-

1 (red, dead cells). One-way ANOVA was performed for statistical analysis and ‘*’ denotes statistical 

significance between groups where p<0.05.   
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Figure 6: Expression of collagenous (COL1A1, COL3A1) and noncollagenous (DCN, TNC) proteins over 

time. The acute and sustained effect of the drugs on gene expression was demonstrated.  

 

 

Immunofluorescence 

Secondary antibody controls only demonstrated minimal background (Appendix 4). 

The number of green or red pixels were normalised to the area of the scaffold to 
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demonstrate the amount of protein synthesised for the whole scaffold over each 

timepoint. This method of analysis was chosen based on the understanding that protein 

synthesis accumulates over time and that the net protein synthesis is the most important 

consideration for future in vivo tissue regeneration applications. Analysis of the data 

with normalisation of the number of green or red pixels to the number of blue pixels per 

sample was also made to show the amount of protein synthesis per cell number and is 

reported in Appendix 5.  

 

Immunofluorescence of collagen 1A and collagen 3A (Figure 7) and semi-quantification 

of the staining (Figure 8 & 9) showed that normoxic or hypoxic culture conditions alone 

had no overall impact on protein expression. The only exception was at Day 3 when the 

BMP-6 and GDF5/BMP6 groups cultured in hypoxia showed greater COL1A1 and 

COL3A1 expression when compared against the same groups cultured in normoxia 

(p<0.05) (Figure 9A & B). This trend is similar to that seen in the addition of GDF-5 in 

hypoxic conditions upregulating gene expression for collagen 3A at Day 21 and 

highlights the benefits of using biochemical cocktails for inducing fibroblastic 

differentiation. 

 

Under normoxia, the addition of GDF-5 and BMP-6 at the early and late timepoint 

showed no significant difference in collagen 1A or collagen 3A synthesis when 

compared to controls (Figure 8 A & C). Over time, however, there was a general trend of 

increased protein deposited in the scaffold for all groups at Day 21 when compared to 

Day 3 (Figure 9 A & B, Table 3). Under hypoxia, it can be seen that the addition of 

BMP-6 and GDF5/BMP6 resulted in greater protein expression when compared to the 

control and GDF-5 group at Day 3 (p<0.05) (Figure 8 B & D). However, this trend was 

not sustained over time (Table 3).  

 

Immunofluorescence of elastin (Figure 10) and semi-quantification of the staining 

showed that the addition of GFs at Day 3 under normoxic conditions resulted in greater 
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expression when compared to the controls (p<0.05) (Figure 8E). Interestingly, the 

addition of GDF-5 had an effect on elastin expression with significant upregulation at 

Day 21 for both normoxia and hypoxia when compared against the other treatment 

groups (p<0.05) (Figure 8 E & F). In the late timepoint for hypoxic conditions, 

upregulation of elastin synthesis for all treatment groups was observed when compared 

to the same timepoint in normoxia (Figure 8F). This indicates that the hypoxic culture 

condition had a significant effect on elastin protein synthesis when compared to cell 

culture under normoxia.  

 

 

 

Figure 7: Immunofluorescence staining of collagen 1A (green) and collagen 3A (red) in samples at Day 3 

and Day 21.  
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Figure 8: Semi-quantification of immunofluorescence staining for collagen 1A, collagen 3A and elastin at 

Day 3 and Day 21 (normalised to mm2). One-way ANOVA was performed for statistical analysis and ‘*’ 

denotes statistical significance between groups where p<0.05.   
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Figure 9: Comparison of collagen 1A, collagen 3A and elastin synthesis under hypoxia versus normoxia at 

Day 3 and Day 21 (normalised to mm2). One-way ANOVA was performed for statistical analysis and ‘*’ 

denotes statistical significance between groups where p<0.05.   



 

127 
 

 

 D3 Ctrl D3 GDF-5 D3 BMP-6 D3 GDF5/BMP6
Co
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n 
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D21 Ctrl *  
D21 GDF-5  *  
D21 BMP-6  *  
D21 GDF5/BMP6  * 

H
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D21 Ctrl *  
D21 GDF-5   
D21 BMP-6  *  
D21 GDF5/BMP6  * 

Co
lla

ge
n 

3A
 

N
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ia
 

D21 Ctrl *  
D21 GDF-5   
D21 BMP-6  *  
D21 GDF5/BMP6  * 

H
yp

ox
ia

 

D21 Ctrl *  
D21 GDF-5  *  
D21 BMP-6  *  
D21 GDF5/BMP6  * 

El
as

tin
 

N
or

m
ox

ia
 

D21 Ctrl   
D21 GDF-5   
D21 BMP-6  *  
D21 GDF5/BMP6  * 

H
yp

ox
ia

 

D21 Ctrl *  
D21 GDF-5  *  
D21 BMP-6   
D21 GDF5/BMP6   

 

Table 3: Comparison of collagen 1A, collagen 3A and elastin synthesis for all treatment groups at Day 3 

versus Day 21. ‘*’ denotes statistical significance (p<0.05). 
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Figure 10: Immunofluorescence staining of elastin (green) in samples at Day 3 and Day 21.  

 

 

6.4 Discussion 

Important elements for consideration in tissue regeneration include the natural 

environment (i.e. a hypoxic condition in the early stages) in which regeneration is being 

undertaken as well as the GFs secreted in paracrine signaling to promote and maintain 
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tissue function. This study investigated the effects of both of these variables applied to 

the context of ligament regeneration.  

 

Native ligament tissue is less vascular in nature and fibroblasts are accustomed to a 

lower concentration of oxygen when compared to other musculoskeletal tissues. 

Culturing cells under hypoxic conditions at 2% oxygen saturation replicated this culture 

condition in vitro. It was demonstrated that the samples cultured under hypoxia 

exhibited steady ECM gene expression over time when normalised to controls which did 

not significantly change with GF treatment (Figure 6 and Appendix 3). This has 

demonstrated that the hypoxic condition alone is beneficial in upregulating gene 

expression of COL1A1, COL3A1, DCN and TNC in the long-term.  

 

This trend is supported by the existing literature, which identifies that environmental 

cues have a major effect in optimising ligament tissue regeneration (178, 319, 320, 339). 

Hypoxic conditions to mimic the native environment have been identified to aid MSC 

differentiation into fibroblasts. The mechanism by which this occurs has been studied in 

detail in cartilage tissue and periodontal ligament cells where hypoxia inducible factor 1 

has a key role in the hypoxic response (340-342). Furthermore, studies have found that 

microRNAs (especially miR-210) that allow for RNA silencing and post-transcriptional 

regulation of gene expression also contribute to establishing gene expression in hypoxia 

(343, 344).  In human corneal fibroblasts, increased ECM deposition after 14 days in 

cells cultured with Cr (as a macromolecular crowder) under hypoxic 2% oxygen 

conditions has been reported (339). Therefore, this research highlights the importance 

of tailored tissue-engineering approaches to promote regeneration of different tissues.  

 

In following with this tailored approach, the generation of the RNASeq Atlas of human 

musculoskeletal samples was an important step towards gaining a better understanding 

of the important biofactors upregulated in specific tissues. In this study, RNASeq 

analysis of human musculoskeletal samples has shown that GDF-5 and BMP-6 
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expression is unique to ligament tissue. These results justified the decision to investigate 

the effects of GDF-5 and BMP-6 in augmenting ligament regeneration in vitro. Other 

than a significant increase in elastin protein secretion at Day 3 and Day 21 (under 

hypoxic and normoxic conditional regularly), the addition of GDF-5 alone was not 

found to upregulate the expression of collagenous and non-collagenous proteins overall. 

In fact, under both hypoxic and normoxic conditions, GDF-5 consistently inhibited the 

effects of BMP-6 in the analysis of gene expression (Figure 6). This is in contrast to 

another study (178) which similarly investigated the effects of GDF-5 and FGF-2 on 

AMSC culture in 3D PCL scaffolds. It was found that GDF-5 alone (100ng/mL, the same 

dose to that used in this study) stimulated gene expression of COL1A1, COL3A1 and 

TNMD and promoted fibroblast differentiation.  On the other hand, the addition of 

FGF-2 suppressed the expression of these genes.  

 

In fact, the delivery of GDF-5 to promote ligament regeneration in vivo has been well 

documented in the literature (319, 320). For example, one study used hydrogels 

containing 10μg of GDF-5 in a rabbit MCL model and found increased expression of 

GDF-5 with specific upregulation of COL1A1 expression (319). In addition, GDF-5 

coated sutures used in Achilles tendon repair of rats demonstrated improved healing 

(320). Therefore, it is possible that the in vitro effects of GDF-5 seen in this study do not 

adequately represent the usual trends seen in vivo. 

 

While the use of GDF-5 for ligament regeneration in in vivo animal models has been 

documented in the literature, there have been no previous attempts to use BMP-6 to 

augment ligament regeneration. RTqPCR analysis demonstrated that the BMP-6 only 

and GDF-5/BMP-6 groups displayed upregulated gene expression of the major ECM 

components at Day 21 under normoxic conditions. This was also seen in collagen 1A 

and collagen 3A protein synthesis at the early timepoint under hypoxic conditions.  
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One major limitation of the study was that the gene expression and protein analysis of 

the samples did not align. This can be explained by the natural complexity of gene 

pathways. For example, there could have been a peak in early ECM gene expression 

translating into protein synthesis before Day 3 RTqPCR analysis in the BMP-6 only and 

GDF5/BMP6 treatment groups. Alternatively, peaks in gene expression could have been 

suppressed in downstream regulatory pathways before being translated into protein 

synthesis.  

 

Overall, this study reported the use of BMP-6 and GDF5/BMP6 in concert for 

augmenting the ligament regeneration potential of 3D-printed tissue engineered 

constructs. The synthesis of collagen 1A and collagen 3A proteins were triggered to peak 

earlier under the influence of these GFs in hypoxic conditions as demonstrated in the IF 

staining. In addition, the expression of genes involved in the synthesis of several ECM 

proteins remained upregulated for a longer time period with the addition of BMP-6 and 

GDF5/BMP6 as shown in the RTqPCR. However, hypoxic conditions were shown to 

have a greater effect on gene expression in vitro than the GFs themselves, which is 

consistent with previous reports (339).  

 

These results highlight the complexity of gene expression and suggest that hypoxia is the 

greatest driver of cell differentiation toward a fibroblastic phenotype. Further studies are 

required involving a range doses of these GFs in order to better understand the effects of 

GDF5/BMP6 in vitro and in vivo.  

 

6.5 Conclusion 

In the context of tissue regeneration, fibroblastic differentiation can be enhanced using 

hypoxic culture conditions. In addition, the BMP-6 or GDF5/BMP6 treatment increased 

protein expression but only at Day 3 in vitro. While there was sustained elevated ECM 

gene expression until Day 21, this was not reflected in protein expression. In an animal 
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model, it is difficult to investigate the effect of hypoxia. Given that the normoxic 

condition still showed an effect of the GF treatments, the following in vivo studies in 

this thesis further investigated its effects on ligament regeneration. As outlined above, 

numerous previous in vivo studies in the literature have investigated the use of GDF-5 

to promote fibroblast differentiation with positive results. Thus, GDF-5 was chosen to 

augment ligament regeneration in the BLB scaffold for in vivo studies (Chapter 10).  
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Chapter 7- Spheroid Formation and 
Characterisation for Bone Regeneration 

 

7.1 Introduction 

The compartmentalisation of a cell-laden BLB scaffold implies that several types of cells 

and/or different culture conditions are required in order to differentiate each 

compartment towards the targeted tissues of bone and ligament. Due to the BLB 

scaffold’s multiphasic nature, the conditions for osteogenic and fibroblastic 

differentiation with maturation cannot be achieved simultaneously in vitro, impeding 

direct cell seeding and differentiation on the BLB scaffold. The differentiation must then 

be performed separately and the cells committed to osteogenic or fibroblastic lineages 

are thereafter assembled on the BLB scaffold in the corresponding and relevant 

compartments.   

 

In Chapter 5, it was demonstrated that the 2D culture of cell sheets is an appropriate 

strategy to deliver cells and ECM relevant to soft tissue regeneration in the ligament 

compartment. While this was particularly suited for this application, due to the 

architecture of the ligament compartment being composed of grooves which 

accommodated the folded cell sheets, this strategy cannot be implemented for the bone 

compartment. This is due to the restrictions in pore shape and size of the bone 

compartment which prevents homogenous incorporation of the cell sheets. Therefore, 

another strategy is required for enabling the fabrication of smaller cellular bodies, while 

still enabling in vitro osteogenic differentiation and maturation prior to assembly. We 

hypothesised that the utilisation of cell spheroids could fulfil the aforementioned 

criteria.  

 

Spheroid generation for tumour research or drug testing has been well established in the 

literature (345). 3D cell culture has been shown to be superior to monolayer cell culture 
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due to its ability to mimic natural cell interactions. Furthermore, the use of spheroids 

allows for the maturation of ECM which creates a more realistic model of the in vivo 

environment. The common methods for spheroid generation include cell culture in 

non-adherent microwell plates (liquid overlay technique), hanging-drop method, and 

suspension culture (345-348). Recently, a novel method for generating spheroids using 

olfactory ensheathing cells inside floating liquid marbles allowed for the free association 

and interaction of cells to mimic complex in vivo structures (349-351).  

 

While the technology of spheroid formation is relatively well established, their 

subsequent differentiation requires a long term culture which can be detrimental to cell 

viability and can also result in coalescence which increases the prevalence of necrotic 

core formation. However, the incorporation of nanoparticles within the cell spheroid 

can potentially circumvent these issues while still enabling the incorporation of a 

differentiation trigger. As an example, nanoparticle delivery into tumour spheroids has 

been utilised for studying the efficacy of drug in cancer therapy in vitro. Li et al. (352) 

found that HA nanoparticles encapsulated in liposomes increased penetration of 

tumour spheroids after incubation at 5μg/mL and facilitated the slow release of the 

nanoparticles into cells.  

 

The incorporation of nanoparticles to form 3D cell cultures has also been explored in 

the literature. Shimizu et al. (353) investigated the role of magnetite nanoparticles and 

magnetic force in generating cell sheets with human MSCs. This involved the synthesis 

of magnetic cationic liposomes which contained 10nm magnetite nanoparticles. By 

exposing the cells to 100pg magnetite nanoparticles/cell, it was found that the maximum 

uptake was 20pg/cell. Similarly, Kim et al. (354) cultured human BMSC with 

ferromagnetic nanoparticles (Fe3O4) (40-50nm) at concentrations of 10, 20 and 

40ug/mL for 16-24 hours and formed spheroids by subsequently exposing the cells to 

magnetic force. It was found that 10ug/mL of ferromagnetic nanoparticles was sufficient 

to form spheroids with increasing concentration of the nanoparticles having no further 
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impact on the size of the resulting spheroid. These previous studies exemplify the 

feasibility of creating cell spheroids into which an inorganic biomaterial is incorporated. 

 

Given the importance of HA in bone formation, this approach can also be useful in the 

field of regenerative medicine. As outlined in the introduction, the addition of HA and 

GFs to a cell-laden hydrogel is already common practice (355, 356). However, the most 

ideal circumstance is when HA has direct contact with cells supported by native ECM as 

generated in 3D cell cultures. Therefore, one key advantage for using cell spheroids to 

seed the bone compartments of the BLB scaffold is the ability to also deliver supportive 

mature ECM matrix. The addition of HA nanoparticles into cell culture was 

hypothesised to further augment bone formation with direct contact with BMSCs.  

 

This study aimed to compare and optimise several methods of spheroid generation and 

osteogenic maturation for targeted use in bone regeneration and determine whether it 

was a feasible technique for cell delivery into the bone compartments of the BLB 

scaffold. 

 

7.2 Methodology  

7.2.1 Cell Culture 

A process of optimisation to efficiently generate a large number of spheroids was 

undertaken. Three methods have been trialled as outlined below. Human BMSCs (PT-

2501, Lonza Australia, Mt Waverley, VIC) between passages 5 and 7 were used in these 

experiments. Basal cell culture medium was a combination of DMEM (Gibco) with 10% 

fetal bovine/calf serum and 1% Penicillin Streptomycin (Gibco) with additional Non-

essential Amino acids (Gibco). Osteogenic medium also included 50μg/mL ascorbate-2-

phosphate, 10mM -glycerolphosphate and 0.1μM dexamethasone.  
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7.2.2 Non-Adherent 96-Well Plates 

BMSCs were seeded at 4x104 cells/well in 200μL of basal medium using Corning Ultra-

low attachment 96-well plates (flat bottom). Cells were incubated at 37°C, 5%CO2 on 

shaker plates rotating at 65rpm. Upon formation of spheroids after 72 hours as 

visualised by light microscopy, the basal medium were swapped for osteogenic medium 

and subsequently changed every two days. At each time point (Weeks 0, 1, 2, 3, 4 post 

spheroid formation), cell viability analysis was conducted as well as DNA and collagen 

quantification.  

 

7.2.3 Liquid Marbles 

Liquid bath  

Liquid marbles were generated following the protocol as described by Vadivelu et al. 

(349). Sterile Polytetrafluoroethylene (PTFE) powder (100μm particle size) was 

dispensed into a 12-well plate and sterilised under UV for 1 hour in the biosafety 

cabinet. BMSCs were suspended in osteogenic medium at a concentration of 500 

cells/μL. 10μL, 20μL, 30μL and 50μL sized liquid marbles were formed by pipetting the 

cell suspension into the well containing PTFE powder. The plate was gently rocked to 

ensure that the droplet was thoroughly coated by PTFE powder.  The liquid marble was 

very carefully transferred into a 96-well plate using 200μL or 1000μL pipettes. 200μL of 

osteogenic medium was carefully pipetted into each well from the side without 

disturbing the liquid marble in order to minimise media evaporation (Figure 1A). 

Liquid marbles were incubated at 37°C, 5% CO2 for 72 hours. At this point, the marble 

was burst and spheroids transferred to a non-adherent 96-well plate for further culture 

for 4 weeks. Osteogenic medium was changed every two days. Spheroid samples were 

harvested for cell viability, DNA quantification and total collagen quantification at 

Week 0, 1, 2, 3 and 4 post-spheroid formation.  
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Powder bath 

The same protocol for liquid marble formation as described above was followed. The 

liquid marble was transferred into a 12-well plate (coated with PTFE powder using 

200μL or 1000μL pipettes (Figure 1B). Sterile PBS was used to fill the gaps between wells 

and prevent dehydration. Liquid marbles were incubated at 37°C, 5% CO2 on shaker 

plates rotating at 65rpm for 72 hours. At this point, the marble was burst and spheroids 

were transferred to a non-adherent 96-well plate for further culture for 4 weeks. 

Osteogenic medium was changed every two days. Spheroid samples were harvested for 

cell viability, DNA quantification and collagen quantification at Week 0, 1, 2, 3 and 4 

post-spheroid formation.  

 

 

 

Figure 1: Liquid marble method for spheroid formation using A) Liquid bath and B) Powder bath.  

 

 

7.2.4 AggreWell400Ex Plates 

Spheroid formation 

Spheroids were generated following the manufacturer’s instructions. 2mL of Rinsing 

Solution (Stemcell Technologies) was pipetted into each well of the AggrewellTM400Ex 

plate (Stemcell Technologies) and centrifuged at 2000g for five minutes. Rinsing 

Solution was removed and wells were washed with complete medium before aspirating. 
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0.5mL of complete medium was added to the well. BMSCs were suspended in basal 

medium at a concentration of 500cells/μL to form 500cells/spheroid as per the 

manufacturer instruction. The seeding cell density was therefore 244,702 cells/cm2 and 

the suspension was ‘dropped’ in the well and pipetted gently to disperse. The AggreWell 

Plate was incubated at 37°C, 5% CO2 for 24 hours. 

