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Summary

Current clinically available treatments for synovial joint damage fail to promote functional tissue
regeneration. To date, the only treatment strategy which consistently results in a hyaline cartilage
repair involves autologous transplantation of osteochondral plugs from a non-load bearing site. As
such, it offers superior clinical outcomes compared to other approaches, but is associated with donor-
site complications. Tissue engineering has long sought to fill the clinical need for an effective
treatment strategy for damaged or diseased synovial joints. However, despite sustained efforts,
traditional tissue engineering approaches have failed to produce implants that recapitulate the
complex compositional and structural features of osteochondral tissues. Scaffold-free approaches in
tissue engineering seek to mimic processes that occur during native tissue development to create
more biomimetic grafts. This includes the use of cellular aggregates, microtissues and organoids as
‘biological building blocks’ for the engineering of more complex tissues and organs. The use of
modular tissue-units offers many advantages over traditional approaches, including scalability and the
capacity to individually optimise the constituent cellular/tissue-units. To engineer anatomically
accurate tissues of scale suitable for tissue engineering and regenerative medicine applications, novel
bioprinting modalities can be used to spatially pattern such biological building blocks and direct how
cellular condensations or microtissues fuse and self-organise. With this in mind, the overall aim of this
thesis was to leverage novel biofabrication and bioprinting strategies to direct cellular self-
organisation towards the engineering of biomimetic osteochondral tissue analogues at a clinically

relevant scale.

To achieve this objective, chapter 3 of this thesis investigated novel methods for generating
numerous cell-aggregates and microtissues. A hydrogel microwell platform, which represented an
ideal medium-high throughput technology suited to spheroid biofabrication at a clinically relevant
scale, was developed. As such, it underpinned future studies which aimed to optimise the microtissue
building blocks and apply them as a means of engineering a larger macro-tissue. Within this work, the
capacity to form various spheroid phenotypes was also demonstrated. Specifically, cartilage
microtissues and vascular spheroids were generated using the same microwell system by varying the
cell type used. Both spheroid phenotypes were shown to be ‘functional’ after biofabrication and
harvesting. In this context, functionality was demonstrated by the cartilage microtissues fusing to
form a unified macro-tissue, or by endothelial sprouting between adjacent vascular spheroids to
create pervasive microvascular networks. These preliminary proofs-of-principle studies supported the
hypothesis that spheroids can be used to generate precursor tissues for organs of the musculoskeletal
system. Within chapter 3, a novel stirred-tank bioreactor was also designed and fabricated with a view

to develop a more scalable process. Efforts to generate cartilage microtissues in dynamic conditions



were less successful, resulting in the suppression of chondrogenesis and an osteogenic phenotype
within dynamically cultivated microtissues. In spite of this, the bioreactor functioned properly and

could represent an effective method for generating bone microtissues.

As previously discussed, bioprinting offers a means of precisely depositing biologics during
biofabrication. Consequently, bioprinting has been employed to try to impart spatial organisation to
engineered cartilages. In chapter 4, bioprinting was investigated as a method of depositing progenitor
cells into an environment designed to guide self-organisation towards the generation of a stratified
articular cartilage. After bioprinting, the progenitor cells formed high-density condensations within a
polymer framework. During chondrogenic cultivation, these condensations self-organised into a
highly biomimetic articular cartilage, guided by the boundary conditions proved by the supporting
framework. The quality of this engineered cartilage could be enhanced further by culturing in dynamic
conditions. Here, bioreactor culture resulted in near-native levels of cartilaginous matrix deposition
and anisotropic organisation of the collagen network. This work established a strategy to bioprint
biomimetic articular cartilage, via self-organisation of mesenchymal progenitor cells, within an

instructive novel joint fixation device.

In chapter 5, hydrocortisone was identified as a factor, within endothelial growth media
(EGM), capable of inducing a potent improvement in the chondrogenic potential of heterogeneous
mesenchymal stem/stromal cells (MSCs) populations. Using the hydrogel microwell platform,
EGM/hydrocortisone was shown to significantly improve the initial aggregation of MSCs and
subsequent matrix accumulation within cartilage microtissues. This work directly impacts scaffold-
free tissue engineering as reliable MSC chondrogenesis and the deposition of a substantial
extracellular matrix (ECM) is essential to form tissues of scale. The findings of this chapter also impact
the broader field of tissue engineering, as modifications to existing MSC chondrogenic induction

protocols which enhance the quality of engineered cartilages could increase their clinical impact.

Generating scaffold-free cartilages at a clinically relevant scale can be challenging.
Furthermore, current fixation method for securing engineered cartilage in situ do not provide an ideal
solution and failures and complications are not uncommon. As such, chapter 6 demonstrated that a
thick and homogenous stable cartilage macro-tissue could be bioassembled via the spontaneous self-
organisation of early-cartilage microtissues. This engineered -cartilage exhibited promising
biochemical and mechanical properties and, by using a hybrid approach, could exhibit collagen fibre
orientation that mimicked native articular cartilage. The efficacy of this engineered tissue as a
treatment for focal chondral lesions was evaluated in a large animal preclinical defect model. Here,
implantation of the self-organised cartilage, using the novel fixation device developed in chapter 4,

did not result in a significant improvement in healing compared with an existing treatment modality.



Nevertheless, histological evidence from chapter 6 indicated that defect stabilisation and, in
particular, regeneration of the subchondral bone are fundamental to successfully resurfacing injured
synovial joints. As such, it was hypothesised that an osteochondral strategy could be an effective
fixation method and improve the therapeutic impact of the self-organised cartilage. Chapter 7
investigated using developmentally inspired cartilage microtissues as organ-seeds for the
biofabrication of a biphasic osteochondral implant. Two phenotypically distinct cartilage microtissue
populations were bioassembled into a single implant; firstly a layer of stable articular surface and
secondly an underlying osseous region consisting of islands of hypertrophic cartilage microtissues as
precursors for bone formation. Treatment of clinically relevant osteochondral defects using this
engineered implant resulted in immediate joint resurfacing, and after 6 months the restoration of a

near-normal articular surface.

In conclusion, this thesis explores two overarching biofabrication strategies for engineering
osteochondral tissues. By integrating novel biofabrication techniques and existing bioprinting
methods, this work has demonstrated the capacity to guide self-organisation towards the formation
of biomimetic, spatially organised engineered cartilage at a clinically relevant scale. Additionally, the
capacity to leverage modular biofabrication approaches to generate developmentally inspired
implants has been demonstrated. The therapeutic efficacy of such approaches suggests that such
approaches are poised to make a significant clinical impact for the treatment of damaged and diseased

synovial joints.
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Chapter 1.
1 Introduction

1.1 The Clinical Problem

Hyaline cartilage is the highly specialised connective tissue found at the articulating surfaces of all long
bones [1]. It exhibits a biochemical composition and structural hierarchy which relate directly to its
unique biomechanical properties and function [2-5]. Healthy articular cartilage exists as part of a
functional unit with subchondral bone, whereby the intimate contact between the two tissues forms
the osteochondral junction [6]. Understanding of this complex interface is constantly evolving, and
contact between un-calcified cartilage and subchondral bone, as well as direct transport pathways
between vascular channels from the subchondral bone into the calcified cartilage, are now known to
exist [7,8]. This mounting evidence of cross-talk between the two tissues of the osteochondral unit
suggests that subchondral bone plays a central role in the homeostasis of normal articular cartilage,
and damage induced changes in the subchondral bone can contribute significantly to the
multifactorial progression of joint degeneration [9-17]. As such, many now consider that to fully treat
damaged and disease to the articular cartilage also requires consideration of the entire osteochondral
unit [10,12,18]. Therefore, excessive disruption of the subchondral bone plate during surgical
intervention must also be carefully considered, from mechanical [19], and biological [10,11,20]
standpoints, to avoid creating a degenerative state. Conflicting evidence relating to the most effective
method for treating chondral and osteochondral lesions means that future treatment strategies must
be carefully designed to consider the complexity of the osteochondral unit, and maximise their

therapeutic potential.

Currently, early clinical treatments for damage to the articular surface fail to provide a complete
solution. In general, common therapeutic strategies such as microfracture and autologous
chondrocyte implantation (ACI) result in a mechanically inferior fibrocartilage repair tissue, which
limits its longevity and associated clinical outcomes [21-24]. To date, autologous osteochondral
transplantation (AOT) is the only treatment that results in a hyaline cartilage repair tissue. As such, it
has been shown to outperform aforementioned clinical joint repair strategies [24,25]. However, it
requires donor tissue and involves the creation of additional defects [26]. With this in mind, there is
an urgent need for novel early treatment strategies that can provide effective joint resurfacing via a
hyaline cartilage repair tissue and prevent the cascade of deleterious event associated with early joint

damage and the progression of osteoarthritis.



1.2 Developmentally Inspired Musculoskeletal Tissue Engineering

Tissue engineering (TE) aims to regenerate a tissues or organs, which have lost functionality due to
damage or disease. Despite sustained efforts, in the context of musculoskeletal TE, traditional
approaches have failed to recapitulate the structure, composition and functional properties of the
target tissue. In particular, engineering articular cartilage in vitro with a native-like organisation has
been difficult. Numerous attempts have been made to encourage the formation of a stratified
cartilage using ‘top-down’ TE that have involved heterogeneous cell populations [27], biochemical and
mechanical gradients [28,29], multi-layered instructive scaffolds [30-32], modulation of
environmental gradients [33], as well as mechanical stimulation [34]. More recently, rapid
developments in additive manufacturing technologies has given rise to bioprinting, which gives user-
defined control over the positioning of cells, biomaterials and biologics [35,36]. As such, bioprinting
has been proposed as a method of imparting spatial organisation during biofabrication and yield a
more biomimetic engineered cartilage [37,38]. Although bioprinting has been successfully employed
to recreate some of the zonal features seen in native articular cartilage [39-41], complete
recapitulation of many structural features, including the ‘Benninghoff’ arcade-like collagen structures,
which are crucial to AC’s function remain elusive. This may be due to the use of supporting hydrogel
bioink in many bioprinting strategies, which can limit the capacity of cells to interact and (re)model
the engineered tissue. In light of this, scaffold-free approaches have emerged as a branch of
developmental engineering (DE) in which key processes that take place during the target tissues native
development are re-enacted in vitro, as a means of generating highly-biomimetic engineered

constructs [42].

Whilst scaffold-free approaches have been used to successfully engineer stable cartilage [43—
51], bone-precursor [52-55], and bony tissues [56—60], they are not without their limitations.
Specifically, in the absence of a ‘bulking’ biomaterial, such strategies are inherently difficult to scale
and require large numbers of progenitor cells. Nutrient transfer limitations can also impede the
development of highly-cellular constructs [61,62], which has motivated further investigations into first
engineering scaled-down, micro-sized scaffold-free cell or tissue units, which are later used as
‘biological building blocks’ for the engineering of larger tissues. Aggregate engineering is one example
of this model [63]. Here, the building blocks are typically spherical (spheroids) and can be broadly
characterised into: 1) cellular aggregates, which are a condensation of undifferentiated stem or
progenitor cells, 2) microtissues, where the body of cells has been driven towards a specific phenotype
by exposure to differentiating factors, and 3) organoids, which are typically generated using
embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) capable of forming complex,
functional, and multi-layered tissues that closely mirror the structures and arrangements found in

native organs. Collectively, spheroidal systems maintain the potent biological advantages associated
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with scaffold-free approaches [64—67]. To date, such approaches have been used to heal large bone
defects [54], engineer mechanically competent human cartilage [68], and treat osteochondral lesions
[69]. Importantly, they are also amenable to high-throughput biofabrication [70-72] and have been
discussed as organ seeds within modular bioassembly strategies, which include bioprinting, for
organogenesis [73-77]. As such, aggregate engineering could offer a route towards engineering
highly-biomimetic osteochondral tissues at a clinically relevant scale. Furthermore, implantation of
these grafts could address the current clinical need for treatment strategies which restore the articular

surface of synovial joints with a hyaline repair tissue.

1.3 Thesis Objectives

Emerging self-organisation strategies have the potential to overcome many of the challenges that
have faced engineering biomimetic osteochondral tissues. Specifically, mirroring key events that occur
during embryonic and postnatal development has been proven as a potent method for creating near-
native cartilage in vitro. Despite this relative success, clinical translation of many developmentally
inspired approaches is limited. There are numerous reasons for this, including the challenge of
engineering tissues at a clinically-relevant scale and designing biofabrication strategies suited to
realising clinical translation of promising in vitro tissues. Furthermore, the most effective strategy
(chondral only versus osteochondral) for treating early joint disease and damage remains unclear. As
such, the overarching objective of this thesis was to explore two approaches, namely 1) directed self-
organisation and 2) microtissues as biological building blocks, for engineering scalable chondral and
osteochondral tissues for the treatment of critically-sized chondral and osteochondral defects. To

realise this goal, this thesis will address the following aims:

1.3.1 Aim 1: Design and validate novel methods for the biofabrication of cell-aggregates
and microtissues

Novel methods for spheroid formation and cultivation will be developed as part of designing an

effective engineering strategy for the biofabrication of (osteo)chondral tissues using these

microtissues as biological building blocks. Specifically, a hydrogel microwell system intended as an

ideal platform for the biofabrication of microtissues will be designed and validated in chapter 3.

Additionally, an in-house stirred-bioreactor will be evaluated as a means of enhancing the cultivation

of cartilage microtissues with a view to develop a more scalable process.

1.3.2 Aim 2: Engineer a highly biomimetic articular cartilage via directed self-organisation

Guiding the self-organisation process has been shown to direct stratification within a developing
cartilage [41,78]. However, properly recreating the complex zonal-architecture of the collagen
network seen within native articular cartilage remains elusive. As such, chapter 4 investigates if
coupling a novel scaffold assembly with inkjet bioprinting can direct the self-organisation of MSCs

11



towards a highly-biomimetic cartilage. In particular, this study will aim to capture features of native
cartilage, such as the ‘Benninghoff’ collagen arcades, rarely reported in literature and establish a

method for bioprinting truly biomimetic articular cartilage.

1.3.3 Aim 3: Engineer high-quality cartilage microtissues in a medium-high throughput
fashion
Whilst DE can be an effective strategy for creating biomimetic tissues, the absence of an interstitial
scaffold or hydrogel places an onus on the cell’s capacity to synthesise large quantities of extracellular
matrix to generate tissues of scale. As such, methods which consistently produce high-quality cartilage
microtissues could aid the scalability of such strategies. Based on a serendipitous discovery that
Endothelial Growth Medium (EGM) enhanced mesenchymal stem/stromal cell (MSC) aggregation and
chondrogenic capacity in animal derived MSCs, chapter 5 seeks to leverage this finding to develop a
simple method for improving the chondrogenic capacity of heterogeneous MSC populations. In
particular, this study aims to elucidate the driving factor(s) within EGM, and implement the factor(s)
as a means of improving current chondrogenic culture regimes and generating high-quality cartilage

microtissues.

1.3.4 Aim 4: Evaluate the efficacy of articular cartilage engineered using microtissues as a
treatment for focal chondral lesions
Biofabrication of a stable cartilage using numerous cartilage microtissues as biological building blocks
could be a way of treating focal cartilage defects. However, implantation of such self-organised
cartilages can be challenging. To this end, chapter 6 first aims to evaluate if a stable cartilage can be
generated via the spontaneous self-organisation of early-cartilage microtissues. This chapter will also
explore the capacity of such engineered tissue to regenerate focal cartilage defects, using a novel
implant developed in chapter 4 as a means of fixation within the synovial joint. The efficacy of this

approach will be assessed using a large-animal preclinical model of focal chondral defects.

1.3.5 Aim 5: Assess a developmentally inspired osteochondral implant as a means of
resurfacing articular joints
Emerging evidence suggests that developmentally inspired approaches are an effective method for
forming bony and cartilaginous tissues. However, generating phenotypically distinct tissues within a
monolithic implant can be challenging. As such, modular biofabrication approaches such as
microtissue engineering, could offer a means of creating biphasic implants by combining two
separately cultivated microtissue populations. Chapter 7 will explore the possibility to use the
microwell platform to cultivate phenotypically distinct cartilage populations. Additionally, via novel

bioassembly methods these tissue-specific populations will be combined into a single implant
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intended for osteochondral repair. The efficacy of the engineered implant will be tested in a large-

animal preclinical model for osteochondral lesions.

13



Chapter 2.
2 Literature Review

2.1 Introduction

The overarching goal of tissue engineering (TE) is the complete regeneration of a tissue or organ
whose function has been impaired by injury or disease. Early failures in the field of TE has motivated
increased interest in mimicking the natural processes that regulate cell fate and tissue development.
This process, often termed developmental engineering [79,80], aims to recapitulate key features of
the different stages of normal development as a means of engineering tissues or organs with
biomimetic composition, structure and function. Developmental engineering looks to move away
from some of the early concepts associated with the ‘tissue engineering triad’, which centred around
the selection of cell type, soluble morphogens, and a scaffold substrate to control in vitro tissue
formation. Here, the quality of the engineered tissue ultimately depends on the aptness of these three
selected components, however due to their strong interdependence, altering one component of the
triad commonly influences the effectiveness of the other components. Consequently, this approach
tends to initiate a perpetual cycle of empirical attempts to find an adequate solution [79]. Instead,
developmental engineering commonly focuses on the use of ‘scaffold-free’ systems, shifting the aim
towards creating precursor tissues in vitro that are primed to follow a concerted progression in vivo,

resulting in restoration through recapitulation of the target tissues native developmental programme.

Without a scaffold material, developmentally inspired TE seeks to leverage the cell’s own
ability to synthesis a biomimetic extracellular matrix (ECM) under the direction of appropriate
exogenous cues — both soluble factors and biophysical signals generated by cell-cell and cell-ECM
interactions. These biological processes typically involve cell condensation, proliferation,
differentiation, matrix production and tissue maturation [42]. The principles of cellular self-assembly
and self-organisation underpin scaffold-free approaches in TE. The former has been defined as a
system in which order results from disorder in a spontaneous manner, without the introduction of
external force or energy, resulting in a closed system [81]. In contrast, self-organisation can be defined
as a process in which order appears as a result of external energy or forces being input into the system
[81]. In the context of TE, the spontaneous arrangement of cells via cell-to-cell interactions as a means
of minimising free energy is considered self-assembly. Typically, this process involves a non-adherent
substrate, and a sequential set of phases that closely mirror native tissue formation. Self-organisation
approaches include cell aggregate engineering where external forces generated by centrifugation is
used to facilitate the aggregation of cells, and can involve processes like 3D bioprinting to impart direct
cell positioning [42,73,82]. Tissue fusion is a collective term for a number of important events that

occur during embryonic development to form organ structures [83]. It is the process by which two or
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more isolated cell populations make contact and adhere, resulting in the initially discrete ‘fusing units’
forming a union [83]. Whilst cell-cell contact is an important feature of both self-assembly and self-
organisation, unlike self-assembly, self-organisation involves tissue fusion processes (cell-to-matrix
contact, matrix-to-matrix contact and ECM remodelling). In the context of TE, during this time two
previously separate cell populations within engineered microtissues are brought together to form a
continuous neotissue [81]. Routinely, both approaches (self-assembly or self-organisation) result in a
tissue that has gross morphological, structural similarities, and comparable functional properties to

native tissue, by virtue or recreating fundamental processes that occur in vivo [81].

One field positioned to benefit from this paradigm shift is musculoskeletal TE. To date, complete
in vitro biomimicry of musculoskeletal tissues such as bone, cartilage and the osteochondral unit has
not been achieved using traditional TE methods. Given that the tissues of the musculoskeletal system
rely heavily on function through form, the modest clinical impact of the field of musculoskeletal TE is
perhaps unsurprising given its failure to recapitulate the structure and composition of native tissues.
This review will focus on the use of cellular aggregates, microtissues and organoids as ‘building blocks’
for TE strategies [74], and specifically how emerging biofabrication and bioprinting techniques are
being used with such cellular structures to engineer tissues and organs of the musculoskeletal system.
This review defines a ‘cellular aggregate’ as a body of undifferentiated stem or progenitor cells, while
a ‘microtissue’ is defined as a body of cells that have been driven towards a specific phenotype in vitro
by exposure to differentiating factors. As such, a microtissue exhibits a specific tissue phenotype and
contains tissue specific ECM components. ‘Organoids’ are commonly generated from embryonic stem
cells (ESCs) or induced pluripotent stem cells (iPSCs) grown in a 3D culture, were they self-organise
into complex, functional and multi-layered tissues. As such, organoids are unrivalled in forming
cellular and tissue arrangements analogous to those found in organs. Despite their great potential as
tissue mimetics, organoids have limited sizes and reproducibility issues that limit their wide spread
application in basic research and regenerative medicine [73,82]. However, because organoids can be
produced in relatively large numbers they have the potential to be used as modular building blocks
and/or embryonic seeds for scaled-up organ engineering [75]. The review will first describe how
cellular aggregates, microtissues and organoids have been used for the engineering of bone,
prevascularised constructs, cartilage, and osteochondral tissues. It then explore how cellular

aggregates, microtissues and organoids can be used as ‘building blocks’ within emerging
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biofabrication processes to engineer scaled-up constructs suitable for tissue engineering and

regenerative medicine applications.

Biofabrication and bioprinting using cellular aggregates, microtissues
and organoids for the engineering of musculoskeletal tissues

Engineering:
1) Cellular aggregates :
2) Microtissues Bioprinting/biofabrication Engineering biomimetic
3) Organoids of numerous biological building blocks musculoskeletal tissues

Figure 2.1 Graphical abstract demonstrating a process for the biofabrication and bioprinting of
cellular aggregates, microtissues and organoids for engineering musculoskeletal tissues.

2.2 Cellular aggregates, microtissues and organoids for bone regeneration

Cell-based bone TE strategies can be broadly classified into those that attempt to recapitulate the
process of either intramembranous or endochondral ossification. The latter approach, which involves
the engineering of a cartilage soft callus in vitro for bone repair, can be considered a developmentally
inspired TE strategy as it attempts to recapitulate key aspects of long bone development [84,85].
Remodelling of an engineered cartilage anlage has proven to be an effective method for recapitulating
bone organogenesis ectopically [52,53]. However, generation of a similar functional bone organ,
complete with marrow cavity, vasculature, and resident cell populations, at an orthotopic site is
challenging, as is scaling such TE strategies to treat larger sized defects. This has motivated the
development of TE strategies that seek to combine numerous cartilaginous microtissues together into
a single construct primed for endochondral bone formation (Figure 2.2A). This section will review the
use of immature cellular aggregates, cartilage microtissues (sometimes referred to as ‘callus
organoids’ [54]) and osteogenic microtissues (that recapitulate an intramembranous ossification

pathway) for the regeneration of large bone defects.
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Cartilage microtissues for bone tissue engineering

Pellet culture is a well-established method for chondrogenic differentiation of mesenchymal
stromal/stem cells (MSCs) [86]. Recognising that cartilaginous tissues engineered using MSCs have an
inherent tendency to proceed along an endochondral pathway [85,87], cartilage pellets have also
been used as part of strategies to regenerate large bone defects [88]. Van de stok and colleagues
implanted 6 cartilage pellets (2 mm — 3 mm @), each containing 2 x 10> human MSCs (hMSCs), into 6
mm long femoral defects in rats. Pre-implantation, the chondrogenic pellets were rich in
proteoglycans and collagen types Il and type X, the latter indicative of a hypertrophic cartilage
phenotype. The pellets promoted complete bridging of the defect, as early as 4 weeks post-
implantation. Once the defect had been filled with a mineralised tissue, remodelling of this de novo
bone over the following 8 weeks restored the gross architecture of the native long bone (formation
of a bony cortex and medullary canal). However, this result was heavily donor-dependent, occurring
in only one of the three human cell donors investigated. The variance in healing capacity may derive
from differences in the chondrogenic capacity of each donor. It appeared that the more chondrogenic
the donor cells, i.e. the more cartilaginous ECM deposited in vitro, the better the bone healing
observed in vivo, however further studies are required to validate such a conclusion. It remains
unclear what level of chondrogenic differentiation and ECM deposition must be achieved in vitro to

ensure predictable and robust endochondral bone formation in vivo.
The importance of cartilage microtissue scale for endochondral bone tissue engineering

A well-documented limitation of high-density cell systems and cell laden scaffolds is their susceptibility
to inhomogeneous deposition of matrix components and core-necrosis, which can translate to
implant failure in vivo [61,62]. A simple approach to address this challenge is to reduce the number of
cells within a spheroid or microtissue, which has been shown to improve neotissue formation without
the need for complex culture regimes incorporating bioreactors for perfusion or mechanical
stimulation [66]. Interestingly, simply by reducing cell numbers within an aggregate, early
chondrogenic differentiation can be initiated without soluble exogenous cues. Moreover, genes
involved in the development of cartilage and endochondral ossification were strongly upregulated in
lower cell number aggregates in the presence of transforming growth factor beta 1 (TGF-Bi). As a
proof of concept, the authors compared traditional homogenous cell seeding of a scaffold to seeding
with multiple cellular aggregates. Despite the total cell number being four times lower in the latter,
the cartilaginous tissue formed within a collagen scaffold using cellular aggregates was more
homogenous. Additionally, a necrotic core observed in the traditional approach was absent in the

aggregate system [66].
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Recent work by Nilsson Hall et al. [54] took the concept of downscaling spheroids a step
further, reducing the cell number per aggregate to 250 cells to limit the size of the developing
microtissue to <150 um in an attempt to mitigate diffusion limitations of signalling molecules. The
study leveraged emerging knowledge on the resident bone cell subpopulations that contribute
greatest towards native callus formation during fracture healing. As such, they employed human-
periosteum-derived cells (hPDCs), as opposed to bone marrow derived stem/stromal cells (bomMSCs)
that are more commonly used for endochondral bone TE, for the formation of self-assembled cartilage
microtissues. The authors used gene niches, identified from the native autonomous control of
transitional zones in a developing growth plate, as a metric for determining the developmental stage
of their microtissues. The phenotype displayed within late pre-hypertrophic cartilage spheroids during
their in vitro differentiation lead to their definition as ‘callus organoids’. In the context of developing
callus organoids, a selected panel of developmentally inspired markers served as a means of directly
assessing tissue development during the in vitro culture. These efforts culminated in a marked
improvement in the reliability of in vivo outcome and provided support for the hypothesis that
diffusion related challenges, which hinder tissue maturation within larger bone tissue engineered
constructs, can be avoided by downscaling the cartilage rudiments to microtissues. Specifically, more
consistent and complete bone formation resulted from ectopic (subcutaneous) implantation of
constructs assembled from multiple smaller microtissues compared with more traditional macro-
scale, self-assembled constructs (Figure 2.2B). This effective mineralisation of the cartilage rudiment
and subsequent maturation into a bone organ ectopically was also reproducible within an orthotopic
bone defect model, where the healing process mirrored that of normal fracture healing (Figure 2.2C
& 2.5C). Taken together, the results clearly demonstrated the potential of modular pre-cursor
microtissues, or callus organoids, to self-organise into a larger, functional bone organ. Additionally,
the results strongly support the putative increased regenerative capacity of some understudied adult
skeletal stem cell populations. The study exemplifies the developmental engineering paradigm, and
offers a blueprint for how the design process can be implemented effectively in TE. Despite their
relative success, Nilsson Hall and colleagues [54] recognise the need to continue work towards
scalability of microtissues and organoids. In alignment with our own views, they identified a need for
automated systems capable of generating the vast number of microtissues/organoids needed to
create centimetre scale grafts, the risk inadequate vascularisation poses to the success of the highly
metabolically demanding self-organised tissues, as well as the central role bioprinting is poised to take

in structuring multicomponent tissues and organs.
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Immature MSC aggregates for bone tissue engineering

Implantation of immature hMSC aggregates (also termed ‘condensations’), coupled with the pro-
chondrogenic cue TGF-f4, has been shown to promote the regeneration of critically sized bone defects
through formation of a cartilage intermediate in vivo [89]. Interestingly, bone regeneration was
further enhanced by imparting some physiological load, via compliant fixation plates, onto the
developing cartilage within the defect. Such mechanical loading was found to extend the cartilaginous
phase of the endochondral ossification process, and was associated with improved repair and
consistent bridging of the defect [89]. This work helps to establish the importance of mechanical cues
in regulating the progression of developmentally inspired bone regeneration approaches, particularly

when implanting ‘unprimed’ stem/stromal cell condensations within an orthotopic defect.