 

Spheroid harvesting 

The well was gently flushed with medium to dislodge the spheroids and the medium was 

collected through a 37μm reversible strainer (Stemcell Technologies). The strainer was 

inverted and flushed with 2-5mL of osteogenic medium. Spheroids were seeded at <250 

per well in 12-well low-binding plates (Corning) with 0.5mL of osteogenic medium. 

This calculation was able to be made based on the assumption that The plate was placed 

on shaker plates rotating at 65 rpm to distribute the spheroids evenly and incubated at 

37°C, 5% CO2 for 4 weeks. Osteogenic medium was changed every two days. Spheroids 

were harvested for cell viability analysis, DNA quantification and collagen 

quantification at Weeks 0, 1, 2, 3, and 4. Average spheroid diameters were determined 

through measuring 30 spheroids on images taken under light microscopy with an 

accompanying scale bar.  

 

Formation of HA nanoparticles 

The formation of the HA nanoparticles was performed by Goonasekera et al. and the 

UQ  School of Chemistry and Molecular Biosciences following a previously described 

protocol (357). A 50mL aliquot of 0.5 mol/L Ca(NO3)2 was heated to 70°C and 50 mL of 

0.3 mol/L (NH4)2HPO4was added dropwise over a period of 1 hour while stirring and 

maintaining the pH above 9 and the temperature at 70°C. The resulting solution was 

further allowed to stir for one hour at the same temperature. The HAP formed was then 

washed by centrifugation at 800 rpm for 5 minutes, exchange of the supernatant and 

resuspension of the particles at least 4 times, using Milli-Qwater, until a neutral pH of 

the washing solution was obtained. It was then dried in an oven at 50°C overnight, 
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before being powdered in an agate mortar. Fourier-transform infrared (FT-IR) spectra 

of the HA nanoparticles were measured using a Perkin Elmer Spectrum 400 FT-IR 

spectrophotometer with a universal attenuated total reflectance sampling accessory and 

a diamond crystal window (Figure 2). The spectra were taken at 2cm-1 resolution 

between wavenumber range 550-4000cm-1 and the number of scans recorded per 

analysis was 128. Transmission electron microscopy (TEM) analysis on a JEOL 1010 TE 

microscope operating at an accelerating voltage of 100 kV was used to characterise the 

dimensions of the HA nanoparticles.  

 

 

Figure 2: FT-IR spectrophotometer analysis of nanoparticles confirming that it is HA. (Courtesy of 

Goonasekera et al., UQ  School of Chemistry and Molecular Biosciences) 

 

 

Incorporation of HA nanoparticles into cell spheroid 

HA nanoparticles were UV sterilised for 30 minutes prior to experimentation. They 

were added to complete media and sonicated for 15 minutes to generate an even 

suspension. BMSCs were suspended in basal medium at a concentration of 500cells/μL 

to form 500cells/spheroid. Cell suspension was combined with the complete medium 

containing HA nanoparticles to form a final HA concentration of 5μg/mL and mixed 

gently. The same protocol for spheroid formation and harvesting as described for the 

AggreWell400Ex plates was followed. Spheroids were harvested for cell viability 
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analysis, DNA quantification and collagen quantification at Weeks 0, 1, 2, 3, and 4. At 

week 4, spheroids were fixed in 3% glutaraldehyde for TEM analysis.    

 

MicroCT 

Samples were analysed by microCT (μCT40, SCANCO Medical AG, Brüttisellen, 

Switzerland) with a voltage of 55kVp, a current of 120μA and power of 8W, an 

integration time of 300ms and a voxel size of 20μm to determine in vitro mineralisation. 

3D images were reconstructed using the microCT software. 

 

TEM 

The cultures were fixed in 3% glutaraldehyde (ProSciTech), 0.1M cacodylate buffer at a 

pH of 7.3. After overnight fixation, the spheroids were washed in 0.1M cacodylate 

buffer. Spheroids were postfixed in 1% osmium tetroxide and embedded in Spurr expoy 

resin. Ultrathin sections (50–100nm) were cut and stained with uranyl acetate and lead 

citrate stains prior to examination and photography using the JEOL 1200EX 

transmission electron microscope (Queensland University of Technology, Central 

Analytical Research Facility). 

 

7.2.5 Statistics 

For the 96-well plate method, liquid marble method and Aggrewell Plate method for 

forming spheroids, One Way Anova with Tukey’s multiple comparison test was 

conducted for spheroid diameter, cell viability, DNA and collagen quantification results. 

Significant results were determined by a p-value of <0.05. 
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7.3 Results 

7.3.1 Spheroid Formation 

The three methods investigated for spheroid formation posed different challenges. 

Seeding densities for each method is summarised in Table 1. The gross characteristics 

are presented in Figure 3, Figure 4 and Table 2.  

 

For spheroid formation in 96-well non-adherent plates, 4x104 cells/well were seeded. It 

was noted that the number of spheroids formed in each well was highly heterogeneous 

and unpredictable.  While these were generally uniform in size and symmetry at first, 

the spheroids tended to coalesce over the four-week incubation period (Figure 3A&B). 

By the end of the four-week period, the spheroid dimensions were not consistent 

amongst all wells with a mean diameter of 206.58±102.45μm (Table 2).  

 

When generating liquid marbles using the liquid bath method, it was noted that the 

marbles burst easily upon transfer to the 96-well plate. When the transfer was successful, 

the stability of the marbles was problematic as most of the 50μL marbles spontaneously 

ruptured after 24 hours of culture. At 72 hours, only 30μL marbles were remaining and 

the overall throughput was low. Upon bursting the marbles, the resulting spheroids 

formed were not symmetrical in shape (Figure 3C&D) and the diameter was 

97.19±41.12μm (Table 2). For the powder bath method, all marbles were dehydrated by 

72 hours despite placing sterile PBS around the wells.  

 

In the AggreWell plate method, BMSC spheroids were seeded at 244,792 cells/cm2 in a 

6-well plate as reported by the manufacturer. This method yielded symmetrical 

spheroids in a cell number dependable manner with diameters measuring 134±9.17μm 

(Table 2). There was efficient spheroid formation with each AggreWell plate well 

forming approximately 4600 spheroids at 500 cells per spheroid (Figure 3E&F). With 
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the addition of HA nanoparticles at 5μg/mL, the diameter of the spheroids increased to 

239.38±20.38μm (Table 2) and was less uniform in shape (Figure 3G&H).  

 

 

 

Figure 3: Methods for spheroid generation at Week 0 and Week 4. A-B) Nonadherent 96-well plates; C-

D) Liquid Marble; E-H) AggreWell Plate. 
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Method Seeding density (cells/cm2) 

96-well plate 125,000

Liquid marble 46,875

AggreWell Plate 244,792

 

Table 1: Seeding density for each method of spheroid generation 

 

 

Method Mean spheroid diameter (μm) 

96-well plate 206.58±102.45 

Liquid marbles (Liquid bath) 97.19±41.12 

AggreWell Plate  

Control 134±9.17 

+HA nanoparticles 239.38±20.38 

 

Table 2: Mean spheroid diameter immediately post-formation.  

 

 

 
 

Figure 4: Mean spheroid diameter for the three methods of generation. One Way Anova was performed 

for statistical analysis where ‘*’ denotes statistical significance between indicated groups (p<0.05) 
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7.3.2 Spheroid Characterisation 

The extended period of in vitro culture and culture method did not adversely affect the 

cell viability of the spheroids generated as illustrated in Figure 5. The AggreWell plate 

showed a significant difference between the Ctrl and +HA groups at Week 0 indicating 

that HA promoted cell viability in the first stage of spheroid formation. However, there 

was no difference between the treatment groups during the following 4 weeks of culture. 

In general, analysis using confocal microscopy showed that cells on the outer surface of 

the spheroid remained viable. However, the FDA and PI were unable to penetrate to the 

centre of the mass where most necrosis usually occurs. Given the decreasing trend of 

DNA content over time (Figure 6A-C), this indirectly indicated cell death as the 

picogreen only measures double-strand DNA and hence, living cells.  On the other 

hand, collagen synthesis increased over time (Figure 6D-F) with the spheroid treatment 

of HA in the AggreWell plate producing the most total collagen after 4 weeks of in vitro 

culture (p<0.05). The spheroids from the 96-well plate and liquid marble method also 

produced significantly higher amounts of collagen at 4 weeks compared to earlier time 

points (p<0.05).  
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Figure 5: Assessment of cell viability of the spheroids generated. A-C) Confocal imaging with live/dead 

staining for all three methods. D) Percentage live cells in culture over a period of 4 weeks. One Way 

Anova was performed for statistical analysis where ‘*’ denotes statistical significance between indicated 

groups (p<0.05). 

 

 

 

 

Figure 6: Total DNA and collagen quantification of spheroids generated over a period of 4 weeks. One 

Way Anova was performed for statistical analysis where ‘*’ denotes statistical significance between 

indicated groups (p<0.05) 
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7.3.3 Addition of HA Nanoparticles 

HA nanoparticles dimensions were characterised to be 180±80nm by 30±10nm.  TEM 

analysis was conducted on samples where human BMSCs were cultured with HA 

nanoparticles after 4 weeks to determine the amount taken up into the spheroid. TEM 

imaging demonstrated that there was some internalisation of the HA nanoparticles into 

the BMSCs (Figure 7). However, a large proportion of HA nanoparticles remained 

extracellular. MicroCT analysis of spheroids cultured with HA after 4 weeks did not 

demonstrate significant in vitro mineralisation. 
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Figure 7: TEM analysis of spheroids with HA nanoparticles at 4 weeks. Red arrows indicate the location 

of the HA nanoparticles A-B) Characterisation of HA nanoparticles generated; C-F) TEM analysis of the 

uptake of HA nanoparticles into BMSCs. 
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7.4 Discussion 

Previous studies have reported the process and results from different methods of 

spheroid formation techniques. In particular, the liquid marble method was first 

described by Vadivelu et al. (349) where olfactory ensheathing cells were encapsulated in 

a liquid marble to form large numbers of spheroids of uniform shape and size. This 

method allowed for the free association and interaction of cells to mimic complex in 

vivo structures.  

 

The current study has presented three methods used to generate cell spheroids. Despite 

the advantages of 3D cell culture and the creation of a mature ECM matrix, there were 

limitations that were encountered during experimentation. For example, the non-

adherent 96-well plate method was inconsistent in forming spheroids of regular number 

and shape. For future experimentation, U bottom plates may be more beneficial in 

regulating the size of spheroids formed. In addition, the liquid marble method of 

generating spheroids was very time consuming due to the fragile nature of the marbles 

and their tendency to spontaneously burst. The frequent media changes for each well in 

these two methods also rendered the technique inefficient.   

 

The AggreWell plates consist of in-built microwells that allowed for the most reliable 

homogenous spheroid generation of consistent size and symmetrical shape. The BMSCs 

demonstrated significantly increased collagen synthesis over the 4-week culture period 

and the addition of HA in culture augmented this further. TEM analysis illustrated 

some internalisation of the HA nanoparticles intracellularly. This can be compared to 

Shimizu et al.’s study (353) where it was identified that the inclusion of 10nm magnetite 

nanoparticles at a concentration of 100pg magnetite per cell resulted in a maximum 

uptake of 20pg per cell. The major drawback of this method was that a large number of 

BMSCs were required to seed in the AggreWell plate and form the spheroids and the 

high cellular death in culture. While feasible, these three methods do not prevent the 
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formation of a necrotic core and are therefore, not the most optimal way to synthesise 

spheroids for tissue-engineering purposes.  

 

7.5 Conclusion 

This chapter investigated the use of non-adherent 96-well plates, liquid marbles and 

AggreWell plates to generate spheroids for cell seeding in the bone compartments of the 

BLB scaffold. The study has demonstrated that the use of non-adherent 96-well plates 

and liquid marbles did not create spheroids of consistent size and shape. On the other 

hand, while the AggreWell plates formed spheroids of sufficient quality for seeding into 

the bone compartment, it was not the most efficient method for this task. Given the 

limitations of using spheroids for cell seeding, future experiments in Chapter 8 will 

investigate the alternative use of GFs instead to augment the process of bone formation. 
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Chapter 8- Combination of BMP-2 and EZH2 
inhibition to stimulate osteogenesis in a 3D bone 

reconstruction model 
 

 

8.1 Introduction 

Autologous bone grafts have been used extensively in the medical field to fill 

craniofacial, cavarial and long bone defects (267). While autografts are still the gold 

standard for bone reconstruction, the donor morbidity and increased chance of graft 

resorption by osteoclasts have led to the development of synthetic biomaterials for use 

in 3D-printing for bone regeneration. In addition to the use of a scaffold for 3D cell 

culture, other environmental cues provided through the addition of GFs can be used to 

promote osteogenesis. A bone tissue engineered construct is traditionally manufactured 

by seeding cells of interest such as bone marrow stromal cells or osteoblasts and 

culturing under a differentiation cocktail in vitro prior to implantation. The 

biochemical composition of the differentiation media and the length of culture required 

to achieve sufficient cell stimulation for triggering bone formation is still debatable (358, 

359). However, this concept underpins the manufacturing of tissue engineering 

products. Cellular differentiation is usually performed by directly upregulating bone-

related genes and this is achieved by the addition of osteogenic cues in the culturing 

media. 

 

Key factors in bone regeneration include the TGF- family signalling molecules in 

which Bone Morphogenetic Proteins (BMPs) are a major subset. BMPs were first 

discovered by Urist in the 1980s (164) and are extracellular cytokines which have 

endocrine, paracrine and autocrine signalling functions. They have an essential role in 

maintaining bone homeostasis and embryological development. In particular, bone 
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regeneration has been clinically triggered by the delivery of osteogenic cues such as 

BMP-2 directly influencing cell commitment to osteogenesis (201, 202, 271).  

 

There are two major cell signalling pathways for bone regeneration (160, 360, 361). The 

classical or Smad-dependent pathway is initiated after binding of BMP and its receptor 

thereby activating R-Smad. For example, BMP-2 binds to BMP receptor Ia and Ib while 

BMP6 binds strongly to ALK2 and weakly to BMP receptor IIb. R-Smad is then 

translocated into the cell nucleus and interacts with transcription factors such as Runx2 

to catalyse secretion of osteogenic differentiation factors. Other modulators of TGF-

/BMP signalling include glucocorticoids, retinoic acid and nitric oxide.  

 

The second major pathway is smad-independent, and involves the interaction of other 

signalling pathways such as P38 mitogen-activated protein kinase, Wnt/catenin, 

Hedgehog, Notch and microRNAs which have been identified. Runx2 remains a key 

integrator of differentiation towards the osteogenic lineage. Interestingly, inflammatory 

cytokines such as TNF- acting through the NK-κB signalling pathway has been shown 

in fetal calvarial MSC models to inhibit bone osteogenesis stimulated by BMP and 

interferes with Smad-dependent signalling (362).  

 

Independent of the Smad pathway, gene expression can also be modulated by changes 

in the structure of the DNA in the nucleus. Indeed, epigenetic regulation allows for 

preservation of the DNA genotype while inducing changes in cellular phenotype (363). 

This occurs through the modulation of key transcription factors which play a significant 

role in numerous biological and pathological processes. Recognised processes of 

epigenetic regulation include:  DNA methylation, histone modifications, mitotically 

transmitted messenger RNAs, small-coding RNAs (mRNAs), long non-coding RNAs 

and mitotic bookmarking (364-369).  
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In the context of bone formation, it has been demonstrated that the gene expression of 

osteogenic related markers can be modulated through epigenetic control (370-373). For 

example, it was noted that while Wnt3a signaling (through Smad-independent 

pathways) caused consequent BMP-2 expression and downstream osteogenesis in cells 

with osteogenic potential, cells from nonosteoblastic lineages such as pre-adipocytes and 

fibroblasts did not express BMP-2 in response to Wnt3a stimulation (374). This was 

caused by the inhibition of BMP or ALP promotors by CpG (single strand DNA 

molecules which contain cytosine triphosphate deoxynucleotide (C) and guanine 

triphosphate deoxynucleotide connected by a phosphodiester link (p)) methylation. In 

one study, 5’-aza-2’-deoxycytidine (5’-aza-dc) treatment was used to demethylate the 

BMP and ALP promotors, thereby rendering the pre-adipocytes and fibroblasts to be 

responsive to Wnt3a and allowing them to transdifferentiate into osteoblasts (370).   

 

The inhibition of histone methyltransferases is another method to promote 

osteogenesis. Enhancer of zeste homolog 2 (EZH2) is an active subunit of polycomb-

repressive complex 2 which instigates the methylation of histone 3 at lysine 27 (H3K27). 

This methylation process results in gene silencing as the chromatin becomes less 

accessible and inhibits the expression of pro-osteogenic genes. Results from key studies 

have also indicated that overexpression of EZH2 results in adipogenic differentiation of 

MSCs (375, 376). Abnormal EZH2 activity has been associated with lymphoma (377), 

breast (378) and prostate (379) cancer progression through mechanisms such as 

deregulating cellular proliferation, promoting metastasis and damaging DNA repair 

processes (380). GlaxoSmithKline 126 (GSK126) is one well-characterised EZH2 

inhibitor shown to inhibit lymphoma growth and is currently in clinical trials (381). 

Given that GSK126 causes EZH2 inhibition, this highlights its potential to also be used 

in promoting bone formation by upregulating gene expression for osteogenesis.  

 

In the field of tissue engineering, harvesting of 2D cell cultures for scaffold loading prior 

to in vivo implantation is well documented (382, 383). Disadvantages of this approach 
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include the passaging of cells negatively affecting the preconditioning process as well as 

removal of synthesised ECM by the trypsinisation. In order to circumvent this 

limitation, we have directly seeded and pre-conditioned cells in a highly porous scaffold 

suitable for bone regeneration.  

 

To our knowledge, this is the first study to report the use of BMP-2 and GSK126 to 

pretreat a 3D cell culture of human BMSCs for promoting osteogenesis. The advantages 

of using BMSCs to induce osteoblast differentiation and downstream bone formation is 

well documented in the literature (384). The osteogenic commitment of the cells was 

examined via the gene expression of selected genes involved in bone formation. 

Furthermore, the impact of cell pre-conditioning with the addition of BMP-2 and/or 

GSK126 was assessed in a murine ectopic model. Overall, the addition of GSK126 was 

found to be contributory to BMP-2 effects and resulted in early signs of mineralisation 

as well as vascularisation.  

 

8.2 Methodology 

8.2.1 3D-Printing 

mPCL scaffold was 3D-printed as described in Chapter 3 previously. Continuous 

printing processes resulted in fabrication of properly connected fibres forming a 

construction with 0/90° between layers and a 600μm fibre interdistance. A 5mm or 3mm 

biopsy punch (ThermoFischer-Scientific) was used to create circular discs for use in the 

following experiments.  

 

8.2.2 BMSC Extraction  and Cell Culture 

The BMSCs from three different donors (1A, 2A and 3A) were isolated by plastic 

adherence methods from the bone marrow mononuclear cells purchased from Lonza, 

Walkersville, as described previously (385). Briefly, human bone marrow mononuclear 

cell fractions were plated in maintenance medium comprising of Dulbecco's Modified 
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Eagle's medium (DMEM) with 10% fetal calf serum (Hyclone), 2 mM L‐glutamine, 50 

U/ml penicillin, and 50 U/ml streptomycin (Sigma Aldrich). Cells were allowed to 

adhere for 7 days and non-adherent cells in the medium were subsequently removed. 

Adherent cells were allowed to form colonies and expand for 3-5 weeks, following 

which they were harvested and re-plated at a density of 5,000 cells per cm2 and 

expanded for 4-6 passages. Cells from passage 4-6 were seeded on PCL scaffolds for use 

in all in vitro and in vivo scaffold-based experiments.  Basal cell culture medium was a 

combination of  modified Eagle’s medium (MEM) with 10% fetal bovine serum and 

1% Penicillin Streptomycin (Gibco). Osteogenic differentiation medium included the 

addition of AA (50μg/mL), -glycerol phosphate (10mM) and dexamethasone (10nM).  

 

8.2.3 Cell Seeding onto PCL Scaffolds 

Scaffold preparation, sterilisation and cell seeding were conducted as previously 

described in Chapter 5. After 24 hours in the bioreactor with a cell suspension density of 

1 million cells/mL/scaffold, the seeded scaffolds were transferred to a poly-2-

hydroxyethyl methacrylate (poly-HEMA) coated 48-well plate (to avoid cell attachment 

to plate surface) and further cultured with either 5μM GSK126 (GlaxoSmithKline), 

50ng/mL BMP-2 (R&D Systems) or a combination of both BMP2/GSK126 in osteogenic 

medium for 6 days. The concentrations of BMP-2 and GSK-126 were chosen based on 

the results of an optimisation study carried out by the research group (371, 372). The 

medium was changed every 2 days. 

 

Five different groups were created for the study; 1) scaffold with BMSCs cultured in 

basal medium (Control), 2) scaffold with BMSCs cultured in osteogenic medium 

(Osteo), 3) scaffold with BMSCs cultured in osteogenic medium with BMP-2 (BMP-2), 

4) scaffold with BMSCs cultured in osteogenic medium with GSK-126 (GSK-126), 5) 

scaffold with BMSCs cultured in osteogenic medium with both BMP-2 & GSK-126 

(BMP2/GSK126). These groups (n= 3 per treatment) were replicated for each of the 
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three donors used (1A, 2A and 3A). The in vitro study investigated all 5 treatment 

groups whereas the in vivo study (Figure 2) only involved treatment groups 2-5.  

 

After 6 days of treatment with BMP-2 and/or GSK126, cell culture of seeded scaffolds 

was maintained on osteogenic medium for another 4 days. This enabled both cell 

differentiation and the re-establishment of the proliferative capacity prior to in vivo 

implantation. At 10 days, samples were harvested and utilised in a variety of assays 

(described below). In vitro assays included cell viability, SEM for gross morphology, 

RNA extraction for RTqPCR to assess gene expression and immunofluorescence to 

assess deposition of ECM. In vivo experiments at 10 days involved ectopic implantation 

with subsequent H&E or sirius red staining (n=3 per group per donor) for histological 

characterisation.   

  

In order to evaluate the influence of the cell pre-conditioning upon bone-related protein 

secretion (collagen I and osteocalcin), the constructs were subsequently cultured in 

osteogenic medium for 21 days and immunofluorescence was again utilised to visualise 

these proteins. Similarly, the influence of the pre-conditioning on cell viability at day 21 

was investigated for the BMP2/GSK126 group and compared to cells cultured under 

osteogenic condition. 

 

8.2.4 In Vitro Characterisation 

Assessment of the preconditioning long-term effect 

Cell viability  

The impact of the PCL scaffold and bioreactor environment on the BMSCs was assessed 

by measuring cell viability at day 10 and 21 for the Osteo and BMP2/GSK126 groups. 

Seeded scaffolds (n=3 per culture conditions) were stained with calcein acetoxymethyl 

(1:500 dilution) and ethidium homodimer-1 (1:2000 dilution) as according to 

manufacturer’s instructions (Live-Dead Viability/cytotoxicity kit for mammalian cells; 
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Invitrogen Molecular Probes) and incubated for twenty minutes before visualisation 

using an inverted LSM 780 multiphoton laser scanning confocal microscope at 488nm 

and 561nm. Mortality was calculated using Image J software by taking the percentage of 

the mean area intensity of cells under the green channel (live cells) divided by the total 

mean area intensity occupied by cells under both the green and red channel (dead cells). 

 

SEM 

In order to characterise the constructs under osteogenic and BMP2/GSK126 pre-

conditioning at day 10, cellularised scaffolds (n=3) were fixed in Trumps fixative at 4°C 

for 1 hour, washed in PBS, rinsed in water and dehydrated through a graded series of 

ethanol. They were then critical point dried using CO2. These samples and control non-

cellularised scaffolds (n=3) were then mounted on an aluminium stub and sputter-

coated for 150 seconds with gold-palladium. Samples were imaged in a Hitachi S-4700 

cold field emission scanning electron microscope at 5kV accelerating voltage. Strut 

diameter and morphology of ECM deposition between groups at the two timepoints 

were analysed.  

 

Assessment of the differentiation commitment 

Quantitative real-time qPCR 

The impact of the cell preconditioning on osteo-differentiation was investigated using a 

number of the downstream genes activated in osteogenesis: integrin-binding 

sialoprotein (IBSP), SP7 transcription factor (SP7), runt-related transcription factor 2 

(Runx2), and distal-less homeobox 5 (DLX5). In particular, the expression of IBSP 

encodes a protein that specifically binds calcium and HA and constitutes a major 

component of non-collagenous proteins in bone. On the other hand, SP7, Runx2 and 

DLX5 are important transcription factors essential for osteoblast differentiation.  

 

To evaluate gene expression of these osteogenic markers at the mRNA level, total RNA 

was isolated from control and treatment groups (osteogenic medium with or without 
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BMP-2, GSK126, BMP2/GSK126) at day 0 and day 10 post-treatment by Trizol-based 

extraction. RNA extraction was completed as per the Direct-zol RNA Isolation 

MiniPrep Protocol. Using the SuperScript III First-Strand Synthesis System 

(Invitrogen), complementary DNA (cDNA) was prepared and used as a template for 

real-time PCR in a SYBR Green-based reaction. Samples were run on a CFX384 Real-

Time qPCR System (BioRad, Hercules, CA). Previously validated primer sequences 

were used to amplify cDNAs for genes of interest, including IBSP, SP7, Runx2, and 

DLX5 (Table 1). Gene expression was quantified by 2-ΔΔCt method and presented as 

REU normalised to a single housekeeping gene, GAPDH.  

 

Gene Forward Reverse 

GAPDH ATGTTCGTCATGGGTGTGAA TGTGGTCATGAGTCCTTCCA 

IBSP GAACCTCGTGGGGACAATTAC CATCATAGCCATCGTAGCCTTG

SP7 GCCATTCTGGGTTGGGTATC GAAGCCGGAGTGCAGGTATCA 

Runx2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA

Dlx5 AGCTACGCTAGCTCCCTACCACC GGTTTGCCATTCACCATTCTCAC

 

Table 1: Forward and reverse primers used for each gene in RTqPCR analysis.  

 

 

Immunofluorescence 

In order to evaluate the relative presence of bone-related proteins, the BMSC-laden PCL 

scaffolds that underwent osteogenic differentiation with or without BMP2 and GSK126 

for 21 days were fixed in 4% PFA for 10 min before proceeding for immunostaining. 

The samples were rinsed in PBS twice and subsequently blocked with 2.5%BSA in PBS 

for 1 hr, and incubated with primary antibodies to human collagen 1 (Sigma, C2456; 

1:500 dilution) and human osteocalcin (Abcam, ab13421; 1:200 dilution) in 1%BSA 

overnight at 4°C with gentle shaking. After removing the primary antibodies, samples 

were washed three times with PBS and incubated with corresponding secondary 
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antibodies (goat anti-rabbit IgG, Alexa Fluor 488 (Abcam, ab150077) and donkey anti-

rabbit, Alexa Fluor 594(Abcam, ab150108) for 1 hour at room temperature. Using 

established settings, samples were imaged by confocal microscopy and Z-stacks were 

collected for each sample, with approximately 50 slices. Red, green and blue channel 

intensity was measured as an average pixel value on the quantification software used 

(Image J). Red, green and blue channel intensity was measured as an average pixel value 

on the quantification software used (Image J). The average number of green or red 

pixels (indicating presence of protein) was divided by the average number of blue pixels 

(indicating presence of cells) and the values were plotted for Figure 7. 

 

Alizarin red staining 

To evaluate mineralization, donor BMSC-laden PCL scaffolds with or without pre-

conditioning were treated in osteogenic conditions for 21 days and thereafter fixed in 

4% PFA for 10 min and washed with PBS. This was followed by staining with 0.1% 

Alizarin red solution (pH 4.2) for 30 min at room temperature, followed by several 

washes with distilled water. Scaffolds were allowed to air-dry and then scanned using an 

Epson Perfection V600 scanner.  For semi-quantification of the alizarin red staining, 

200μL of 10% acetic acid was added to each well of the 24-well plate and incubated for 

30 minutes with shaking. This was transferred to a 1.5mL microcentrifuge tube and 

vortexed vigorously for 30 seconds. The pH was adjusted with approximately 75μL 10% 

ammonium hydroxide ensuring that the pH was within the range of 4.1- 4.5. 50μL of the 

sample were transferred to an opaque-walled, transparent bottom 96 well plate and the 

solution absorbance was read at 405nm. The results were averaged over the donors and 

displayed as raw absorbance values. 
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8.2.5 In Vivo Implantation 

The efficacy of the different groups towards ectopic bone formation was assessed using a 

subcutaneous murine model. To this end, female mice with severe combined immune 

deficiency (SCID) (Envigo), between the ages of 8-10 weeks were used for this study. All 

procedures were followed in accordance with Mayo Clinic’s institutional ethics-

approved small-animal protocol (IACUC#A00002695-17). The experimental groups 

included 3 PCL alone (scaffold only) as controls and PCL in combination with BMSCs 

treated with osteogenic medium (Osteo), BMP-2, GSK126, and a combination of 

BMP2/GSK126, resulting in a total of 5 groups per donor MSC and 3 implants per 

group. Implantation was performed by adopting a random assignment design, with up 

to 2 implants per animal. In total, 39 scaffolds were implanted into 20 mice with up to 

two scaffolds per side. 

 

Prior to implantation, the scaffolds were injected with a heparinised gelatin-hyaluronic-

acid hydrogel as per our protocol in order to provide natural ECM in the direct vicinity 

of the cells. Therefore, 25μL of the heparinised gelatin-hyaluronic-acid hydrogel (Sigma-

Aldrich) was reconstituted as per the manufacturer’s instructions for reaching a 

1%wt/vol hydrogel composition and carefully dispensed into the seeded scaffold (Figure 

1A & B). The scaffolds were incubated at 37°C, 5% CO2 for approximately 20 minutes 

allowing the gel to set before implantation.  

 

Animals were anesthetised using isoflurane. After induction of anesthesia, the hair on 

the dorsal site of surgery was clipped and the skin was cleaned with iodine and ethanol 

swabbing. Using a sterile scalpel, a 1 cm incision was made dorsally on the skin on 

either side of the midline. A subcutaneous pocket was created and the scaffolds were 

implanted (one implant per pocket) (Figure 1C), followed by closure of the incision 

using sterile wound clips (Figure 1D & E). After the surgery, the animals were placed on 

a heating pad to recover from anesthesia before returning them to their cages. After 2 

weeks, the wound clips were removed. After 8 weeks, the animals were sacrificed and 



 

160 
 

the implants harvested and transferred to 4% paraformaldehyde for fixation and 

histological processing. 

 

 

 

Figure 1: Ectopic implantation procedure into female SCID mice. A) Placement of the seeded scaffold 

into a subcutaneous pocket. B-C) Closure of wound using wound clips. D) X-ray of SCID mice prior to 

harvesting the scaffolds. No bone formation in the subcutaneous pocket was detected.  

 

 

MicroCT 

Samples were analysed by microCT (μCT40, SCANCO Medical AG, Brüttisellen, 

Switzerland) with a voltage of 55 kVp, a current of 120 μA and power of 8W, an 

integration time of 300 ms and a voxel size of 20 μm to determine bone mineralisation. 

3D images were reconstructed using the microCT software where bone was detected to 

determine bone volume (mm3). 
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Histology 

Hematoxylin and eosin (H & E) and sirius red staining 

In order to characterise the in vivo constructs, samples were dehydrated and paraffin 

embedded using a tissue processor (Shandon™ Excelsior ES, Thermo Scientific, 

Waltham, USA). 5μm longitudinal slices of the constructs were sectioned and collected 

on polylysine-coated slides. These samples were deparaffinised with xylene before 

rehydration with decreasing concentrations of ethanol. Sections were stained with H&E 

and sirius red and scanned with an Aperio AT2 Console (Leica Biosystems Imaging 

Inc., USA).  

 

Histomorphometry 

Histomorphometry was conducted on the samples stained with H&E using the 

ImageScope suite. The number of blood vessels and the surface area occupied by early 

stages of mineralisation as well as remaining hydrogel in the scaffold were measured and 

normalised by the area (mm2) in order to quantify the performance of the bone 

regeneration.  

 

8.2.6 Statistics 

One-way ANOVA was used for determining statistical significance in cell viability, gene 

expression immunofluorescence and histomorphometry. A p ≤ 0.05 was considered to 

represent statistically significant differences. 

 

8.3 Results 

8.3.1 Scaffold Characterisation 

SEM analysis revealed uniform mPCL struts of 467±34μm diameter at alternating 0/90° 

(Figure 2).  
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Figure 2: Characterisation of the 3mm diameter, 600μm porosity mPCL scaffold. A) Photograph of the 

scaffold. B) SEM image of the scaffold.  

 

 

8.3.2 In Vitro Characterisation 

Cellularised scaffolds 

At both Day 10 and Day 21, there was a statistically significant decrease in the 

percentage of live cells for given culture conditions (p<0.05) (Figure 3B). The addition 

of BMP2 and GSK126 did not adversely affect cell viability on Day 10. Interestingly, the 

later timepoint demonstrated that the pre-conditioning with BMP2/GSK126 resulted in 

a slight drop in the cell viability when compared to the osteogenically induced cells. 

SEM analysis of the cellularised constructs showed extensive ECM matrix with filling of 

the scaffold pores regardless of the pre-conditioning (Figure 4).  
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Figure 3: Cell viability analysis on seeded scaffolds with calcein acetoxymethyl (green, live cells) and 

ethidium homodimer-1 (red, dead cells). One Way Anova was performed for statistical analysis with ‘*’ 

denoting statistical significance where p<0.05. A) Representative images of seeded scaffolds at D10 and 

D21 time points. B) Percentage of live cells on seeded scaffold at D10 and D21 time points. 
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Figure 4: SEM of cellularised scaffold after 10 days of culture with dense ECM fibres visible. A) Scaffold 

cultured in osteogenic medium only at 20x, 100x and 500x magnification. B) Scaffold cultured in 

osteogenic medium with BMP2/GSK126 treatment at 20x, 100x and 500x magnification. 

 

 

Analysis of gene expression 

The real-time PCR data were not pooled for each donor in order to mitigate the effect of 

donor variation onto the gene expression. For analysis, the Control group acted as a 

baseline expression for each donor. This demonstrated that although the level of 

expression differed from the donor the pattern of expression was consistent for most of 

the genes considered. More specifically, IBSP was upregulated by BMP-2 and 

BMP2/GSK126 in the majority of donors (Figure 5A) and achieved statistical 

significance (p=0.05) for Donor 2A when the BMP2/GSK126 was compared to the 

Control, Osteo and GSK126 groups. Similarly, SP7 was upregulated in the 

BMP2/GSK126 treatment with the majority of donors showing a significant difference 

when compared against the Control, Osteo and GSK126 groups (Figure 5B).  

 

The expression of Runx2 was significantly upregulated by BMP2/GSK126 treatment 

against Control and Osteo conditions for Donor 2A and against all other conditions in 
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Donor 3A (Figure 5C). For most genes and donors, BMP-2 and GSK126 treatment 

alone had a similar effect to Osteo media but still demonstrated higher levels of 

expression when compared to the Control. Finally, DLX5 was upregulated in the BMP-2 

and BMP2/GSK126 conditions and had significantly higher expression than the control 

condition in Donors 2A and 3A (Figure 5D). Conversely, GSK126 treatment yielded 

significantly less DLX5 expression compared to the BMP2/GSK126 group in Donor 3A 

but a similar level of expression compared to the Control and Osteo groups. Overall, 

this experiment demonstrated that the utilisation of BMP2-GSK126 in the media 

consistently upregulated the expression of genes involved in osteogenesis.  
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Figure 5: RTqPCR analysis for gene expression of osteogenic genes (IBSP, SP7, RUNX2 and DLX5) for 

the three donors after Day 10 of in vitro culture. One Way Anova was performed for statistical analysis 

with ‘*’ denoting statistical significance where p<0.05. 
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Immunofluorescence 

Collagen 1A and osteocalcin have key roles in the early phases of osteogenesis and 

associated protein synthesis was detected in vitro after 21 days of culture (Figure 6). 

Semi-quantification of the immunofluorescence staining (Figure 7) demonstrated that 

across the donors, BMP-2 and BMP2/GSK126 treatment resulted in the upregulation of 

collagen 1A (red) and osteocalcin (green) protein expression. In particular, the 

BMP2/GSK126 treatment group for Donor 1A had significantly higher levels of 

expression of both collagen 1A and osteocalcin when compared to the other groups 

(p<0.05). This trend was similarly seen in collagen 1A expression for Donor 3A, but 

there was no statistical difference between the BMP-2 and BMP2/GSK126 groups.  

Osteocalcin expression for Donor 3A demonstrated statistically significant differences 

between the BMP-2 group compared to the Control, Osteo and GSK126 groups 

(p<0.05). There was no significant difference between BMP-2 and BMP2/GSK126 

treatment groups.  

 

For Donor 1A, there was a significantly lower collagen 1A and osteocalcin synthesis in 

the GSK126 group when compared to the rest of the treatment groups (p<0.05). This 

corroborates previous reports that the administration of GSK126 alone downregulates 

cellular proliferation (381). Interestingly, while Donor 1A exhibited the most difference 

in protein synthesis, this trend was not seen in gene expression. One reason to explain 

this could be that this donor was more responsive to the BMP-2 and/or GSK126 

treatments resulting in less clear gene expression changes but significantly elevated 

protein production. Incubation of the scaffolds with secondary antibodies alone did not 

demonstrate non-specific staining (Appendix 6). 
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Figure 6: Immunofluorescence staining of the scaffolds at 21 day post-seeding showing collagen 1A (red) 

and osteocalcin (green) staining. Samples were counterstained with DAPI to visualise the cell nuclei. 
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Figure 7: Semi-quantification of immunofluorescence staining for collagen 1A and osteocalcin across the 

three donors. One Way Anova was performed for statistical analysis with ‘*’ denoting statistical 

significance where p<0.05. 

 

 

Alizarin red staining 

Semi-quantification of the staining on scaffolds cultured with BMP-2 and/or GSK126 

for 21 days in vitro showed that all treatment groups (control excluded) had an effect in 

upregulating calcium deposition. The control groups displayed positive staining which 

can be attributed to nonspecific alizarin red binding. When the results were averaged for 

the three donors (Figure 18B), the BMP-2 treatment group had the greatest amount of 

in vitro mineralisation although it did not reach statistical significance when compared 

to the other treatment groups. It can also be seen that GSK126 has an effect on bone 

mineralisation independent of BMP-2.  
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Figure 8: Alizarin red staining of BMSCs on the scaffold. A) Scan image of stained scaffolds. B) Intensity 

of absorbance for alizarin red staining averaged over the 3 donors. One Way Anova was performed for 

statistical analysis with no statistically significant differences between groups detected. 

 

 

8.2.3 In Vivo Characterisation 

MicroCT of the samples at 8 weeks post-implantation demonstrated no significant bone 

formation within the scaffolds and hence was not reported. Histology showed that the 

scaffolds were fully infiltrated with host cells and that some remaining hydrogel could 

be seen across all groups along with the presence of fatty marrow in the central portion 

of the scaffold (Figure 9). There was no mature bone observed in any of the treatment 

groups corroborating the microCT results. However, highly cellularised regions with 

dense collagen deposition possibly indicating early mineralisation were identified in all 

samples except the Control and Osteo scaffolds (Figure 10, indicated by ‘*’).  