The regenerative potential of immature MSC condensations can also be improved through
the addition of an engineered microvasculature. Rivron et al. identified hedgehog (Hh) proteins,
specifically Sonic hedgehog (Shh), as predominant morphogenic factors that are reactivated during
fracture healing and neovascularisation. Motivated by this observation they generated multicellular
spheroids containing hMSCs and human umbilical vein endothelial cells (HUVECs), and exposed the
aggregates to exogenous Shh protein which was found to induce the formation of patent
microvascular lumen within the spheroid in vitro in a dose dependent manner. This engineered
vasculature anastomosed with host vasculature and resulted in a significantly higher number of
perfused vessels in vivo. Furthermore, this enhanced vascular network contributed towards the
formation of mature bone tissue in vivo [90]. It is easy to envisage how such multicellular aggregates
could be used as the building blocks to generate large engineered bone, complete with a perfusable
vasculature. Section 3 of this review (see below) provides further details of how cellular aggregates
and microtissues can be used to engineer such vascular networks within musculoskeletal tissues.
Taken together, these results emphasise the importance of biomechanical or biochemical cues, as well
as the use of supporting cells, to control the in situ development and therapeutic impact of constructs

generated using cellular aggregates and spheroids.

Osteogenic microtissues for bone tissue engineering

The direct osteogenic differentiation of MSC aggregates represents a promising strategy for bone TE,
however cells may undergo rapid phenotype reversion upon the withdrawal of soluble factors [57].
This presents a significant challenge for bone TE, as in spite of significant in vitro priming, implanted
MSCs could contribute minimally to the regeneration of a bone defect. The provision of relevant ECM
proteins has been proposed as a means of providing continued instruction and sustaining, in vivo, the
osteogenic phenotype imposed in vitro [56,57]. Such a cell-instructive ECM is generated in vitro within

osteogenic spheroids or microtissues, thereby generating a feedback loop which maintains their
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Figure 2.2 A) Schematic representation of how microtissues can be utilised in bone tissue engineering.
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Bone precursor microtissues can be used alone, or in combination with vascular microtissues to
generate prevascularised bone implants. B) The importance of scale when engineering cartilage
precursors for endochondral bone tissue engineering. Histological comparison of bone precursor
microtissues and a traditional cartilage macrotissue for bone tissue engineering via endochondral
ossification, 4 weeks after ectopic implantation. i) Safranin O, ii) Masson’s Trichrome, iii) tartrate-
resistant acid phosphatase (TRAP), and iv) Human osteocalcin (hOCN) staining. Collectively, histological
staining indicated that cells (positive hOCN staining) within the implanted bone precursor microtissues
contributed towards the generation of a ossicle, with trabecular struts, active remodelling (positive
TRAP staining for osteoclast activity), and bone marrow. In contrast, a traditional cartilage macrotissue
only mineralised at the periphery of the implant and is filled with fibrous tissue, with little to no evidence
of a bone marrow cavity. Scale bars = 500 um (overview), and 100 um (zoom & iv). C) The same
precursor microtissues can be used to heal a murine, critically-sized long bone defect. i) Brightfield
image 1 hour after assembling numerous microtissues into a single construct (Scale Bar = 1 mm). ii) X-
ray images of the tibia defect treated with the microtissue construct (i) healing over 8 weeks (Scale bar
=1 mm). iii) Comparing the native tibia to the healed defect 8 weeks after implantation using ex vivo
nano-CT quantification of mineralised volume (% of total volume) and the medullary cavity (% of total
volume), (unpaired t-test). Figures B & C were adapted from [14].

osteogenic potential through cellular interactions with cell-secreted proteins. Murphy et al. provided
experimental support for this hypothesis, linking the increased and persistent osteogenic phenotype
of MSCs within a spheroidal or microtissue system, upon removal of soluble cues, to cell-ECM
engagements mediated by integrins such as aif3; [56]. Given that osteo-induced MSC aggregates

retain their differentiation markers better than single cells, a number of studies have investigated if
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such microtissues can act as a direct replacement for individual MSCs within biomaterial constructs
for bone formation in vivo [58,59]. Furthermore, the angiogenic and osteogenic potential of such
microtissues can be enhanced by hypoxic pre-treatment of the MSCs during their monolayer
expansion; such environmental culture conditions were shown to improve viability and upregulate
vascular endothelial growth factor (VEGF) expression without inhibiting the osteogenic differentiation
of the cells. Furthermore, these pre-conditioned osteogenic microtissues significantly improved
healing within critically sized bone defects when compared with those treated with individual MSCs

[60].

2.3 Cellular aggregates and microtissues for engineering vascular networks
Supporting angiogenesis and strategies to prevascularise engineered tissues

Engineering a supporting vascular network is integral to the regeneration of all vascularised tissues
and organs, including musculoskeletal tissues such as bone and muscle. In this context, cellular
aggregates have been used to indirectly support the process of angiogenesis during tissue
regeneration, while vascular microtissues have been used to prevascularise engineered constructs
prior to implantation. In the context of the former approach, MSC aggregates have been shown to be
potent drivers of neovascularisation through paracrine secretion of angiogenic factors such as VEGF
and hepatocyte growth factor (HGF) [91,92]. Additionally, cell aggregates have demonstrated
improved cell survival rates in ischemic environments due to the cells within the aggregate being
naturally preconditioned to hypoxic conditions and the upregulation of hypoxia induced survival
factors such as, hypoxia-inducible factor 1-alpha (HIF1a) and anti-apoptotic factors [91]. Improving
the survival of grafted cells is an important feature in the context of scaled-up TE, where apoptosis
due to oxygen deficiency within constructs in a physiological environment presents a significant
challenge. The expression of these secreted angiogenic growth factors has been quoted as being 20-
to 145- fold higher when compared to monolayer culture, and their effects so pronounced that

conditioned media from spheroid culture is alone sufficient to accelerate wound healing [93].

Despite this potency, sprouting new blood vessels from the surrounding host vasculature and
their subsequent ingrowth into the engineered tissue graft is a complex, multifactorial process which
requires significant time [94]. Consequently, for large grafts where implanted cells cannot survive
solely by diffusion from the proximal host vasculature, prevascularisation of the engineered tissue or
the inclusion of cellular aggregates with the potential to differentiate directly into vascular endothelial
cells, represents a promising strategy for rapidly developing an adequate blood supply (Figure 2.3A).
This process accelerates vascularisation by anastomosing a microvascular network, typically
preformed in vitro, with the immediate host vasculature through inosculation. Spheroids generated

using cells derived from human adipose tissue have been shown to partially differentiate into vascular
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endothelial cells [92], as well as contributing directly to newly forming blood vessels within an
implanted scaffold [92,95]. In a direct comparison with a traditional single cell approach, MSCs from
spheroids were found to contribute twice as much to developing microvessels (~ 40% of cells in de
novo vessels were identified as coming from the implanted spheroids, vs ~ 20% from single cell
implants). Moreover, these developing vessels made a marked contribution to the overall
vascularisation of the implanted scaffold by combining with invading host-vessels via inosculation
[95]. Cellular aggregates generated using a co-culture of HUVECs and MSCs have also been shown to
support the development of microvascular networks in vitro due to sprouting between individual
aggregates (Figure 2.3Bi & 2.5B) [96,97]. When encapsulated within a collagen/fibrin hydrogel, such
co-cultured spheroids have supported the formation of a more pervasive prevascular network
compared to seeding co-cultures of monodispersed cells (Figure 2.3Bi & ii). Additionally, this approach
yielded a significant increase in the expression of osteogenic genes [96]. This suggests that the
inclusion of vascular co-cultures can aid not only in overcoming diffusion limitations through
prevascularisation, but also enhance the differentiation of MSCs in applications where the target
tissue is natively vascularised, such as bone. However, the mechanism of this synergistic interplay is

currently undetermined and requires further investigation.

As previously discussed, successful examples of engineering tissues on a clinically relevant
scale has been scarce. Generally, successful cases are limited to tissues with low metabolic demands,
those that are naturally hypoxic, are low in cell number, and are relatively thin (< 2 mm) and as such,
at the limit of simple diffusion [98]. By extension, cellular aggregates or spheroids are high cell-density
systems, and their size (diameter) is constrained by diffusion, with various ‘maximum’ diameters
quoted throughout the literature. As aggregates/spheroids have been successfully prevascularised
using HUVECs co-cultured with various cell types (bone marrow derived MSCs [99], human fibroblasts
[100], human osteoblasts [101,102], human myofibroblasts [103]), a strategy of prevascularising each
microtissue subunit is an attractive means of prevascularisation and potentially a route towards
engineering organs with a rapidly perfusable vasculature. For example, it has been shown that
prevascularised tissues of scale can be engineered by ‘coating’ multiple microtissues with HUVECs
which migrate throughout the microtissues forming a prevascular network. Individually
prevascularised microtissues can self-organise into a larger macrotissue, and unlike non-vascularised
implants, connect with the host vascular network, resulting in the preformed capillary-like network
being perfused with host erythrocytes [103]. In summation, these findings suggest that spheroids
contribution’s to vascularisation can go beyond their significant paracrine effects and reach into
vasculogenesis, acting as individual vascular units capable of spontaneously developing new

microvascular networks in situ.
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Engineering larger vessels using microtissues

At present, the size of many vascularised engineered tissues is of the millimetre scale. As such, the
microvascular networks previously discussed can be effective means of overcoming diffusion
limitations associated with high cell-density systems. However, as such engineered tissues approach
the centimetre scale (i.e. clinically relevant in humans), the need for a larger, immediately-perfusable
vasculature increases. In vitro work with centimetre scale, functional tissues biofabricated from
spheroidal building blocks has demonstrated that maintaining viability, and the consequent
functionality of the engineered tissue, is only achievable with perfusable lumen within the body of the
construct [104]. In light of this, engineering macroscale vessels, using vascular microtissues, which are
amenable to integration within other spheroidal based musculoskeletal developmental engineering

approaches is important for scalability (Figure 2.3).

The principles of self-assembly and self-organisation have been used to engineer vascular
constructs at a macroscopic scale. Gwyther et al. [105] have demonstrated a scalable method for
generating vascular tubes from aggregates of smooth muscle cells. The technique involved seeding a
high density cell suspension into a non-adherent annular well. After 48 hours, the cells had
spontaneously aggregated into a torus, contracting around the central post of the agarose well. The
internal diameter of the rings (2, 4, and 6 mm) could be tuned by altering the size of the post, and the
thickness of these tissues increased in accordance with the deposition of ECM components. Even
without exogenous growth factors, individual rings were mechanically robust after only 8 days in
culture, displaying mechanical properties that were favourable compared to traditional cell and
hydrogel approaches. Furthermore, discrete rings could be manually aligned on a silicone mandrel,
which fused together to form a continuous vascular tube (> 2 mm in length). Despite this relative
success, it should be noted that a cell line was employed in this study. The notable increase in
proliferative capacity of a cell line compared to a primary cell source could account for the rapid
generation of ECM components, tissue growth, and resultant mechanical properties reported. A more
recent study employed a similar self-assembly method to form vascular tissue rings from human

induced pluripotent stem cell (hiPSCs) derived smooth muscle cells [106].

In the context of engineering functional tissues via prefabricated building blocks, it is important

to consider the mechanical properties of the individual components. In the context of vascular tissue
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Figure 2.3 A) Schematic of different approaches for prevasularising engineered tissues with blood
vessels at different scales. The first uses vascular spheroids for engineering large blood vessels. The
second employs spheroids as individual vascular units to form a prevascular network through
endothelial sprouting. B) Vascular spheroids for prevascularisation. i) Adjacent HUVECs spheroids can
sprout outwards and create a microvascular network (Scale Bar = 1 mm) [34]. ii) MSC and HUVEC co-
cultures can form vascular spheroids and be seeded within a hydrogel. Within this environment, these
vascular units undergo angiogenic sprouting and form prevascular networks (iii) (Blue — DAPI, Green
— f-actin, Red — CD31), Scale Bar = 500 um (ii) and 1 mm (iii) [33]. C) Spheroids can be bioprinted and
self-organise into large, unified, and branched vessels. Bioprinting can be used to create tubular
structures from spheroids (left-centre), it also allows to create connected bifurcations within the
tubular structures (centre-right). Over time, initially discrete spheroids fuse to form a unified vascular
tissue. Finally, bioprinting can spatially localise phenotypically distinct spheroid populations to form
double-layered vascular walls. Here, spheroids expressing smooth muscle a-actin (brown) have been
localised centrally within the bioprinted vessel (right) [47].

engineering, burst pressure is an important criteria. Achieving burst pressures approaching those of
native vessels has come from fusing individual cell/tissue sheets [107,108]. Such cell/tissue sheets
may be more suited to engineering functional vascular tissues than spheroids, because they can easily
form continuous tubes, requiring only one fusion point. Several methods of self-organising cell sheets
have been proposed. Some involve stacking sheets, and through the incorporation of HUVECs, permit
prevascularisation of the developing 3D tissue [109]. Others have mimicked the concentric layers of
native vessels, by rolling cells sheets comprised of distinct cells types [107]. Despite their inferior

mechanical properties (e.g. burst strength), strategies relying on cellular aggregates or spheroids offer
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a distinct benefit over the aforementioned method as they allow the fabrication of branched macro-
vascular structures. Norotte et al. [110] demonstrated that multicellular spheroids and cylinders can
be used to biofabricate tubular structures as well as vessel-like structures with several bifurcations
from a larger tubular structure (Figure 2.3C). Efforts towards bioprinting microtissues for bone
regeneration could benefit from this work, for example, by integrating such bioprinted vessels within

a population of bone precursor microtissues.

2.4 Microtissues as building blocks for engineering articular cartilage

Numerous iterations and combinations of the three aforementioned elements of the ‘tissue
engineering triad’ have been explored in attempts to engineer cartilage grafts mimicking the complex
structure, composition and biomechanics of native articular cartilage [5]. These efforts have resulted
in a number of different cell- (e.g. matrix-assisted autologous chondrocyte transplantation) and/or
scaffold-based TE approaches reaching the clinic [111-113]. The relatively limited clinical success of
many of these approaches has motivated further research in embryonic and postnatal developmental
processes that can potentially be leveraged to improve cartilage TE [114]. Early developmentally
inspired approaches utilised non-adherent surfaces to coax the self-assembly of articular
chondrocytes and the production of a neocartilage in vitro [115]. Although scaffolds for cartilage
engineering, arguably the most widely researched aspect of the traditional paradigm, can provide
several benefits they are not without their limitations [81]. As such, ‘scaffold-free’ approaches,
unencumbered by the constraints imposed by a scaffold material or hydrogel, free the cells to self-
assemble and self-organise (Figure 2.4A). It is believed that through the generation of their own
microenvironment, the limitations associated with scaffold-based TE (shielding from biophysical and
biomechanical cues, toxicity and/or immunogenicity of the scaffold or degradation products, poor
synchronisation between neotissue formation and material degradation, phenotype alteration, and
restricted cell-cell communication [81,115]) can be circumvented. Additionally, the processes of self-
assembly and self-organisation offer their own benefits for functional articular cartilage TE. These
biological advantages centre on recreating keystone events that occur throughout the mesenchymal
condensation during skeletogenesis, from the production of physiologically relevant cell adhesion
proteins (neural cadherin (N-cadherin) and neural cell adhesion molecule (N-CAM)), to recapitulating
specific and appropriate cell-ECM interactions and growth factor mediated signalling events
associated with limb bud development [64]. As a result, such scaffold-free approaches can more
effectively recreate the sequential events of mesenchymal condensation during limb bud
development. Moreover, it is seen as a crucial step in reliably committing undifferentiated
stem/progenitor cells towards a stable chondrogenic lineage in vitro, and the subsequent
development of tissue which is biochemically and biomechanically comparable to that of early

developing cartilage [43,44,64].
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Lessons from cellular self-assembly for engineering stable cartilage

Considering the broader fields of self-assembly and self-organisation can assist in the development of
high-quality engineered cartilage when using cellular aggregates and microtissues. Several groups
have successfully leveraged self-assembly in vitro to generate a highly bio-mimetic engineered
cartilage (Figure 2.4Bi) [45,46]. Additionally, others have demonstrated that MSCs self-assembled into
discs or micromasses, as opposed to pellets used in traditional MSC chondrogenic assays [86], can
elicit a more robust chondrogenic response [47,48,116]. Of particular note in this field is the work of
Athanasiou and colleagues who have successfully used self-assembled cartilage discs as a platform to
investigate the influence of growth factors [45,49,117], enzymatic treatment [45,50,117], and
mechanical stimuli [51] on the development and maturation of scaffold-free cartilage tissue.
Additionally, others have shown that spatiotemporally exposing self-assembled cartilage discs to
physiologically inspired soluble cues can promote the generation of a spatially organised tissue [46].
Furthermore, this TE strategy supported the development of phenotypically stable tissues, where the
in vitro engineered stratified tissue was resistant to uncontrolled endochondral ossification in vivo,
retaining its physiological zonal organisation in a subcutaneous murine mode (Figure 2.4Bii). As such,
this work affirmed the putative benefit of recapitulating aspects of native cartilage development in
the pursuit of maturing hMSCs into a stable and organised cartilage tissue. However, in spite of these
promising findings, there are several challenges with translating such approaches to preclinical and
human clinical applications [111,118]. For example, engineering anatomically defined tissues with
comparable thickness to human articular cartilage is challenging using established self-assembly
approaches. Fixation of these cartilage discs in situ, or their integration with an osseous phase with
sufficient integration to withstand the substantial shear and compressive forces within a joint presents
a significant challenge. Complications during surgical fixation of scaffold-free cartilage have been
discussed elsewhere [111]. Attempts to secure self-assembled neo-cartilage discs using fibrin glue
with extensive joint immobilisation (6 weeks) have demonstrated significant graft failure (50% of

implant remaining in place) after 24 weeks in vivo [119].

Engineering organised articular cartilage using microtissues

Using cellular aggregates or cartilage microtissues as building blocks may address many of the
challenges of engineering anatomically defined cartilaginous tissues of scale suitable for human
clinical use. For example, it has been demonstrated that MSC aggregates, cultured for 5 days in the
presence of TGF-B3 to generate cartilage microtissues, can fuse under external pressure to form a
homogenous cartilage matrix [68]. In addition, the developing cartilage successfully integrated with
an underlying bone scaffold in both a simple plug configuration as well as in a large, anatomically

accurate implant. Similar to the tissue that forms in self-assembled discs, the study demonstrated that
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by mimicking some of the features present in the embryonic milieu, a cartilage with physiologic
stratification of matrix components (glycosaminoglycan (GAG), collagen type- Il and X, lubricin) in
native tissue can be engineered when employing cartilage microtissues as building blocks (Figure 2.4C
& 2.5A). Furthermore, the engineered tissue possessed biomechanical properties (compressive
modulus >800 kPA and friction co-efficient <0.3) approaching those of native cartilage after only 5
weeks of chondrogenic cultivation [68]. Limitations with this approach include its manual nature,
requiring the external pressure of a polydimethylsiloxane (PDMS) mould to force the formation of a
homogenous tissue. Given that spontaneous fusion of the cell aggregates was not achievable without
these constraints, difficulties may arise when adopting this methodology to patient-specific
geometries. A potential explanation for the limited spontaneous fusion could be the spheroid size (~
1mm in diameter) employed, although a relationship between spheroid size and/or cellularity and
their capacity to spontaneously fuse was not elucidated. Furthermore, it remains unclear if such
approaches lead to the development of articular cartilage with native-like anisotropy in its collagen
network. Others have mirrored these findings and have observed that an upregulation of numerous
chondrogenic markers during cellular self-assembly does not cause a concomitant formation of a
stratified collagen organisation [42,45,47]. Studies that have attempted to guide collagen organisation
in self-assembled tissue have primarily utilised mechanical constraints or polymeric boundary
conditions, demonstrating that improvements in collagen organisation correlate with more
biomimetic compressive properties [41,78]. In the future it is possible to envision the use of
automated 3D bioassembly strategies that enable the precise localisation of microtissues [120] within
carefully designed 3D printed scaffolds that function to guide their fusion and growth, ultimately
directing the spatial organisation of the engineered tissue. Here care must be taken to ensure that
such guiding scaffold structures to not negatively interfere with the fusion and remodelling of the
microtissues. Alternatively, microtissues could be combined with preformed collagen-based scaffolds
that already emulate the arcade structure of articular cartilage. In one example of such an approach,
collagen threads were woven in a zig-zag pattern to form tubular structures that mimic the collagen
organisation in articular cartilage. Two compacted collagen sheets were then sandwich between these
tubes, stabilising the configuration prior to cross-linking the collagen. The patent cylindrical pores (1
mm) that remained were populated with cell pellets (1,000,000 MSCs, 0.6 + 0.2 mm in diameter) which
had been cultured for 3 days in expansion medium. Once seeded into the scaffolds, spheroids were
cultured chondrogenically and supported robust deposition of sGAGs and type Il collagen, ultimately
resulting in an increase in the apparent Young’s modulus (by 60%) compared to the un-seeded
scaffold. The construct demonstrated substantial elastic properties and a compressive modulus

approaching that of naive native articular cartilage [121]. Given the reliance native cartilage has on
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the spatial organisation of it macromolecular network, finding an efficacious and reproducible

approach for generating spatial organisation within self-assembled cartilage is essential.
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Figure 2.4 A) Microtissues for cartilage tissue engineering. Individual cartilage microtissues can be
employed directly within a defect, or allowed to first self-organise in vitro into a spatially organised
tissue before implantation. B) Lessons from engineering a stable cartilage phenotype via self-
assembly. i) Gross morphology and histology of self-assembled neo-cartilage treated with TGF-8 and
chondroitinase-ABC. Histologically, a stable, uniform and rich cartilage matrix is formed (positive
staining for sGAG, collagen type ll), scale bar = 200 um [57]. ii) Recapitulating the spatiotemporal
gradients present during native cartilage development have been shown as a means of spatially
organising an engineered cartilage. Here, self-assembled human cartilage with physiologic
organisation demonstrated more stability in vivo compared to a similar self-assembled cartilage that
had been cultivated in traditional isotropic chondrogenic conditions. Histologically, the deposition of
collagen type |, loss of collagen type Il, absence of superficial lubricin expression, invasion of
preosteoclasts/osteoclasts (Platelet-derived growth factor-BB (PDGF- BB)), and extensive
osteopontin expression is indicative that cartilage cultured traditional isotropic culture conditions
was more prone to undergo endochondral ossification in vivo, when compared to a more zonally
organised engineered tissue (Scale bar = 100 um) [58]. C) Cartilage spheroids can be fused to engineer
large, anatomically-shaped and stratified cartilage. Cartilage spheroids were bioassembled on top of
an anatomically shaped bone scaffold by pressing the scaffold into the spheroids using a two-piece
silicone mould (left). After 5 weeks of chondrogenic cultivation, spheroids had fused and generated
a stable cartilage tissue with zonal organisation (Scale bar = 500 um) [68].