 

Histomorphometrical analysis revealed that the BMP-2 and BMP2/GSK126 treatment 

groups demonstrated a significantly higher vasculature density of 43.06±9.83 blood 

vessels per 1mm2 and 38.61±9.28 blood vessels per 0.4mm2 respectively when compared 

to the treatment groups (Control and Osteo) (Figure 11A) and this was consistently 

observed for all donors. There was no significant difference between the Osteo and 

GSK126 treatment for inducing angiogenesis. While histomorphometry demonstrated a 

slight increase in the area of early mineralisation for BMP2, GSK126 and 
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BMP2/GSK126 groups, it only reached statistical significance for the BMP2 

preconditioning for Donor 3A.   
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Figure 9: H&E staining of BMSC seeded constructs implanted for 8 weeks for each of the three donors. A ‘*’ has been used to highlight early mineralisation and the 

arrows indicate remaining hydrogel within the scaffold.  
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Figure 10: Sirius red staining of BMSC seeded constructs implanted for 8 weeks for each of the three donors. A ‘*’ has been used to highlight early mineralisation.  
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Figure 11: Histomorphometry analysis of vascularisation, early mineralisation and hydrogel remaining in 

the samples at 8 weeks. One Way Anova was performed for statistical analysis with ‘*’ denoting statistical 

significance where p<0.05. 
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8.4 Discussion 

This study has investigated the effects of pre-conditioning BMSCs seeded on 3D 

scaffolds with BMP-2, GSK126 and a combination of these two biological cues with 

subsequent implantation into an ectopic mouse model. BMP-2 is currently the only 

Food and Drug Administration-approved GF for use as a bone graft substitute and is 

well known for its osteoconductive properties. It is most commonly utilised in the 

clinical setting for spinal fusions or to treat fracture malunions (386, 387).  

 

The rationale of pretreating cells with GSK126, a known inhibitor of EZH2, originates 

from its involvement in osteogenesis. Indeed, a landmark study (372) demonstrated that 

EZH2 is downregulated once MSCs have committed to the osteogenic lineage. 

Furthermore, inhibition of EZH2 has resulted in downregulation of cellular 

proliferation as well as increased synthesis of bone-related ECM thereby supporting 

osteoblastogenesis (372, 373). This trend was confirmed in MC3T3 preosteoblasts where 

EZH2 inhibition resulted in increased expression of wingless-related integrated site 

(Wnt10b) and parathyroid hormone 1 receptor (PTH1R) bone stimulatory proteins via 

the BMP-dependent phosphorylation of Smad1/5 (371). Administration of both BMP-2 

and GSK126 in conjunction resulted in significantly more bone formation in MC3T3 

preosteoblasts (371). Our study utilised primary cells isolated from human bone marrow 

and confirmed these findings whereby the addition of BMP-2 and GSK126 resulted in 

higher osteogenic commitment of these cells. 

 

The importance of EZH2 inhibition towards osteogenic differentiation was further 

demonstrated in an osteoporotic oestrogen-deficient mouse model by daily injecting 

50mg/kg GSK126 over 5 weeks which resulted in increased bone formation (371). 

However, the direct injection or delivery of EZH2 inhibitors such as GSK126 should 

only be used for a short period for the treatment of bone trauma such as non-union 

fractures, spinal fusion and critical size defect models due to a consequent decrease in 



 

176 
 

cellular proliferation caused by the inhibition of EZH2. Therefore, our strategy involved 

the treatment of MSC with GSK126 during a determined period in vitro, followed by a 

further differentiation in osteogenic medium enabling both cell differentiation and the 

re-establishment of the proliferative capacity prior to in vivo implantation. Indeed, cell 

proliferation has been demonstrated as an important parameter for achieving 

osteogenesis (388). Our pre-conditioning strategy also involved the stimulation of the 

cells only for a reduced period of time in order to mitigate any potential DNA damage 

inflicted by a prolonged in vitro culture detrimental to differentiation capacity as 

previously reported (389). 

 

The analysis of gene expression in the in vitro experimentation supported the above 

results of using EZH2 to promote osteogenic differentiation in vitro and illustrated clear 

trends in upregulated expression of IBSP, SP7, Runx2 and DLX5 in the BMP-2 and 

BMP2/GSK126 group. The addition of both BMP2 and GSK126 into cell culture acted 

synergistically to propel BMSCs towards osteogenic differentiation. This was reflected in 

the semi-quantification of protein production for collagen 1a and osteocalcin via 

immunofluorescence staining in Donors 1A and 3A. However, this strong commitment 

toward in vitro differentiation was not translated into in vivo bone formation. Indeed, 

none of the retrieved samples resulted in bone mineralisation at 8 weeks post-

implantation. The site of implantation may have played a significant role in facilitating 

ectopic bone formation as previously reported. Indeed, it has been suggested that 

intramuscular implantation generally increases the frequency of bone formation in 

osteogenic materials (390). Another explanation for the potentially delayed osteogenesis 

comes from the number of implanted cells as several studies demonstrated that a cell 

number threshold is required in order to trigger a biological response.  

 

Interestingly, early signs of bone formation, as demonstrated by the presence of areas of 

high cell condensation within a dense collagen matrix, were consistently observed for 

the specimens pre-treated with BMP-2, and to a smaller extent with BMP2/GSK126. 
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This indicates that the assessment of in vitro preconditioning onto the bone formation 

efficacy may have required prolonged in vivo implantation in order to lead to ectopic 

osteogenesis. 

 

The HA-Gelatin hydrogel was incorporated into the scaffold to support the BMSCs and 

provide extra ECM in bone formation. In the Control, Osteo and GSK126 only groups, 

there were larger amounts of hydrogel remaining after 8 weeks though there was no 

statistically significant difference. This hydrogel could have prevented cellular ingrowth 

and limited perfusion of oxygen and nutrients to cells in the area resulting in decreased 

amounts of osteogenesis. These three treatment groups also had significantly lower 

vasculature density.  

 

It is worth noting that the level of vascularisation of the scaffold was significantly 

increased when the cells were preconditioned with any of the biological cues, used 

separately or in combination. This suggests the maintenance of the pre-conditioning 

influence across the in vivo implantation. The development of a vascularised network is 

of importance in the context of bone regeneration, as neo-vascularisation is essential for 

enabling subsequent bone formation. Therefore, this preconditioning may facilitate 

osteogenesis in a bony defect.  

 

Previous studies by our group had utilised preconditioned 2D cell cultures harvested 

and loaded onto collagen scaffolds immediately prior to subcutaneous implantation into 

rats as a cell therapy strategy (unpublished data). However, the utilisation of 3D-printed 

constructs with pre-treated cells has potentially significant advantages in order to 

achieve spatially accurate cells deliver and enhanced cell retention in the implanted site. 

Our previous research also demonstrated enhanced bone maturation in a murine 

calvarial defect via the injection of preconditioned cells (unpublished data). This is in 

contrast to our present study involving preconditioning of cells on a 3D-scaffold and 

suggests that ectopic bone formation in a 3D environment may require different 
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preconditioning settings (concentration, length etc.) in order to achieve bone formation. 

Overall, the utilisation of EZH2 inhibitors to modulate gene expression in favour of 

osteogenesis has been demonstrated in vitro in a tissue engineering strategy. Our study 

will pave the way to developing tissue engineering strategies involving GSK126 as an 

adjuvant to increase the effects of BMP-2 for stimulating cells of interest on a 3D 

scaffold. 

 

8.5 Conclusion 

This chapter reported the use of BMP-2 and GSK126 to influence epigenetics of 

osteogenesis and augment bone regeneration. The pretreatment of BMSCs with 

BMP2/GSK126 synergistically upregulated gene expression for osteogenesis in vitro but 

this failed to translate into significant bone mineralisation after 8 weeks in vivo. 

However, the increased angiogenesis observed in both the BMP-2 and BMP2/GSK126 

groups indicates that there would be greater potential for mineralisation in a bone defect 

model. Given these results, BMP-2 only will be used to stimulate bone regeneration in 

the bone compartments of the BLB scaffold.  
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Chapter 9 - Implantation of the Dorsal SLIL 
Scaffold into a Rat Ectopic Model 

 

 

9.1 Introduction 

Tendon-based SLIL reconstructions are not ideal due to differences in anatomical, 

histological and biomechanical properties supported by the observations of tendon 

grafts stretching out and resulting in long-term laxity (391). Indeed, collagen lattices in 

ligaments are comparatively more compact than those found in tendons (392). 

Untreated scapholunate instability alters carpal kinematics and results in arthritis and 

may necessitate salvage procedures such as PRC or scaphoidectomy with four-corner 

fusion (1, 3, 8). The former involves the removal of all bones in the proximal carpal row 

(i.e. scaphoid, lunate, triquetrum and pisiform) while the latter involves the removal of 

the scaphoid and fusion of the joints between four carpal bones (capitate, lunate, 

triquetrum and hamate). Given the demographic of the injury affecting young patients, 

this management is not ideal as it results in permanent restriction of wrist motion and 

affects hand dexterity.  

 

Poor clinical outcomes most likely originate from inadequate tissue integration of the 

non-anatomical graft and inappropriate regeneration leading to inferior mechanical 

properties that are incapable of withstanding physiological loads. A strategy whereby the 

ligament is fully regenerated and remodelled resulting in strong bony attachments could 

circumvent these aforementioned issues and could potentially improve the success rate 

of SLIL reconstruction. 

 

In this context, tissue-engineering could address some of the limitations of current 

techniques by developing an integrated BLB multiphasic construct with biomechanical 

properties comparable to those of the native SLIL (393). Historically, BLB constructs 
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have been successfully developed in orthopaedics for the replacement of damaged ACLs 

(6-8cm) (180, 217). However, such a concept has not been applied for the 

reconstruction of small joints such as those of the hand (~0.5-0.6cm).  

 

This research aims to develop a multiphasic BLB scaffold combining additive 

manufacturing and cell sheet technology for dorsal scapholunate interosseous ligament 

(SLIL) reconstruction. Previous chapters in the thesis have described the design and 

fabrication of the BLB scaffold as well as in vitro characterisation of numerous methods 

to deliver cells into the relevant scaffold compartments. An investigation into the 

addition of GFs and epigenetic control of osteogenesis to augment the tissue 

regeneration process has also been undertaken. This chapter is a proof of concept 

reporting on the in vivo performance of the BLB constructs in an ectopic rodent model. 

Given the results of the previous research, it was decided that the bone compartment 

will be loaded with BMP-2 to stimulate bone regeneration while the ligament 

compartment will be seeded with matured cell sheets formed by BMSCs. 

 

9.2 Methodology 

9.2.1 Scaffold In Vitro Characterisation 

BLB scaffold manufacturing 

The mPCL 3D scaffolds were fabricated using an in-house bioextruder as detailed in 

Chapter 4. The bone compartments had a dimension of 5x5x10mm3 and were bridged 

by the ligament compartment with a dimension of 5mm long, 5mm wide and 3mm 

high.  
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Scaffold preparation and sterilisation 

Firstly, scaffolds were etched by immersion in 5M NaOH at 37°C for 30 minutes before 

being washed three times (5-minute duration) with distilled H2O. Secondly, the 

scaffolds were incubated in 100% ethanol at room temperature for 30 minutes before 

being sterilised under UV light for 30 minutes.  

 

Cell sheet harvesting 

Five cell sheets cultured with AA (100μg/mL) were utilised to cellularise the BLB 

scaffold according to the following protocol. At 21 days, the medium was removed from 

each well, leaving approximately 100μL to prevent the cell sheet from drying out. Sterile 

tweezers were used to gently scrape the outer edge of cell sheet and detach it from the 

walls of the well (Figure 1A) and subsequently create a rectangular shape (Figure 1B) 

which was folded 2 times along its long axis, hence forming a bundle (Figure 1C). Four 

cell sheet bundles were seeded in between the ligament strands of the PCL scaffold (with 

the dorsal surface facing upwards) (Figure 1C & D). The fifth cell sheet was placed onto 

the dorsal surface of the BLB scaffold and therefore was not folded in a bundle. This was 

achieved by placing the BLB scaffold with dorsal surface facing down onto the detached 

cell sheet, which was subsequently wrapped around the bone and ligament 

compartments (Figure 1E). 2 mL of fresh medium was added to a well and scaffolds 

were incubated at 37°C, 5% CO2 for 4-6 hours to facilitate cell sheet attachment.  
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Figure 1: Harvesting of human BMSC cell sheets and seeding into BLB scaffolds. A) Sterile tweezers were 

used to gently scrape the outer edge of the cell sheet and detach it from the walls of the well. B) The cell 

sheet was rolled towards the centre of the well using the tweezers and folded in order to form a bundle. C-

D) Four cell sheet bundles were seeded in between the ligament strands of the PCL scaffold (with the 

dorsal surface facing upwards). E) The scaffold (with the dorsal surface facing down) was placed on the 

fifth cell sheet which was wrapped around the bone and ligament compartments. F) 25μL of the hydrogel 

was carefully dispensed into the bone compartment.  

 

 

Cell viability 

The impact on the cell sheet handling and placement into the scaffold was assessed by 

measuring cell viability. The scaffolds were seeded with five cell sheets before incubation 

in medium at 37°C, 5% CO2 for six hours. Seeded scaffolds (n=3 per design) and control, 

flat, non-handled single cell sheets (n=3) were stained with fluorescein diacetate (FDA) 

and PI at 5μg/mL and 2μg/mL respectively and incubated for five minutes before 

visualization using confocal microscopy (Nikon AR1+ Confocal Machine) at 488nm 

and 561nm.  
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SEM 

The cellularised scaffolds (n=3 per design) were processed as per standard protocol 

involving osmium tetroxide infiltration, dehydration and hexamethyldisilazane 

immersion prior to final drying at room temperature. Similarly to the above-described 

method, the BLB-scaffolds were sputter coated with gold for 150 seconds prior to 

visualisation under the microscope (EHT= 5kV).  

 

9.2.2 In Vivo Ectopic Implantation  

The regenerative performance of the BLB construct was assessed using a rodent 

subcutaneous implantation model as outlined in Figure 2. In order to recapitulate the 

healing events occurring in the scaphoid and lunate bone in the clinical setting, a 

heparinised gelatin-hyaluronic acid gel (HyStemTM-HP, Sigma Aldrich) loaded with an 

osteogenic cue (recombinant Bone Morphogenetic Protein-2, BMP-2, produced in E. 

coli (Genscript, Hong Kong)) was used for achieving bone formation in the relevant 

bone compartments.  

 

 

 

Figure 2: Breakdown of numbers per treatment group and summary of implantation timeline. 
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BLB scaffold preparation 

Six different groups were. created for the in vivo study (Figure 2); 1) 350μm BLB 

scaffold (350μm Control), 2) 350μm BLB scaffold with BMP-2 in the bone 

compartments (350μm BMP), 3) 350μm BLB scaffold with BMP-2 in the bone 

compartments and cell sheets (CS) in the ligament compartment (350μm BMP-CS), 4) 

600μm BLB scaffold (600μm Control), 5) 600μm BLB scaffold with BMP-2 in the bone 

compartments (600μm BMP), 6)  600μm BLB scaffold with BMP-2 in the bone 

compartments and cell sheets (CS) in the ligament compartment (600μm BMP-CS). 

 

For the control groups (350μm Control and 600μm Control), 25μL of the heparinised 

gelatin-hyaluronic-acid hydrogel (Sigma-Aldrich) without BMP-2 was reconstituted as 

per the manufacturer’s instructions for reaching a 1%wt/vol hydrogel composition and 

carefully dispensed into each of the bone compartments (Figure 1F). Scaffolds were 

incubated at 37°C, 5% CO2 for approximately 45 minutes allowing the gel to set before 

implantation. The samples containing BMP-2 were prepared using the same method 

and 25μg of recombinant human BMP-2 was incorporated into 25μL of hydrogel while 

still maintaining 1% hydrogel concentration. To avoid the presence of media in the cell 

sheet seeded specimens, a 200μL pipette was used to remove any liquid from the bone 

compartments. This enabled the injection of the BMP-2 loaded hydrogel. The cell sheets 

were regularly hydrated every 10 minutes by placing a 20μL drop of warm media onto 

the ligament compartment.  

 

Animal model and animal care 

8-week old athymic nude CBH-rnu/Arc rats (n=6) from Animal Resource Centre (West 

Australia) were acclimatised for 7 days before undergoing surgery. All experiments 

received Griffith University Animal Ethics Approval (“Ligament regeneration potential 

of cell-laden polycaprolactone scaffold in immunocompromised rat”, approval number 

DOH/04/15/AEC) and experimentation was adherent to the Australian code for the 

care and use of animals for scientific purposes.  
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Ectopic Implantation 

Prophylactic antibiotic cover and pre-operative pain relief were provided prior to the 

surgery using a subcutaneous injection of Keflin® (cephalothin sodium) 20mg/kg, 

gentamicin 5 mg/kg and buprenorphine, 0.01-0.05mg/kg. The animal was placed under 

ventral recumbency and general anaesthesia (1-3% inhalant to effect (up to 5% for 

induction) was administered with a Mediquip Isoflurane vaporiser. The surgical field 

was shaved and disinfected with betadine and six superficial incisions were made. A 

blunt dissector was used to create pockets in subcutaneous tissue deep enough to fit the 

scaffolds. Scaffolds were randomly allocated and inserted into a pocket. 4-0 nylon 

sutures were used to close the wound and betadine was used to disinfect the wound site. 

Animal revival was assisted using pure oxygen. Postoperatively, multimodal opioid 

(buprenorphine 0.01 - 0.05mg/kg) and an NSAID (carprofen 4 – 5mg/kg) were 

provided in combination subcutaneously to reduce pain. Rats were monitored daily for 

progression of wound healing for 7 days and then periodically once a week. 

 

Animal sacrifice and sample harvesting 

At the 2-week and 8-week time points, the rats were sacrificed and the scaffolds (n=18 

per time point) were retrieved and immediately fixed in 4% paraformaldehyde for 24hr 

before being placed in PBS for subsequent analysis. 

 

MicroCT 

Samples were analysed by microCT (μCT40, SCANCO Medical AG, Brüttisellen, 

Switzerland) with a voltage of 55 kVp, a current of 120 μA and power of 8W, an 

integration time of 300 ms and a voxel size of 20 μm to determine bone mineralisation. 

3D images were reconstructed using the microCT software. 
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Histology- hematoxylin and eosin (H & E)  

Samples were decalcified using 5M EDTA at room temperature for 3 weeks prior to 

dehydration and paraffin embedding using a tissue processor (Shandon™ Excelsior ES, 

Thermo Scientific, Waltham, USA). 5μm longitudinal slices of the constructs were 

sectioned and collected on polylysine-coated slides. These samples were deparaffinised 

with xylene before rehydration with decreasing concentrations of ethanol. Sections were 

stained with H&E and Goldner’s trichrome before being scanned with an Aperio AT2 

Console (Leica Biosystems Imaging Inc., USA). Histomorphometry was conducted 

using the Osteomeasure Histomorphometry suite. The surface area occupied by bone 

mineralisation, early stages of mineralisation and fibre alignment in the ligament 

compartment were measured in order to quantify the performance of the different 

scaffold designs.  

 

9.2.3 Statistics 

One-way ANOVA was used for determining statistical significance in cell viability as 

more than 2 means were compared. The data from the in vivo study (μCt and 

histomorphometry) were analysed using the General Estimation Equation using IBM 

SPSS Statistics for Windows version 21.0 (IBM Corporation 2012©, Armonk, NY, USA) 

with individual animals as the clustering variable. Pairwise analysis was adjusted using 

LSD post hoc test. Time and group were used as explanatory variables along with all 

two-way interactions. A backward elimination procedure was used for arriving at the 

most parsimonious model. A p ≤ 0.05 was considered to represent statistically 

significant differences. 