28



The importance of cartilage microtissue scale for articular cartilage tissue engineering

The use of larger cartilaginous spheroids for cartilage TE have been associated with certain limitations,
specifically an intrinsic heterogeneity in cell phenotype due to diffusional gradients within such
tissues. These gradients can affect not only cell morphology, but also cause distinct regions of matrix
deposition within a single spheroid. Specifically, the production of collagen | superficially, collagen I,ll,
and X in the middle regions of the aggregate, and an absence of matrix within the core due to
apoptotic or dead cells have been reported [62]. As such, the validity of high cell density spheroidal
models for cartilage regeneration have been questioned [62]. The formation of chemical gradients
and suboptimal culture conditions in these larger aggregates can account for many of the
aforementioned issues. While measuring gradients in cellular aggregates is challenging, levels of
oxygen, nutrients like glucose, and growth factors exist within such structures and their contribution
to the spheroid microenvironment has been discussed as impacting cellular properties and behaviours
[122,123]. To date, most studies investigating transport phenomena in spheroids has been completed
using non-MSC populations [124]. Since different cell types consume nutrients at different rates, have
different packing densities and porosity which alter the rate of diffusion [124-126], leveraging these
findings is challenging. Nevertheless, MSC spheroids formed using 15,000, 30,000 and 60,000 cells
(with diameters of 352 um, 502 um, and 706 pum respectively) showed a significant decrease in cellular
metabolism, specifically glucose consumption, as cellularity and spheroid size increased. Since there
was only a 10 % gradient in oxygen from the outer diameter to the core in the largest spheroid, it was
hypothesised that cells were adaptively reducing their biosynthetic output to avoid generation of a
hypoxic core in larger spheroids [124]. Additionally, a 400 um diameter has been identified as the
upper limit for spheroid size to avoid core hypoxia and cell death as a result of limitations in the
diffusive length of nutrient transport [127]. Hence, the development of scaled-down versions of the
progenitor aggregates is emerging as a logical alternative [66]. To this end, studies have sought to
create high-throughput methods for generating small (<200 um) microtissues from a few hundred
articular chondrocytes [128,129]. The archetypical single cell scaffold-based approach has been
directly challenged using microtissues generated using human periosteum-derived stem cells. /In vitro,
the small (50 — 250 cells, 60 pum — 120 um in diameter) microaggregates underwent a more
pronounced downregulation of stemness markers and a subsequent nuclear translocation of Sox9 and
upregulation of Sox9 associated genes compared to single cells over 7 days of in vitro culture.
Additionally, over 21 days of chondrogenic culture micro-aggregates containing 50, 100, and 250 cells
significantly enhanced chondrogenic gene expression and cartilage specific ECM accumulation
compared to single cells. Furthermore ectopic implantation of un-primed micro-aggregates (no
exposure to the chondrogenic morphogens such as TGF-B) elicited a more rapid and intense formation

of cartilage when compared histologically to primed (+ TGF-B) single cell constructs. As might be

29



expected, this difference was amplified if the microaggregates were also exposed to TGF-B during the
6 day in vitro preculture, forming cartilaginous microtissues [129,130]. However, given the potential
negative impacts of using growth factors in therapeutics, the capacity to outperform traditional single
cell approaches in the absence of exogenous factors emphasises the potent potential of aggregation
techniques to steer stem cell fate both in vitro and in vivo. Additionally, by scaling-down cartilage
microtissues, they can become compatible with current extrusion based bioprinting methods that

have been used for the structuring of single-cell-laden hydrogels for several years [71].

To date, orthotopic implantation of such cartilage microtissues has been scarce. However,
promising defect regeneration from larger spheroids treatments in the clinical environment
(chondrosphere®) [42,131,132] suggests that the improvements seen in vitro by down-scaling
spheroid size can lead to further improvements. Additionally, much of the work previously undertaken
with self-assembled cartilage can be directly translated to applications where microtissues are
intended as ‘building blocks’ for generating an engineered cartilage. All of these approaches have
sought to improve the quality of the neotissue formed in vitro. Consequently, the addition of boundary
conditions to drive collagen anisotropy [41,78,121], enzymatic treatment to re-balance the
sGAG:Collagen ratio [45,50], ECM substrate materials [133], the inclusion of growth factor eluting
biomaterial micro-spheres [134], or the use of cartilage progenitor cells [135-137] can all potentially
be used to enhance the functional development of articular cartilage engineered using microtissues.
Despite this, issues generally associated with cartilaginous spheroids, such as the aberrant cellular
morphology and phenotype observed in the peripheral regions of such tissues, may impact the quality
of the overall tissue generated when numerous microtissues are brought together to generate a single
tissue of scale. With this in mind, and given the aforementioned challenges with achieving
spontaneous fusion of adjacent cartilage spheroids [68,138], significant thought must be given in each
case to ensure that the microtissues are fit for purpose. In summation, robust chondrogenesis is
achievable by recapitulating the mesenchymal condensation observed during cartilage development.
Furthermore, the organisation of this developing tissue can be modulated, at least in part, by the
introduction of cues to guide the self-organising tissue. This provides encouragement that a mature,
biomimetic cartilage tissue for the biological resurfacing of damaged and diseased joints is within

reach using cartilage microtissues as biological building blocks.

2.5 Osteochondral tissue engineering

Self-organised progenitor cell aggregates have also been used to generate constructs to treat
osteochondral defects [69,139—-142]. In one such study, cell aggregates generated using adipose
derived stem/stromal cells were fused to create cylindrical scaffold-free implants. These
undifferentiated constructs were then used to treat osteochondral defects created in the patella-

femoral groove of mini-pigs. Macroscopically, the treatment groups appeared to have filled with an
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abundance of cartilaginous tissue, whereas the tissue filling the empty defects appeared to be more
fibrous and depressed from the defect surface. However, no significant differences in the quality of
repair was observed between the control and experimental groups at either the 6- or 12-month time-
points. Histologically, the repair tissue at the apical surface of the treated defect appeared filled with
fibrocartilage and regeneration of the subchondral bone occurred via an endochondral pathway. In
contrast, empty defects were entirely filled with fibrous tissue, with little to no regeneration of the
osseous or chondral regions visible 12 months post-operatively [69]. Although microscopic scoring
indicated a significant improvement in healing, there are several features of this early work worth
noting. First, defects were created in a relatively low-load bearing site within the joint; it would be of
interest to observed how such an immature, predominantly cellular, construct would respond to a
more biomechanically demanding environment such as the femoral condyle. Additionally, although
this treatment resulted in an improvement over the untreated control, this approach failed to
consistently promote complete hyaline cartilage repair. Despite this, the study also raises interesting
qguestions into the mechanisms by which the cells within the undifferentiated spheroids are guided,
by the surrounding environment, towards regenerating the distinct osteochondral tissues.
Additionally, it provides encouragement that long-term regeneration of osteochondral tissues can be
enhanced by the use of scaffold-free tissue engineering strategies, although direct comparisons with

scaffold-based approaches are required to better understand the relative benefits of both.

2.6 Biofabrication strategies

As the platform technologies, hardware capabilities, and biomaterial science associated with
bioprinting expands so does its scope. Traditionally, bioprinting involved the precise, user-defined
spatial deposition of a single-cell suspension encapsulated within a bioink in three-dimensions.
However, the remit of bioprinting is now extending towards the deposition of cellular aggregates,
microtissues and organoids in hopes of bioprinting complex organ-units using these organoids as
embryonic seeds [75]. The rapidly expanding toolbox available to bioprinting labs has pushed the
boundaries of the ‘biofabrication window’ significantly from when print fidelity was predominantly
defined by the shear thinning nature of the deposited cell-laden biomaterial (bioink) [143]. Martin et
al. have recently proposed two prospective methods for ‘organogenesis by design’, which combine
the paradigms of self-organisation and bioprinting [75]. The first, leverages bioprinting to impose
geometric design and sizes to direct a pool of printed stem/progenitor cells towards a developing
organoid. When compared to traditional symmetrical, spherical self-assembly, the self-patterning of
the bioprinted cells can potentially be guided through the user-defined micro-patterning. Alternately,
bioprinting can be utilised in a bottom-up approach whereby numerous small organoid units, created
prior to the printing process from stem/progenitor cells, are deposited in a spatio-temporal fashion

to drive subsequent development. In this scheme, the patterning imposed during bioprinting is
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intended to instruct the formation of more complex, large-scale organogenesis from the smaller
intermediate organ progenitor building blocks [75]. Within this section, an up-to-date insight into
novel and emerging bioprinting/biofabrication strategies employed for the development of functional
tissues and organs from high-density cell aggregates and microtissue precursors will be provided, with

a focus on the technological advancements that have facilitated significant progress in the field.
Embedded bioprinting of cellular aggregates in supporting baths

Until recently, bioprinting millimetre scale structures with acceptable fidelity has been limited to
polymer-rich bioinks [144]. However, the inherent opposing requirements of a bioink mean that these
dense bioinks offer limited biomimicry and ultimately restrict tissue development. 3D bioprinting
within a suspension media has emerged as a platform for patterning lower viscosity, biomimetic
bioinks with excellent resolution and fidelity [144]. Microgel support baths have emerged as a means
of supporting the deposition of both individual cells as well as cell spheroids [145,146]. These support
baths, which act as liquid-like solids (LLS), are formed of granular hydrogel microgels tightly packed
within cell culture medium [145]. Post-extrusion, the microgels provide physical support for single
cells as well as cellular aggregates, whilst offering unrestricted diffusion of nutrients, waste, and other
molecules by virtue of the interstitial spaces between the microgels and their high (>99% w/w) liquid
composition [145]. This approach has demonstrated exceptional resolution and print fidelity, capable
of reproducing personalised tissues and organs (Figure 2.5D) [147]. Additionally, similar methods have
been used to support both bone and cartilage by bioprinting cellular condensations and then
maintaining them in long term culture within mechanically stable support medium [146]. In this study,
human stem cells were the only component of the bioink. As such, they were able to coalesce via
transmembrane proteins and differentiate along specific musculoskeletal lineages generating specific
matrix components unhindered by an interstitial hydrogel. To achieve this, photoreactive groups were
added to alginate micro-particles, which allowed the support bath to be cross-linked post-printing

generating a mechanically stable substrate for extended culture.
Sacrificial writing into functional tissue (SWIFT)

The sacrificial writing into functional tissue (SWIFT) technique effectively inverts the aforementioned
‘support bath’ paradigm, whereby a sacrificial ink is printed into a slurry-support bath comprising
predominantly of cellular spheroids [104]. As such, SWIFT demonstrates that by coupling a carefully
selected ECM and ‘organ building blocks’ (OBBs), a support bath that displays strong shear-thinning
behaviour with appropriate yielding ahead of the translating nozzle and self-healing in its wake,
analogous to the microgels used in traditional embedded printing techniques is possible (Figure 2.5Ei
& ii). Interestingly, in the absence of densely packed OBBs, the ECM solution alone does not exhibit

the necessary rheological properties to support embedded 3D printing. At physiological temperatures,
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the ECM undergoes marked stiffening, fixing the geometry imposed within the OBBs by the sacrificial
ink as it is evacuated (figure 2.5Eiii). This methodology was leveraged to generate networks of
perfusable tubular features embedded within the construct, which serve as template for vascular
channels within the construct which could exceed 40 mm in length and 4 mm in thickness. In doing
so, the authors successfully maintained cell viability within the extraordinarily dense (0.5 billion cells)
living matrix via perfusion of hyper-oxygenated (95% O3) culture media through the printed channels.
Furthermore, attempts were made to endothelialise the lumen with HUVECs. Although a confluent
layer of endothelial cells across the entire lumen was not achieved, the results suggest that HUVECs
have the capacity to adhere to the fusing EBs and remain in place during perfusion. Patent channels
were printed into various OBBs: compacted embryonic bodies (EBs), cerebral organoids, and cardiac
spheroids, without disrupting the complex architectures present within the developing organoids

[104].
Aspiration-assisted bioprinting (AAB) of spheroids

Although different support baths may provide an effective substrate for bioprinting microtissues as
minimal units for organogenesis, the precise control over their positioning in the 3D space has
presented significant challenge. The aspiration-assisted bioprinting (AAB) technique represents a
promising approach to address this challenge [97]. In this method, spheroids are positioned using the
minimal aspiration force (critical lifting pressure) to overcome gravity, buoyance force, hydraulic drag,
and the thermodynamic barrier at the interface, whilst maintaining cell viability above 80%.
Application of this approach has been demonstrated in both scaffold based and scaffold-free
situations. AAB has also been investigated as a method for engineering osteochondral tissues.
Retention of osteogenic and chondrogenic spheroid phenotypes was maintained following bioprinting
and translated into fusion of the distinct spheroids with the histomorphological characteristics of an

osteochondral interface [148].
Fluid-based singularisation

Given the complexity of engineering biological interfaces such as the osteochondral unit, bioassembly
of numerous different microtissues into a single implant capable of self-organising into an organ
precursor will not be without its challenges. To this end, unique micro-fluidic systems merged with
bioprinting methods are emerging as effective means of spatially organising spheroids for
osteochondral tissue engineering applications. Advanced bioprinting methods have also yielded the
biofabrication of a biphasic, hemi-spherical constructs intended for osteochondral resurfacing (Figure
2.5Eiv). Here, a novel fluid-based singularisation module was employed to accurately insert individual
spheroids (cell- or biomaterial-based) into the pores of a thermoplastic polymer scaffold. Automated

deposition of the pre-differentiated microtissues or chondrocyte laden microgels did not impact long-
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term viability, fusion of adjacent utissues, or cell phenotype, resulting in the formation of cartilage

specific ECM proteins over 28 days of in vitro culture [120].
The Kenzan method

Alternatively, spheroids can be spatially organised using the ‘Kenzan’ method. Here, pre-assembled
spheroids are robotically aspirated, like above, and subsequently impaled on a micro-needle array,
which serves as a temporary support. The distance between the needles (commonly 500 um) is such
that adjacent spheroids can interact and secrete a supporting matrix [149]. In the absence of a
supporting biomaterial, the Kenzan method has been shown as an effective method for assembling
numerous spheroids to form live vascular tubes measuring 5 mm in diameter and 2 cm in height [150],
cartilage constructs for the treatment of focal defects (3 mm @ x 1 mm) [151] and cylindrical
osteochondral implants measuring 5 mm @ x 4 mm [141]. The latter aided in the regeneration
(radiologically and histologically) of osteochondral defects in a preclinical animal model [141]. Despite
this, several drawbacks unique to using the Kenzan method as a means of bioassembling spheroids
have been identified. Predominantly, the inter-needle distance defines a relatively narrow range of
spheroid diameters that will permit fusion and the development of a unified tissue. As such, it places
an onus on generating optimal spheroids which, could prove challenging when considering the use of

unknown cell combinations, and/or culture conditions/periods [149].
Bioprinted-assisted tissue emergence (BATE)

Bioprinted-assisted tissue emergence, or BATE [82], aims to leverage bioprinting to accurately control
the initial spatial organisation and densities of organoid-forming stem cells to permit their
spontaneous self-organisation into larger, centimetre scale, tissues. Here, a custom-built extrusion-
mode printer was fabricated by combining a syringe pump with an inverted microscope. The
microscope stage controller was used to define the spatial positions, while the syringe pump allowed
extrusion of cell/organoid suspensions via a pulled glass capillary. Cells were deposited into a bath of
hydrogel precursor material which, after printing was crosslinked at 37 °C to maintain the spatial

positioning of the deposited biologics.

The study successfully demonstrated that bioprinting is an effective method of controlling the
spatial deposition of stem cells onto a bioactive ECM substrate whilst maintaining their ability to form
complex structures reminiscent of those within a mature organ through self-organisation (such as
lumens, branched vasculature and tubular intestinal epithelia with in vivo-like crypts and villus
domains). Additionally, bioprinting permitted spatial and temporal control over the introduction of
support cells, which can have a potent modulatory effect on developing organoids, improving growth

and development [82]. Although considerable precision is required from the bioprinting hardware,
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this approach does not require the development of an overly complex bioprinting modality. Instead,
the bioprinter is used as a means to accurately and precisely control experimental variables, such as
cell density, initial tissue geometry and the proximity and positioning of co-deposited heterogeneous
cell populations. As such, the influence these factors, and others (cell-matrix interactions and soluble
factors), on the spontaneous cellular self-organisation into organoids can be robustly investigated.
Interestingly, the development of the ‘BATE’ technique demonstrates that highly complex printing

methodologies are not required to strictly define spatial control over organoid/spheroid deposition.

Instead, identifying and engineering appropriate conditions between the developing
organoids and the surrounding environment can allow the printed cells to create the geometrical
complexity of the final tissue, through post-printing remodelling and self-organisation. As such, it
seems bioprinting is best suited as a tool, within a design strategy, to help define initial conditions and
creating a favourable environment for the naturally programmed organoid building blocks as well as

their relevant support cells to self-organise a specific tissue or organ [82].

2.7 Outlook

Leveraging cellular self-organisation within musculoskeletal tissue engineering holds tremendous
promise for generating constructs that mimic the native tissue’s composition and structural
organisation. This can be enabled by the use of novel biofabrication techniques that provide precise
control over the location of cellular aggregates or microtissues in 3D space. In this paper we have
summarised the many advantages of using aggregates, microtissues and organoids as building blocks
for generating large, biomimetic musculoskeletal tissues. In common with other scaffold-free tissue
engineering strategies, such approaches can promote the development of a more biomimetic tissue
as the cells are free to interact and self-organise. Moreover, tissue engineering with microtissues is an
inherently scalable process. This benefit comes from first engineering scaled-down microtissues that
inherently overcome nutrient transport limitations and yield more consistent lineage commitment
and ECM deposition. Once combined, these microtissues have exhibited the capacity to act as
functional building-blocks for the biofabrication of larger tissues via self-organisation and remodelling

into functional grafts.

Despite this promise, some deficiencies with current strategies remain. Robust fusion
between proximal microtissues can prove challenging, and failure to form a continuous tissue can
compromise the effectiveness of the construct. Additionally, achieving significant tissue maturation
in vitro may be unobtainable within reasonable culture times, and hence a truly ‘scaffold-free’
approach to engineering a mechanically functional musculoskeletal tissue may be unfeasible. Within
the musculoskeletal system, tissues are often placed under significant physiological loads. In this

review we have highlighted that modular assembly of microtissues alone may not be sufficient to
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Bioprinting/Biofabrication of Complex Osteochondral Organs
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Figure 2.5 Bioprinting/Biofabrication of complex osteochondral organs. A) Articular cartilage
microtissues. i) Individual cartilage microtissues can fuse to form a homogenous cartilaginous tissue
[68]. Positive tenascin deposition at the periphery of two fusing units (Red) indicates successful union
between cartilage microtissues (Top), and homogenous sGAG deposition results from the successful
self-organisation of the developing cartilage tissue (Bottom) (Scale bar = 200 um). ii) Large,
anatomically shaped cartilage can be engineered via fusion of cartilage microtissues. This engineered
cartilage stains positively for canonical articular cartilage markers, sGAG (a) and collagen type Il (b)
(Scale bar = 500 um). B) Vascular spheroids. i) Bioprinted HUVEC spheroids demonstrate angiogenic
sprouting behaviour, forming capillary networks between adjacent spheroids after 7 days (Scale bar
=400 um) (ii — High magnification at the interface region in the XY and YZ planes) [34]. C) Bone
precursor microtissues. Implantation of developmentally inspired callus organoids into critically sized
bone defects enables the regeneration of the long bone with similar morphological properties of the
native organ [14]. i) Nano-CT 3D rendered image at 2 weeks post implantation, ii) native bone (left)
and treated tibia after 8 weeks (right) (scale bar = 1mm). iii) Masson’s Trichrome staining of the
treated defect after 8 weeks indicating full bridging of the defect with cortical bone and the presence
of a mature marrow cavity (Scale bars = 1 mm and 100 um, overview and high-magnification
respectively). D) Support Baths. i) A multi-layered woodpile structure printed within a support bath,
demonstrating high print resolution and fidelity. ii) A heart printed within a support bath, complete
with key anatomical structures such as, hollow left and right ventricles [94]. E) Bioprinting organs
from microtissue building blocks. i-iii) SWIFT [41]. (i,ii)Time lapse of printing a sacrificial ink (red) via
embedded 3D printing within a live matrix of embryonic bodies (EB) (Scale bar = 1 mm). iii) Cross-
section of the channel imposed within the matrix of spheroids by the sacrificial ink, which following
evacuation of the sacrificial material was perfusable (Scale bar = 500 um). iv) lllustration of computer-
aided design (CAD) models of the bioassembly of phenotypically distinct spheroid within a scaled-up
hemispherical construct for osteochondral joint resurfacing (left). A proof-of concept image (right)
where hydrogel microspheres, stained red and blue to represent chondrogenic and osteogenic phases
of the osteochondral implant respectively, have been bioprinted within a polymer support framework
(Scale bar =2 mm) [71].
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generate a mechanically functional tissue, and reliance on a supporting scaffold material may still exist
until in situ maturation has occurred [42,74]. Modular biofabrication approaches, such as the self-
organisation of individual microtissues, alleviate, in part, the interdependence between tissue
formation and scaffold properties that occurs in vitro as the biological components of an implant can
be individually optimised prior to their combination with the selected scaffold. Interestingly, scaffolds
and microstructural devices could provide a valuable platform to help direct developing microtissues
and self-organising constructs [73]. If properly designed and implemented, a careful balance between
engineered guidance and dynamic remodelling within developing tissues can be provided. Resulting
instructive boundaries and degrees of freedom can yield control over self-organisation that better
recapitulates that seen in embryonic development [73]. Implementation of successful tissue guidance
could have significant impact for the engineering of spatially complex tissues such as articular
cartilage, where controlling the architecture of the collagen network remains a key challenge in the

field.

In addition to generating structured, mechanically robust tissues, another key challenge facing
the biofabrication of large self-organised tissues is vascularisation. An adequate nutrient supply is a
pre-requisite for the delivery of nutrients and oxygen to large-scale engineered tissues and organs.
While several methods have attempted to form networks of small vessels/capillaries with the hope of
mitigating diffusional limitations, generating a perfusable, large-scale vascularised network is yet to
be realised in vitro [73]. The emerging bioprinting strategies outlined in this review and elsewhere are
positioned to address some of the hurdles associated with scalability and vascularisation [152]. In
particular, bioprinting offers a means of directing the process by which microtissues fuse and self-
organise into structurally complex tissues. Additionally, it serves as a platform technology to allow the
accurate combination of multiple different microtissue phenotypes, independently generated, in a
single construct within the confines of a user-defined architecture. Such approaches could also be
combined with other techniques such as cell sheet engineering, that have also been applied in

orthopaedic tissue engineering [153].

The generation of anatomically accurate implants, such as large osteochondral grafts that
comprise cartilaginous, bony, and vascular tissues, is achievable by leveraging recent developments
in the fields of biofabrication and bioprinting. Microtissues are an appealing method for large-scale,
automated biofabrication of human tissues and organs, but bioprinting must be carefully employed
to direct their fusion and self-organisation in a programmable manner [152,154]. This will require
further developments in bioprinting hardware to address the challenges outlined above and to ensure
the successful clinical application of such bioprinted implants in regenerative medicine. Realising
automated, high-throughput methods for forming vast numbers of microtissues with various

phenotypes, bioassembly of these pre-cursors into continuous functional units capable of progressing
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along a specific (e.g. developmentally inspired) pathway, and creating in vitro conditions and external
cues that promote the development of structurally organised and mechanically functional tissues will
require sustained efforts and convergence between several disciplines. In addition, convergence of
different biofabrication technologies will likely be required to achieve these ambitious goals and to

enable the scalable, efficient and cost-effective engineering of such tissues and organs.

In conclusion, it is becoming increasingly apparent that following a developmental
engineering process can facilitate the engineering of biomimetic tissues recapitulating key biological
features at various scales. Using cellular aggregates, microtissues or organoids as biological building
blocks within such bioprinting platforms will be central to future efforts in this field of research. Such

bioprinted tissues are poised to transform the field of regenerative medicine in the decades ahead.
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Chapter 3.
3 Novel Methods

3.1 Microtissue Platform

3.1.1 Introduction

A particular focus of this thesis was on scaling-down self-organised tissue-units towards microtissues.
The overarching aim was to use these microtissues as building blocks to engineer consistent and
scalable macro-tissues by leveraging the potent biological advantages associated with mimicking key
developmental processes [67,81]. Scaling-down traditional cartilage spheroids has been discussed as
a means of combining spheroid culture with existing bioprinting strategies [71,155], and has been
shown to outperform traditional approaches using homogenous cell seeding of scaffolds in terms of
MSC commitment towards a chondrogenic lineage and their capacity to form cartilaginous tissues in
vivo [130]. Importantly, microtissues are also a logical means of mitigating some of the shortcomings
associated with using larger cartilage spheroids [66]. Specifically, cartilage microtissues can help to
mitigate the diffusion gradients within the tissue and can alleviate heterogeneity of cell phenotype
and matrix production associated with traditional chondrogenic assays [54,62,66]. While this thesis
primarily focused on cartilage engineering, others have explored the use of spheroids/microtissues
for generating other tissues, such as vascular structures [72,96,110]. Since spheroidal tissue-units
have been proposed as ‘biological building-blocks’ for organogenesis [152], identifying a methodology
suited to generating such tissue/organ seeds, expressing the necessary phenotype, for engineering

tissues/organs of the musculoskeletal system is essential.

Multiple methods have been described in the literature to produce multicellular spheroids
[156]. An ideal platform for generating microtissues has been defined as a scalable process, which can
create standardised spheroids with uniform shape, size and fortitude to be used in biofabrication
processes such as bioprinting [152]. Additionally, the platform must not incur biological damage
during microtissue production and/or prevent their capacity for subsequent tissue fusion. Finally, it
must also accommodate the generation of diverse microtissues with unique phenotypes and
complementary composite structures [152]. At present, well plates with patterned bases designed to
facilitate the formation of spheroids in a high-throughput fashion exist commercially (AggreWell™,
Stemcell). However, the plates are single-use, and their shallow well-design results in technical
challenges when generating microtissue cohorts of equal size. Additionally, they come at a
considerable cost (8.25x the price of a conventional 6-well plate). Alternative, lower-cost hydrogel
platforms have recently been made commercially available (MicroTissues® 3D Petri Dish®, Sigma)

which offer a more reusable platform than the aforementioned single-use ‘all-in-one’ plates. Despite
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addressing some of the economic limitations, these hydrogel-moulding alternatives fail to satisfy the
medium-to-high throughput demands of scaled-up biofabrication. Additionally, the fabrication
procedure can be laborious and microwell array design unintuitive. Within the literature, existing
microwell platforms involve the use of various non-adherent polymers [142,157-160] and hydrogels
[54,60,70-72,129,130,161,162] as substrate materials. The design and methodology employed in
these systems varies greatly. Consequently, some methods are conceived as platforms for high-
throughput screening rather than biofabrication purposes [162], whilst others, albeit effective and
well-designed, are highly complex [158,160], which limits their universal uptake. Some suitable
methods for generating large numbers of microtissues for the biofabrication of musculoskeletal tissue
have been proposed [70-72]. However, this approach involves unnecessary manual manipulation of

the hydrogel microwell mould, and could be significantly simplified by a direct-moulding approach.