 

9.3 Results 

9.3.1 In Vitro Characterisatin 

Live-dead assay was conducted to evaluate the impact of the assembly method, utilising 

mechanical harvesting and rolling of the cell sheets, on cell viability (Figure 3). Figure 
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3A-C presents the confocal laser microscopy images indicating that most of the cells 

were alive (green staining). While the non-harvested control cell sheets had the highest 

cell viability with over 90% live cells, this only decreased slightly to approximately 80% 

live cells in the seeded cell sheets of both designs. There was no statistically significant 

difference in cell viability between the bundled cell sheets and the flat cell sheet placed 

on the dorsal surface of the ligament compartment, and this was observed regardless of 

the design. There was a statistically significant difference in cell viability between the cell 

sheets in the constructs and the control cell sheets  (p<0.05) (Figure 3D).  

 

SEM visualisation of the cellularised scaffolds illustrated extensive ECM matrix in the 

cell sheets (Figure 4). 
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Figure 3: Cell viability analysis on seeded and non-seeded cell sheets with FDA (green, live cells) and PI 

(red, dead cells). A) Representative images of flat cell sheets wrapped around the dorsal surface of BLB 

scaffold, B) cell sheet bundle placed in between PCL fibres of ligament compartment and C) non-

harvested cell sheets (control). D) Percentage of live cells in flat sheet and bundles of 350μm and 600μm 

scaffold. One-way Anova was performed for statistical analysis with pairwise analysis being adjusted using 

LSD post hoc test. ‘*’ denotes a statistically significant difference between the indicated groups where 

p<0.05. 
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Figure 4: SEM of cellularised BLB construct. A) 350μm and 600μm pore size scaffolds with flat cell sheet 

at 100x and 500x magnification. Dense ECM fibres are visible. B) 350μm and 600μm pore size scaffolds 

with cell sheet bundles at 100x and 500x magnification.  

 

 

9.3.2 In Vivo Characterisation 

The regenerative performance of the BLB construct was assessed ectopically in athymic 

rats using an ectopic model. The cellularised constructs were implanted six hours post-

assembly and the bone formation along with soft tissue regeneration were measured at 2 

and 8 weeks post-implantation.  

 

Bone mineralisation 

The evaluation of bone formation within the construct was performed by microCT. This 

revealed that while no bone was detected at 2 weeks post-implantation, a significant 

amount of mineralised tissue was observed at 8 weeks post-implantation (Figure 5). As 

expected, the new bone followed the pattern of the 3D printed structure, forming in the 

space surrounding the polymeric filament (Figure 5A) and more importantly was 

restricted to the bone compartment. This demonstrated that the method of BMP-2 

delivery did not result in ossification within the ligament compartment, hence 
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indicating that a high level of compartmentalisation was achieved despite the presence 

of a porous interface. The quantification of bone formation at 8-week post-implantation 

revealed that there were no statistically significant differences between the two designs. 

Similarly, the presence of the cell sheets did not affect the degree of mineralisation 

(Figure 5C). 

 

 

 

Figure 5: MicroCT analysis of bone mineralisation. A-B) 3D reconstructions of bone mineralisation in 

350μm and 600μm scaffolds at 8 weeks. C) Bone volume in 350μm and 600μm scaffolds at 2 weeks and 8 

weeks. One-way Anova was performed for statistical analysis with pairwise analysis being adjusted using 

LSD post hoc test. ‘*’ denotes a statistically significant difference between the indicated groups where 

p<0.05. 
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Histology  

The histology showed that both compartments had high amounts of tissue infiltration as 

early as 2 weeks post-implantation, as expected for this scaffold type and pore size. The 

scaffold compartmentalisation was also confirmed as no traces of bone formation were 

observed in the ligament compartment at the later time point.   
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Figure 6: H&E staining of BLB constructs implanted for 2 weeks. Some sections of the ligament 

compartment do not picture PCL struts as these sections were taken in between struts. The ‘*’ marks the 

presence of blood vessels. 
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Bone compartment 

There was an absence of bone formation at 2 weeks post-implantation although some 

early signs of mineralisation were identified in some samples loaded with BMP-2. 

Indeed, dense cellular regions enriched in collagen matrix were observed (Figure 6) 

characteristic of early stages of mineralisation. Fatty marrow was also dispersed in the 

bone compartments. At 8 weeks (Figure 7), there was some bone formation localised to 

the bone compartments in the samples treated with BMP-2 which corroborated the 

microCT findings. However, there was no statistically significant difference in bone 

formation between BMP and BMP-CS groups or between 350μm and 600μm designs at 

this later time point (Figure 9).  
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Figure 7: H&E staining of BLB constructs implanted for 8 weeks. The ‘*’ marks the presence of blood 

vessels. 
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Ligament compartment 

The ligament compartment was vascularised rapidly and remained vascularised as 

indicated by the presence of vessel structures with erythrocytes in week 2 and 8 H&E 

sections (Figure 6 and 7, indicated by ‘*’). This was also supported by the increased 

gross vasculature visualised around the scaffold upon sample harvesting (Figure 8). At 

both time points, the presence of the cell sheets had a significant impact on the 

morphology of the regenerated tissue which was denser, enriched in collagen and more 

structured as shown in Figures 6 and 7. This was best reflected by the presence of 

aligned collagenic fibres in the midsections of the ligament compartment of the 

cellularised constructs. This highlighted the fibre-guiding properties of the scaffold 

architecture during tissue regeneration. Overall, there were no significant differences in 

the degree of ligament alignment between all groups at 2 weeks (Figure 9). However, a 

significantly higher degree of ligament alignment was observed in the 350μm and 

600μm BMP-CS groups at 8 weeks, when compared to the other groups, although there 

was no significant difference between the two designs containing cell sheets (Figure 9). 

This indicated that the fibre guidance capacity of the scaffold and the presence of cell 

sheets worked synergistically for orientating the newly formed ligament. In some 

instances, the aligned fibres inserted into each bone compartment, thereby forming a 

continuous bone-ligament-like interface (Figure 10).  
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Figure 8: New blood vessels (indicated by arrows) forming around BLB scaffold after 8 weeks of 

implantation.    
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Figure 9: Histomorphometry analysis of bone formation, early mineralisation and ligament alignment in 

the samples at 2 weeks and 8 weeks. One-way Anova was performed for statistical analysis where‘*’ 

denotes statistical differences between indicated groups (p<0.05). 
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Figure 10: H&E and Goldner’s trichrome staining of the bone-ligament interface in samples implanted 

for 8 weeks. The dashed line represents the interface between the bone and ligament compartment. 
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9.4 Discussion 

This was a proof-of-concept study demonstrating bone and ligament regeneration in the 

relevant compartments of a novel BLB scaffold for dorsal SLIL reconstruction. The use 

of BMP-2 in the bone compartments stimulated significant bone mineralisation 

compared to the control scaffolds at 8 weeks.  

 

A recent insight into the biological events leading to tissue regeneration using cell sheets 

for ACL regeneration has been provided in an ovine model (302). This study showed a 

significant remodelling of the cell sheet in the early period of the implantation, featuring 

a cell death peak at 3 days post-implantation concomitant with an increase in neutrophil 

infiltration followed by collagen densification at a later stage, consistent with tissue 

maturation. In addition, the presence of implanted cells gradually diminished in the 

tissue engineered graft while the total cell number increased at 28 days post-surgery 

suggesting infiltration of new cells at this more advanced healing stage (302). This 

indicates that the cells participated actively in both the recruitment of host cells and the 

creation of a suitable ECM template necessary for graft maturation and healing to take 

place.  

 

Similarly, ectopic implantation of our BLB construct revealed full tissue colonisation as 

early as 2 weeks post-implantation, which was subsequently followed by significant 

maturation of the cell sheet as demonstrated by the increase in tissue alignment within 

the ligament compartment. The presence of implanted cells could not be verified by 

immunohistochemistry, implying that the cells had either already undergone apoptosis 

or that technical reasons prevented their detection. Hence, the exact contribution of the 

cells towards the regenerative process remains unclear in this specific application. 

However, the presence of biological features resembling the cell sheets provided indirect 

proof that the implanted cell sheet had an impact on tissue regeneration in the ligament 
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compartment.  Hence, one can hypothesise that the cell sheets exerted similar 

chemotactic and cell instructive roles via the ECM constituents.  

 

In addition to the presence of cell sheets, the design of the scaffold demonstrated tissue-

guiding properties, as shown by the slight increase in tissue alignment within the 

ligament compartment for the specimens without cell sheets. As discussed in the design 

of the BLB scaffold, the creation of a porous interface in between the compartments has 

facilitated integration of the ligament into the bone. In the native ligament, the collagen 

fibres are transversely oriented and inserted into both the lunate and scaphoid bone 

enabling the transmission of force during flexion and torsion of the wrist. Such an 

organisation was partially observed in our construct with the formation of collagenous 

tissue aligned in the long axis of the BLB and inserted into the bone compartment. 

Although no direct insertion into the newly formed bone was observed due to the small 

volume of bone formed, these results illustrate the potential of the BLB construct to 

guide tissue regeneration in the ligament compartment while allowing cross-

communication between the hard and soft tissues at the compartment interface. 

 

A limitation of the study comes from the utilisation of an ectopic implantation site in 

order to establish the proof of aiming to demonstrate compartmentalised bone and 

ligament regeneration in the scaffold. Currently, there is no animal model available for 

testing SLIL implants and the current standard is limited to testing constructs in 

cadaveric specimens, which uniquely assess the biomechanical capacity of the graft. 

Finally, the small number (n=3/group) tested in this study  

 

9.5 Conclusion 

This chapter has demonstrated that it is feasible to fabricate a multiphasic BLB scaffold 

using additive manufacturing for possible clinical application to reconstruct the dorsal 

SLIL after injury. Bone and ligament tissues were formed in their corresponding 
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compartments with similar structural and mechanical properties to the native ligament 

in an animal model. The addition of BMSC cell sheets in the scaffolds enhanced 

ligament regeneration in an organised fashion. The artificial scaffold may provide an 

alternative to current techniques for reconstruction of scapholunate instability. The 

following chapters will assess the performance of the BLB scaffold in a weight-bearing 

joint.
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Chapter 10- Implantation and Characterisation of 
the Dorsal SLIL Scaffold in the Rabbit Knee 

 

10.1 Introduction 

The previous chapters have focused on the development and characterisation of the 

biomechanical and biological properties of the BLB construct, establishing the proof of 

concept that an additively manufactured scaffold can be utilised for the regeneration of 

the SLIL. Although maintenance of compartmentalisation of the scaffold has been 

assessed in an ectopic rodent model, the utilisation of the scaffold in physiologically and 

biomechanically relevant conditions is necessary. A plethora of appropriate animal 

models for various orthopaedic applications exist and these have been utilised for 

assessing the in vivo performance of tissue-engineered constructs or synthetic implants 

(394). Despite these advances, the specific anatomy, size and diversity of mechanical 

loading of the SLIL has not been successfully replicated in any animal models.  

 

In an attempt to replicate human clinical scenarios, an animal model with similar or 

approximating biomechanical loading and dimensional features is required. This will 

provide insight into the in vivo behaviour of the construct which could then be 

potentially compared or translated to the patient situation. While the utilisation of 

primates with hand dexterity similar to humans is the obvious model, its 

implementation can raise ethical concerns and is expensive. Therefore, the previous 

chapter utilised a small animal model in order to establish a proof-of-concept in an 

ectopic site with limitations inherent to this model as it failed to recapitulate neither the 

SLIL vascular nor the biomechanical loading environment. Due to the dimensional 

restrictions encountered in mice or rats, the implantation of the BLB scaffold into the 

paws of these animals cannot be successfully performed. Similarly, the paws of larger 

animals do not provide anatomical and dimensional features enabling the implantation 

of a BLB scaffold. Alternatively, the knees of larger animals such as rabbits have a 
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similar size and shape to the human scaphoid and lunate bones which are of adequate 

size for implantation of the novel BLB scaffold. Furthermore, the rabbit MCL aligns 

with the biochemical and architectural composition of the dorsal SLIL human anatomy 

(395) and may serve as an animal model for testing the BLB scaffold in vivo. 

 

Therefore, this chapter reports on the development of a rabbit model designed to 

recapitulate the anatomical features of the human dorsal SLIL. This was achieved by 

implanting the BLB scaffold in the knee at the location of the MCL for assessing the 

biological in vivo response of the BLB scaffold in a weight-bearing joint. 

 

10.2 Methodology 

10.2.1 In Vitro Characterisation 

BLB scaffold manufacturing 

BLB scaffolds were 3D-printed using mPCL as per methods described in Chapter 8. The 

individual scaffolds had an elongated U-shape whereby the bone compartments had a 

dimension of 5x5x10mm3 and were bridged by the ligament compartment with a 

dimension of 10mm long, 5mm wide and 3mm high as shown in Figure 1. The length of 

the ligament compartment was doubled to better match the scaffold size more suitable 

for human ligament reconstruction. In particular, the extra length would prevent 

scaphoid or lunate bone fracture when drilling holes for the bone compartments. These 

BLB scaffolds were utilised as such for the rest of the study. 
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Figure 1: BLB scaffold used in rabbit implantation. A) Photographs of the scaffold with round bone 

compartments. B-C) SEM of BLB scaffold prior to using circular punches to create circular bone plugs.  

 

 

SEM 

Non-cellularised scaffolds (n=3) were mounted on aluminium stubs, and sputter-coated 

for 150 seconds using gold-palladium. Samples were imaged in a Hitachi S-4700 cold 

field emission scanning electron microscope at 5kV accelerating voltage. 

 

10.2.2 In Vivo Implantation 

The in vivo implantation was designed to mimic the current wrist reconstruction clinical 

practice consisting in immobilising the scapholunate joint using a K-wire which is 



 

206 
 

subsequently removed once early healing and integration have been achieved. The 

summary of the study group and implantation timelines can be found in Figure 2.  

 

 

 

Figure 2: Study overview of scaffold implantation.  

 

 

BLB scaffold preparation 

Sixteen BLB scaffolds were used for in vivo implantation. Firstly, scaffolds were etched 

by immersion in 5M NaOH at 37°C for 30 minutes before being washed three times (5-

minute duration) with distilled H2O. Secondly, the scaffolds were incubated in 100% 

ethanol at room temperature for 30 minutes before being sterilised under UV light for 

30 minutes.  

 

Animal model and care 

7-month old male New Zealand white rabbits (n=16) from Covance were acclimatised 

for 14 days before undergoing surgery. All experiments received Mayo Clinic Ethics 

Approval ("In vivo testing of a bone-ligament-bone scaffold for scapholunate 

interosseous ligament reconstruction in a novel rabbit model", IACUC Protocol 
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A00002704-17) and experimentation was adherent to the code for the care and use of 

animals for scientific purposes. 

 

Pre-operative care and anaesthesia 

The animals were anesthetised by intramuscular injection of Ketamine (35 mg/Kg) and 

Xylazine (5 mg/Kg) using a syringe with a 25 gauge needle. The rabbits were intubated 

using an oral nasal tube (ID 3.0 12 FR) during the surgical procedure. Prophylactic 

antibiotic cover was provided prior to the surgery using subcutaneous injection of 

Kefzol® (cefazolin sodium) 20mg/kg and Gentamicin 5 mg/kg using a syringe with a 25 

gauge needle. Pre-emptive analgesia was provided (meloxicam, 1 mg/kg, SC). An 

antimuscarinic (glycopyrrolate, 0.004 mg/kg, IM) was administered prior to anaesthesia 

to reduce salivation, and risk of bradycardia. Isofluorane 0.5-3% inhalant was used to 

maintain the anaesthesia throughout the surgery. A venous access (22G angiocath) was 

established via the rabbits’ marginal ear veins for administration of IV fluids during 

anaesthesia (2.5-5mL saline/kg/hr using syringe pump). Rabbits were positioned on a 

warming pad in order to maintain body temperature during the surgery and the vital 

were constantly monitored.  

 

Surgical technique for in vivo scaffold placement 

With the rabbit placed in lateral recumbency, the medial aspect of the left knee joint was 

carefully shaved and disinfected with application of betadine solution. Each rabbit knee 

was in full flexion for implantation. Sterile drape was placed over the rabbit and an 

incision made over the surgical field. A superficial longitudinal incision was made (in 

line with the patella position) to reflect the skin and expose the knee joint. Any 

superficial blood vessels in subsequent tissue layers were cauterised using diathermy. 

The retinaculum was then incised, blunt dissected from the underlying muscle and 

carefully reflected. Figure 3 illustrates the process of inserting the 1.6mm Kirshner wires 

(K-wires) longitudinally from mid-shin on the tibia through to the femur to secure the 
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knee joint in full flexion. The K-wire was bent and hooked over the femur as well as 

bent on the tibial end to prevent wire pull out and to restrict joint movement.  

 

 

 

Figure 3: Insertion of 1.6mm K-wires to fix the knee joint into flexion. A) A 5cm incision was made over 

the patella tendon to expose the knee joint. B-C) A 1.6mm drill bit was used to drill longitudinally into 

the tibia and femur. D) A 1.5cm incision was made on the lateral thigh and the lateral intermuscular 

septum was blunt-dissected down to reveal the femur. E-F) The K wire was inserted through the drilled 

tunnel from the femur and bent to hook over the femur. G-H) The K-wire was bent on the tibial side and 

then I) cut short.  

 

 

A stylistic diagram to illustrate the placement of the scaffold in the rabbit knee is 

presented in Figure 4M. Native MCL was exposed and the proximal end was excised 

from the medial tubercle of the femur using a scalpel (Figure 4A-C). A 5mm trephine 

burr and 5mm spherical burr attached to a Stryker ¼” drill was used to drill one central 

cavity for fitting scaffold bone compartments in the femur medial tubercle at the site of 
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MCL attachment (Figure 4D). A template scaffold was used to mark out location of the 

distal bone trough (close to distal attachment of MCL on tibia) (Figure 4E). A 5mm 

trephine burr and 5mm spherical burr were used to drill central cavity in tibia. 

 

Next, a 1.8mm round burr and 4mm oval burr were used to widen the bone troughs 

superficially and to shave down bone adjacent to the knee joint in order to fit the 

scaffold (Figure 4F). Elevators were used to protect the menisci of the knee joint during 

this process. It was ensured that the alignment of the scaffold was the same as that of the 

native MCL. In vivo constructs were implanted into the knee joint by press-fitting the 

bone compartments into the drilled cavities (Figure 4G).  Holes with a diameter of 

0.7mm and 10mm depth were drilled for staple placement (Figure 4H). Two 8mm 

staples (positioned across each bone compartment) were hammered into drilled holes to 

fix the scaffold to the femur and tibia (Figure 4I&J). 

 

The retinaculum was pulled over to cover the scaffold and sutured with 4-0 vicryl 

monofilament using simple interrupted technique (Figure 4K). The skin was sutured 

with 4-0 vicryl monofilament sutures using simple interrupted and continuous suture 

technique (Figure 4L). Surgical area was washed with saline and swabbed with betadine 

to disinfect the wound. An x-ray was taken using a mobile C-arm machine to ensure 

adequate placement of K-wire and staples (Figure 4N).  
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Figure 4: Scaffold implantation into a rabbit knee. A-B) Exposure of MCL in the medial side of the knee 

joint of the rabbit. C) Excision of the MCL from the medial tubercle on the femur. D-E) A 5mm trephine 

burr and 5mm spherical burr attached to a Stryker ¼” drill was used to drill a central cavity on the femur 

and tibia. F) 1.8mm round burrs and 4mm oval burrs were used to widen the bone troughs. G) Scaffold 

was press-fitted into bony cavities in the femur and tibia. H-J) 0.7mm diameter stables were inserted over 

the femur and tibia to hold the scaffold in place. K-L) The retinaculum and skin were sutured to close the 

wound. M) Stylistic diagram of a rabbit knee joint showing position of scaffold implanted N) X-ray of 

rabbit leg post-implantation with K-wire holding the leg in flexion. Staples are seen on the medial side of 

the knee indicating the position of the scaffold.  

 

 

K-wire removal 

At 4 weeks post-implantation, the surgical site was shaved and the underlying skin was 

disinfected using betadine antiseptic. A small 1cm incision was made over the femoral 

end of the K-wire. The K-wire was cut and removed using pliers. The incision was 

sutured using 4.0 vicryl monofilament sutures and an x-ray was taken of the leg (Figure 

5).  
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Figure 5: X-ray of leg after removal of K-wires. Line across the tibia indicates the position of the 

interosseous tunnel drilled for K-wire placement. 

 

 

Post-operative care 

Upon completion of the surgery, to reverse the effects of xylazine and hasten recovery 

from anaesthesia, Antisedan® (atipamezole hydrochloride) (0.5-1 mg/kg, IM) was 

administered to each rabbit.  

 

The rabbits were monitored post-operatively until they were fully recovered with all the 

observations recorded in post-operative monitoring sheets. Full recovery was achieved 

when the rabbit regained its consciousness, neuromuscular conduction, and airway 
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protective reflexes. The rabbits’ vitals, including heart rate, respiratory rate and rhythm, 

capillary refill time (CRT), and mucous membrane colour, were also constantly checked 

until the return to normal values. 

 

Post-operative multi-modal analgesia was provided using a combination of opioid 

(buprenorphine, 0.05-0.1 mg/kg, q8-10h, for up to 48 hours), tramadol (25mg/lit, 

drinking water, for 5 days post-op), meloxicam (1 mg/kg, oral, for 2 days post-op).  Post-

operative antibiotics were administered for the first 5 days after surgery. Wound healing 

was monitored by inspection for any signs of inflammation such as redness or pus at the 

operation site during post-operative and long term checks. Stitches were monitored to 

ensure full wound closure. 

 

Animal sacrifice and sample harvesting 

Sixteen animals were euthanized by intravenous injection of pentobarbital sodium 

(150mg/kg of Lethabarb, 25G needle) at the 4 (n=8) & 8 (n=8) week timepoint. K-wires 

were removed from samples if this procedure had not already been performed. The knee 

joint containing the BLB was extracted (Figure 6A-D) and fixed in 4% paraformaldehyde 

for 7 days before being placed in PBS for subsequent analysis. The samples were divided 

between histology (n=3 for each group at each time point and native MCL) and 

biomechanical testing (n=5 for each group at each time point). 

 

MicroCT 

Samples were analysed by microCT (μCT40, SCANCO Medical AG, Brüttisellen, 

Switzerland) with a voltage of 55kVp, a current of 145μA and power of 8W, an 

integration time of 300ms and a voxel size of 30μm to determine bone mineralisation. 

3D images were reconstructed using the microCT software to determine the bone 

volume (mm3). 
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Histology 

In order to enable paraffin and hard tissue sectioning, the retrieved specimens 

(implanted and healthy knee joints, Figure 6 A-D) were resected en bloc using a 0.4 

diamond blade saw (EXAKT 400 CS microgrinding system) to remove excess tissue and 

reveal the area of interest (Figure 6E). Samples were assessed for remaining hydrogel, 

presence of fatty marrow, bone formation or ligament fibre alignment. 

 

 

 

Figure 6: Sample harvest from rabbits at 4 weeks and 8 weeks post-implantation. A-D) Native MCL and 

BLB scaffolds in the rabbit knee. E) Trimming of samples to isolate the scaffold prior to tissue processing 

for paraffin or resin embedding.  

 

Hematoxylin and eosin (H&E) staining  

Samples were decalcified using 5M EDTA at room temperature for 3 weeks prior to 

dehydration and paraffin embedding using a tissue processor (Shandon™ Excelsior ES, 

Thermo Scientific, Waltham, USA). 5μm longitudinal slices of the constructs were 

sectioned and collected on polylysine-coated slides. These samples were deparaffinised 
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with xylene before rehydration with decreasing concentrations of ethanol. Sections were 

stained with H&E and scanned with an Aperio AT2 Console (Leica Biosystems Imaging 

Inc., USA). 

 

Goldner’s trichrome staining 

The samples were dehydrated in a graded series of ethanol and resin infiltrated 

(MethylMethacrylate/Glycol Methacrylate, Tecknovit 7200, Heraeus Kulzer, Germany). 

Once cured, resin blocks were ground using an EXAKT 400 CS micro-grinding system 

to expose the mid-section of the specimen, glued onto a glass slide and subsequently 

sectioned to a thickness of 150μm using the EXAKT 300 cutting system (Exact 

Apparatebau, GmbH Norderstedt, Germany). The slide was further polished down to a 

thickness of 80μm using the EXAKT 400 CS micro grinding system. Ground P800 thick 

sections were then lapped with 600 silicon carbide powder (Abasco Trading, Australia). 

Lapped ground sections underwent a 3micron polish with MD Mol cloth and DiaPro 

Mol B3 suspension (Struers, Australia), using a TegraPol-31 polisher (Struers, 

Australia). Polishing parameters were 15 Newton force for 60 seconds. Section thickness 

in the range of 30-50μm was achieved.   The thin specimens were then stained with 

Goldner’s trichrome stain for light microscopy and imaged using Aperio AT2 Console 

(Leica Biosystems Imaging Inc., USA). 

 

Histomorphometry 

Histomorphometry was conducted using the ImageScope suite (n=3 per timepoint). 

The surface area occupied by bone mineralisation, early stages of mineralisation (as 

defined by condensation of cell in a dense collagen matrix) and fibre alignment in the 

ligament compartment were measured in order to quantify the performance of the BLB 

scaffold.  
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Biomechanical testing 

Tensile testing was performed on twenty samples in total from four different groups: 4 

weeks in vivo BLB scaffolds (n=5), 8 weeks in vivo BLB scaffolds (n=5) and for 

comparison purposes on native rabbit MCL (n=5) (Native MCL), and BLB scaffold 

implanted ex vivo (n=5) (Ex Vivo). These samples were not used for any other assays. 

Ex vivo implantation was conducted in order to accurately test the biomechanical 

strength of the BLB construct in vivo. This was done on cadaveric rabbit knees (n=5) of 

the same age and knee joint dimension as the animals used for in vivo experimentation. 

The same surgical procedure detailed in the previous section was used to implant the 

BLB scaffolds prior to immediate biomechanical testing. 

 

The connective tissue over the region of the native MCL/scaffold/repair site was 

removed and the joint capsule, lateral collateral ligament, ACL and PCL were sectioned. 

The rabbit tibia and femur were potted in 2.5cm diameter plastic tubes using bone 

cement such that the knee joint and the knee ligament attachment sites were not in 

contact with the bone cement (Appendix 7A).  The length, width, and thickness of the 

native MCL/Scaffold/Repair site were measured with a digital caliper (Digimatic 

Absolute, Mitutoyo, Aurora, IL).  

 

Using digital image correlation, live strain mapping during tensile testing was 

conducted. The native MCL/Scaffold/Repair site was prepared by applying a black and 

white speckle pattern on the site’s medial surface (Appendix 7B).  Samples were then 

mounted to a servo-hydraulic test machine (model 858, MTS, Minneapolis, MN) using 

a custom fixture.  Each specimen was preloaded at 3% strain prior to being loaded in 

tension to failure under displacement control at a rate of 20mm/min (Appendix 

7C).  The DIC system (GOM 4M, Trillion Quality Systems, King Prussia, PA) consisted 

of two cameras with data collected at 32Hz used to analyse the surface strain and 

deformation response.  The peak load and peak displacement were quantified.  The 
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scaffold stiffness was calculated from the slope of the linear region of the load-strain 

curve. 

 

10.2.3 Statistics 

One-way ANOVA with Tukey’s method for multiple comparisons was used for 

determining statistical significance in histomorphometry and biomechanical tensile 

tests as more than two means were compared (IBM SPSS Statistics for Windows version 

21.0, IBM Corporation 2012©, Armonk, NY, USA). A p ≤ 0.05 was considered to 

represent statistically significant differences. For statistical analysis of bone formation 

on histomorphometry at 4 weeks and 8 weeks, unpaired, parametric, two-tailed T tests 

with Welch’s correction was conducted.  

 

10.3 Results 

10.3.1 Scaffold Morphology 

SEM visualisation of the scaffold in Figure 1 illustrates a modified version of the BLB 

scaffold designed and reported in Chapter 4. The length of the ligament compartment 

measured 10mm to more accurately mimic the size of the BLB scaffold that will be used 

for human implantation. Indeed, current clinical practices involve the placement of the 

bone anchor several millimetres from the ligament attachment sites in the scaphoid and 

lunate bones in order to prevent bone fractures. The average strut diameter was 

410±18μm (n=5) and there was some fusion at the strut contact points of the alternating 

layers, similarly to what we previously reported, some sagging in some of the filaments 

was observed but this did not compromise the scaffold function. 

 

10.3.2 In Vivo Characterisation 

The BLB scaffold was implanted into the rabbit knee and the level of bone formation 

and connective alignment were characterised in the corresponding compartments at 4 

and 8 weeks. 
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Histology 

Bone compartment 

Bone formation was firstly assessed using microCT and this demonstrated the 

maintenance of the tissue compartmentalisation as no heterotopic ossification was 

observed in the intra-articular space. Hence, bone formation was restricted to the bone 

compartment and followed the scaffold architecture (Figure 7) and H&E staining 

(Figure 8). At 8 weeks, significantly more bone mineralisation was observed compared 

to the 4-week samples as semi-quantified by histomorphometry analysis (Figure 8D). 

This was also confirmed on Goldner’s trichrome staining (Figure 9). Fatty marrow was 

observed interspersed in the bone compartment (Figure 8 & 9). No heterotopic bone 

formation was present at either time points as confirmed by histology. This indicated 

that the BLB scaffold alone was capable of stimulating ossification that was restricted to 

the bone compartment only.  

 

 

 

Figure 7: MicroCT analysis of bone mineralisation at A) 4 weeks and B) 8 weeks post-implantation with 

the view from the medial aspect of the rabbit knee. Bone plugs with visible bone formation can be seen at 

8 weeks (boxed). Arrows indicate the presence of scattering from the titanium staples.  
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Figure 8: Histological analysis of samples stained with H&E 4 weeks and 8 weeks post-implantation 

compared to native MCL. A-C) H&E staining of BLB constructs and native MCL. D-E) 

Histomorphometry analysis of bone formation and ligament alignment in the scaffolds and in native 

MCL. For statistical analysis of bone formation on histomorphometry at the two timepoints, unpaired, 

parametric, two-tailed T tests with Welch’s correction was conducted. For ligament alignment, One-way 

Anova was performed for statistical analysis. ‘*’ denotes a statistically significant difference between 

indicated groups where p<0.05. 
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Ligament compartment 

Histological analysis of the ligament compartment demonstrated dense, aligned fibres 

enriched with collagen without the presence of inflammatory cells at both 4 weeks and 8 

weeks (Figure 8 & 9). Histomorphometry analysis demonstrated that the ligament 

compartment had significantly higher amounts of fibre alignment at 8 weeks when 

compared to 4 weeks and the native MCL (Figure 8D). This highlighted the fibre-

guiding properties of the scaffold in forming new ligamentous tissue bridging the bone 

compartments. On all samples, it was observed that the ligament fibres inserted into the 

bone compartment thereby regenerating the bone-ligament interface (Figure 10). This 

was confirmed in Goldner’s trichrome stain (Figure 9) where a greater amount of soft 

tissue regeneration is seen at 8 weeks compared to 4 weeks (red and blue staining in 

ligament compartment). Overall, the scaffold was able to withstand physiological 

loading over 8 weeks in vivo as no failure neither in the intra-articular nor bone-

ligament region was observed.  

 

 

 

Figure 9: Goldner’s trichrome staining on resin embedded samples. Blue indicates collagen and red 

indicates the presence of connective tissue. A) Native rabbit MCL for comparison. B-C) Scaffold in vivo at 

4 weeks and 8 weeks. Greater soft tissue regeneration is seen at 8 weeks (red) with greater collagen 

staining (arrows) in the ligament compartment. 
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Figure 10: H&E staining of the bone-ligament interface in samples implanted for 4 and 8 weeks. The 

dashed line represents the interface between the bone and ligament compartment. 

 

 

Biomechanical testing 

All in vivo samples failed in the mid-substance of the scaffold (Table 1). The strain maps 

in Figure 11 illustrate that the native MCL had more concentrated regions of higher 

strain at the bone-ligament junction. This can be compared to the strain map of the 

rabbit knees containing scaffolds which distributed the force over a larger surface area. 
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In addition, the failure point for the scaffold was within the ligament compartment. This 

suggests that the bone compartment was well integrated within the resident bone 

preventing undesirable slipping and therefore acting as an anchor for the ligament. 

Overall, this suggests that the bone-ligament interface of the scaffold was strong enough 

to withstand the rabbit knee physiological force. 

 

 
 

Figure 11: Live strain maps of A) native MCL and BLB constructs at B) 4 weeks and C) 8 weeks post-

implantation.  
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The mechanical properties of the BLB scaffold were assessed by quasi-static tensile 

testing (Figure 12, Table 1). Ex vivo testing of the scaffold implanted in the cadaveric 

rabbit joint demonstrated that it had an ultimate force of 75 ± 9N. This was not 

significantly different to the ultimate force of the in vivo scaffold at 4 weeks, indicating 

that this time point the scaffold was main contributor of the biomechanical properties of 

the joint. After 8 weeks, however, the ultimate force increased significantly reaching 118 

± 18N, indicating that bone and ligament tissue regeneration and maturation had 

occurred and the newly formed tissue participated to withstanding the physiological 

load, leading to an increase in the biomechanical properties of joint. There was no 

significant difference in ultimate strain of the samples indicating that the scaffold did 

not undergo extensive softening over the time course of the in vivo study. Despite the 

remodelling and maturation process in the BLB scaffold as seen in the histology, the 

stiffness of the Ex Vivo, 4 Weeks and 8 Weeks groups remained similar and no 

significant differences were observed. However, a significant difference in stiffness was 

observed between the Native MCL and the other groups as expected.  
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Figure 12: Tensile testing results at elongation rate of 20mm/min. A) Ultimate force of ex vivo scaffolds, 

in vivo scaffolds and native MCL. B) Ultimate strain of ex vivo scaffolds, in vivo scaffolds and native 

MCL. C) Stiffness of ex vivo scaffolds, in vivo scaffolds and native MCL. D) Force Vs Strain displacement 

curves of ex vivo scaffolds, in vivo scaffolds and native MCL. Red box denotes zoomed in portion of Force 

Vs Strain displacement curves. 
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Ex Vivo 

(n=5) 
 

4W Ctrl 
(n=5) 

8W Ctrl 
(n=5) 

Native MCL 
(n=5) 

Ultimate Force (N) 
 

74.86±8.96 
 

 
75.36±10.66 

 
117.50±17.77 

 
325.10±54.26 

Ultimate Strain (%) 
 

29.60±15.39 
 

 
28.95±4.80 

 
32.25±4.81 

 
24.25±4.44 

Stiffness (N/mm) 
 

38.68±16.34 
 

 
27.25±8.30 

 
20.27±1.82 

 
70.49±10.37 

Failure Point Mid-substance Mid-substance Mid-substance 
 

Bone-ligament interface 
 

 

Table 1: Tensile testing results of the 350μm scaffold in vivo at 4 and 8 weeks as compared to the ex vivo sample. 
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10.4 Discussion 

This study developed an animal model for testing the regenerative and biomechanical 

properties of a BLB scaffold for application in dorsal scapholunate interosseous 

ligament reconstruction. This model provides a step forward into the assessment of 

SLIL implants in a more realistic in vivo environment, closer to the clinical situation 

than any other models previously utilised.  

 

Numerous animal models have been developed for orthopaedic applications targeting 

ligament or tendon reconstruction. These include ectopic models (311, 396), rabbit ACL 

(397, 398) or flexor tendon models (399) and sheep ACL (191, 217, 400) or rotator cuff 

models (303). The SLIL ligament is unique due to its specific anatomy and complex 

biomechanical loading which has not been recapitulated in these established models. 

Given its location in the wrist carpal bones and its importance in stabilising refined 

movements such as ‘dart-throwing’, the SLIL is only present in higher order animals 

such as primates. However, there have been no experimental studies conducted using 

this animal model due to ethical and financial concerns. As a result, there is no suitable 

animal model which allow for both the testing of a scaffold’s biomechanical strength 

and regenerative capacity for SLIL reconstruction.  

 

In fact, ex vivo studies on human cadaveric specimens is the current gold standard of 

the field for research in new SLIL grafts or surgical techniques prior to clinical 

implementation. They have been conducted extensively to characterise the 

biomechanical properties of potential SLIL autografts from intrinsic hand ligaments as 

well as ligaments from the foot (117-120). While the use of cadaveric studies allows for 

tailoring of SLIL grafts to match the biomechanical strength of the native ligament, this 

is limited and it does not account for the tissue regeneration or remodelling events 

occurring nor for the biomechanical fatigue and biodegradation behaviour of the 

prosthesis.  
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Justification of the animal model used in this study was made on the basis of similar 

anatomical dimensions. Indeed, the rabbit femur and tibia had similar dimensions as 

the scaphoid and lunate bones. Furthermore, the rabbit MCL width is of the same 

dimensions as that of the dorsal SLIL (around 5 mm length and 3-4 mm width). While 

extensive histological quantification of the rabbit MCL has demonstrated that it is 

hypovascular in this intra-articular region hence mirroring the native environment of 

the SLIL (401), the vasculature of the bone structures greatly differ. Indeed, the tibial 

plateau and femoral head had a high degree of vascularisation, which is in contrast to 

scaphoid and lunate bones whereby the main vascular network is located further away 

from the ligament insertion sites; this can have important consequences onto bone 

tissue regeneration is the BLB scaffold. 

 

Nevertheless, the surgical technique developed in the rabbit knee was designed to 

emulate the surgical procedure that would be used in humans. This involved the drilling 

of holes in the femur and tibia for the bone compartments and a press-fitted approach 

of implanting the scaffold with the use of titanium staples to secure the construct. 

Overall, the scaffold demonstrated extensive bone regeneration with no ectopic 

ossification indicating that the immobilisation period with K-wire fixation in knee 

flexion is essential to ensure sufficient stability of the bone plugs. This aligns with 

current SLIL reconstruction protocols in humans whereby the joint is also immobilised 

for a certain period allowing for the proper integration of the bone plugs prior to 

resuming movement and the transmission of the biomechanical forces.  

 

An obvious limitation of this model was the different kinetics and biomechanical 

loading of the rabbit knee joint when compared to a human wrist. These forces fail to 

replicate the complex biomechanical environment of the native SL joint. The MCL is the 

primary stabiliser against valgus forces to the knee and also prevents internal rotation 

and posterior tibia translation (402). In contrast, the main biomechanical forces acting 
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on the SLIL is in the torsional plane, preventing excessive scaphoid flexion and lunate 

extension (2, 6). 