There is an increasing interest in generating microtissues in medium/high-throughput fashions
for engineering tissues of scale. Given the inadequacies of current commercial and academic
microwell platforms, this study sought to design a new platform for the fabrication of hydrogel
microwells for use in cell-aggregate and microtissue-based biofabrication strategies. Specifically, the
aim was to create a re-usable, cost-effective, simple, and functional microwell platform for generating
numerous cell-aggregates and microtissues intended as biological building blocks for musculoskeletal
applications. To achieve this aim, this work leverages 3D printing and novel cell-culture procedures.
Collectively, the efforts yield a flexible hydrogel platform that supports cell-aggregation of various cell
types, the lineage commitment of stem/stromal cells and ultimately the formation of a tissue-specific

ECM.
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3.1.2 Materials and Methods

Bone Marrow Stem/Stromal Cell (BMCS) Isolation and Expansion: Goat BMSCs (gBMSCs) were
harvested under sterile conditions from the sternum of skeletally mature, female, Saanen goats.
Briefly, excised bone marrow was cut into small pieces using a scalpel. The marrow pieces were then
gently rotated for 5 minutes in high glucose Dulbecco’s modified eagle’s medium (hgDMEM)
GlutaMAX supplemented with 10 % (v/v) FBS, 100 U/mL penicillin, 100 pg/mL streptomycin (all Gibco,
Biosciences, Dublin, Ireland) and 5 ng/mL FGF2 (Prospect Bio) (XPAN) to help liberate the cellular
components. The culture medium was then aspirated and passed through a 40 um cell sieve prior to
counting and plating at a density of 57 x 103/cm? and expanded under physioxic conditions (37 °Cin a
humidified atmosphere with 5 % CO, and 5 % pO,) for improved chondrogenic differentiation.
Following colony formation, gBMSCs were trypsinised using 0.25 % (w/v) Trypsin
Ethylenediaminetetraacetic acid (EDTA). gBMSCs for microtissues were expanded from an initial
density of 5000 cells/cm? in XPAN medium under physioxic conditions until P3. gBMSCs were initially
used to validate the capacity of the microwells to support initial cell-aggregation and subsequent
growth under chondrogenic culture conditions, while human BMSCs (hBMSCs; see below) were used

for the formation of vascular spheroids.

Human BMSC (hMSC) isolation: hMSCs were isolated from unprocessed human bone marrow (Lonza)
on the basis of plastic adherence. Briefly, unprocessed bone marrow was plated at 2.5 x 10° cells/cm?
(estimated approx. 4000-5000 MSCs/cm?) in XPAN medium and expanded under physiological oxygen
conditions (37 °Cin a humidified atmosphere with 5 % CO, and 5 % pO). Following colony formation,
hBMSCs were trypsinised using 0.25 % (w/v) Trypsin Ethylenediaminetetraacetic acid (EDTA), hBMSCs

were expanded in XPAN under physioxic conditions (5 % pO2) and used at P3.

Human Umbilical Vein Endothelial Cell (HUVEC) Expansion: GFP-expressing HUVECs (Lonza,
Walkersville, MD) were cultured at 2500 cells/cm? in Endothelial growth media (EGM), which is
composed of Endothelial Cell Basal Medium-2 (EBM) (Lonza) supplemented with MV Microvascular
Endothelial Cell Growth Medium-2 BulletKit™ (Lonza), at 37 °C in a humidified atmosphere with 5 %
CO; and 20 % pO,. HUVECs were used at P4.

Cartilage Microtissue formation: Key features of the design process involved in creating the novel
method for forming microtissues is discussed in the results section of this chapter. Generic details
pertaining to the formation of the microtissues are described herein. The microwell stamps were

sterilised using ethylene-oxide (EtO) gas prior to use.

Cells were seeded into the microwells by pipetting an appropriate density into each well. After
seeding, plates were centrifuged at 700 x g for 5 minutes to collect cells at the bottom of each well.

Plates were then incubated in XPAN described previously. For establishing conditions for forming
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cartilage microtissues, two culture conditions were initially explored. The first involved 7 days of
cultivation in XPAN medium, the second included a switch to chondrogenic differentiation media
(CDM) after the first 4 days in XPAN. CDM consisted of hgDMEM GlutaMAX supplemented with 100
U/ml penicillin, 100 pg/ml streptomycin (both Gibco), 100 pug/ml sodium pyruvate, 40 ug/ml L-proline,
50 pg/ml L-ascorbic acid-2-phosphate, 4.7 pg/ml linoleic acid, 1.5 mg/ml bovine serum albumin, 1 X
insulin—transferrin—selenium, 100 nM dexamethasone (all from Sigma), 2.5 pug/ml amphotericin B and
10 ng/ml of human transforming growth factor-b3 (TGF-b3) (Peprotech, UK) at 37 °C in a humidified
atmosphere with 5% CO;and 5 % pO..

Cartilage macrotissue self-organisation: After 7 days, microtissues were harvested, counted and
seeded into agarose wells. The well was created using sterile 2 % (w/v) agarose cast into a 12 well
plate. The central agarose well was 2 mm in diameter and 1.5 mm in depth. The number of
microtissues seeded to create each construct was determined as a function of the microtissue volume

and the volume of the final construct. As such, the following equation was used:

Volume of the construct X 0.74

Number of microtissues = - -
Volume of the microtissue

Where,

4
Volume of the microtissue = 3 mr3

and 0.74 is the packing efficiency, or packing factor. For this study the volume of the construct chosen
was determined using 2 mm diameter and a depth of 1 mm. After seeding the microtissues into the
central agarose well, CDM was added slowly to prevent disruption of the microtissues. The developing
cartilages were maintained in CDM and physioxic conditions for 3 weeks. Media was exchanged every

2-3 days.

Vascular Spheroid Formation, Fibrin Hydrogel Formulation & Seeding: For the generation of vascular
spheroids, HUVECs (either alone or in combination with hMSCs) were seeded into the microwells as a
homogenous cell suspension at an appropriate concentration to create spheroids contain 1 x 10° cells.
Microwells were centrifuged at 600 x g for 5 minutes and plates were then incubated in EGM,
described previously, in physiological oxygen conditions (37 °C in a humidified atmosphere with 5 %

COz and 5 % pOy) for 24 h to allow for spheroid formation.

The capacity to form functional vascular spheroids was evaluated using a fibrin based
hydrogel. Previously, a similar hydrogel has been modified using a gelatin carrier method which was
adapted from Kang et al. [163], and shown to support the formation of prevascular networks [164].
Briefly, formulation of the fibrin hydrogel/bioink involved the addition of hyaluronic acid (Sigma) to

high glucose Dulbecco's Modified Eagle Medium (hgDMEM) (Gibco, Biosciences) at a concentration of
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3 mg/mL and overnight stirring at 37 °C to ensure complete dissolution. 10 % (v/v) glycerol (Sigma)
was then added and the solution was stirred for 1 h at room temperature. Gelatin type A (175g bloom)
(Sigma) was added at a concentration of 40 mg/mL and stirred for 2 h at 37 °C until fully dissolved.
Before use, Fibrinogen (Sigma) was added to this carrier gel at a concentration of 30 mg/mL and stirred
for 2 h at 37 °C. Vascular spheroids were seeded into the hydrogels at a density of 300 spheroids per

50 uL of hydrogel, in accordance to similar studies within literature [96].

To enhance vascularisation, EGM was supplemented with 50 ng/mL of human vascular
endothelial growth factor (hVEGF, Peprotech). After 7 days of culture in physiological oxygen
conditions (37 °C in a humidified atmosphere with 5 % CO; and 5 % p0O,), prevascularised constructs
were evaluated using confocal microscopy. For immunocytochemical analysis hydrogels were fixed
with 4 % PFA for 30 minutes, permeabilised in 0.5 % Triton in PBS for 15 minutes and stained with
Rhodamine red Phalloidin (5U/mL; 165nM; Thermo Fisher) for 1 h. Cells were washed and
counterstained with DAPI (4',6-diamidino-2-phenylindole; 1pug/mL; Sigma) for 15 minutes and imaged
using a Leica SP8 scanning confocal microscope. Representative images are presented as maximum

projections of z-stacks.

Histological Evaluation: Samples were fixed using 4 % paraformaldehyde (PFA) solution overnight at
4 °C. After fixation, samples were dehydrated in a graded series of ethanol solutions (70 % - 100 %),
cleared in xylene, and embedded in paraffin wax (all Sigma-Alrich). Prior to staining tissue sections (5
pum) were rehydrated. Sections were stained with hematoxylin and eosin (H&E), 1 % (w/v) alcian blue
8GX in 0.1 M hydrochloric acid (HCL) (AB) to visualise sulphated glycosaminoglycan (sGAG) content
and counter-stained with 0.1 % (w/v) nuclear fast red to determine cellular distribution, and 0.1 %
(w/v) picrosirius red (PSR) to visualise collagen deposition (all from Sigma-Aldrich). Stained sections
were imaged using an Aperio ScanScope slide scanner. Sections stained with PSR were imaged using
polarised light microscopy (PLM) to visualise collagen fibre orientation. Immunohistochemistry was
performed for collagen type | (Abcam ab90395 1:400), collagen type Il (Santa Cruz sc52658 1:400),
and collagen type X (Abcam ab49945 1:200) as previously described [165].

Image Quantification and Statistical Analysis: Diameter measurement of growing microtissues were
taken from microscope images (4x) using Imagel software. Statistical analysis was performed using
GraphPad Prism software (GraphPad Software, CA, USA). Analysis of differences between two groups
at one timepoint was done using a standard two-tailed t-test. For two or more groups over multiple
time-points a two-way analysis of variance (ANOVA) was performed. Numerical and graphical results
are presented as mean * standard deviation unless stated otherwise. Significance was determined

when p < 0.05.
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3.1.3 Results and Discussion

Stamp Design and Fabrication

The stamps, which acted as positive moulds for the microwell pattern, were designed using
Solidworks® CAD software. Each microwell measured 1 mm in diameter (@), with a total well depth of
1.5 mm, which comprised of a 1 mm deep cylindrical section and a domed end which was 0.5 mm
deep (Figure 3.1B). The top of each microwell was chamfered asymmetrically, 0.5 mm x 1 mm (width
x depth). As this approach was intended for use within a scalable biofabrication strategy, the platform
needed to maximise the number of microtissues generated. Here, a 6-well plate was selected as it
gives the largest culture surface-area of the standard well-plates. The individual positive microwell
moulds were patterned onto the stamp that was designed to fit into the individual wells of a 6 well-
plate, creating 401 microwells at the bottom of each well. Again, microwells were patterned onto the
stamp to fill the surface with only whole microwells and to also avoid creating flat-spots around the

perimeter of the well (Figure 3.1B).

The design of the individual microwells was motivated by other microwell platforms described
in literature [54,70-72,156,157]. Each microwell needed to have a round-bottom to encourage the
formation of a uniform, spherical aggregate [154]. Additionally, each microwell needed to be
sufficiently deep to prevent the interaction of neighbouring aggregates/microtissues, and to ensure
easy handing during cell-culture. Creating shallow wells results in the inadvertent fusion between
adjacent microtissues [54], which creates an inhomogeneous population. Generating consistent
microtissues has been described as essential both for generating a homogenous phenotype
throughout the population, as well as for efficient deposition using extrusion-based bioprinting [71].
To facilitate this the top of each microwell was sloped, with no ‘flat-spots’ between adjacent
microwells. This ensured the collection of all of the cells within suspension, maximising the efficiency
of the technique and reproducibility of the spheroids. Other microwell designs reported in literature
which have flat surfaces between adjacent wells have resulted in the collection of cells outside of the

microwell [157].

A STL file for the part was then prepared for printing using Preform 2.16.0 software (Formlabs,
Massachusetts, United States); a 50 um layer height was used for every mould. Positive moulds were
fabricated using a Form 2 stereolithography printer (Formlabs, Massachusetts, United States).
Completed parts were processed post-printing in accordance with the manufacturer’s guidelines.
Briefly, parts were washed in propan-2-ol (Sigma Aldrich) to clear any uncured resin, following which
they were exposed to UV light (405 nm, 9.1 W) (Form cure, Formlabs, Massachusetts, United States)
for 30 minutes at 60 °C to ensure complete crosslinking. Selecting SLA printing as the manufacturing

method resulted in excellent resolution. The positive moulds of the final part were uniform and highly
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reproducible (Figure 3.1C). The surface finish of the individual microwell moulds was also excellent
with no obvious roughness or irregularities, making them an ideal positive pattern for the hydrogel

(Figure 3.1Ciii).

The process for fabricating the hydrogel microwells (Figure 3.1D) involved first pouring molten
agarose (4 % (w/v), 80 °C) into the wells of a 6-well plate. Before the stamps were inserted into the
molten hydrogel, they were sprayed 2-3 times with sterile DiH,0 using an atomiser spray-bottle. The
fine water droplets deposited on the moulding surface of the stamp worked to overcome the surface
tension created between the viscous hydrogel solution and the surface of the stamp. As such, it
ensured accurate recreation of the positive mould and prevented the formation of bubbles at the
stamp-hydrogel interface by allowing the hydrogel to easily flow through the tortuous architecture.
Each stamp was held in place using a holder, which ensured the stamps were held at a fixed height
and at 90° to create consistent microwells in each macro-well and between well plates. After the
hydrogel has cooled and solidified, the holders and mould could be removed, leaving behind the
hydrogel microwells within the well plate. This direct-patterning approach proved an effective way of
modifying 6-well plates in a cost-effective, reproducible, and re-usable manner. Since the positive-
mould for the microwells was a stamp, the moulding process described within this study was
simplified from previous systems. Frequently, microwells are cast in a separate positive mould, before
being manually removed and inverted into the well-plate [70,72,142,161]. By directly moulding the
agarose within each well this system minimised the risk of human error, as well as the unnecessary

manual manipulation of the hydrogel microwells during fabrication.
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Figure 3.1 Design and Fabrication of a novel microwell stamp and protocol for hydrogel microwell
generation. A) Cartoon of the cellular processes the hydrogel platform would need to support to be
effective. B) Schematic of stamp design and key features. C) Macro/micro-images of the 3D printed
stamp. (Scale Bars: i) 1 mm, ii) 500 um, iii) 200 um) D) Schematic of the microwell moulding process.
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Early Validation of Microwell Platform for Generating Cartilage Microtissues

To assess if the microwell system developed herein was capable of supporting the processes outlined
in Figure 3.1A, gBMSCs were seeded into the macro-wells at different densities to create cell
aggregates with a range of starting cell numbers (1 x 103, 2 x 103, 4 x 103, 8 x 103, and 16 x 10%). At
day 2, microscopic images indicated that cell-aggregates could be generated within the hydrogel
microwells at all densities (Figure 3.2A). Additionally, by simply varying the cell-number, the size of
the cell-aggregate/microtissue could be altered, with aggregate size increasing with the initial cell
number (Figure 3.2B). Quantification of aggregate diameter also indicated the methodology for
seeding the microwells, coupled with their design, created highly reproducible cell-aggregates (Figure

3.2B).

To determine culture conditions for creating sizable microtissues for use as biological building
blocks, two culture regimes were initially compared. The first involved 7 days of cultivation in XPAN

medium. Here, with the exception of the 1 x 10 and 2 x 103 cells per microtissue groups, a significant
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Figure 3.2 Early validation of hydrogel microwell platform. A) Microscopic images of cell aggregation
of MSCs after 2 days, and the growth of the microtissues after 3 days of chondrogenic induction (Day
7). (Scale Bar = 500 um). B) Quantification of cell aggregates/microtissues diameter. i) Cell
aggregates cultivated in XPAN for 7 days. ii) Early cartilage microtissues cultivated in 4 days of XPAN
followed by 3 days in CDM. * Denotes significant differences when tested using an ordinary two-way
ANOVA, with Tukey multiple comparison test (N = 12, Mean + SD).
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contraction of the cell-aggregate was observed over the 7 day cultivation. The resulting spheroids
generated by cultivation in XPAN medium were was too small (<200 um) to be feasibly used for
generating tissues of scale (Figure 3.2B i). For the second condition, aggregates were maintained in
XPAN for 4 days, followed by stimulation with CDM for a further 3 days. By day 7, the microtissues
was grown significantly from day 4 (Figure 3.2A & B ii), suggesting that they could be further used as

building blocks for the generation of cartilage microtissue.

To evaluate the capacity of these early cartilage microtissues to self-organise into a cartilage

macrotissue, sufficient numbers of microtissues were placed into a non-adherent agarose well to fill
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Figure 3.3 Early validation of microtissues generated within the hydrogel platform to fuse into a
homogenous cartilage. A) Histological panel for canonical cartilage matrix components after 21 days
of chondrogenic culture. (Scale Bar = 400 um). B) Polarised light microscopy for visualising the
collagen arrangement. (Scale Bar = 500 um). C) Immunohistochemistry panel for collagen types |, |l
and X after 21 days of chondrogenic culture. (Scale Bar = 200 um).
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2 mm ¢ x 1 mm. Over 21 days of chondrogenic culture, the initially discrete tissue-units fused and
created a cartilage tissue. The quality of the cartilage, determined via histology, seemed to vary
significantly depending on the initial cell density which was employed (Figure 3.3). Specifically, it
appeared that using a larger number of smaller microtissues (lower number of cells per microtissue)
yielded a tissue that was more homogenous (Figure 3.3A), cartilaginous (Figure 3.3A & C), and
organised (Figure 3.3B) compared to using a relatively low number of larger and more cellular
microtissues. This early work on self-organising cartilage microtissues served to validate that, the
hydrogel microwell platform developed within this chapter was suitable as a means of generating
large numbers of microtissues for use in biofabrication/bioassembly strategies. In particular, MSCs
within cell-aggregates could be differentiated into early-cartilage microtissues, with the growth of
these microtissues during chondrogenic induction yielding spheroids which were sufficiently large (>
200 pum) to be used for bioassembly. These early findings suggest that harvesting and re-seeding the
cartilage microtissue seeds did not prevent the formation of a cartilage phenotype within the self-
organised macro-tissue. Furthermore, it would appear that using a greater number of smaller, less
cellular microtissues appeared to yield a superior engineered macro-cartilage after 21 days of

cultivation.

Differences in nutrient diffusion and cellular consumption rates within the engineered
cartilages could help to explain this observation. Specifically, chondrocyte oxygen consumption has
been linked to glucose consumption whereby, in low glucose conditions near anoxic conditions can
arise [166]. This ‘Crabtree’ effect could be influencing the more cellular engineered cartilages where
low glucose levels drive the consumption of oxygen and create extreme hypoxic conditions within the
construct and inhibit ECM synthesis. Moreover, cell viability, matrix production and mechanical
functionality of engineered cartilages using MSCs has been shown to be compromised by glucose and
oxygen deprivation [167]. In particular the work by Farrell et al. indicated that glucose deprivation
was the principle limiting factor in construct maturation [167]. In a similar traditional hydrogel based
tissue engineering approaches, the accumulation of matrix macromolecules during chondrogenic
cultivation has been coupled with a 42% reduction in diffusivity [168]. As such, the compounding
effects of matrix deposition and high glucose consumption rates in more cellular engineered cartilages
could explain their poor ECM accumulation and maturation. Additionally, acidic conditions (pH 6.4)
generated through the addition of lactic acid has been shown to significantly inhibit sGAG production
[169]. In this context, cartilage macrotissues engineered using less cellular microtissues may
accumulate less acidic waste metabolites, leading to superior matrix accumulation. Future work within
this thesis will look to optimise the cultivation and self-organisation regimes employed, with a view to

creating a scalable engineered AC suitable for joint repair.

Hydrogel Microwell Platform Supports the Formation of Vascular Spheroids
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As part of the microwell platform development, the capacity for the system to support the aggregation
of HUVECs, as well as co-cultures of HUVECs and hMSCs, for the generation of vascular spheroids was
also assessed (Figure 3.4A). After 24 hours, the vascular spheroids could be harvested from the wells
without dissociating (Figure 3.4B). Furthermore, seeding the 3:1 and 1:1 MSC:HUVEC vascular
spheroids into a fibrin-based hydrogel, that has been shown to support vascularisation [164], resulted
in HUVEC sprouting and the generation of a microvascular network. There was an apparent
improvement in the pervasiveness of this vascular network by increasing the number of hMSCs within

the vascular spheroids (Figure 3.4C).
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Figure 3.4 Generation of vascular spheroids for prevasacularisation. A) Vascular spheroids formed
after 24 hours using different co-culture ratios of hMSCs & GFP-HUVECs (1 x 10° cells/spheroid).
(Scale Bar = 500 um). B) H&E Staining of a 3:1 (hMSC:HUVEC) vascular spheroid after 24 hours. (Scale
Bar = 100 um). C) Immunocytochemistry for the visualisation of pre-vascular network formation
within the fibrin based hydrogel. (Scale Bar = 150 um)

A well-documented challenge associated with engineering vascularised musculoskeletal
tissues, such as bone, at a clinically relevant scale are the increasing nutrient demands. To combat
this, multiples strategies for vascularising engineered tissues have been proposed, including pro-
angiogenic growth factors and the inclusion of channels within engineered constructs [170-175]. Such
approaches rely on the ingrowth of host vasculature from the defect site surrounding the engineered
tissue/construct. This process of angiogenesis is relatively slow [94], and can be ineffective for large
engineered implants. As such, strategies to ‘prevascularise’ an engineered tissue have been
developed. Here, forming a microvascular network within the implant in vitro is proposed as a rapid
method of perfusing engineered tissues in vivo via anastomosis of an engineered microvasculature
with host vessels [176,177]. Typically, generating a microvascular network in vitro involves a

homogenous suspension of endothelial cells (with or without supporting mural cells such as
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fibroblasts or MSCs) within an appropriate hydrogel [164]. However, the use of spheroids in
microvascular engineering has also been proposed [72], where they have been shown to outperform
single-cell approaches in vitro and in vivo [95,96]. As part of this work, albeit in its infancy, the
microwell platform has been shown to support the formation of vascular spheroids. Furthermore, like
with early-cartilage microtissues, these vascular spheroids can be harvested and re-used as vascular
seeds for the biofabrication of a microvascular network. These preliminary results provides evidence
that the hydrogel microwells developed within this chapter can be an important tool in strategies that
aim to biofabricate musculoskeletal tissues of scale using the bioassembly of phenotypically distinct

microtissue populations.

3.1.4 Conclusion

Taken together, the results in this study demonstrate the successful design and implementation of a
novel microwell platform technology for the high-throughput fabrication of microtissues. The
platform satisfies the key criteria for the ideal spheroid/microtissue biofabrication platform,
specifically a scalable process capable of generating standardised microtissues which exhibit a specific
phenotype and which are also capable of fusion into large macro-tissues. Importantly, this work fits
into a larger biofabrication scheme, as the ability to harvest these tissue-units and use them as seeds

for engineering musculoskeletal tissues (cartilage and vasculature) has been demonstrated.
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3.2 Novel Bioreactor Design

3.2.1 Introduction

Bioreactor systems have been used for the generation of mesenchymal stem/stromal cell (MSC)
aggregates from single-cell suspensions, in so called ‘dynamic collision-based assembly’, but attempts
to leverage similar dynamic conditions for the prolonged cultivation of MSC aggregates have been
limited [156,178]. In tissue engineering strategies, where numerous MSC aggregates/microtissues are
intended as biological building blocks for organogenesis, many current approaches for spheroid
biofabrication have been described as ‘not scalable’ as they are unable to generate the necessary
quantity of spheroids for organ biofabrication [154]. To this end, microwells are often discussed as
one of the few truly ‘high-throughput’ technologies, capable of generating a sufficient numbers of
organ-seeds [154]. However, complications during extended culture periods, such as interactions
between adjacent spheroids creating an inhomogeneous population, constrained tissue
growth/development due to nutrient limitations, and diminishing spheroid yield, means that they may
not be represent an ideal solution. Despite these shortcomings, cell aggregates formed in static
conditions within microwell arrays are far more reproducible than those generated in dynamic
conditions and, as such, are better suited to biofabrication applications [154,156,178]. Therefore,
combining bioreactors for spheroid cultivation after formation in a microwell platform has been

proposed as a means of improving scalability [54], without compromising spheroid quality.

Efforts to follow static aggregate formation with dynamic cultivation have predominantly used
undifferentiated MSC aggregates [179—182]. Here, dynamic cultivation of MSC aggregates has been
associated with active proliferation, mitigation of core necrosis, and the maintenance of stemness
[178]. However, seeding pre-formed aggregates into gentle dynamic systems, such as orbital shakers,
results in amalgamation and fusion of the initially discrete units [179]. In the context of biofabrication,
the homogeneity of a spheroid/microtissue population is essential for retaining the ability to create
user-defined tissue geometries. As such, more aggressive dynamic systems like stirred-tank reactors,
which have been used for the culture of MSC aggregates [183], could be used to maintain single-
spheroids during dynamic cultivation. Here, undifferentiated MSC aggregates cultured in such systems
using expansion medium have been shown to coalesce during culture [184], although it remains

unclear whether differentiated MSCs within microtissues behave differently [182].

Motivated by the reported benefits of culturing undifferentiated MSCs in dynamic systems,
coupled with the known benefits of bioreactor culture in tissue engineering [185]. This study aimed
to evaluate if bioreactor culture would enhance the engineering of homogenous cartilage microtissues
the cultivation of microtissues. Specifically, the aim was to determine if the putative mass-transfer

benefits of bioreactor culture [185] would mitigate the diffusion related challenges reported in static
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spheroidal culture [178,183], and ultimately improve the quality of the engineered microtissue.
Additionally, this work aimed to elucidate if bioreactor culture could be used to alleviate the problems
associated with long-term microwell culture, specifically spheroid-spheroid and spheroid-microwell
interactions, and well as constrained spheroid growth/development due to nutrient limitations. To
evaluate this, a simple bioreactor was designed and fabricated. This novel bioreactor was intended as
an accessible and cost-effective alternative to more complex equivalents and if effective, could be
easily implemented within a larger biofabrication strategy using microtissues as biological building
blocks. Within this chapter, protocol/engineering decisions were motivated by the primary goal of
maintaining the suitability of spheroids for subsequent biofabrication processes. As such, the culture
conditions were tailored towards avoiding the aggregation of the initially discrete spheroids seeded
into the bioreactor. To this end, the bioreactor was intended as a step in a biofabrication strategy
facilitating the medium-long term cultivation of spheroids. In this context, the bioreactor needed to
be simple and easily implemented. Therefore, the decision was made to design a stirred bioreactor

rather than a more complex and potentially problematic perfusion system.
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3.2.2 Materials and Methods

Stirred Bioreactor Hardware Design and Fabrication: The framework for the bioreactor was designed
using Solidworks® CAD software, converted into g-code using Ultimaker Cura 4.8, and fabricated from
PLA using an Ultimaker 3+ (Ultimaker B.V.). In total, there were 6 modular components that
constituated the frame. The individual pieces of the framework were designed to slot into eachother
to ensure good alignment. To further secure the framework, M3 brass threaded inserts (Radionics,
Ireland) were press fit into the framework at pre-defined locations and the modular component of
the frame were screwed in place. Built into the base-plate of the frame was a slot for the culture vessel
to ensure centralisation of the propeller. Within the back-plate, housing for an ILS OSLONeye LED
mini-spotlight (Intelligent LED Solutions, Radionics) was included. This was situated behind the culture
vessel and allowed for visualisation of the spheroids during cultivation. Within the top-plate, positions
for stainless steel bearings (RS Pro, Radionics) were included. A flexible beam coupling (Radionics) was
used to connect the NEMA-17 stepper motor and the stainless steel drive shaft. IP68 cable glands
(Radionics) were used to seal the wiring that entered the motor housing. Components of the lid seal
were designed using Solidworks® CAD software, converted into g-code using Preform 2.16.0 software
and the part was fabricated using a Form 2 stereolithography printer (both Formlabs, Massachusetts,

United States).

Stirred Bioreactor Electronics & Motion Control: A control box was assembled to house electronic
components responsible for controlling the motor and LED. An Arduino Uno (Figure s3.1A i) powered
by a 12V DC supply (Figure s3.1A ii) was used as a microprocessor to send control signals to a DM542
2-Phase Stepper Motor Driver (Figure s3.1A iii) powered by a 24V DC supply (Figure s3.1A iv). The
stepper driver output was connected to a Nema-17 stepper motor, which was mounted in the
bioreactor chassis and used to rotate the propeller shaft. A circular LED array (ILS OSLONeye LED mini-
spotlight) driven by a constant current LED driver (Figure s3.1A v) and controlled by a switch on the
front panel of the control box. An LCD display (Displaytech 162D-CC-BC-3LP) (Figure s3.1A vi) was used
to communicate information on RPM at the front panel of the control box. Code was written in
Arduino IDE software to set the RPM of the motor in discrete increments of 30 from 0 — 180 RPM
using a 10 KQ potentiometer on the front panel of the control box (Figure s3.1B). The front panel also
contained 2 single pole single throw (SPST) switches to control motor rotation direction and turn the
LED on/off, in addition to a 1 KQ potentiometer to control contrast on the LCD display. The rear panel
of the control box contains a power lead to plug into a mains electrical outlet, a power switch to turn
on mains power inside the control box, and a control lead containing all wires to control the motor
and LED (Figure s3.1C). A DB9 connector is wired to the end of the control lead to plug into and

interface with the bioreactor.
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Cell Culture and Cartilage Microtissue Formation: gBMSCs were isolated and expanded as previously
described in §1.2 of this chapter. Briefly, isolated gBMSCs were expanded in high glucose Dulbecco’s
modified eagle’s medium (hgDMEM) GlutaMAX supplemented with 10 % (v/v) FBS, 100 U/mL
penicillin, 100 ug/mL streptomycin (all Gibco, Biosciences, Dublin, Ireland) and 5 ng/mL FGF2
(Prospect Bio) (XPAN) under physioxic conditions (37 °C in a humidified atmosphere with 5 % CO, and
5 % p0;) until P3. Cartilage microtissues were formed within hydrogel microwells that had been pre-
soaked in EGM. A cell suspension was seeded into these microwells as previously described in §1.2 of
this chapter to generate microtissues containing 4 x 103 gBMSCs. After 2 days of chondrogenic
induction, cartilage microtissues intended for further cultivation were harvested, counted, and moved
into the stirred bioreactor. Within the bioreactor, they were cultured in an equivalent volume of CDM
to those that remained in static conditions within the agarose microwells - 0.535 x 10° cells/mL. The
propeller speed was set to 150 RPM, as this was determined as the minimum speed required to
maintain the spheroids in suspension. Both cohorts of microtissues were cultured in physioxic

conditions, and media was exchanged every 2-3 days.

Histological and Biochemical Analysis: After 14 days of chondrogenic cultivation, microtissues were
harvested, washed in saline and fixed using 4 % paraformaldehyde (PFA) solution overnight at 4 °C.
After fixation, samples were dehydrated in a graded series of ethanol solutions (70 % - 100 %), cleared
in xylene, and embedded in paraffin wax (all Sigma-Alrich). Prior to staining tissue sections (5 um)
were rehydrated. Sections were stained with hematoxylin and eosin (H&E), 1 % (w/v) alcian blue 8GX
in 0.1 M hydrochloric acid (HCL) (AB) to visualise sulphated glycosaminoglycan (sGAG) content and
counter-stained with 0.1 % (w/v) nuclear fast red to determine cellular distribution, 0.1 % (w/v)
picrosirius red (PSR) to visualise collagen deposition, and 1 % (w/v) alizarin red (AR) (pH 4.1) to
determine mineral deposition via calcium staining (all from Sigma-Aldrich). Stained sections were
imaged using an Aperio ScanScope slide scanner and thickness measurements obtained using Aperio

Imagescope.

Samples for biochemical evaluation were washed in PBS after retrieval. A papain enzyme
solution, 3.88 U/mL of papain enzyme in 100 mM sodium phosphate buffer/5 mM Na2EDTA/10 mM
Lcysteine, pH 6.5 (all from Sigma—Aldrich), was used to digest the samples at 60 °C for 18 h. DNA
content was quantified immediately after digestion using Quant-iT™ PicoGreen ® dsDNA Reagent and
Kit (Molecular Probes, Biosciences). The amount of sGAG was determined using the
dimethylmethylene blue dye-binding assay (Blyscan, Biocolor Ltd., Northern Ireland), with a
chondroitin sulphate standard read using the Synergy HT multi-detection micro-plate reader (BioTek
Instruments, Inc) with a wavelength set to 656 nm. Total collagen content was determined using a
chloramine-T assay to measure the hydroxyproline content and calculated collagen content using a

hydroxyproline-to-collagen ratio of 1:7.69 [186]. Briefly, samples were mixed with 38 % HCL (Sigma)
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and incubated at 110 °C for 18 h to allow hydrolysis to occur. Samples were subsequently dried in a
fume hood and the sediment reconstituted in ultra-pure H,0. 2.82 % (w/v) Chloramine T and 0.05 %
(w/v) 4-(Dimethylamino) benzaldehyde (both Sigma) were added and the hydroxyproline content
quantified with a trans-4-Hydroxy-L-proline (Fluka analytical) standard using a Synergy HT multi-

detection micro-plate reader at a wavelength of 570 nm (BioTek Instruments, Inc).
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3.2.3 Results and Discussion

Bioreactor Design and Fabrication

The aim of this study was to design a stirred bioreactor, suited to the medium-long term culture of
cartilage microtissues. As such, there were several design criteria that needed to be satisfied. The
bioreactor needed to operate reliably, both mechanically and biologically, throughout culture.
Specifically, the culture vessel needed to remain as a sterile environment for prolonged culture
periods (> 14 days). This presented a challenge given the moving parts involved with a stirred
bioreactor. To overcome this, a lid seal assembly was proposed which would prevent the intrusion of
particulate contaminants during operation (Figure 3.5B). The 3-part assembly included a sealing nut,
two O-rings, and a magnetic couple (Figure 3.5B ii-iv). Collectively, the sealing nut and O-rings was a
conduit for the propeller shaft to enter the culture vessel without creating a direct route for
contaminants. Central to this function was the magnetic couple, which served a dual function.
Primarily, it connected the propeller shaft to a drive shaft, but by including a skirt that covered the lid-

seal nut it also created a physical barrier to particulates. Importantly, this protective function did not

Bioreactor Overview

Lid Seal Assembly

Figure 3.5 Schematic representations of the stirred bioreactor and key features. A) The pulley
assembly, was used to allow the motor to be housed alongside the culture vessel. Conversion of drive
to the propeller shaft used three pulleys and a belt (i). Bearings (ii) ensured the drive and propeller
shafts ran smoothly and a tension wheel (iii) attached to one of the three pulleys allowed the
adjustment of the belt tension to maintain drive efficiency. B) In order to maintain sterility within the
culture vessel during operation, a lid seal assembly was designed and implemented. A magnetic
couple was used to connect the propeller shaft to drive shaft (i & iv). This allowed for quick release
when detaching the culture vessel during media exchanges. The housing for the magnet (iv) had a
skirt, which fit over the upper half of the lid seal (ii) to prevent particulates from falling into the culture
vessel. Two O-rings (iii) were used to create an air-tight finish when the lid seal was tightened. C) The
propeller (i) was driven by a small stepper motor (ii) which was housed in a sealed environment next
to the culture vessel. A flexible beam coupling (iii) was used to connect the stepper motor and the
drive shaft. D) A schematic of the complete assembly.
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impeding actuation and allowed for gas exchange between the culture vessel and the environment.
Additionally, the magnetic couple made removal of the culture vessel from the bioreactor quick and
simple without compromising the sterility of the system. Collectively, this mechanism proved effective
during acellular pilot-studies where culture media pH (as indicated by phenol-red) remained within an
acceptable range and there was no indication of contamination during simulated use and media

changes (Data not shown).

This work aimed to provide an accessible platform for the dynamic cultivation of microtissues.
To achieve this, the framework for the bioreactor was designed to be fabricated using common
commercially available 3D printers (Ultimaker 3+ and Form2). The simple design and assembly was
motivated by the need for a bioreactor that can be easily and economically implemented within
biofabrication strategies targeted towards generating musculoskeletal tissues of scale. Other custom
bioreactors described in the literature for the cultivation of aggregated MSCs require machined parts
and custom glassware [183]. Although commercially available stirred bioreactors are widely available,
they are expensive. Simple single-use culture vessels alone (without the motorised platform for
actuation) can cost €106, and €661 for a reusable version (Corning®). Moreover, these systems are
magnetically driven, which means motorised magnetic plates have to be introduced into an incubator.
Instead, the bioreactor designed within this study offers an affordable (< €200) all-in-one solution with
a small footprint. Furthermore, by having an external control unit for the bioreactor, adjustments to

the bioreactor setting without disrupting the incubator environment are possible.

In summation, this chapter describes the design and production of a novel stirred-tank
bioreactor, which can be fabricated using simple additive manufacturing technologies that are widely
available in tissue engineering labs. Moreover, the bioreactor is a fraction of the cost of commercially
available systems without compromising quality and basic functionality. Given the need to employ
bioreactors within scalable strategies for organ biofabrication [154], this stirred-tank reactor has the

potential to be a valuable asset in academic biofabrication strategies in the future.

Validation of Stirred Bioreactor for the Generation of Cartilage Microtissues

The feasibility of using a stirred bioreactor as a means of generating a large number of high-quality,
homogenous cartilage microtissues was investigated as part of this study. Microtissues were first
generated in the microwells for 2 days. The quality of the cartilage ECM generated after another 14
days of chondrogenic cultivation within the dynamic cultivation conditions was compared
(histologically and biochemically) to a static control where the microtissues remained within the
hydrogel microwells (Figure 3.6). Histologically, static cartilage microtissues were much larger, and
stained intensely for sGAG and collagen. In contrast, those cultured dynamically stained weakly for

SGAG and collagen. Negative staining for mineral deposition within the cartilage microtissues cultured
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within the microwells was expected and suggested a stable phenotype. Surprisingly, dynamic
cultivation of microtissues within the stirred bioreactor resulted in diffuse positive mineral staining
(Figure 3.6A). Biochemically, there was a statistically higher biosynthesis of sGAG from cells within
microtissues cultivated in static conditions, but there was no statistical differences in collagen

production per cell (Figure 3.6B).
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Figure 3.6 Histological and biochemical evaluation of cartilage microtissues after 14 days of
chondrogenic cultivation. A) Histological panel for microtissues cultured within the hydrogel
microwells (Static Culture) or within the stirred bioreactor (Dynamic Culture). (Scale Bars; Overview
=200 um, Zoom = 100 um). B) Biochemical quantification of the microtissues, levels of DNA as well
as sGAG and collagen normalised to DNA content are provided. * Denotes significant difference when
tested using a two-tailed, unpaired Welch’s t-test, p<0.05 (N = 3, Mean + SD)

In this study, dynamic conditions within the stirred bioreactor appeared to interfere with
chondrogenesis. Despite cultivation in CDM and physioxic (5% pO2) conditions, there was an
uncharacteristic absence of sGAG and diffuse mineralisation within the dynamically cultured
microtissues. In the context of chondrogenesis, dynamic conditions (rotational bioreactor) have
resulted in an enhanced biosynthetic output of chondrocytes [187], whilst culturing MSCs under
similar conditions has resulted in a suppression of chondrogenesis [188]. Here, shear stresses exerted

on MSCs was proposed as a contributing factor in dynamic culture not supporting a chondrogenic

phenotype [188]. Studies which have used cartilage spheroids to investigate if fluid induced shear has
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undesirable effects on chondrogenic differentiation have shown that flow-perfusion reduces
chondrogenesis and can upregulate osteogenic markers in MSCs [189]. Similarly, and in agreement
with the findings of this study, dynamic culture has resulted in a reduction in sGAG accumulation when
using goat BMSCs when compared to static conditions [190]. Although aggregates have been
proposed as ‘shielding’ the inner cell mass from shear forces during dynamic culture [178], the poor
chondrogenesis seen within the dynamic condition could be attributed to excessive shear forces

generated within the bioreactor.

Another explanation for the aberrant chondrogenesis in dynamic culture could be changes in
oxygen tension within the culture vessel whereby, increased oxygen transport in dynamic culture may
explain the concurrent reduction in chondrogenesis and increased expression of osteogenic markers
within the microtissues. Oxygen tension is a known to be a potent regulator of MSC fate [191-195].
Specifically, lower oxygen tensions are closely coupled with the induction and commitment of MSCs
towards a chondrogenic lineage [191,193,195]. Since, dynamic culture conditions will increase the
effective pO, despite culturing in physioxic conditions, the oxygen tension within the stirred
bioreactor may have surpassed optimal conditions for robust chondrogenesis. Moreover, local oxygen
gradients within engineered cartilages have been shown to regulate the biosynthetic output of MSC.
Specifically, regions of lower oxygen concentration within larger constructs, enhances localised sGAG,
and to a lesser extent collagen deposition, in static conditions [196]. As such, the environment at the
bottom of the hydrogel microwells could create local hypoxic conditions, favourable for
chondrogenesis. This preferential environment could, in part, be accentuating the difference in sGAG

production seen between the two culture regimes.

Although it is difficult to decouple the influence of fluid-flow induces shear and oxygen tension
on chondrogenesis within this study, these results suggest that dynamic culture should be employed
cautiously. Further reduction of the ambient oxygen tension (from 5 % to 3 % O,) has been shown to
facilitate chondrogenesis in dynamic conditions [197], and could be employed here to combat the
poor chondrogenesis seen within dynamically cultivated cartilage microtissues. Alternatively,
alteration of the stirring speed could help to reduce the putative negative effects fluid-shear has on
chondrogenesis. In this study, a stir speed of 150rpm was chosen as the minimum speed necessary to
maintain a single-spheroid suspension. Given the emphasis on generating spheroids suited to use as
biological building blocks within a biofabrication strategy, this work opted to not reduce the stir speed
at the expense of creating a potentially detrimental high-shear environment. Since little evidence
exists on the effect of stirred bioreactor culture on differentiated MSCs within spheroids, determining
the quality of cartilage microtissues following a relatively aggressive dynamic culture regime was an
important finding. While regime alterations or bioreactor system changes could be made, the risk of

spheroids coalescing fundamentally limits the application of dynamic systems in generating large
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numbers of microtissues for the biofabrication for cartilage. Alternatively, given the promising results
using perfusion culture for engineering clinically relevant bone [198,199] and the mineralisation
observed in dynamically cultured microtissues, could suggest bone as a more relevant target-tissue
for microtissues cultivated in stirred bioreactors. Similar osteogenic spheroids have been used
effectively for bone healing [200], demonstrating the potential for mineralised spheroids, like the ones

identified in this chapter, in bone tissue engineering applications.

3.2.4 Conclusion

Cultivation of cartilage microtissues in dynamic conditions failed to improve the quality of the cartilage
microtissues. Instead, dynamic cultivation appeared to interfere with chondrogenic induction,
favouring as osteogenic phenotype. Despite designing a suitable stirred-tank bioreactor, the results
of this study indicate that superior cartilage microtissues are formed in static conditions. Hence, future
studies within this thesis will use the hydrogel microwell platform for the medium-long term

cultivation of cartilage microtissues.
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Chapter 4.

4 Bioprinting of Biomimetic Self-organised
Cartilage with a Supporting Joint Fixation
Device

4.1 Introduction

Articular cartilage (AC), is the primary bearing material within the joint and provides a low friction,
highly wear-resistant surface, mediating load-transmission to the underlying bone [2,3,201]. The
capacity of AC to endure decades of extensive loading without succumbing to wear and fatigue is
predominantly due to its unique composition and highly organised extracellular matrix (ECM). The
architecture of the extensively cross-linked collagen network varies through the depth of the tissue,
imparting mechanical properties uniquely suited to its function within the joint [2,3,202-209].
Engineering replacement tissues that recreate this unique spatial organisation, as opposed to the
formation of a homogenous tissue, is believed essential to successful joint regeneration [201].
Traditionally, tissue engineering strategies involve homogenously distributing cells within a
biomaterial scaffold or hydrogel. Consequently, AC engineered via traditional, ‘top-down’, approaches
can fail to recapitulate the structural complexity of its native counterpart. Attempts to generate tissue
stratification have included using zonally isolated chondrocyte populations [27], biochemical and
mechanical gradients [28,29], multi-layered hydrogels and polymer scaffolds [30-32], re-cellularised
AC explants [210], physical modulation of the environmental gradients [33], and the application of

biologically relevant mechanical stimuli [34].

Bioprinting offers user-defined control over the spatial organisation of biomaterials, cells and
other biologics during biofabrication [35,36]. As such, it has been explored as a means of engineering
spatially organised AC [211]. For example, articular cartilage-resident chondroprogenitor cells (ACPCs)
and mesenchymal stem/stromal cells (MSCs) have been localised via extrusion bioprinting to create
zonal ECM profiles similar to those within the superficial and deep regions of native AC [39].
Alternatively, extrusion bioprinting has been employed to control cellularity in a depth dependant
manner within collagen type Il hydrogels [40]. Combining bioprinting with additive manufacturing as
a multi-tool approach for the biofabrication of hybrid constructs has demonstrated that melt electro-
written polycaprolactone (PCL) fibres can be used to reinforce bioinks. Through careful design of the
polymer support, it is possible to engineer composites with native-like, depth dependent mechanical
properties. Furthermore, such composites have been shown to effectively translate mechanical loads
to encapsulated cells, supporting their robust chondrogenic differentiation [212]. Despite this relative
success, complete recapitulation of many structural aspects of native AC, including the Benninghoff
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arcade structure of the collagen network, are rarely reported. A potential explanation for this is the
absence of active matrix (re)modelling during tissue maturation. Many biofabrication strategies aim
to immediately recreate the biomechanical properties of mature native AC by spatial alterations to
material composition and architecture, without sufficient consideration for how such material
environments will impact the encapsulated cells. So, while many 3D (bio)printed constructs may be
biomimetic in their design, they are generally not engineered to allow cells to actively interact,
condensate, and self-organise their local ECM. An alternative to such ‘top-down’ biofabrication
strategies to engineering functional AC, would be to deposit cells into an environment that encourages

the self-organisation of a biomimetic tissue in a ‘bottom-up’ fashion.

AC development begins with the condensation of MSCs. Forming similar mesenchymal
condensations in vitro has been a longstanding assay for chondrogenic differentiation [213]. Allowing
cells to generate such a cartilage-like tissue in the absence of a biomaterial scaffold has formed the
basis of numerous scaffold-free tissue engineering strategies. Furthermore, such scaffold-free
methods have been combined with novel biofabrication and/or bioprinting strategies in an attempt
to engineer more organised and functional grafts. For example, tissue strands, formed from cell-
aggregates, have been bioprinted without the need for a delivery medium or supporting structure
[214]. These scaffold-free strands supported robust chondrogenesis and could fuse after 1 week to
form a cartilage with a compressive modulus of 1,094 + 26.33 kPa. In the absence of an interstitial
biomaterial, extensive cell-cell interactions were supported, which was associated with tissue
maturation and biomimicry, whilst removing complications such as matching material degradation
with neotissue formation [214]. Similar cartilage-tissue stands have been spatially orientated via
bioprinting in an attempt to create a zonally stratified AC [215], whereas others have shown that
cellular spheroids can be positioned using bioprinting to generate an osteochondral interface [148].
Predominantly, bioprinting scaffold-free bioinks has been done using extrusion-based methods [155].
Drop-on-demand (DoD) bioprinting technologies, such as inkjetting, have been used for numerous
applications because of their simplicity, versatility, and precision [35,216]. In the context of cartilage
tissue engineering, DoD bioprinting has been applied to biofabricate hybrid constructs consisting of
electrospun PCL fibre and chondrocyte laden hydrogels [217], as well as for in situ cartilage repair
[218]. Interestingly, by removing a permanent biomaterial from the deposited bioink, inkjet
bioprinting can be used to generate a spatially organised cartilage [41]. Specifically, droplets of cell
suspension (MSCs and chondrocyte co-culture) can be deposited into polymer microchambers where
cells spontaneously aggregate and form chondrogenic spheroids. The boundary conditions imposed
on the growing spheroids by the polymer microwells directed growth upwards and form a stratified
cartilage tissue. Overall, this process was an effective means of imposing physical-cues, which

encouraged spatial organisation within a self-organised system. However, the solid polymer base to
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the microchambers, formation of a relatively thin cartilage layer, and the need for integrating this

tissue onto an osseous implant to support bony fixation limits the approaches in vivo applicability.

Although using the subchondral bone for fixation of a scaffold or engineered tissue within the
synovial joint is not uncommon [111], excessive disruption of the subchondral bone plate must be
carefully considered, from mechanical [19] and biological [10,11,20] standpoints, to avoid creating a
degenerative state. Alternative chondral fixation methods include press-fitting, suturing, adhesives,
and orthopaedic pins [111,219]. Press-fitting results in low fixation strengths and is heavily reliant on
accurately matching the defect geometry and the roughness of the subchondral bone [220-222].
Fibrin glue is widely used as a fixative due to its low cost, as well as its fast and intuitive application
[111,222-225]. However, relatively low detachment loads and inadequate fixation have been
reported [220]. Sutures, both transchondral and transosseous, can withstand demanding loads [220].
However, they incur iatrogenic damage, can create excessive and/or unbalanced tension within the
implant, as well as being laborious and technically demanding [220,222]. Biodegradable pins have
been used as methods of fixing polymer scaffolds in situ for autologous matrix-induced
chondrogenesis (AMIC) and matrix-assisted chondrocyte implantation (MACI) [226,227]. Clinical
application of bioresorbable pins tend to use soft scaffold materials; the application of the same pin
for fixation of 3D printed polymer framework has resulted in significant damage during implantation

and the loss of scaffold integrity [228].

This study seeks to address two key challenges in the field of AC tissue engineering. Firstly, the
challenge of reliably fixing an engineered tissue into the synovial joint, and secondly the need for a
reliable method for generating a thick, stratified and biomimetic AC. The aim of this study was to
create a novel fixation device, which can also function to guide the self-organisation of MSC
condensations and the subsequent development of a stratified AC. The goal was to create an implant
that incurred minimal disruption to the subchondral bone, whilst providing adequate fixation. To
achieve this, this study designed novel fabrication methods, bioprinting strategies, and culture
regimes which, culminated in the biofabrication of a hybrid implant for resurfacing focal chondral

defects.
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4.2 Material and Methods

4.2.1 Bone Marrow Mesenchymal Stem/Stromal Cell (MSC) Isolation and Expansion

MSCs were isolated from the femoral shaft of 4 month old pigs under sterile conditions. They were
expanded in expansion medium (XPAN) which, is composed of high glucose Dulbecco’s modified
eagle’s medium (hgDMEM) GlutaMAX supplemented with 10 % v/v FBS, 100 U/mL penicillin, 100
ug/mL streptomycin (all Gibco, Biosciences, Dublin, Ireland) and 5 ng/mL FGF2 (Prospect Bio). All MSCs
were expanded in physioxic conditions (37 °C in a humidified atmosphere with 5% CO; and 5 % p0O,)
for chondrogenic differentiation. After initial colonies had formed, MSCs were trypsinised, counted,

and re-seeded at a density of 5,000 cells/cm? and expanded until the end of passage 2.

4.2.2 Implant Fabrication & Assembly

Implant design and fabrication: Implants were fabricated using fused deposition modelling (FDM).
Here, implants were designed using BIOCAD (RegenHU, Switzerland) and fabricated using the
thermopolymer printhead of a 3D Discovery multi-head bioprinting system (Regen Hu, Switzerland)
using the machine parameters outlined in table 4.1. Implants were fabricated using polycaprolactone

(PCL, Perstop) and stored in 70 % ethanol prior to assembly.

Table 4.1 Machine Parameters for FDM of the implant

Parameter  Needle Backpressure Printhead Tank Feed Screw
Gauge Temperature Temperature Rate Speed

Microwells | 32G 0.04 MPa 88 °C 80 °C 7.2mm/s 5rev/m

Pin 32G 0.04 MPa 88 °C 80 °C 1.2mm/s 29 rev/m

®

Fibre Diameter =

Fibre Spacing =

Microwell
Height |
= Frrrrrrrrerri |
0.0 0.1 0.2
| Mean = SD Max Min

Fibre Diameter 153 £12 pm 180 pm 125 ym
Fibre Spacing 497 £ 13 uym 544 um 459 ym
Microwell Height 464 £ 11 uym 480 um 450 um
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Figure 4.1 Measurements of the microwell array from the fabricated implant. A) Graphical
representation of the measurements of fibre diameter, fibre spacing, and microwell height. B) Key
dimensions as mean + SD as well as maximum and minimum values. (N = 20 for microwell height, N
= 100 for fibre diameter and fibre spacing)

Vacuum former: The vacuum former was designed using Solidworks (Figure 4.2), a STL file for the part
was then converted into G-code using Preform 2.16.0 software and the part was fabricated using a
Form 2 stereolithography printer (both Formlabs, Massachusetts, United States). The completed
parts were processed post-printing in accordance with the manufacturer’s guidelines. Briefly, parts
were washed in propan-2-ol (Sigma Aldrich) to clear any uncured resin, following which they were

exposed to UV light (365nm, 6W) for 30 minutes at 60°C to ensure complete crosslinking.
22.00 . SIDE
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Figure 4.2 Engineering drawings of the vacuum former. Isometric (A), side (B), and top (C) views are

provided with overview dimensions provided in millimeters.