 

The success of the BLB graft characterised in this study can be judged by its 

biomechanical properties and histological features after implantation compared to the 

native SLIL ligament. Firstly, a key element of success for any graft used in SLIL 

reconstruction is in its ability to maintain the reduced SL joint over time. The force 

required for reduction of the scapholunate joint has been investigated extensively in the 

literature. In Yi et. al’s recent study (403), 8 cadaveric wrists with pre-existing SLIL tears 

(Geisler Grade IV) were tested in physiological motions. It was found that the pre-

existing SLIL tears required greater force (50N) to maintain the SL reduction when 

compared to the acutely sectioned SLIL (20N) as reported by Dimitris et al. (63). This 

may have been due to untreated wrist injury resulting in altered carpal biomechanics 

and the loss of carpal secondary stabilisers. The biomechanical results of the BLB 

scaffold demonstrated that it would be able to withhold the forces required in 

maintaining SL reduction. Future studies will investigate the design of appropriate 

surgical implantation techniques of the BLB scaffold into cadaveric wrists and in situ 

biomechanical testing.   

 

Secondly, the histology of the BLB construct after implantation in vivo also mimicked 

the architecture found in the native SLIL ligament. In particular, the scaffold 

demonstrated tissue-guiding properties with significantly increased ligament alignment 

at 8 weeks compared to 4 weeks. This corroborated the results from H&E staining and 

histomorphometry which highlighted a higher degree of collagenic fibre alignment in 

samples from the later time point. Furthermore, this is reflected in the superior tensile 

strength of the scaffolds at 8 weeks and the live strain maps that illustrated failure in the 

mid-substance of the graft only. There was a strong bone-ligament interface as 

demonstrated by the large number of inserted fibres into the bone compartment in 

H&E staining thereby mimicking the native dorsal SLIL. Improved soft tissue 
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regeneration with increased collagen fibres was also captured in Goldner’s trichrome 

staining at 8 weeks compared to 4 weeks. 

 

 Given that ligament reconstructions in animal studies as well as human surgeries often 

fail at the bone-ligament interface, the current data highlights the potential of this BLB 

scaffold in overcoming this with adequate biomechanical strength in vivo and 

histological properties matching the native dorsal SLIL.  

 

10.5 Conclusion 

Despite the limitations in the rabbit MCL model, the BLB scaffold yielded promising 

results with compartmentalised tissue regeneration and a strong bone-ligament 

interface. Moreover, the scaffold did not fail at 8 weeks where there were higher 

biomechanical forces than those found during normal physiological movements of the 

wrist. Together, these results highlight its potential in use for dorsal SLIL 

reconstruction. Future investigations on surgical fixation of the graft in human 

cadaveric specimens and long term cyclic biomechanical testing should be conducted. 

The next chapter will investigate the addition of GFs into the BLB scaffold to further 

augment bone and ligament regeneration. 
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Chapter 11- Dual delivery of BMP-2 and GDF-5 for 
the compartmentalised regeneration of the SLIL: in 

vivo orthotopic study in the rabbit 
 

 

11.1 Introduction 

The incorporation of GFs to synthetic scaffolds has been long used to enhance and 

promote local tissue regeneration. This can then allow for quicker mobilisation and 

recovery rates among patients after SLIL reconstruction. In particular, it is well 

established in the literature that the addition of BMP-2 upregulates bone mineralisation 

(201, 202, 271). While in vitro experiments involving GDF-5 in Chapter 5 did not result 

in increased gene or protein expression of collagenous and noncollagenous proteins, it 

has been shown to promote ligament regeneration in vivo for numerous animal studies 

(318-320). Given the advantages of BMP-2 and GDF-5 in augmenting bone and 

ligament regeneration, this project aimed to investigate the effects of these GFs in a BLB 

implanted into the rabbit knee.  

 

11.2 Methodology 

11.2.1 BLB Scaffold Manufacturing 

BLB scaffolds were 3D-printed using mPCL as per Chapter 10. This resulted in U-

shaped scaffolds whereby the bone compartments had a dimension of 5x5x10 mm3 and 

were bridged by the ligament compartment with a dimension of 10mm long, 5mm wide 

and 3mm high.  
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11.2.2 In Vivo Characterisation 

The summary of the study groups and implantation timelines can be found in Figure 1. 

 

 

 

Figure 1: Study overview of scaffold implantation with the addition of GFs. 

 

 

BLB scaffold preparation 

BLB scaffolds were etched and sterilised as per the procedures reported in Chapter 10.  

 

GFs encapsulation 

For achieving compartmentalised regeneration, BMP-2 was incorporated in the bone 

compartment and GDF-5 in the ligament compartment (see Figure 2). Both GFs were 

encapsulated in the heparinised gelatine-hyaluronic-acid hydrogel (HYSTEM scaffold 

cell culture kits, Sigma-Aldrich) as per our previous reports (336, 404). 50μg of 

recombinant human BMP-2 (GenScript/Medtronic) was incorporated into 40μL of 

hydrogel and dispensed into each bone compartment. 5μg of GDF-5 was incorporated 

into 12.5μL of hydrogel and dispensed into the upper portion of each bone 

compartment (Figure 2). 20μg of GDF-5 was incorporated into 50uL of hydrogel and 

dispensed into the ligament compartment. For both GFs, the final hydrogel 
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concentration was 1% wt/vol and each scaffold contained in total 100μg of BMP-2 and 

30μg of GDF-5. The scaffolds were incubated at 37°C, 5% CO2 for approximately 45 

minutes allowing the gel to set before implantation.  

 

 

 

Figure 2: Addition of GFs to the appropriate compartments of the BLB scaffold. 

 

 

Animal model and care 

7-month old male New Zealand white rabbits (n=16) from Covance were acclimatised 

for 14 days before undergoing surgery. All experiments received Mayo Clinic Ethics 

Approval ("In vivo testing of a bone-ligament-bone scaffold for scapholunate 

interosseous ligament reconstruction in a novel rabbit model", IACUC Protocol 

A00002704-17) and experimentation was adherent to the code for the care and use of 

animals for scientific purposes. 

 

In vivo implantation 

The procedures for pre-operative anaesthesia, surgical implantation of the BLB scaffold 

into the rabbit knee, K wire removal, post-operative care, animal sacrifice and sample 

harvesting were undertaken as outlined in Chapter 10.  
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MicroCT 

Samples were analysed by microCT (μCT40, SCANCO Medical AG, Brüttisellen, 

Switzerland) as per the procedure reported in Chapter 10 and 3D images were 

reconstructed using the microCT software.  

 

Histology 

Samples were prepared for paraffin and resin embedding with H&E staining and 

Goldner’s trichome staining as per Chapter 10 (Figure 3). 

 

 
 

Figure 3: Samples harvested from rabbits at 4 weeks and 8 weeks post-implantation. A-D) Native MCL 

and Scaffold-GF samples in the rabbit knee. A bony callus over the top of the scaffold surface was observed 

for the Scaffold-GF samples. 
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11.3 Results 

The implantation of the BLB-scaffolds loaded with BMP-2 and GDF-5 in the bone and 

ligament compartment, respectively, aimed to provide accelerated compartmentalised 

tissue regeneration. However, heterotopic ossification in the ligament compartment was 

observed at 4 weeks and 8 weeks as demonstrated by microCT (Figure 4A-B). This 

revealed the formation of a bony bridge located within and over the ligament 

compartment in the intra-articular region.  

 

 

 

Figure 4: Cross-sectional view of the microCT 3D reconstruction images of scaffold bone mineralisation 

with the addition of GFs at A) 4 weeks and B) 8 weeks post-implantation. Red box indicates the location 

of ectopic bone formation. Arrows indicate scattering from the titanium staples. 

 

 

This was confirmed by H&E staining (Figure 5) which showed the presence of mature 

bone in the intra-articular region of the BLB-scaffold. The presence of heterotopic bone 

formation significantly influences the biomechanical behaviour of the joint 

reconstructed with the BLB. Indeed, mechanical failure as seen by PCL fibre fraying was 

observed in these samples at 8 weeks post-implantation. Goldner’s trichrome stain on 



 

234 
 

resin samples also revealed bone formation over the top of the ligament compartment 

(Figure 6).  

 

 

 

Figure 5: Histological analysis of samples 4 weeks and 8 weeks post-implantation. Black box indicates the 

presence of heterotopic bone formation.  
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Figure 6: Goldner’s trichrome staining on resin embedded samples. Blue indicates collagen and red 

indicates the presence of connective tissue. A) Native rabbit MCL for comparison. B) Scaffold in vivo at 4 

weeks with heterotopic bone formation above scaffold (black box).  

 

 
11.4 Discussion 

This pre-clinical proof of concept study demonstrated that the addition of BMP-2 in the 

bone compartment and GDF-5 in the ligament compartment of the BLB scaffold 

resulted in heterotopic bone formation observed as early as 4 weeks post-implantation. 

The bony bridge observed in most samples undoubtedly indicates that the combination 

of these GFs should not be further utilised for SLIL reconstruction. This unexpected 
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result is in contrast to our previous study (Chapter 9) whereby the incorporation of 

BMP-2 in the bone compartments resulted in the maintenance of the 

compartmentalisation once implanted in an ectopic site (336). Furthermore, both GFs 

have previously been tested separately in various animal models for promoting either 

bone or ligament tissue regeneration without reports of ectopic bone formation (315, 

317, 319, 320, 336).  

 

Therefore, the animal model and more specifically, the highly vascularised implantation 

site, may have resulted in promoting heterotopic ossification. Indeed, compared to the 

subcutaneous site, the creation of the bony defect in the femoral head and tibial plateau 

resulted in profuse bleeding. This could have caused BMP-2 to leak from the scaffold 

and trigger heterotopic bone formation in the vicinity of the scaffold. Interestingly, the 

implantation of the BLB scaffold without BMP-2/GDF-5 and for a similar length of time 

did not result in the uncontrolled formation of bone tissue. This suggests that the 

specific combination of GFs and the presence of a highly vascularised implantation site 

may have been needed for triggering heterotopic ossification. 

 

Ultimately, the addition of both GFs may have had a synergistic action leading to the 

disruption of the scaffold compartmentalisation causing ossification in the intra-

articular region. In fact, GDF-5 is also classified as a bone morphogenetic protein 

(BMP-14) and while previous reports have investigated its role upon soft tissue 

regeneration one review article has reported its role in osteogenesis (405). Overall, 

further studies are required to investigate the relationships between osteogenesis and 

BMP2/GDF5 synergy and the utilisation of a different GF combination may better 

achieve the goal of enhancing and accelerating SLIL reconstruction. 
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11.5 Conclusion 

This chapter has demonstrated that the addition of BMP-2 and GDF-5 in the BLB 

scaffold resulted in heterotopic bone formation and failure of the ligament 

compartment. In order to attain commercial and clinical success, the use of GFs in 

scaffolds needs to be reassessed. From this thesis research, the implantation of the BLB 

scaffold alone demonstrated superior biomechanical and histological results and would 

therefore be the best option for reconstructing the dorsal SLIL.  
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Chapter 12- Discussion and Conclusion 
 

Scapholunate injuries commonly affect young, active patients and remain an unsolved 

surgical problem with poor prognosis and development of early carpal arthritis 

following the SLAC pattern (136). As the trends in wrist reconstructions and financial 

burden of SLIL tears in Australia outlined in Chapter 3 indicates, this is an important 

problem that needs to be addressed.  

 

Currently, the most common surgical approach for SLIL reconstructions involves the 

method of ‘tenodesis’, which commonly uses flexor carpi radialis (FCR) or palmaris 

longus tendon graft positioned following the modified Brunelli technique and tensioned 

to realign the scaphoid and lunate bones. As the biomechanical and histological 

properties of tendon and ligament vary greatly, this method is far from ideal and long-

term follow-up studies have highlighted problems in graft failure and laxity (7, 101, 

104). While some studies have investigated the use of scaffold-less constructs for 

orthopaedic applications such as in the sheep ACL (302) and rotator cuff (303) tear 

models with promising histological results which demonstrated graft maturation, there 

is a paucity of research investigating the regeneration of the ligament and tendon of the 

hands. This thesis aimed to fill the gap and develop a synthetic scaffold with sufficient 

biomechanical properties for SLIL reconstruction. 

 

The previous chapters described the generation of a novel multiphasic BLB scaffold 

using 3D-printing for dorsal scapholunate ligament injuries. The scaffold design was 

made to align with the current surgical practices of graft placement and approaches with 

the dimensions being determined from average data of SLIL anatomical dimensions as 

reported in the literature. Specifically, the BLB scaffold was designed with a length of 

15mm, thickness (over the ligament compartment) of 3mm and width of 5mm. As each 

compartment had to enable the growth of either bone or ligament, the internal 
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architecture was adjusted accordingly. A larger pore size in the bone compartments was 

selected which translated in a filament inter-distance of 600μm enabling tissue 

infiltration and vascularisation necessary for bone formation as previously reported 

(182, 183). For the ligament compartment, a 350μm interdistance was selected for its 

superior biomechanical strength.  

 

mPCL was chosen as the biomaterial given its flexibility, mechanical resilience and 

degradation period of several years. Other biomaterials, such as polylactic acid (PLA), 

were ruled out for having properties that are incompatible to this clinical application 

such as a higher tensile strength that would generate carpal joint immobilisation. PLA 

also has a faster degradation rate over months which is not ideal. In contrast, the 

biomechanical properties of mPCL allow for maintenance of the scapholunate reduction 

post-surgery and a sufficient time for the patient’s native cells to repopulate and 

regenerate the scaffold into mature bone and ligament prior to the degradation of the 

scaffold. This had been partially observed although at an early stage of the regeneration 

as reported in Chapter 9. In particular, the implantation of the BLB scaffold in the rabbit 

knee model for 8 weeks resulted in greater tensile strength (117.5±17.77N) compared to 

the scaffolds implanted for 4 weeks (75.36±10.66N) and the scaffolds tested ex-vivo 

(74.86±8.963N). This finding was consistent with the results from biomechanical testing 

conducted on the BLB scaffolds in vitro as reported in Chapter 7.  

 

One major advantage of the BLB scaffold is its multiphasic nature resulting from 

continuous 3D-printing of the bone and ligament compartments. The continuous 

printing allowed the generation of a stronger bone-ligament interface (in comparison to 

compartments separately manufactured and subsequently assembled). In addition, a 

porous interface was maintained via this continuous printing facilitating greater cellular 

infiltration between compartments. Poor tissue integration between the compartments 

is a significant issue in the regeneration of highly hierarchical tissues and can lead to 

failure under the repeated physiological loads (295-297). Overall, addressing these 



 

240 
 

factors in the design process helped create a scaffold which fulfilled the needs of 

biomechanical integrity and tissue-guiding properties for application in dorsal SLIL 

reconstruction. 

 

Numerous methods for optimising ligament and bone regeneration separately were 

investigated as part of the thesis. These included utilising cell sheet and cell spheroid 

technology as well as the addition of GFs to in vitro cell culture in an attempt to 

augment tissue regeneration. Firstly, a hypoxic culture condition (2% oxygen) was 

shown to upregulate the synthesis of collagenous and non-collagenous proteins in 

AMSC in vitro culture. This finding aligned with the current literature and 

demonstrated the benefits of matching physiological conditions in tissue culture. The 

addition of GDF-5 and BMP-6 to culture did not show consistent trends in affecting 

gene or protein expression. In fact, the addition of GDF-5 and BMP-2 to the scaffold in 

the rabbit in vivo model (Chapter 10) resulted in ectopic bone formation. Given there is 

a limited evidence on the role of GDF-5 in promoting osteogenesis (405), this finding of 

the thesis highlighted the need to reconsider the combined use of these GFs for SLIL 

reconstruction.  

 

The capacity of BMP-2 and GSK-126 synergy for augmenting bone regeneration in 

bMSCs was supported in both gene expression and immunofluorescence analysis for 

collagen 1A and osteocalcin. Upon ectopic implantation for 8 weeks, a significantly 

greater vascularisation was observed in the samples treated with BMP-2 and GSK-126. 

However, only the early stages of bone mineralisation were present. As discussed in 

Chapter 6, this may have been due to the limitation of the animal model itself. In future 

studies, the delivery of BMP2/GSK126 to the scaffold as a one-off dose prior to 

implantation into an animal model may further stimulate bone formation and allow for 

a significant decrease in BMP-2 concentration required to achieve adequate bone 

mineralisation in vivo. This may prevent heterotopic bone formation as observed in 
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Chapter 10 and other clinical studies in the literature involving BMP-2 use in spinal 

fusion (387).  

 

The use of cell sheets and 3D cell culture in spheroids have been shown to be 

advantageous over traditional methods due to its ability to incorporate greater amounts 

of mature ECM into the scaffold for implantation. Although the addition of BMP-2 and 

BMSC cell sheets to the BLB scaffold was successful in producing compartmentalised 

bone and ligament regeneration in an ectopic rat model, it was found that this result 

could also be achieved with the implantation of the scaffold without cells in the rabbit in 

vivo model. The advantages of implanting the scaffold only included removing the need 

for a cell culture GMP facility and therefore, promoting faster clinical translation.  

Furthermore, there was greater collagen fibre synthesis and alignment bridging the 

bone-ligament interface in the scaffolds implanted in the rabbit model (Chapter 10, 

Figure 10) compared to the rat ectopic model (Chapter 9, Figure 10). This result was 

confirmed in superior biomechanical testing results and live strain mapping as reported 

in Chapter 9 where the scaffolds failed in the mid-substance of the ligament 

compartment rather than the bone-ligament interface. As the bone-soft tissue interface 

is the most common failure point in tendon and ligament tissue, this was a key strength 

of the BLB scaffold.  

 

12.1 Future Directions 

The predicted limitations of the current BLB scaffold include difficulties with 

maintaining biomechanical strength over time with graft laxity and biomaterial 

degradation. To overcome this, future studies which aim to improve tissue regeneration 

strategies, as well as the biomechanical properties of the scaffolds are imperative. On the 

molecular level of tissue regeneration, my collaborators at Mayo Clinic has created a 

RNASeq atlas from over 1000 musculoskeletal tissues (unpublished data), which would 
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continue to direct in vitro experiments to identify the best GFs that can be used in 

optimising ligament differentiation.  

To improve the design of the scaffold, the BLB scaffold dimensions can be based on 

patient microCT scans so that the surgical approach will provide a tailored and 

personalised solution to this clinical problem. In addition to this, there are other 

methods that can be used to improve the bone ligament interface and overall 

biomechanical strength of the BLB scaffold. First, oblique ligament strands can be added 

to the design of the BLB construct to increase biomechanical strength in torsion. This 

would allow the scaffold to better withstand the physiological loads placed upon it in 

physiological carpal movements. Future studies should include in-depth mathematical 

modelling of carpal movement in real patients to understand wrist kinematics in the SL 

joint and follow up cyclic biomechanical testing in torsion under these conditions to 

more accurately characterise the scaffold.  

 

Although biomechanical strength of the scaffold after 8 weeks in vivo has been shown to 

be greater than the forces required to maintain reduction of the scapholunate gap (20-

50N) as reported by Yi et al. (403) and Dimitris et al. (63), it still falls short of the native 

dorsal SLIL failure force (185.3 ± 87N) (63). In an attempt to improve this, new 

biomaterials need to be investigated including the use of PET. Indeed, braided PET 

prosthesis, known as the Ligament Augmentation and Reconstruction System, has been 

utilised for several decades in the orthopaedic field for the replacement of various 

ligaments. A 3mm diameter braided prosthesis has recently been utilised for the 

reduction of the SLIL gap in a cadaveric study (406). This demonstrated that the graft 

could maintain the reduction over several cycles and established an ex vivo proof of 

concept. Therefore, PET can be investigated for all components of this BLB scaffold. 