Addition of the temporary base: The addition of the temporary base was carried out under clean, but
not sterile conditions. First a square of paraffin film (Parafilm®, Sigma) was cut to size (30 mm x 30
mm). A piece of rubber elastomer (Blu tack®, Bostik) was then placed onto the back of the film. The
elastomer was then rolled/pressed flat, ensuring complete contact with the film to a thickness of ~
500 um and diameter of ~ 22 mm. At the centre of the square, a 2 mm hole was punched into the
rubber elastomer using a biopsy punch, care was taken to not damage or perforate the paraffin film.
At the centre of the 2 mm hole, a 1 mm hole was punched through the paraffin film using a biopsy
punch. The protective backing was then removed from the paraffin film and the implant pushed

through the 1 mm centralised hole. Using a stereomicroscope (Zeiss) for guidance, this assembly was
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positioned centrally on the vacuum former. A vacuum was applied using a mini diaphragm vacuum
pump (VP 86, VWR) at maximum vacuum (100 mbar). After visual conformation of the temporary base
moulding to the underside of the implant, the vacuum was released and the assembly was removed.
Excess backing material was trimmed from the final implant using scissors and the implant was

assessed visually under the stereomicroscope to ensure each microwell was properly sealed.

Implant Centralisation: Polylactic acid (PLA) inserts were designed using Solidworks. G-code for the
inserts was created using Ultimaker Cura 4.8, and fabricated using an Ultimaker 3+ (Ultimaker B.V.).
Inserts were designed to fit inside a 12 well plate (Corning), and to centralise the assembled implants

during the bioprinting process.

Fully assembled implants and inserts were sterilised using ethylene oxide gas (EtO) for 12 hours
(Anprolene, Andersen Products, USA) and allowed to air for a minimum of 24 hours prior to use. More

details on implant design, fabrication, and assembly can be found in the results section.

4.2.3 Inkjet Bioprinting
All inkjet bioprinting was carried out under aseptic conditions using the cell-friendly inkjet printhead

(CF300) as part of the 3D Discovery multi-head bioprinting system (Regen Hu, Switzerland).

Cell-free droplet optimisation: To optimise the droplet volume for bioprinting a standard curve was
created. Droplet volume (pL) was varied as a function of valve opening time (us) with a constant back
pressure of 0.150 MPa. At various valve opening times (500 ps, 1,000 us, 2,000 us, 4,000 s, 8,000 ys,
and 10,000 ps) 100 droplets of DMEM were deposited and weighed, this was repeated 6 times for
each valve opening time. The average volume dispensed per droplet (uL) was calculated as the weight
recorded (mg) divided by the number of droplets dispensed (100). From this standard curve, valve

opening times for 1x, 3%, and 9x microwell volumes were calculated and tested.

Inkjet Bioprinting: MSC suspensions were created at specific densities to yield 50 x 103 cells/microwell
and 100 x 103 cells/microwell, or 4 x 10° cells/implant and 8 x 10° cells/implant respectively. MSCs
were bioprinted in DMEM only to prevent the formation of bubbles during bioprinting. After
deposition, implants were returned to the incubator at physioxic conditions and cells allowed to settle
for 15 minutes. After which, 25 uL of XPAN was carefully added every 15 minutes to the bioprinted
cells to provide nutrients and prevent drying during the first 2 hours. After 2 hours, XPAN was added
to the well to cover the entire assembly. Implants were maintained in XPAN for the first two days of
culture before chondrogenic induction. Chondrogenesis was initiated using Chondrogenic
Differentiation Medium (CDM). CDM is comprised of hgDMEM GlutaMAX supplemented with 100
U/mL penicillin, 100 pg/mL streptomycin (both Gibco), 100 pg/mL sodium pyruvate, 40 pg/mL L-
proline, 50 pg/mL L-ascorbic acid-2-phosphate, 4.7 pg/mL linoleic acid, 1.5 mg/mL bovine serum
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albumin, 1x insulin—transferrin—selenium (ITS), 100 nM dexamethasone (all from Sigma), 2.5 ug/mL
amphotericin B and 10 ng/mL of human transforming growth factor-b3 (TGF-B) (Peprotech, UK).
Throughout the 4 week culture, implants were maintained in physioxic conditions (37 °C in a

humidified atmosphere with 5 % CO, and 5 % pO.).

4.2.4 Static and Dynamic Culture Regimes

The influence of static and dynamic culture conditions (Figure 4.3A) on the development of a self-
organised cartilage was investigated in this study. In both culture regimes, the same number of
implants were loaded per bioreactor which, always contained the same volume of CDM (80 mL).
Implants were moved into the bioreactor upon chondrogenic induction (Day 2). In static conditions,
the temporary base removed after 7 days of culture (5 days of chondrogenic culture) (Figure 4.3B).
This process was carried out in sterile conditions and the implants returned to the static bioreactor
afterwards, where the platform remained in the lowered position. The motivation for the ‘early’
removal of the base was to mitigate nutrient limitations in the static condition, permitting bi-
directional nutrient exchange and tissue growth. Dynamic culture involved the continuous linear
actuation of the stage, over 5 mm of travel at a frequency of 0.048 Hz (Figure 4.3A). Here, due to the
enhanced nutrient exchange permitted by the dynamic conditions the temporary base was left on, in
an attempt to better direct tissue growth and maturation. As such, the base was removed after 3
weeks in the dynamically cultured group (Figure 4.3B). Media (80 mL) was exchanged every 2-3 days

for the duration of the 28 day study.

<— Actuator ®

Dynamic Culture (DYN)

- Linear actuation
-5 mm travel
-0.048 Hz

- Continuous

Magnetic Couple

Steel Adapter

Static Culture (STC)

Constructs B * - Identical configuration
- Position permanently

Stage lowered
Glass Beaker

Chondrogenic Culture

Expansion to

' Chondrogenic Media
Inkjet Seeding Static Study: Dynamic Study: Endpoint
Base Removed Base Removed

Figure 4.3 Study design. A) Bioreactor configuration and culture conditions. i) Labelled schematic of
the bioreactor assembly. ii) Description of the dynamic and static culture conditions. iii) Overview of
the complete configuration. B) Timeline highlighting key milestones during the formation of a self-
organised cartilage via inkjet bioprinting.
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4.2.5 Histological & Immunofluorescence Evaluation

Histological Evaluation: Samples were fixed using 4 % paraformaldehyde (PFA) solution overnight at
4 °C. After fixation, samples were dehydrated in a graded series of ethanol solutions (70 % - 100 %),
cleared in xylene, and embedded in paraffin wax (all Sigma-Alrich). Prior to staining tissue sections (5
um) were rehydrated. Sections were stained with hematoxylin and eosin (H&E), 1 % (w/v) alcian blue
8GX in 0.1 M hydrochloric acid (HCL) (AB) to visualise sulphated glycosaminoglycan (sGAG) content
and counter-stained with 0.1 % (w/v) nuclear fast red to determine cellular distribution, 0.1 % (w/v)
picrosirius red (PSR) to visualise collagen deposition, and 1 % (w/v) alizarin red (AR) (pH 4.1) to
determine mineral deposition via calcium staining (all from Sigma-Aldrich). Stained sections were
imaged using an Aperio ScanScope slide scanner and thickness measurements obtained using Aperio

Imagescope.

Live/Dead Cell Assay: Cell viability was established using a live/dead assay kit (Invitrogen, Bioscience).
Constructs were rinsed in PBS and incubated for 1 h in a solution containing 2 uM calcein and 4 uM of
ethidium homodimer-1 (EthD-1). After incubation, the constructs were rinsed again and imaged with
Leica SP8 scanning confocal microscope (485 nm and 530 nm excitation and 530 nm and 645 nm
emission for calcein and EthD-1 respectively). Allimages are presented as maximum projection z-stack

reconstructions analysing cell viability through the depth of the tissue (view is from the top).

Immunofluorescence Staining: Antigen retrieval was carried out by treating rehydrated samples with
pronase (3.5 units/mL) (Merck) in a humidified environment at 37 °C for 25 minutes, followed by
hylaronadase (4000 units/mL) (Sigma-Aldrich) in a humidified environment at 37 °C for 25 minutes.
Non-specific sites were blocked using a 10 % goat serum and 1 % BSA blocking buffer for collagen type
Il and type X for 1 hour at room temperature. For collagen type | a 10 % donkey serum and 1 % BSA
blocking buffer was used. Collagen type | (1:300, ab-90395, Abcam), collagen type I (1:300, ab 34712,
Abcam), and collagen type X (1:300, ab 49945, Abcam) primary antibodies were incubated with the
samples overnight at 4 °C. The secondary antibodies for collagen type | (1:300, ab 150075, Abcam),
collagen type Il (1:300, A11001, Life Technologies) and collagen type X (1:300, ab 150121, Abcam)
were incubated with the samples for 4 hours at room temperature, followed by DAPI (2 pg/mL in PBS)
for 10 minutes at room temperature. Samples were imaged the following day using a Leica SP8

scanning confocal microscope.

4.2.6 Polarised-light Microscopy & Collagen Alignment Quantification

Sections stained with PSR were imaged using polarised light microscopy to visualise collagen fibre
orientation. Quantification of mean fibre orientation and dispersion was carried out using the
‘directionality’ feature in Imagel software. Fibre coherency and colour maps were determined using

the Orientation) plugin [229]. The zones of the engineered tissue were defined as follows: the deep-
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zone was characterised as tissue formed within the microwell, the middle-zone was tissue that formed
over the microwells, and the superficial zone was the top ~10 % of the engineered tissue. Multiple
sections were taken from the edge, quarter, and middle regions of 2 engineered samples. From these
sections, 20 microwells were selected and evaluated at random. Data points presented graphically
represent the quantification of the fibre directionality from the defined zones of the tissue within for
each microwell. 95 % confidence ellipses presented in dispersion vs orientation plots were determined

using the Real statistics resource pack add-in for excel.

4.2.7 Biochemical Evaluation

Samples were washed in PBS after retrieval and the wet-weight was recorded for samples which were
cultured dynamically. A papain enzyme solution, 3.88 U/mL of papain enzyme in 100 mM sodium
phosphate buffer/5 mM Na2EDTA/10 mM Lcysteine, pH 6.5 (all from Sigma—Aldrich), was used to
digest the samples at 60 °C for 18 hours. DNA content was quantified immediately after digestion
using Quant-iT™ PicoGreen ® dsDNA Reagent and Kit (Molecular Probes, Biosciences). The amount of
sGAG was determined using the dimethylmethylene blue dye-binding assay (Blyscan, Biocolor Ltd.,
Northern Ireland), with a chondroitin sulphate standard read using the Synergy HT multi-detection
micro-plate reader (BioTek Instruments, Inc) with a wavelength set to 656 nm. Total collagen content
was determined using a chloramine-T assay to measure the hydroxyproline content and calculated
collagen content using a hydroxyproline-to-collagen ratio of 1:7.69 [186]. Briefly, samples were mixed
with 38 % HCL (Sigma) and incubated at 110 °C for 18 hours to allow hydrolysis to occur. Samples were
subsequently dried in a fume hood and the sediment reconstituted in ultra-pure H>0. 2.82 % (w/v)
Chloramine T and 0.05 % (w/v) 4-(Dimethylamino) benzaldehyde (both Sigma) were added and the
hydroxyproline content quantified with a trans-4-Hydroxy-L-proline (Fluka analytical) standard using

a Synergy HT multi-detection micro-plate reader at a wavelength of 570 nm (BioTek Instruments, Inc).

4.2.8 Image Quantification & Statistical Analysis

The thickness of the engineered cartilage was measured using ImageScope software (Aperio).
Statistical analysis was performed using GraphPad Prism software (GraphPad Software, CA, USA).
Analysis of differences between two groups at one timepoint was done using a standard two-tailed t-
test. For two groups over multiple time-points a one-way analysis of variance (ANOVA) was
performed. Numerical and graphical results are presented as mean # standard deviation unless stated

otherwise. Significance was determined when p < 0.05.
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4.3 Results

4.3.1 Design and Fabrication of a Novel Joint Fixation Device

Given the challenges associated with integrating engineered cartilage in place within a joint defect,
this study first sought to design and fabricate a novel synovial joint fixation device. The implant was
intended to work in conjunction with micro-drilling, a pre-existing treatment for focal chondral
defects. During the micro-drilling procedure, small diameter hole(s) are used to perforate the
subchondral bone plate and induce bleeding. The aim was to use one of these holes to fixate an
engineered cartilage in situ within the joint. As such, the device design was centred on a pin which
could be push-fit into a micro-drilling hole. At the head of the pin, a suitable platform for engineering
a self-organised cartilage was created. To do so, a baseless microwell array was designed (Figure 4.4A).
As previously discussed, a similar ‘microchamber’ approach has been shown as an effective method
for generating a relatively thick and spatially organised engineered cartilage [41]. However, the solid
polymer base of these microchambers represent a significant shortcoming. Hence, this study aimed

to design a similar structure, but without a permanent base.

The implant was fabricated via FDM. Due to the constraints of FDM, the implant was fabricated
inverted to avoid creating overhangs and maximise print fidelity. The microwells were designed and
fabricated with no lateral porosity. It was hypothesised that these solid walls would operate as
boundary conditions for the developing cartilage, directing the growth of the neotissue and the
organisation of its collagen network (Figure 4.4Bi). When printing the pin, it was noticed that the
extruded polymer spiralling along the length of the pin (Figure 4.4Bii). As this feature was not
intentional, it was hypothesised to be a result of the forces exerted on the previous layer of semi-
molten polymer as the subsequent layers are deposited above. Specifically, the circular print-path
causes the extruded filament to drag and displace the subjacent layer off-axis, creating the spiral. The
consistent melt temperatures, material flow rates, and printing speed mean that this unique feature
can be effectively recreated between individual prints. Although an artefact of the fabrication method,
these macroscopic undulations of the pins surface could help initial fixation, acting like the threads of
a screw (Figure 4.4Bii). Moreover, this macroscopic features coupled with the microscopic surface
topography created by individual printed layers, created a multi-scale surface topography that could
prove beneficial in terms of osteointegration at the host site. In conjunction with designing a novel
implant drilling protocols and surgical guides for implantation were also developed (Figure 4.4C).
Collectively, these efforts resulted in the implant sitting dead-centre in the created defect and the

surface of the polymer being marginally recessed from the articular surface (Figure 4.4D).
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Figure 4.4 Design, 3D fabrication, and implantation strategy for a novel cartilage-fixation device. A)
Schematic representation of the proposed implant design. The implant is comprised of a 6 mm
diameter head (i) which, is made-up of an array of bottomless microwells measuring 500 um square
(ii). Directly below is a small chamfer (iii) designed to maximise the interface between the head and
the pin (iv). The pin has a small diameter (1.58 mm) and is intended to be press-fit into a micro-drilling
hole (1.6 mm ). B) Snapshots of implant fabrication via FDM. The implant was fabricated inverted,
to prevent the need to print overhangs and improve print fidelity. The microwells (i) were printed
with no lateral porosity, and fabrication of the pin (ii) resulted in the formation of a spiralled pattern.
C) Schematic of the intended implantation procedure. Di & ii) Macroscopic images take of cell-free
implants within a 6 mm chondral defect as a proof-of-concept of the implantation strategy. (Scale
Bar: Bi Overview = 500 um, Inset = 200 um. Bii = 500 um)
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4.3.2 Implant Assembly and Bioprinting Strategy

In order to bioprint a cell suspension into the microwell array, a temporary base was first designed.
This presented a significant challenge as the base material needed to meet several criteria. Primarily,
it would have to be hydrophobic (to avoid protein absorption and cell attachment), non-cytotoxic, be
sufficiently flexible to conform to the underside of the microwells creating a water-tight seal, and be
easily removed without damaging the implant, the engineered tissue, or leave unwanted residues. A
paraffin film was selected as the material that best fitted these constraints. However, the film alone
did not adhere strongly to the underside of the microwells, and therefore a rubber elastomer was

used as a backing material to reinforce the paraffin film.

The shallow depth of the microwells (464 + 11 um) left little tolerance during the addition of
the temporary base. If the base was assembled too loosely then it would not provide an adequate
seal. Equally, if the base was ‘over attached’ then it would encroach into the vacancy of the individual
microwells and prevent cell deposition. As such, manual addition of the base was insufficient and
instead a custom-made vacuum former was designed (Figure 4.5A). The process for adding the
temporary base was simple and reliable, forming an excellent seal below each microwell without
impinging into the microwells (Figure 4.5B & C). Having established that the novel assembly methods
for fabricating an implant suited bioprinting, holders were designed to centralise the implants within
the wells of a well-plate (Figure 4.5C & D). This allowed tight control of the bioprinting process,

permitting the accurate drop-on-demand deposition of a bioink into individual microwells

Inkjet bioprinting offers user-defined control over the deposition of picolitre volumes of bioink.
As such, it represented the ideal bioprinting modality for cell-seeding the microwells. However, a
trade-off between depositing low volumes, the need for spatially accurate bioprinting, and the large
number of cells needed to generate tissues of scale created a challenge. Given the high cell-densities
required, maintaining an acceptable level of cell-viability was prioritised. It was believed that
maintaining an acceptable level of cell-viability using 50 x 10 cells or 100 x 103 cells in 0.115 pL (the
theoretical volume of each microwell) of basal culture media during extrusion or post-printing was
unlikely. Therefore, this study investigated several ‘filling scenarios’ which were designed to
determine the maximum volume of bioink that could be deposited into each microwell before spatial
resolution was lost (Figure 4.5D). The aim was to leverage the surface tension generated in each
microwell to fill it with a maximum volume of bioink before it would spill into adjacent wells. To
investigate this, the valve opening time of the inkjet printhead was varied to accurately control droplet
volume. It was identified that 3 times the microwell volume (0.345 pL) was the optimal droplet volume

to maintain print fidelity whilst maximising bioink volume (Figure 4.5E).
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Figure 4.5 Implant assembly and bioprinting methodology. A) A schematic representation of the
process used to apply a temporary base underneath the microwell array. i) Custom vacuum former,
ii) PCL implant positioned on the former, iii) temporary base added to the back of the implant, and
iv) moulding of the temporary base using a vacuum. B) Image take of each of the five steps outlined
within A). C) The final implant (i) and assembly required (ii) to hold the implant centrally within a well
plate (iii). Inset shows the effective seal formed below a single microwell by the temporary base. D)
Schematic timeline of the inkjet bioprinting process, including, the valve working mechanism and
three microwell filling scenarios. E) Droplet volume is controlled as a function of valve opening time,
macroscopic images of the three filling scenarios with the respective volume deposited per microwell

and the valve opening time used to deposit that volume (N = 6, Mean + SD). (Scale Bar = 200 um)
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4.3.3 Early Differences in MSC Conformation

To gain an insight into early cellular viability and phenotype, tissues forming within the microwells
were evaluated 7 days after bioprinting. Live/dead imaging indicated excellent cell viability regardless
of the starting cell-density and showed a relatively even distribution of cells throughout the implant
(Figure 4.6), demonstrating the success of the bioprinting and post-printing culture regime. In cross-
section, the two cell densities resulted in two distinct cellular arrangements. MSCs within microwells
containing 50 x 10° cells formed small condensations which collected in the corner of the microwells,
forming interactions with aggregates of adjacent microwells through small gaps between the layers
of the polymer walls. By doubling the number of cells in each microwell, a cell sheet was formed at
the bottom of each well. Unsurprisingly, after only 5 days of chondrogenic induction the ECM
generated within these early MSC condensations stained weakly for sGAG and collagen, and
negatively for any mineral deposition (Figure 4.6). Despite being highly cellular, the contents of the
microwells was well-integrated and the temporary base could be easily removed without the

disruption of the structures or cell death.

4.3.4 Self-organised Cartilage in Static Culture Conditions
In static culture conditions the temporary base was removed after 7 days (5 days of chondrogenic
culture). This decision was motivated by the knowledge that highly cellular systems are vulnerable to

failure via nutrient limitations. As previously demonstrated, the resident cells and early-cartilage
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Figure 4.6 Early differences in cellular arrangement. Live/dead and histological sections 7 days after
bioprinting, including 5 days of chondrogenic induction. sGAG, collagen, and mineral are stained for
by AB, PSR, and AR respectively. (Scale Bars: Live/Dead = 500 um, 3x = 700 um, 10x = 200 um)
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tissue was well established after 7 days and the base could be removed under sterile conditions

without significant disruption to the developing tissue.

After 4 weeks of chondrogenic cultivation, a white glossy tissue had formed in the head of the
implant. Histologically, this self-organised was rich in cartilage-specific ECM components for both cell
seeding densities (Figure 4.7). The tissue that formed using the lower starting cell-density had begun
to grow over the confines of the microwells in several places throughout the implant. However, this
overgrowth had not resulted in the formation of a thick and even cartilage surface (Figure 4.7Ai).
Despite this, the tissue was extensively stained positive for sGAG and collagen. The deposition of these
ECM component appeared consistent throughout the depth of the tissue and the span of the implant,
generating a homogenous tissue with no signs of nutrient transport limitations promoting core
necrosis. Early removal of the base had resulted in some bi-directional tissue growth, but tissue
interconnection between adjacent microwells at the underside of the implant head was limited
(Figure 4.5Aii). Some evidence of cartilage mineralisation was detected in some peripheral regions of
the implant. The positive mineral staining occurred predominantly at the periphery of the middle

section of the tissue and to a lesser extent in the quarter section (Figure 4.7Ai & ii).

Macroscopically, the higher starting density appeared to generate thicker and more opaque
tissue (Figure 4.5B). These observations were confirmed histologically by the formation of substantial
and consistent cartilage over the top of the microwell walls (Figure 4.7Bi). Like in the lower cell density,
the cellular distribution and accumulation of cartilaginous ECM was homogenous throughout the self-
organised cartilage. Evidence of growth below the microwells was also noted, however, this
culminated in the formation of hemi-spherical tissue caps with no connection between the tissues of
the neighbouring microwells formed (Figure 4.7Bii). Instead, vertical tissue growth was evident,
resulting in the formation of a markedly thicker and more congruent tissue surface when compared
to the 50 x 103 cells/microwell group. Similar evidence of cartilage mineralisation was apparent in the
100 x 103 cells/microwell group. However, it was far less pervasive than in the lower-density (Figure

4.7Bi & ii).

Although histological evidence indicated both groups supported a highly chondrogenic
phenotype, the lower cell density appeared to stain more positively for both sGAG and collagen whilst
being less cellular. These observations were confirmed biochemically, where despite containing
significantly less DNA by day 28 (Figure 4.8A), the total sGAG and collagen detected in the 50 x 103
cells/microwell group was significantly higher than in the tissue formed using 100 x 103 cells/microwell
(Figure 4.8B & C). Unsurprisingly, normalisation of the absolute amounts of sSGAG and collagen to DNA
guantity demonstrated that the biosynthetic output of the resident cells in the lower starting density

was significantly higher (Figure 4.8D & E). In summation, these results indicated that although 100 x
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103 cells/microwell yields a thicker and more consistent self-organised cartilage, a significantly richer

cartilaginous matrix can be formed by using half the starting cell number.

4.3.5 A Higher Initial Cell Density Yields Better Spatial Organisation

Whilst this study recognise the importance of robust chondrogenesis and the generation of significant
amounts of ECM proteins, the spatial organisation of engineered AC is also essential to creating a
biomimetic tissue. In particular, recreating the anisotropic arrangement of the collagen network seen
in native AC is a longstanding challenge. Hence, PLM was used determine if there were differences in

the collagen arrangement within the self-organised cartilages.

Some evidence of spatial organisation within the 50 x 10 cells/microwell tissue was apparent
(Figure 4.9A). It appeared that confining tissue growth, using the microwell walls, drove vertical
alignment of the collagen fibres within the deep- and, to a much lesser extent, the middle-zone of the
engineered tissue. Superficially, collagen was arranged perpendicular to the deep fibres and parallel
with tissue surface as expected. Visually, the self-organised cartilage engineered using 100 x 10°
cells/microwell appeared to be more biomimetic (Figure 4.9B). In the superficial region of the tissue,
the collagen orientation was similar to what was observed in the lower-density group, whereby the
fibrils ran parallel with the apical surface. Due to the generation of a thicker tissue, the middle zone
was more apparent throughout the implant. Within this middle zone, the collagen fibre closely
resembled that of native tissue. Characteristic arcs of collagen fibres, transitioning from their
perpendicular alignment in the deeper regions to more superficial regions of the mid-zone, were
noted within this tissue. In the deep-zone, most fibrils also aligned perpendicular to the surface,
although in general the arrangement here appeared less cohesive than in the mid-zone above and in

the lower-density group.

Quantification of collagen fibril alignment in both groups corroborated these observations
(Figure 4.10). In terms of mean fibre orientation, 100 x 10° cells/microwell yielded a far more
biomimetic tissue. Throughout the implant (edge, quarter, and middle sections), a higher starting cell
density resulted in a mean fibre orientation closer to those in native tissue in the middle and
superficial regions. Additionally, in the middle and superficial zones of the 100 x 10° cells/microwell
group exhibited a significantly higher level of fibre coherency, indicating greater collagen alignment

within these specific zones and superior tissue organisation.
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Figure 4.7 Bioprinted, self-organised cartilage forms within the microwell array of the implant. A)
Macroscopic and histological images of the 50 x 10° cells/microwell after 4 week of chondrogenic
culture. i) 3x overview images of the engineered tissue, sections taken at the edge, quarter, and
middle regions of the implant. ii) 10x images of three regions. B) Macroscopic and histological images
of the 100 x 10° cells/microwell after 4 week of chondrogenic culture. i) 3x overview images of the
engineered tissue, sections taken at the edge, quarter, and middle regions of the implant. ii) 10x
images of three regions. (Scale Bars: Overview = 700 um, Zoom = 200 um).
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Figure 4.8 50 x 10° cells/microwell result in a richer self-organised cartilage after 4 weeks of
chondrogenic culture. A) After 4 weeks, 100 x 10° cells/microwell had significantly higher DNA levels.
B & C) Total sGAG and collagen within the engineered tissue was significantly higher with the lower
starting cell density. D & E) sGAG and collagen levels normalised to DNA were also significantly
higher in the 50 x 10° cells/microwell group compared to the 100 x 10° cells/microwell group. F) The
collagen to sGAG ratio within the engineered cartilage showed no significant differences. * denotes
significance using a two-tailed, unpaired Welch’s t-test, p < 0.05 (N = 6, Mean # SD).
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Figure 4.9 Bioprinting 100 x 10° cells/microwell results in spatial organisation of the collagen network
within the self-organised tissue. A) PLM of the cartilage engineered using 50 x 10° cells/microwell. B)
PLM of the cartilage engineered using 100 x 10° cells/microwell. i) Overview of the implant. ii Top &
Bottom) Two ROI taken at 10x magnification Images of two microwells. Quantification of collagen
alignment was carried out at this magnification. iii) Colour map of the collagen network. (Scale Bar:
Overview = 500 um, Zoomed ROl = 250 um)
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Figure 4.10 A biomimetic collagen architecture is engineered by using 100 x 10° cells/microwell.
Quantification of the collagen fibre directionality within the self-organised tissue was carried out at;
A) the edge region, B) the quarter region, and C) the middle region. Quantitative analysis included (i)
determining the mean fibre orientation, (ii) the coherency of the fibres where, a value of 1 indicates
fibres are aligned in the same direction, while a value of 0 indicates dispersion of fibres in all
directions, (iii & iv) dispersion versus mean orientation. * denotes significance using a two-tailed,
unpaired Welch’s t-test, p < 0.05 (N = 20, Mean + SD).

4.3.6 Dynamic Culture Conditions Support the Engineering of Biomimetic Self-organised
Cartilage

Having demonstrated that bioprinting 100 x 10° cells/microwell is an effective means of creating a

promising collagen stratification, but compromises the biosynthetic output of the resident MSCs. It

was hypothesised that nutrient limitations within the highly cellular system was responsible for the

diminished production of cartilage ECM components. To this end, this chapter next explored whether

dynamic culture could help alleviate these nutrient limitations and produce a rich cartilage matrix with

a physiologic stratification.

After 4 weeks of dynamic culture, the tissue formed within the head of the implant was
significantly thicker than previous attempts (Figure 4.11A & Table 4.2). Histologically, the neotissue
had extensively over grown the microwell walls (Figure 4.11B). Additionally, a native-like cellular
morphology and distribution was observed which had not been previously seen in the self-organised
cartilage cultivated in static conditions (Figure 4.11C). Deposition of sGAG and collagen was uniform
throughout, and unlike static conditions, there was no evidence of cartilage mineralisation when using
dynamic culture. Biochemically, there was no significant difference in levels of DNA when comparing
static and dynamic groups of the same cell-density. However, the biosynthetic output of the cells
cultured dynamically was significantly higher. This culminated in a rich ECM, with total levels of sGAG
and collagen reaching 2.81 + 0.555 mg and 1026 + 74.6 mg respectively. The incredibly robust
chondrogenesis resulted in a tissue that exhibited native levels of sGAG (% WW) (Figure 4.11D) [230].
Moreover, an improvement in the spatial organisation of the collagen network within the engineered
cartilage by culturing in dynamic conditions was observed (Figure 4.10). In particular, a highly
biomimetic fibre orientation in all 3 zones of the engineered tissue, which closely matched those seen

in native AC was seen.
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Table 4.2 Physical and biochemical properties for the engineered cartilages after 4 weeks. ‘*’ Denotes
a significant difference when compared to the 50 x 10° cells/microwell group and ‘&’ denotes a
significant difference when compared to the 100 x 10° cells/microwell (static), both when tested using
a Brown-Forsythe and Welch One-way ANOVA, p < 0.05 (N = 6, Mean + SD).

Thickness (um) Total sGAG (mg) Total Collagen (ug)  sGAG/DNA Collagen/DNA
50 x 10° stat 801+73.1 1.11+0.134 551 +64.2 103 +7.25 50.8 +3.15
100 x 10° star | 921 +32.0 * 0.814+0.110 ** 363 +£26.4 *** 57.5+£9.30 ¥*** 25,6+ 1,94 ****
100 x 10° pyy 1389 +49.8 2.81 £ 0.555 1026 £+ 74.6 179+22.7 66.1 £6.51

%k % %, &&&& * % %, &&& %k ok %, &&&& * % %, &&8&& * %, 8&8&&

For example, in the quarter section the mean fibre orientation in each zone for the engineered
tissue versus native AC was as follows: 84.4° + 12.4° and 90.5 ° + 6.00° for the deep zone, 83.7° £ 8.20°
and 89.4° + 10.6° for the middle zone, and 5.22° + 4.96° and 0.784° + 0.764° for the superficial zone.
Additionally, dynamic culture resulted in a significant improvement of the fibre coherency within the
deep and middle zones. Although the mean orientation of fibres within the superficial zone was
analogous to those seen in native tissue, there was a reduction in fibre coherency within this zone
compared to static conditions. This could be explained, in part, by the greater tissue thickness and the

incomplete development of the transitional zone (Figure 4.12B & C).

Finally, to determine tissue phenotype, immunofluorescence staining was undertaken to
identify the collagen types present within the engineered cartilage (Figure 4.13). In static conditions,
diffuse positive staining for collagen type Il was apparent, as well as weak straining for collagen type
| and type X in both cell densities. Interestingly, more cellular engineered cartilage (100 x 103
cells/microwell), expressed lower levels of both collagen type | and type X, indicative of a more stable
phenotype. Dynamic cultivation of bioprinted cartilage yielded similar expression of collagen type Il
as observed in static conditions. However, dynamic conditions suppressed the expression of collagens
type | and type X which were previously identified in static culture conditions. These results clearly
demonstrate that a rich, biomimetic, and stable cartilage can be engineered via the guided self-
organisation of MSCs. Moreover, the quality of this tissue can be significantly enhance by employing

a dynamic culture regime (Figure 4.13 & Table 4.2).
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Figure 4.11 Dynamic culture significantly enhances the quality of the self-organised cartilage. A)
Macroscopic images of the 100 x 10° cells/microwell after 4 week of dynamic chondrogenic culture.
B) 3x overview images of the engineered tissue, sections taken at the edge, quarter, and middle
regions of the implant. C) 10x images of the three regions. D) Biochemical quantification of the
engineered cartilage. Dynamic, chondrogenic culture conditions significantly increases the deposition
of canonical cartilage matrix components when compared to static culture. The wet weight
percentage of sSGAG within the engineered tissue approached that found in native tissue (grey box)
at the same time point. (Scale Bars: Overview = 700 um, Zoom = 200 um) * denotes significance using
a two-tailed, unpaired Welch’s t-test, p < 0.05 (N = 6, Mean * SD).
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Figure 4.12 Dynamic culture generates a tissue with a collagen architecture that closely matches
native articular cartilage. Quantification of the collagen fibres within the self-organised tissue was
carried out at; A) the edge region, i) Overview of the implant. ii Left & Right) Two 10x magnification
Images of two microwells. iii) Colour map of the collagen network. B) The quarter region, and C) the
middle region. For the quarter and middle regions, sections were divided into two due to the thickness
of the tissue. 10x magnification Images and corresponding colour map are left & right. Quantitative
analysis included (iv) determining the mean fibre orientation, (v) the coherency of the fibres where, a
value of 1 indicates fibres are aligned in the same direction, while a value of 0 indicates dispersion of
fibres in all directions, and (vi & vii) dispersion versus mean orientation, where vi) is the engineered
tissue and vii) is native AC. (Scale Bars: Overview = 500 um, Zoom ROl = 250 um) * denotes significance
using a two-tailed, unpaired Welch’s t-test, p < 0.05 (N = 20, Mean + SD).
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100 x 10” 100 x 10°

100 x 10° 100 x 10°

—— Dynamic

Figure 4.13 Dynamic culture yields a stable cartilage phenotype. Immunofluorescence staining for
collagen isotypes with nuclear staining using DAPI. A) Positive and negative controls for collagen type
I (red), type Il (green), and type X (magenta). B) Staining for collagen type I (red), type Il (green), and
type X (magenta) within engineered tissues indicated similar expression of collagen type Il in all
conditions after 4 weeks. However, levels of collagen type | and type X are lower in engineered
cartilages that has been cultivated in dynamic conditions. (Scale Bar = 100 um)
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4.4 Discussion

Within this chapter, a novel strategy for bioprinting of biomimetic cartilage grafts for the treatment
of focal chondral defects was developed. This implant consisted of a microwell array intended to
contain and guide a self-organising cartilage on top of a fixation pin fabricated using FDM that
designed to anchor the graft into a synovial joint. As previously discussed, creating an osteochondral
implant for the treatment of a chondral defect is often employed to secure an engineered scaffold or
tissue in situ [111,231]. However, changes within injured subchondral bone have been linked with the
initiation and/or propagation of a deleterious state within damaged joints [10,11,19,20], motivating
the search for alterative, less detrimental approaches to fixing engineered cartilage to the
subchondral bone [231,232]. Biodegradable pins are one fixation strategy with a relatively small
footprint that have been used clinically [226,227]. However, they are not well suited to fixing stiffer
3D printed implants in place [228]. In light of this, an important finding of this study was designing an
implant that integrated the 3D printed scaffold and the fixation pin into a single device. Since the
fixation pin was designed to work in conjunction with micro-drilling, and hence minimise the
iatrogenic damage to the subchondral bone, reliably creating a small diameter pin below the chondral
scaffold was pivotal. FDM was found to an effective additive manufacturing method due to its
resolution and amenability to creating complex monolithic parts. During implant fabrication the
formation of a spiral along the pin was observed. Whilst this was as unanticipated addition, given that
the surface feature could be reproducibly created during 3D fabrication it was believed that it could
be a beneficial attribute. In particular, it was hypothesised that the spirals would act like threads on a
screw and provide greater mechanical anchorage when the implant was press-fit in place.
Additionally, the macroscale undulations coupled with the microscale topography formed by the
printed layers serve to increase surface area, and create surface roughness. Creating a multiscale
surface topography is frequently discussed as a central feature for improving osteointegration of
implants [233,234]. In conjunction with designing and fabricating the implant, modification to the
existing micro-drilling technique were also made as part of developing a new surgical approach. As
such, this work provides a platform for the fixation of engineered cartilage within focal cartilage

defects that is compatible with existing clinical workflows.

The self-organised AC engineered in this study was highly biomimetic in both its composition
and structural organisation. It has been demonstrated that bioprinting a high density (100 x 103
cells/microwell) of MSCs results in superior organisation of the collagen network when compared to
a lower starting density. In addition, by employing a dynamic culture regime, the richness of ECM
composition can be significantly improved, as well as the generation of a collagen architecture with
near-native levels of spatial organisation. The concept for using a polymer framework to guide the

self-organisation process has been demonstrated previously [41]. Unlike previous reports, the

87



microwell system described here has a temporary base instead of a solid polymer base, which provides
a number of benefits. First, it provides the option for bidirectional tissue growth and nutrient delivery.
Removal of such a base from the engineered implant also permits cartilage-bone cross-talk, the
importance of which is becoming increasingly apparent for AC homeostasis [10,11,20]. Finally,
apposition of a neo-cartilage with subchondral bone has been shown to facilitate in situ integration
[231,232]. Other improvements over similar attempts are the generation of a consistently thicker
tissue (> Imm compared to ~680 um in this study and Daly et al. respectively) after only 4 weeks of
dynamic culture. Importantly, the approach taken in this chapter yielded a far more biomimetic
collagen network than that described previously [41], whereby PLM visualisation and quantification
revealed a near-native organisation. Other attempts to bioprint a self-organised AC have focused on
fusing extruded tissue-strands [214]. More recently, the same group have leveraged the collagen
alignment within these cartilage strands to create stratification within a bioprinted cartilage [215].
Although this approach generated a cartilage with native-like mechanical properties, complete fusion
between the proximal cartilage strands appeared incomplete, preventing the formation of a
homogenous tissue. Additionally, the organisation of the collagen network using this approach did not
appear to mimic the Benninghoff arcade structures as effectively as the approach presented in this
chapter. In contrast the self-organisation strategy utilised in this study does not require extensive
progenitor cell expansion and as such, may be more amenable to engineering AC at a human-clinically

relevant scale.

The number of cells inkjetted into each microwell had a significant effect on both the
composition and organisation of the resulting tissue. In static conditions, cartilage engineered using a
lower cell-density exhibited a significantly richer cartilaginous matrix as well as more pronounced
mineralisation. The availability of nutrients within the two cell-density conditions could explain these
differences. Specifically, in the higher-density system, limited nutrient availability appears to hinder
biosynthesis. However, this higher metabolic consumption within this system would also impact the
pO.. Since oxygen tension is known to be a potent regulator of stem cell fate [191-195], the more
cellular engineered cartilage could exhibit a favourable phenotype (less mineralisation) by creating a
more hypoxic local environment during culture. Similar observations have been made in hydrogel
systems, where chondrogenic gradients can be seen in relation to local oxygen availability [196]. In
this study, dynamic culture conditions appeared to enhance tissue development in the higher density
group. Interestingly, although bioreactor culture has been shown to interfere with chondrogenesis
[188—-190], the dynamic conditions employed here resulted in significantly higher amount of matrix
components and better organisation within the engineered cartilage. Others have shown similar
findings [197], suggesting that carefully implementing dynamic culture can be an effective method for

cultivating large engineered cartilages.
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While this bioprinting strategy clearly enables the engineering of cartilage that mimics key
features of the native tissue, there are still areas for improvement. While the sGAG content of the
engineered tissue is reaching native levels, the overall levels of collagen are still noticeably lower. It
has previously been shown that a failure to recapitulate the structure-function relationship of native
cartilage within engineered analogues creates mechanical mismatches between the implanted neo-
cartilage and the host tissue [111,231,235]. Since, recreating native-like mechanical properties is rare
[111,231], and a large part of this challenge involves the difficulties associated with recapitulating the
collagen content and architecture of native AC in the laboratory [42,45,47,231]. The techniques
presented in this study have identified an effective means of recreating feature of native AC’s collagen
network in vitro. Albeit a promising start, further tissue development is be necessary to generate a
complete tissue mimic. To this end, the use of remodelling enzymes (chondroitinase-ABC and lysyl
oxidase), growth factors and mechanical stimulus have been successfully employed to increase the
biochemical and biomechanical properties of self-assembled/self-organised engineered cartilages
[45,49-51,117]. Further biomechanical improvements can be made by integrating the efforts outlined
in literature with the platform developed in this study. By coupling structural organisation with
increases in neo-collagen maturation, content, and cross-linking engineered cartilages with adequate
mechanical properties to provide immediate joint resurfacing could be realised in the future.
Mechanical testing was not undertaken within this study as the presence of PCL microchambers
dominates the mechanical properties of the construct, making assessments of the tissue properties
challenging. Nevertheless, further studies will need to fully elucidate the impact of enhanced collagen

content and organisation on the biomechanical properties of self-organised engineered cartilages.

4.5 Conclusion

This work has established a strategy to bioprint a self-organised cartilage using an instructive fixation
device. Specifically, a novel assembly of a 3D printed polymer implant and temporary base has been
used to effectively guide the self-organisation and development of highly-cellular condensations
towards a stratified articular cartilage. Dynamic culture conditions were shown to further enhance the
quality of this engineered tissue. To this end, bioreactor culture of a high-density cellular
condensations enabled the generation of an engineered articular cartilage with near-native levels of

matrix components and organisation.
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Chapter 5.
5 Engineering High-Quality Cartilage
Microtissues

5.1 Introduction

The feasibility of generating a clinically relevant macrotissue via microtissue/aggregate engineering,
depends on several reciprocal factors. Principally, the size of the microtissue units generated and the
number of these units required to generate a construct/fill a particular defect volume is an important
balance. As such, engineering high-quality microtissues (with a tissue-specific matrix) of a suitable
initial size to feasibly generate a tissue of scale is a significant challenge. Identifying a workable balance
between microtissue quality (mitigating diffusion gradients and nutrient limitations), microtissue size
(maximising the size of the individual units to minimise the total number required), the number of
cells required to generate the microtissues, and ultimately the number of microtissues required to
generate a tissue of clinically relevant scale requires considering multiple factors. To date, engineering
osteochondral tissues using cellular aggregates or microtissues has predominately focused on the use
of undifferentiated mesenchymal stem cell (MSC) aggregates [89,141]. These immature aggregates
do not mimic the complex native extracellular matrix (ECM), which may explain why they fail to
promote the regeneration of hyaline cartilage when implanted into pre-clinical models for

chondral/osteochondral defects [69,236].

Unlike traditional scaffold or hydrogel tissue engineering strategies, scaffold-free approaches
are inherently reliant on the cell’s own capacity to generate the bulk of the tissue/construct through
deposition of ECM macromolecules. Although this follows a developmentally inspired paradigm and
facilitates the generation of biomimetic in vitro cartilage tissues [43-48,64,81,115,116], in the absence
of an interstitial ‘bulking’ scaffold or hydrogel material, creating tissues of scale can be challenging.
Scaling down scaffold-free tissue units can support more robust differentiation, alleviate diffusion
gradients, and ultimately improve matrix deposition [54,70,114,130]. Despite the numerous biological
benefits associated with scaled-down 3D scaffold-free strategies [42,66,81], microtissues do not yet
represent an idealised solution whereby robust ECM biosynthesis is guaranteed. In particular,
heterogeneity of cell phenotype within MSC populations can lead to poor chondrogenesis and impact
the richness of any cartilage ECM generated in vitro [237]. Such donor-to-donor variation is well
documented throughout the literature and has been shown to directly affect the in vivo performance
of engineered cartilages [238]. To date, microtissue/aggregate strategies for engineering clinically
relevant osteochondral tissues faces many hurdles. In particular, creating high-quality microtissues as

part of a scalable biofabrication process is challenging. Moreover, the ability to generate numerous
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ECM rich microtissues in a practical and economical manner can be exacerbated by the common use

of mixed MSC populations and their inherently variable chondrogenic capacity.

With this in mind, generating osteochondral tissues of scale using microtissue/aggregate
engineering will require the high-throughput production of consistently high-quality cartilage
microtissues. In particular, methods capable of consistently delivering quality cartilage microtissues
despite the use of diverse donors with different chondrogenic capacity is required. Without well-
defined markers for identifying MSCs within primary isolations, many tissue engineers use
uncharacterised cohorts of cells for generating tissues, which in turn can reduce the reliability and
quality of the engineered cartilages. The identification of a simple method for improving the
chondrogenic capacity of uncharacterised MSC populations, isolated from bone marrow, could help
to limit the variability seen in cartilage tissue engineering. Specifically, in the context of aggregate
engineering, defining a protocol amenable to the novel hydrogel microwell platform would support
the generation of high-quality cartilage microtissues. Ultimately, these high-quality cartilage
microtissues can be used as building blocks to more efficiently engineer osteochondral tissues of scale.
Based on a serendipitous observation that Endothelial Growth Medium (EGM) enhanced MSC
aggregation and chondrogenic capacity in animal bone-marrow derived MSCs (BMSCs), this chapter
sought to elucidate the driving factor within EGM using human BMSCs. Ultimately, the aim was to
improve upon current chondrogenic culture regimes and create a novel platform for engineering high-

quality scaffold-free cartilages.
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5.2 Materials & Methods

5.2.1 Media Formulations
Expansion Medium “XPAN”. XPAN is composed of high glucose Dulbecco’s modified eagle’s medium
(hgDMEM) GlutaMAX supplemented with 10 % v/v FBS, 100 U/mL penicillin, 100 pg/mL streptomycin

(all Gibco, Biosciences, Dublin, Ireland) and 5 ng/mL bFGF2 (Prospect Bio).

Endothelial Growth Medium (EGM). EGM is composed of Endothelial Cell Basal Medium-2 (EBM)
(Lonza) supplemented with MV Microvascular Endothelial Cell Growth Medium-2 BulletKit™ (Lonza).
As the concentration of the supplements added to EBM are proprietary information, the
concentrations for each are given as a %v/v. Fetal bovine serum (FBS) was added at 5 %,
Hydrocortisone (Hydro) was added at 0.04 %, human FGF-2 (FGF) was added at 0.4 %, vascular
endothelial growth factor (VEGF), recombinant human long R3 insulin like growth factor 1 (IGF),
ascorbic acid (AA), and human epidermal growth factor (EGF) were all added at 0.1%. Finally,

gentamicin sulfate-Amphotericin (GA-1000) was added at 0.1%.

Chondrogenic Differentiation Medium (CDM). hgDMEM GlutaMAX supplemented with 100 U/mL
penicillin, 100 pg/mL streptomycin (both Gibco), 100 pg/mL sodium pyruvate, 40 pg/mL L-proline, 50
pug/mL L-ascorbic acid-2-phosphate, 4.7 pg/mL linoleic acid, 1.5 mg/mL bovine serum albumin, 1 X
insulin—transferrin—selenium (ITS), 100 nM dexamethasone (all from Sigma), 2.5 pg/mL amphotericin

B and 10 ng/mL of human transforming growth factor-b3 (TGF-B) (Peprotech, UK).

5.2.2 Bone Marrow Mesenchymal Stem/Stromal Cell (BMSC) Isolation

Goat BMSC (gBMSC) isolation. gBMSCs were harvested under sterile conditions from the sternum of
skeletally mature, female, Saanen goats. Briefly, excised bone marrow was dissected into small pieces
using a scalpel. The marrow pieces were then gently rotated for 5 min in XPAN to help liberate the
cellular components. The culture medium was then aspirated and passed through a 70 um cell sieve
prior to counting and plating at a density of 57 x 10° cells/cm? and expanded under hypoxic conditions
(37 °C in a humidified atmosphere with 5 % CO, and 5 % pO,) for chondrogenic differentiation.
Following colony formation, gBMSCs were trypsinised using 0.25 % (w/v) Trypsin
Ethylenediaminetetraacetic acid (EDTA). gBMSCs for microtissues were expanded from an initial

density of 5000 cells/cm? in XPAN medium under physioxic conditions until P3.

Human BMSC (hBMSC) isolation. hBMSCs were isolated from unprocessed human bone marrow
(Lonza) on the basis of plastic adherence. Briefly, unprocessed bone marrow was plated at 2.5 x 10°
cells/cm? (estimated approx. 4000 - 5000 MSCs/cm?) in XPAN medium and expanded under
physiological oxygen conditions (37 °C in a humidified atmosphere with 5 % CO; and 5 % pO,).

Following colony formation, hBMSCs were trypsinised wusing 0.25 % (w/v) Trypsin
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Ethylenediaminetetraacetic acid (EDTA), hBMSCs were expanded in XPAN under physioxic conditions

(5 % p02) and aggregated into pellets at P3.

5.2.3 Experimental Design

For all studies, microwells were seeded at a density that results in 4 x 10% cells/microtissue. Cell
expansion and cartilage microtissue cultivation took place at physiological oxygen conditions (37 °Cin
a humidified atmosphere with 5 % CO; and 5 % p0;). With the exception of the first 24 hours, media
was exchanged every 2 days. Initial investigation using gBMSCs involved 21 Days of chondrogenic

culture. All studies using hMSCs were carried out over 7 days of chondrogenic cultivation.

Control Group. Here, cartilage microtissues are formed by seeding bMSCs into the microwells in XPAN.

The following day, the XPAN medium is carefully aspirated from the wells and replaced with CDM.

EGM Group. EGM was used to soak the agarose hydrogel microwells overnight prior to seeding. As
such, cells seeded into the microwells in the ‘EGM’ group were never directly exposed to EGM. The

seeding procedure and following chondrogenic culture was identical to the control group.

Media Component Isolation Groups. By means of determining the prominent factor within EGM that
aided in chondrogenesis, a screening study was undertaken. Each of the supplements listed in §2.1
for EGM formulation were added at the correct concentration (%v/v) to both XPAN during pre-soaking
and seeding, as well as CDM during differentiation culture. Chondrogenic and experimental EGM
supplements were added to the basal media of CDM fresh prior to media exchange. Additionally,
blends of XPAN/CDM and EGM were used. In these groups EGM was supplemented as a 1x or 2x
formulation and then mixed 50/50 with either XPAN, for soaking and seeding, or with CDM (2x) for

chondrogenic differentiation.
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Table 5.1 Summary of the components added to each experimental group/media type

Experimental
Group/Media FBS FGF-2 Hydro | VEGF IGF EGF TGF-B ITS Dex AA
type
XPAN Yes (10 %v/v)  |Yes (5 ng/mL) No No No No No No No No
Yes Yes Yes Yes
o, (o) 0, 0,
EGM (%v/v) |Yes (5%) Yes (0.4%) 004% l0.1%) l0.1%) |0.1%) No No No Yes (0.1%)
CDM No No No No No No Yes (10 ng/mL) |1x Yes (100 nM) Yes (50 pg/mL)
e Yes (2.5 e Yes (0.05%)
e Yes(7.5% - ng/mL + * No- No — e No- -
50/50 1x XPAN/EGM 0.2%) - Yes Yes Yes Yes )Y(PAI\;./OEGM XPAN/EGM XPAN/EGM XPAN/EGM
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Study 1. EGM treatment enhances aggregation & chondrogenic differentiation (JBMSCs)

XPAN Soaked XPAN Seeded —— CDM Cultivation
EGM Soaked

Day -1- Presoaking Day 0 - Seeding Day 2 - Day 21 -
Cell-aggregation Cartilage Microtissues

Study 2. Hydrocortisone is the predominant factor driving enhanced chondrogenesis (hBMSCs - Donor 1)

XPAN Only XPAN Only CDM Only COM Only
XPAN + Component . ®, % « XPAN + Component CDM + Component CDM + Component
Day -1- Presoaking Day 0 - Seeding Day 2 - Day 7 -
Cell-aggregation Cartilage Microtissues

Study 3. Investigation of the effect of EGM and hydrocortisone supplementation on hBMSCs - Donor 2

XPAN Only XPAN Seeded CDM Only CDM Only
XPAN + Hydro *» % “XPAN + Hydro CDM + Hydro CDM + Hydro
EGM Soaked = = *."% “XPAN Seeded COM Only COM Only
Day -1- Presoaking Day 0 - Seeding Day 2 - Day 7 -
Cell-aggregation Cartilage Microtissues

Study 4. Inverstigation of the effect of hydrocortisone exposure time (hMSCs - Donor 2)

XPAN Only XPAN Only — (DM Cultivation
XPAN + Hydro s @ XPAN + Hydro

P 8

Hydrocortisone removed at -
Day -1- Presoaking Day 0 - Seeding Day 1 Day 2 Day 7 Day 10

Scheme 5.1 Schematic of the 4 studies. In study 1) Microwells are soak loaded with EGM, after
which a normal chondrogenic protocol is undertaken. Study 2) Factors are soak loaded into the
microwells and added to culture medium for the entire culture period. Study 3) Hydrocortisone is
added for the entire study, whereas EGM is only soak loaded into the hydrogel microwells prior to

seeding. Study 4) Media is supplemented with hydrocortisone until certain time points, after its
removal standard chondrogenic cultivation is carried out.
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5.2.4 Histological Analysis

Samples were fixed using 4 % paraformaldehyde (PFA) solution overnight at 4 °C. After fixation,
samples were dehydrated in a graded series of ethanol solutions (70 % - 100 %), cleared in xylene,
and embedded in paraffin wax (all Sigma-Alrich). Prior to staining tissue sections (5 um) were
rehydrated. Sections were stained with hematoxylin and eosin (H&E), 1 % (w/v) alcian blue 8GX in
0.1 M hydrochloric acid (HCL) (AB) to visualise sulphated glycosaminoglycan (sGAG) content and
counter-stained with 0.1 % (w/v) nuclear fast red to determine cellular distribution, 0.1 % (w/v)
picrosirius red (PSR) to visualise collagen deposition, and 1 % (w/v) alizarin red (pH 4.1) to
determine mineral deposition via calcium staining (all from Sigma-Aldrich). Stained sections were

imaged using an Aperio ScanScope slide scanner.