The 3D-printing of PET with PCL could also form a composite scaffold which 

reinforces the biomechanical properties of this original multiphasic construct.  
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At present, the gold standard of management of SLIL reconstructions includes 6 weeks 

of immobilisation in a thumb spica cast prior to hand therapy. This often contributes to 

wrist stiffness and reduced grip strength. Therefore, the design of the scaffold needs to 

be redeveloped to facilitate appropriate surgical implantation in humans. This is 

important as a strong fixation of the bone compartment into the native bone coupled 

with sufficient scaffold biomechanical strength will allow for early mobilisation of the 

wrist post-reconstruction. Changes in the BLB design could include the creation of a 

deeper bone plug portion allowing K-wire fixation through the bones or a wider bone 

plug allowing screw fixation. Given the small size of the scaphoid and lunate bones, the 

insertion of screws or staples to secure the scaffold may pose challenges such as the 

increased risk of AVN or iatrogenic fractures. There is a consensus in the field to move 

away from titanium screws and staples that would stay permanently in the patient or 

have to be removed at a later stage. Such practice would prevent restricted movement of 

the wrist joint and minimise potential sources of infection or prosthetic failures post-

operatively. Another approach will be to create a template for drilling the bone plugs 

such that the shape matches perfectly to that of the scaffold for direct press-fit 

implantation of the scaffold joint. In order to investigate the optimal method for graft 

surgical fixation, future studies have to involve rigorous testing of these surgical 

implantation procedures on cadaveric wrists. 

 

Overall, this thesis forms the foundation for tissue-engineering efforts in the application 

of small joints. In early 2018, an Australian Government MTPConnect Grant ($900,000) 

was obtained to expand on the findings reported and pursue clinical translation and 

commercialisation. This thesis has addressed a gap in the literature and resulted in the 

design and generation of a novel multiphasic BLB scaffold that can be used for dorsal 

SLIL reconstruction. While refinement and improvement of this scaffold is still 

undergoing with several follow up studies already planned, the thesis represents a 

significant step towards a future where regenerative medicine can provide personalised 

solutions to SLIL injuries thereby greatly improving patient outcomes. 
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12.2 Thesis Summary 

12.2.1 Main Contributions 

The main contributions of this dissertation are summarised below: 

 

STAGE 

ONE 

Aim: To design, fabricate and characterise a novel multiphasic BLB 

scaffold using 3D-printing for use in dorsal SLIL reconstruction. 

 

 Main Contributions:  

1. A novel multiphasic BLB scaffold has been fabricated in a 

continuous fashion using 3D-printing with the same dimensions 

of the native dorsal SLIL. 

2. The scaffold design with a 350μm fibre interdistance in the 

ligament compartment had superior biomechanical properties 

with an ultimate force of 71±3N.  

3. While the ultimate force of the scaffold was less than that of the 

native dorsal SLIL described in the literature, this scaffold was 

capable of withstanding normal physiological carpal forces.  

  

STAGE 

TWO 

Aim: To conduct in vitro experiments investigating different approaches 

to cell seeding and augmentation of bone and ligament regeneration for 

application to the BLB scaffold. 

 

 Main Contributions: 

1. Cell culture of BMSCs with AA for 21 days resulted in the reliable 

generation of cell sheets with high a high total collagen content 

which could be used for seeding the ligament compartment of the 

BLB. 

2. The treatment of AMSCs with GDF-5 and/or BMP-6 resulted in 

upregulation of ECM gene expression but this did not translate 

into protein synthesis at day 21. 
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3. Cell culture in hypoxic conditions increased gene expression for 

ECM.  

4. The formation of spheroids from BMSCs was not an efficient 

method for cell seeding into the bone compartment of the BLB. 

5. The pretreatment of BMSCs with BMP2/GSK126 synergistically 

upregulated gene expression for osteogenesis in vitro but this 

failed to translate into significant bone mineralisation after 8 

weeks in vivo. 

   

STAGE 

THREE 

Aim: To conduct in vivo experiments with implantation and 

characterisation of the BLB scaffold in animal models. 

 

 Main Contributions: 

1. Assessment of the BLB scaffold in an ectopic model was a proof-

of-concept study demonstrating compartmentalised regeneration 

of bone and ligament tissues. 

2. The implantation of this BLB scaffold into a weight bearing joint 

showed no failures in vivo even after joint mobilisation. 

3. The implanted BLB scaffold had significantly greater 

biomechanical strength at 8 weeks in vivo compared to ex-vivo 

(Day 0) samples and at 4 weeks.  

4. The bone-ligament interface was strengthened as supported by 

the presence of aligned collagen fibres extending from the 

ligament compartment into the bone compartment.  

5. The addition of BMP-2 and GDF-5 to the BLB scaffold in vivo 

resulted in heterotopic bone formation within the ligament 

compartment.  
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12.2.2 Future Studies 

Future studies directed from this dissertation’s findings have been summarised below. 

These future studies are currently under investigation as part of the Australian 

Government $900 000 BioMedTech Grant awarded to our research group in 2018 to 

support research on this BLB scaffold for clinical translation.  

 

SCAFFOLD 
IMPROVEMENT 

Improvement of the BLB design based off further investigations of 

scapholunate kinematics, wrist biomechanics, and torsional 

cyclic testing of the construct. 

Investigation of variations in the angle of the fibres in the ligament 

compartment to better withstand torsional forces as 

experienced by the native SLIL. 

Investigation in the use of alternative biomaterials such as PET in 

fabricating this BLB scaffold. 

 

GFs FOR TISSUE 
REGENERATION

Use of the Mayo Clinic RNASeq atlas of musculoskeletal tissues to 

direct in vitro experiments and identify the best GFs that can 

be used to optimise ligament differentiation. 

 

SURGICAL 
IMPLANTATION 

TECHNIQUE 

Optimisation of the surgical implantation technique for scaffold 

implantation in humans through mock surgeries on 

cadaveric specimens with follow up biomechanical testing. 
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Appendix 1: Clinical costing data specifications (1 July 2017-30 June 2018) 

 

Inpatient Costing Records 

 

Cost “Bucket” Element Description

1 Operating 
Theatre 
Services 

a) Direct 
b) Overhead 

Include costs of theatre staff, infusion/ bypass, and consumables for operations. CSSD for 
theatres should be in here but considered an overhead.  
 
Exclude surgeons, services provided by pathology, imaging and pharmacy departments that 
can be tracked to individual inpatients. Imprest drugs should be allocated to the Pharmacy 
bucket where possible.  
 
Exclude anaesthetics and special procedure areas (see Bucket #2). 

2 Special 
procedure 
Services 

a) Direct 
b) Overhead 

Include costs of procedure area staff, including nurses, perfusionists and support staff assigned 
to units. Include costs of medical staff if assigned to the unit. Include consumables for 
operations used in special procedure areas such as day surgery, hyperbaric, cardiac catheter 
labs, endoscopy, lithotripsy, radiotherapy, sleep labs, ECT.CSSD should be allocated as an 
overhead. Include radiotherapy costs for inpatients.  
 
Exclude services provided by pathology, imaging and pharmacy departments that can be 
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tracked to individual inpatients. Imprest drugs should be allocated out and put in the 
pharmacy bucket. Exclude anaesthetics- anaesthetics, anaesthetic nurses and technicians. 
Exclude routine dialysis services and prosthetics 

3 Anaesthetics a) Direct 
b) Overhead 

Include all costs associated with the supply of the anaesthetics, including Anaesthetist salary, 
anaesthetic nurses, anaesthetic technicians and other anaesthetic-related staff, and consumable 
costs. Include anaesthetic nurses even if reporting to a nursing cost centre.  
Exclude anaesthetic drugs, which should be put in the pharmacy bucket.  

4 Prostheses Total Include (actual prosthetic costs rather than average cost weights), costs of prostheses (devices 
implanted in or attached to the patient), such as artificial joints, artificial limbs, pacemakers, 
hearing aids, cardiac catheters and stents. -- Include all prosthetics in this bucket, regardless of 
the unit that inserts them.  
(If this is not possible, please include in the operating theatre bucket)  
Exclude indirect costs (See Other Services bucket)  
Exclude crutches, wheelchairs, CPAP machines  

5 High 
dependency, 
CCU and ICU 
services 

a) Direct 
b) Overhead 

Include separately managed ICU, CCU, HDU, Paediatric ICU, Neonatal ICU, and any other 
high-intensity, special areas of care.  
Include costs of medical, nursing, administrative, and other staff assigned to the units, 
consumables, and CSSD.  
 
Exclude costs of imprest drugs – these should be allocated to the pharmacy bucket where 
possible.  
Exclude services provided by pathology, imaging, pharmacy and Allied Health departments 
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that can be tracked to inpatients.  
6 Medical and 

surgical services 
a) Direct 
b) Overhead 

Include costs of medical staff (Physicians & Surgeons), visiting staff, registrars, resident medical 
officers, trainees and associated staff, supplies and consumables involved in inpatient care. 
CSSD should be included as an Overhead.  
Exclude services provided by pathology, imaging, pharmacy, and Allied Health departments 
that can be tracked to inpatients. Imprest drugs should be reallocated to pharmacy where 
possible.  
Exclude other staff costs provided through operating theatres, special procedure areas,  
high dependency areas, radiology, pathology and emergency departments.  
Exclude Nursing Services  

7 Ward Services a) Direct 
b) Overhead 

Include costs of nurses and other ward staff and consumables used on all other wards not 
included in bucket 5; including day wards, routine (admitted) dialysis and chemotherapy areas.  
Include any ward costs associated with an observation ward/Short Stay Unit even if is part of or 
attached to the emergency department.  
Include higher dependency services if delivered in the general wards. CSSD should be included 
as an Overhead.  
Exclude services provided by pathology, imaging, pharmacy, and Allied Health departments 
that can be tracked to inpatients. Imprest drugs should be reallocated to pharmacy where 
possible.  
Exclude staff assigned to ED, Anaesthetics, Operating Theatre and Special Procedure services 
and high dependency units.  
Exclude costs of ward services delivered in specialised, separately managed units included 
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elsewhere.  
8 Allied Health 

Services 
a) Direct 
b) Overhead 

Include costs of Allied Health and associated staff providing inpatient care throughout the 
hospital, associated consumables, and supplies.  
 

9 Other Services a) Direct 
b) Overhead 

Include costs of any other staff not covered in other buckets involved in patient care. (Please 
identify the types separately)  
Exclude blood product costs – see below.  
(If hospital assigns catering, housekeeping, admissions, medical records, portering as patient-
related, they should be included in this bucket.)  

10 Pathology a) Direct 
b) Overhead 

Include costs of medical, scientific, nursing and administrative staff and supplies involved in 
providing inpatient pathology services.  
Include cost of purchased pathology services provided by other organisations.  

11 Imaging a) Direct 
b) Overhead 

Include costs of medical, scientific, nursing and administrative staff and supplies involved in 
providing inpatient imaging services.  
Include cost of purchased Imaging services provided by other organisations.  

12 Pharmacy/ 
Drugs 

a) Direct 
b) Overhead 

Include costs of medical, scientific, nursing and administrative staff and supplies involved in 
providing inpatient pharmacy services.  
Include cytotoxics, anaesthetics, bulk fluids used in patient care (such as saline solutions and 
lotions), imprest drugs, and high-cost  
drugs (even if later reimbursed).  
Include lease, rental and “bundled” costs of supporting equipment such as infusion pumps, 
dialysis machines, if not treated as capital purchases.  
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Exclude medical gases provided throughout the hospital. (These should be counted as ward 
overheads.)  
Exclude S.100, PBS & Other drugs not funded under NEP.  
See IHPA NEP Determination 2017/18, P8  

13 Pharmacy PBS a) Direct 
b) Overhead 

Include S.100, PBS & Other drugs not funded under NEP.  
See IHPA NEP Determination 2017/18, P8  
 
Note: Where pharmacy cannot be separated between Pharmacy / Drugs and Pharmacy PBS, 
then use Pharmacy / Drugs 

14  Blood Products a) Direct 
b) Overhead 

Include cost for plasma, whole blood, blood factors (e.g. Factor 7 and Factor 8)  
 

15 TOTAL  Add all buckets into one total cost for the inpatient episode. (Please Check to ensure this equals 
the sum of the component costs in the cost buckets).  
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Outpatient Costing Records 

 

Cost “Bucket” Element Description

1 Medical and 
surgical services 

a) Direct
b) Overhead 

Include costs of medical staff (Physicians & Surgeons), visiting staff, registrars, resident 
medical officers, trainees and associated staff, supplies and consumables assigned to the 
Specialist Outpatient Clinic.  
Exclude services provided by pathology, imaging, pharmacy, and Allied Health 
departments that can be tracked to Specialist Outpatient Clinics. Imprest drugs should be 
reallocated to pharmacy where possible.  
Exclude other staff costs provided through operating theatres, special procedure areas,  
high dependency areas, radiology and pathology.  
Exclude Nursing Services  
 

2 Specialist 
Outpatient 
Services 

a) Direct
b) Overhead 

Include costs of nurses and other staff and consumables assigned to the Outpatient Clinic.  
Exclude services provided by pathology, imaging, pharmacy, and Allied Health 
departments that can be tracked to Outpatient Clinic patients. Imprest drugs should be 
reallocated to pharmacy where possible.  
Exclude staff assigned to Anaesthetics, Operating Theatre and Special Procedure services 
and high dependency units  

3 Allied Health 
Services 

a) Direct
b) Overhead 

Include costs of Allied Health and associated staff assigned to the Outpatient Clinic and 
associated consumables and supplies.  
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4 Other services a) Direct
b) Overhead 

Include costs of any other staff not covered in other buckets involved in Outpatient Clinic 
care. (Please identify the types separately)  
Exclude blood product costs – see below.  
(If hospital assigns catering, housekeeping, medical records, portering as Outpatient 
related, they should be included in this bucket.)  

5 Pathology a) Direct
b) Overhead 

Include costs of medical, scientific, nursing and administrative staff and supplies involved 
in providing pathology services to Specialist Outpatients.  
Include cost of purchased pathology services provided by other organisations.  

6 Imaging a) Direct
b) Overhead 

Include costs of medical, scientific, nursing and administrative staff and supplies involved 
in providing Imaging services to Specialist Outpatients.  
Include cost of purchased Imaging services provided by other organisations.  

7 Pharmacy/ Drugs a) Direct
b) Overhead 

Include costs of medical, scientific, nursing and administrative staff and supplies involved 
in providing pharmacy services to Specialist Outpatients.  
Include cytotoxics, anaesthetics, bulk fluids used in patient care (such as saline solutions 
and lotions), imprest drugs, and high-cost drugs (even if later reimbursed).  
Include lease, rental and “bundled” costs of supporting equipment such as infusion pumps, 
dialysis machines, if not treated as capital purchases.  
Exclude medical gases provided throughout the hospital. (These should be counted as 
ward overheads.)  
Exclude S.100, PBS & Other drugs not funded under NEP.  
 
See IHPA NEP Determination 2017/18, P8  



 

255 
 

8 Pharmacy PBS a) Direct
b) Overhead 

Include S.100, PBS & Other drugs not funded under NEP.  
See IHPA NEP Determination 2017/18, P8 
 
Note: Where pharmacy cannot be separated between Pharmacy / Drugs and Pharmacy 
PBS, then use Pharmacy / Drugs  

9 Blood Products a) Direct
b) Overhead 

Include cost for plasma, whole blood, blood factors (e.g. Factor 7 and Factor 8)  
 

10 TOTAL  Add all buckets into one total cost for the Emergency Department episode. (Please Check 
to ensure this equals the sum of the component costs in the cost buckets).  
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Appendix 2: AMSC gene expression in 2D cell culture  

 

Methodology 

AMSCs from three different donors were isolated as previously described (407) and 

cultured as a 2D monolayer in differentiation medium for subsequent gene expression 

analysis. AMSCs were expanded in basal medium as per the methods outlined in 

Chapter 6. They were seeded at 3000 cells/cm2 cultured for 5 days in differentiation 

medium containing AA. At Day -1 (sample in T175 flask prior to cell seeding into well 

plates), 0, 1, 3 and 5, cell culture were harvested for gene expression analysis. RNA was 

isolated for each timepoint using the miRNeasy Mini Kit (Qiagen). RNA was then 

reverse transcribed into cDNA using the SuperScript III First-Strand Synthesis System 

(Invitrogen). Gene expression was quantified using real-time PCR. Real-time qPCR 

reactions were performed with 10ng cDNA per 10μl with QuantiTect SYBR Green PCR 

Kit (Qiagen) and the CFX384 Real-Time System (BioRad). Transcript levels were 

normalized to a housekeeping gene, GAPDH. Gene expression levels were quantified 

using the 2^(−ΔΔ Ct) method. 

 

Results 

RTqPCR analysis of the expression of collagenous and non-collagenous proteins in 3 

human AMSC donors grown in 2D culture (Figure 1) demonstrated that COL3A1 and 

DCN had a steady increase in the level of gene expression up until Day 5. On the other 

hand, COL1A1 and TNC doubled gene expression peaking at Day 0 with decreased gene 

expression after that time point. This earlier upregulation of COL1A1 and TNC could 

have signalled for deposition of immature ECM matrix during early stages of ligament 

regeneration. At the later timepoint, an increase in COL3A1 and DCN would have been 

important for ligament maturation and remodelling.  
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Overall, this experiment confirmed the expression of ECM genes amongst three 

independent AMSC donors.  

 

 

 

Figure 1: Gene expression of collagenous and noncollagenous proteins of three donor AMSCs in 2D 

culture under normoxic conditions. 
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Appendix 3: ECM gene expression (normalised to GAPDH) for AMSCs in hypoxic and 

normoxic conditions 

 

When the ECM gene expression was compared between the hypoxic and normoxic 

conditions for each treatment group, COL1A, COL3A, DCN and TNC expression were 

upregulated by Day 21 in the hypoxic conditions (Figure 1). Raw values of gene 

expression normalised to GAPDH is presented in Figure 2. This was statistically 

significant for the control and GDF-5 only treatment group (p<0.05) but there was no 

significant difference between these two groups.  
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Figure 1: The effect of normoxic and hypoxic culture environment on the gene expression of collagenous 

and noncollagenous proteins (normalised to control).  
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Figure 2: The effect of normoxic and hypoxic culture environment on the gene expression of collagenous 

and noncollagenous proteins (raw values normalised to GAPDH). 
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Appendix 4: AMSC negative controls for immunofluorescence staining 
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Appendix 5: AMSC Immunofluorescence semi-quantification (normalised 

to the number of blue pixels) 

 

 

 

Figure 1: Semi-quantification of immunofluorescence staining for collagen 1A, collagen 3A and elastin at 

Day 3 and Day 21 (normalised to no. of blue pixels). 
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Figure 2: Comparison of collagen 1A, collagen 3A and elastin synthesis under hypoxia versus normoxia at 

Day 3 and Day 21 (normalised to no. of blue pixels). 
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D21 Ctrl *    
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D21 BMP-6     
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D21 Ctrl *    

D21 GDF-5     

D21 BMP-6     

D21 GDF5/BMP6    * 
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D21 Ctrl     

D21 GDF-5     

D21 BMP-6     

D21 GDF5/BMP6    * 
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D21 Ctrl     

D21 GDF-5     

D21 BMP-6     

D21 GDF5/BMP6     
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D21 Ctrl     

D21 GDF-5  *   

D21 BMP-6   *  

D21 GDF5/BMP6    * 

H
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D21 Ctrl     

D21 GDF-5  *   

D21 BMP-6     

D21 GDF5/BMP6    * 

 

Table 1: Comparison of collagen 1A, collagen 3A and elastin synthesis for all treatment groups at Day 3 

versus Day 21 (normalised to no. of blue pixels). ‘*’ denotes statistical significance (p<0.05). 
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Appendix 6: BMSC negative controls for immunofluorescence 
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Appendix 7: Mounting rabbit knee samples for biomechanical tensile 

testing 

 

 
 

 Positioning of samples in custom fixtures for tensile testing. A) Normal tensile testing. B) Spray-painted 

sample used in the DIC systems to collect a live strain map of sample deformation during tensile testing. 

C) Sample at failure point during tensile testing. 
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