5.2.5 Quantitative Biochemical Analysis

Samples were washed in PBS after retrieval and the number of microtissues within each technical
replicate counted prior to digestion. A papain enzyme solution, 3.88 U/mL of papain enzyme in
100mM sodium phosphate buffer/5SmM Na2EDTA/10mM Lcysteine, pH 6.5 (all from Sigma-—
Aldrich), was used to digest the samples at 60 °C for 18 hours. DNA content was quantified
immediately after digestion using Quant-iT™ PicoGreen ® dsDNA Reagent and Kit (Molecular
Probes, Biosciences). The amount of sGAG was determined using the dimethylmethylene blue dye-
binding assay (Blyscan, Biocolor Ltd., Northern Ireland), with a chondroitin sulphate standard read
using the Synergy HT multi-detection micro-plate reader (BioTek Instruments, Inc) with a
wavelength set to 656 nm. Total collagen content was determined using a chloramine-T assay [186]
to measure the hydroxyproline content and calculated collagen content using a hydroxyproline-to-
collagen ratio of 1:7.69. Briefly, samples were mixed with 38 % HCL (Sigma) and incubated at 110
°C for 18 hours to allow hydrolysis to occur. Samples were subsequently dried in a fume hood and
the sediment reconstituted in ultra-pure H,0. 2.82 % (w/v) Chloramine T and 0.05 % (w/v) 4-
(Dimethylamino) benzaldehyde (both Sigma) were added and the hydroxyproline content
quantified with a trans-4-Hydroxy-L-proline (Fluka analytical) standard using a Synergy HT multi-

detection micro-plate reader at a wavelength of 570 nm (BioTek Instruments, Inc).

5.2.6 Image Quantification & Statistical Analysis

Diameter measurement of growing microtissues were taken from microscope images (4x) using
Imagel) software. Statistical analysis was performed using GraphPad Prism software (GraphPad
Software, CA, USA). Analysis of differences between two groups at one timepoint was done using a
standard two-tailed t-test. For two groups over multiple time-points a one-way analysis of variance
(ANOVA) was performed. Numerical and graphical results are presented as mean * standard

deviation unless stated otherwise. Significance was determined when p < 0.05.
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5.3 Results

5.3.1 Endothelial Growth Media Treatment Enhances Aggregation and Chondrogenesis
of goat BMSCs

Soaking the hydrogel microwells with EGM prior to seeding appeared to have a rapid, and potent,
effect on the self-organisation of gBMSCs into a spheroid. By day 2, MSC aggregates were
significantly larger, and microscopically appeared to include all of the cells which had been seeded
into the individual microwells (Figure 5.1A). In contrast, MSC aggregates within XPAN soaked
microwells had a smaller average diameter and large numbers of cells, which did not coalesce
within the spheroid, were apparent at the bottom of the microwell. These significant differences in
size were maintained throughout the culture period, resulting in a final average microtissue
diameter of 0.403 + 0.03 um and 0.311 + 0.026 um for EGM and XPAN soaked microwells
respectively. Histologically, both microtissue cohorts exhibited canonical markers for chondrogenic
differentiation, with positive matrix staining for sGAG and collagen deposition. In the EGM pre-soak
group, the intensity of the staining indicated a richer cartilaginous ECM. Neither group stained
positive for calcium deposition, providing evidence that the cartilage has not yet progressed
towards a mature hypertrophic phenotype. Biochemical evaluation demonstrated that there were
significantly higher levels of DNA, sGAG, and collagen per microtissue when the microwells were
soaked with EGM compared to XPAN. Additionally, the levels of sGAG and collagen deposited,
normalised to DNA content, demonstrated that EGM treatment resulted in a higher biosynthetic
output at a cellular level. Collectively, these results indicated that EGM treatment resulted in the
generation of a richer cartilage microtissues. Specifically, the microtissues were initially larger and
appeared more cellular. After 21 days of chondrogenic culture, in the EGM group, the bulk
composition of each microtissue contained higher levels of key cartilage ECM components.
Moreover, the cells within the microtissue demonstrated a higher synthetic output compared to

those undergoing a traditional chondrogenic culture regime.
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Figure 5.1 Soaking hydrogel microwells with EGM results in a richer matrix within cartilage
microtissues. Ai) Microscopic images at days 2, 12, and 20 during chondrogenic culture (Scale bar =
500 um), and quantification of diameter (ii) as a non-destructive metric for microtissue development.
*¥%% denotes significance when tested using a Siddk's multiple comparisons test, two-way ANOVA,
where p < 0.0001, (N = 20, Mean + SD). B) Histological evaluation of cartilage microtissues after 21
days of chondrogenic culture (Scale bar = 200 um). C) Biochemical quantification of the cartilage
microtissues after 21 days. * denotes significance using a two-tailed, unpaired Welch’s t-test, p < 0.05

(N =3, Mean + SD).

5.3.2 Hydrocortisone is the Predominant Factor Driving Enhanced Chondrogenesis in

Human BMSCs
EGM contains multiple factors that potentially enhance chondrogenesis in the microtissue model.
This motivated an investigation to identify the predominant driving factors within the EGM.
Additionally, to improve its clinical relevance, this empirical study was undertaken using hBMSCs.
To this end, hBMSCs within the microwell system were cultured in media supplemented with each

factor used within the EGM formulation. These factors were added to both the XPAN used during
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pre-soaking and seeding, as well as to CDM during chondrogenic induction. A typical chondrogenic
culture regime ‘control’ was also carried out, as well as an EGM pre-soak ‘EGM’ which, was identical
to the protocol shown to be effective in animal derived BMSCs. After 7 days of in vitro
chondrogenesis, differences in microtissue size was apparent microscopically (Figure 5.2B). Cellular
arrangement also appeared to vary within the microtissues depending on which additional EGM
supplement was provided (Figure 5.2A). Histologically, archetypal cartilage spheroids were seen in
the control, EGM, and hydrocortisone (Hydro) groups. Although other supplements did not entirely
suppress chondrogenesis, with disposition of sGAG and collagen detected in all groups at varying
levels, they did result in condensed, highly cellular and atypical cartilage spheroids. When
compared to a standard chondrogenic culture regime (control), supplementation with
hydrocortisone resulted in significantly higher levels of DNA per microtissue as well as a higher
deposition of sGAG per cell. Although EGM soaking did not significantly influence the DNA levels
within the microtissues in hBMSCs, its effect on biosynthetic output did mirror observations made
previously with gBMSCs, and whereby pre-soaking with EGM resulted in a significantly richer
cartilaginous ECM profile compared to a standard chondrogenic approach (control). Direct
comparison of continuous supplementation with hydrocortisone and EGM pre-soaking of hydrogel
microwells indicated that there was a significant benefit to hydrocortisone treatment in terms of

SGAG deposition.

By means of consolidating the previous result, a second human donor was investigated.
Here, the study was simplified by only testing the effect of an EGM pre-soaking treatment (EGM)
or continuous hydrocortisone treatment (Hydro) versus the traditional chondrogenic regime
(control). Diameter measurements taken during the 7 days in vitro revealed similar responses in
terms of microtissue growth in both experimental groups (Figure 5.3A). Although microtissues
within these groups remained significantly larger than those under conventional chondrogenic
conditions, unlike in the previous study, the diameter of microtissues in the control group also
increased over the 7 days. Histologically, all groups appeared to result in robust chondrogenic
differentiation and the deposition of cartilage specific ECM components (Figure 5.3B). Biochemical
quantification of the cartilage microtissues indicated that significantly higher levels of sGAG/DNA
and sGAG/microtissue could be achieved using the EGM pre-soak and hydrocortisone treatments
respectively. Despite this, there was no significant benefit in terms of collagen deposition for either
experimental group. Interestingly, the baseline chondrogenic capacity of the donor investigated
within this study appeared far superior to that of the previous hBMSCs. Under standard conditions
(control), the sGAG/DNA was 5.50 + 0.175, compared to 2.81 + 0.236, with the previous donor. The
difference in collagen deposition per cell was more pronounced, with 25.9 + 1.13 collagen/DNA for

the control group within this study versus 5.83 + 0.887 collagen/DNA demonstrated previously. This
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suggested that the beneficial effects demonstrated in terms of chondrogenesis are more

pronounced when the baseline level is relatively low.

Finally, this study considered that prolonged hydrocortisone treatment may not be beneficial
for chondrogenic culture. Given the potency of pre-soaking with EGM, and the evidence that
hydrocortisone was the driving factor behind this enhanced chondrogenesis, how the length of
hydrocortisone treatment influenced chondrogenesis over 10 days was investigated. Biochemically,
peak sGAG biosynthesis coincided with a significant downregulation in collagen production at day
7 (Figure 5.4A & B). Although sGAG/DNA appeared to vary over the time course, there was a clear
downward trend in collagen/DNA with extended hydrocortisone treatment. Histologically, all
groups exhibited normal cell morphology and distribution. Additionally, all groups stained
extensively and homogenous for sGAG. Differences in PSR staining was apparent, where 7 and 10
days of hydrocortisone supplementation resulted in apparently lower levels of collagen within the
microtissues, corroborating the biochemical data. Although preliminary, this data, coupled with
earlier findings, indicates that shorter periods (< 7 days) of hydrocortisone treatment produce
better chondrogenic outcomes than prolonged/continuous exposure. However, future studies
should look to elucidate this result using other donors. In particular, donors with inherently limited
chondrogenic capacity, where we have previously shown hydrocortisone/EGM treatment to be
most effective, should be studied to ensure that an extended/continuous treatment regime is not

beneficial.

101



AB PSR AR H&E AB PSR AR

Control e
Vs N
2
m

Diameter (mm)

Diameter (mm)

[T
O
w
=
S o)
3 w
3 >
['9)
=
N
=4 w
3 o
S
Yo}
= [T
@ g
[e]
2 2
T &
50. Control ] EGM Pre-soak Control vs. Hydro Control vs. EGM EGM vs. Hydro
0.45 bl [ Control [ Hydrocortisone 7] EGM
% % k %
0404 il 40 * 40- 40- .
0354 — . N ns .
o [=)) >
0.30 2o £ £
0.25 ) g g
0.20 2 2 2
0.1 5 204 5 20+ 5 20+
| I I I o o 5
0.0 2- 10 : 10 2— 10
P4 zZ =
Day2 Day4 Day6 & Z z
[T Control [~ Hydrocortisone 0- 0- 0-
0.50 kK
045 . } 6m es o . 6 .
0.40- yxsx
0.35 S S ~
= = =
0.30 2 4 2 4 S o
020 g < <
O 24 g 24 G 24
R R )
0.0 - [7) 7] 7]
Day2 Day4 Day6
y y y 0 o- o

0.50- [ Control [] 50/50 2x

Diameter (mm)

0.45- 154 ns 154 *k 15+ ns
0401 yuxs  xakx  wrar D Es E
0.35- > 5 3
0.304 = 104 = 104 2 104
' z Z $
0.25- Z z 2
0201 = = g
0171 o 54 g 54 g 54
s s S
) 5] )
0.0- o o o
Day2 Day4 Day6 0- 0- 0-

Figure 5.2 Hydrocortisone is the driving factor in EGM that improved chondrogenesis. A) Histological
panel of microtissues, representing each EGM supplement, after 7 days of chondrogenic
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culture (Scale Bar = 100 um). B) Diameter measurements during culture, * denotes significance when
tested using a Siddk's multiple comparisons test, two-way ANOVA, where p < 0.05, (N = 20, Mean #*
SD). C) Biochemical quantification of the cartilage microtissues after 7 days of chondrogenic culture.
Hydrocortisone treatment compared to typical chondrogenic conditions (control) and positive control
group (EGM) demonstrated a significant increase in DNA content and sGAG deposition. * denotes
significance using a two-tailed, unpaired Welch’s t-test, p < 0.05 (N = 3, Mean + SD).
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Figure 5.3 The effect of both EGM pre-soaking and hydrocortisone supplementation is lessened in a
more chondrogenic hBMSC population. A) Quantification of microtissue diameter. **** denotes
significance when tested using a Siddk's multiple comparisons test, two-way ANOVA, where p <
0.0001, (N = 25, Mean * SD). B) Histological evaluation of cartilage microtissues after 7 days of
chondrogenic culture (Scale bar = 100 um). C) Biochemical quantification of the cartilage microtissues
after 7 days. * denotes significance using a Brown-Forsythe and Welch One-way ANOVA, p < 0.05 (N
= 3 for control & Hydro, N = 4 for EGM, Mean #+ SD).
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5.4 Discussion

This chapter aimed to establish a novel protocol for ensuring the generation of high-quality cartilage
microtissues. Soaking the hydrogel microwells in fully supplemented EGM a day prior to seeding
gBMSCs was found to enhance cellular aggregation and cause a significant improvement in
chondrogenesis. At day 2, all cells within the microwells of the EGM group had coalesced, forming
large spherical aggregates. In contrast, a standard chondrogenic protocol yielded relatively small
cell aggregates with a large number of unengaged cells surrounding the spheroids. By day 21 of
culture, histological and biochemical evaluation indicated that a richer cartilage ECM could be
generated by soaking the microwells with EGM prior to seeding. The canonical cartilage matrix
markers, sGAG and collagen were more extensively deposited in the EGM group compared to the
control condition. Moreover, the increased abundance of ECM proteins was not only due to more
cellular microtissues, as evident by higher DNA content after 21 days of culture, but also as a result
of the increased biosynthetic output of the resident cell population within the EGM microtissues.
Collectively, this preliminary study indicated that factor(s) within EGM provide a potent cue(s)

capable of improving the chondrogenic capacity of an uncharacterised gBMSCs population.

Next, this study sought to determine if a single component was responsible for the
aforementioned results using more clinically relevant hBMSCs. Within the supplement profile of
EGM, basic FGF/FGF-2 (FGF) and insulin-like growth factor (IGF) were potential candidates for
driving improved chondrogenesis. FGF is known to maintain MSCs in an immature state, enhance
their proliferation during in vitro expansion and their subsequent differentiation potential [239].
Additionally, the treatment of hMSCs with FGF during expansion has given rise to enhanced
chondrogenesis [240,241]. Specifically, chondrogenic aggregates formed using cells treated with
FGF during monolayer expansion were larger and expressed higher proteoglycan content.
Additionally, FGF-treated cells have been formed into cartilage spheroids that lacked collagen type
| and expressed collagen type Il in their periphery [241]. FGF signalling, although not critical for
chondrogenesis, has been coupled with improved chondrogenic differentiation of hMSCs [242].
However, prolonged treatment with FGF during MSC condensation and early chondrogenic
differentiation has been shown to inhibit chondrogenesis, whereas the addition of other isoforms,
such as FGF-9, to chondrogenic media has been shown to marginally increase matrix production
during early chondrogenesis [243]. In this study, all MSCs were exposed to FGF during expansion,
and we also found that prolonged exposure to FGF (during the first 7 days of chondrogenic
differentiation) does not lead to enhanced chondrogenesis and ECM production (Supporting

Figure5.1).

IGF, when combined with TGF-B, is commonly discussed as a promoter of chondrogenesis

in MSCs [239,244]. IGF alone has been suggested to have similar chondrogenic effects as TGF-,
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stimulating proliferation, regulating apoptosis, and inducing the expression of chondrogenic
markers in BMSCs. Moreover, the two growth-factors have demonstrated additive effects, resulting
in gene expression analogous to human primary culture chondrocytes [245]. We failed to see a
similar results in this study, as there was no discernible benefit associated with supplementing CDM
with IGF (Supporting Figure5.1). However, it should be noted that insulin was not removed from
CDM in this study. As such, the insulin within ITS could have masked any effects of treating with IGF
and potentially explain the failure to recreate findings which have been previously reported using

IGF for enhanced chondrogenesis.

In the first human donor, EGM produced a similar result to goat MSCs. More importantly,
the growth factor hydrocortisone emerged as the principle driving factor within the EGM
supplement capable of promoting more robust chondrogenesis. Intra-articular injection of
glucocorticoids, such as hydrocortisone, has been a longstanding means of managing arthritis.
Primarily, glucocorticoid therapy aims to provide symptomatic relief, reducing inflammation and
pain within an affected joint. However, the use of such steroidal agents has been discouraged for
the treatment of OA due to their undesirable effects of cartilage metabolism [246]. Despite this,
chondroprotective properties and other putative benefits of glucocorticoid treatment have been
suggested. More recently, the chondroprotective capacity of hydrocortisone, has been found to be
heavily dose-dependent, with beneficial changes associated with low doses both in vitro and in vivo,
whereas higher doses result in deleterious effects [247]. In vitro, the exposure of MSCs to synthetic
glucocorticoids for the initiation of chondrogenesis has been well established through the use of
dexamethasone (DEX) [213,248]. The role of DEX in promoting chondrogenesis has been elucidated
through studies demonstrating that glucocorticoids directly regulate the expression of cartilage
ECM genes and/or enhance TGF-B-mediated upregulation of their expression. Specifically, a
positive interaction between TGF- and glucocorticoid signalling pathways, which are mediated by
the glucocorticoid receptor, have been demonstrated during chondrogenesis [249]. The impact of
hydrocortisone, an adrenocortical hormone, is much less documented. It has been reported to be
found in FBS, where it is important in the modulation of MSC functions such as growth and adhesion
[250]. As such, it is often included in serum-free medium formulations. Additionally, hydrocortisone
has been used to ‘activate’ multipotent MSCs for adipogenic differentiation and its addition during
passaging preserves the self-maintenance capacity of MSCs [251]. In the context of chondrogenesis,
hydrocortisone supplementation in 3D culture with human chondrocytes has been shown to
optimise the ECM metabolism. In particular, exposure to physiological levels of hydrocortisone was
linked with an enhanced capacity to synthesise ECM components (aggrecan, collagen type II, and

fibronectin) whilst decreasing the activity of catabolic pathways (suppression of the IL1 catabolic
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pathway - reduced intracellular IL1-a and —B and IL1RI) [252]. These results indicate that

corticosteroids play a role in the maintenance of normal human cartilage metabolism.

MSCs from a second donor were observed to respond differently to hydrocortisone as they
underwent chondrogenesis. Similar potent improvements to chondrogenesis seen in the first two
studies by supplementing the media with hydrocortisone were not apparent. Whilst biochemically,
hydrocortisone treatment enhanced sGAG deposition per microtissue, no improvement in collagen
accumulation was observed. Biochemically and histologically, all conditions using the second donor
resulted in robust chondrogenesis after 7 days. Explicitly, the baseline levels (control group) of
sGAG/DNA and collagen/DNA detected within the microtissues were 1.96- and 4.44-times higher
respectively, in the second human donor compared to the first. This suggested that the potent
improvement in chondrogenesis previously observed may be coupled to the basal chondrogenic
capacity of the donor. Specifically, donors with limited initial chondrogenic capacity benefit more
from EGM/hydrocortisone treatment when compared with donors that would more readily

undergo chondrogenic differentiation.

One potential explanation for the donor-to-donor variability in the response to
EGM/hydrocortisone treatment could be the heterogeneity of MSC populations. Several surface
markers have been suggested as a means of sorting cells with greater chondrogenic potential over
other subpopulations. To this end, CD271" cells have been shown to be more chondrogenic,
expressing higher levels of collage type Il and aggrecan compared to other subpopulations [253].
Other have corroborated these findings, showing CD271* BMSCs result in superior cartilage
spheroids, and a reduction in CD271 expression during culture correlated with a decrease in
chondrogenesis. Importantly, in vivo, CD271" cells were shown to outperform an unsorted MSC
population, resulting in improved cartilage repair [254]. MSCs expressing CD105 and CD29 have
also been identified as subpopulations with improved chondrogenic differentiation potential
[255,256]. Growth factors, such as FGF, have been shown to change the expression of certain
surface markers [257,258]. Hydrocortisone may, like FGF, help to active/regulate stem cell
populations and could alter the distribution of specific markers which have been coupled to
chondrogenic potential. In addition, the varied responses to EGM/hydrocortisone treatment
reported here, could be a result of innate differences in relative expression of surface markers
within the three cell cohorts tested. However, variances in differentiation potential is not always
reflected in changes in stem cell surface marker expression [257], and as such, further investigation
would be necessary to clarify the effect of EGM/hydrocortisone on the surface marker profile of
heterogeneous MSC populations and the correlation, if any, to the changes observed in

chondrogenic potential.
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Whilst the mechanism of action remains unclear, evidence within this chapter suggests that
EGM/hydrocortisone treatment can improve the chondrogenic potential of heterogeneous MSC
populations. Investigation into the full effects of this novel chondrogenic protocol in terms of its
regulation/re-activation of MSC subpopulations, and/or its effect on chondrogenic genes that are
co-regulated via glucocorticoid receptors would provide an interesting insight and could help design
enhanced chondrogenic cultures in the future. Given the evidence that selection of superior
chondrogenic donors in vitro can translate into improved in vivo outcomes [254,259], the data
presented in this chapter represents a simple alternative method for restoring the chondrogenic
capacity of MSC populations that exhibit inherently limited chondrogenesis. As such, effectively
implementing this novel protocol can result in the formation of high-quality cartilage microtissues.
To this end, preliminary data suggests that prolonged exposure to hydrocortisone may not be
beneficial for long term chondrogenic culture. This evidence, coupled with our findings relating to
the potency of EGM pre-soaking indicates that a similar pre-soaking, or short-term exposure (<7
days) may be the most effective means of implementing hydrocortisone treatment within a
chondrogenic culture regime. Ultimately, this work provides a platform to generate larger
engineered cartilage through self-organisation of these high-quality building blocks without the
need for additional cells, unfeasible numbers of microtissue units, or compromising the quality of
the final construct and its in vivo efficacy. The results presented in this chapter were collected after
those presented in the subsequent chapters 6 and 7. As such, hydrocortisone/EGM stimulation of
developing cartilage microtissues was not employed in the following studies. Alternatively, in
chapters 6 and 7, where microtissues are employed to engineer cartilage and osteochondral tissues
of scale, novel chondrogenic induction protocols are explored to maximise microtissue growth and

macrotissue quality.

5.5 Conclusion

Collectively, the results indicate that pre-treatment via EGM pre-soaking or the supplementation
of chondrogenic differentiation medium with hydrocortisone can provide a simple and potent
means of improving chondrogenesis in heterogeneous MSC cohorts. This work could enable the
generation of more scalable engineered cartilages by ensuring the formation of high-quality

cartilage microtissue building blocks without the need for extensive cell immunophenotyping.
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Chapter 6.

6 Biofabrication of Cartilage Grafts using
Engineered Microtissues as Biological
Building Blocks

6.1 Introduction

Articular cartilage (AC) has a limited capacity for natural healing [2,111,231]. This has motivated the
development of a range of cell- and/or scaffold-based tissue engineering strategies for AC
regeneration, including matrix-assisted autologous chondrocyte transplantation (MACI) [111-113].
In general such cartilage repair strategies fail to consistently produce a hyaline repair tissue, fill the
entire defect and properly integrate with the surrounding native tissue [111]. While the reasons for
such sup-optimal clinical outcomes are not yet fully understood, the failure to engineer tissues that
recapitulate the structure, composition and biomechanical properties of native AC is believed to be
a predominant contributing factor [5,111,231,260-262]. Scaffold-free tissue engineering is a
strategy that moves away from the traditional ‘tissue engineering triad’ in order to leverage
processes that occur during embryonic and post-natal development to improve the quality and
biomechanical functionality of an engineered tissue [42,115]. It is believed that scaffold-free
approaches can circumvent the limitations of traditional scaffold-based tissue engineering,
enabling cells to generate a more biomimetic tissue unencumbered by the constraints of a scaffold
material or hydrogel [81,115]. In the context of AC tissue engineering, scaffold-free approaches aim
to recapitulate the cellular condensation that occurs during limb bud development, and have been
shown to support chondrogenesis of mesenchymal stem/stromal cell (MSC) in vitro and the
generation of a tissue that is biochemically and biomechanically comparable to that of early
developing cartilage [43,44,64,86]. The success of such scaffold-free cartilage tissue engineering
strategies can be linked to the increased expression of physiologically relevant cell adhesion
proteins (neural cadherin (N-cadherin) and neural cell adhesion molecule (N-CAM)), as well as
recapitulation of specific and appropriate cell-ECM interactions and growth factor mediated
signalling events associated with limb bud development [64]. Emerging platforms that facilitate
such MSC condensation, such as self-assembled cartilage discs or micromasses, have been shown
to be more supportive of chondrogenesis compared to traditional models [47,48,116].
Furthermore, self-assembled cartilage discs have been shown to support the development of

spatially organised AC when exposed to physiologically inspired cues [45,46,49-51,117].

In spite of promising findings, there are several hurdles facing the translation of self-
assembled tissues into preclinical and human clinical applications [111,118]. Fixation of these self-
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assembled neo-cartilages in situ within damaged synovial joints can be problematic, with
insufficient fixation and/or integration with the surrounding host osteochondral tissues known to
contribute to graft failure in vivo [111,119,231]. Additionally, generating tissues with comparable
thickness to human AC has proven to be a challenge, as is scaling the manufacture of highly cellular
self-assembled constructs. The challenges of engineering tissues of predefined size and shape can
potentially be addressed by using cartilage spheroids or microtissues as building blocks for the
biofabrication of larger cartilage grafts [63,68,74,120,148]. For example, immature cartilage
spheroids (< 5 days in TGF-B3) have been fused onto an underlying bone scaffold using external,
manual pressure to generate osteochondral constructs of predefined shape [68]. The resultant
macro-cartilage exhibited a physiology stratification of matrix components (glycosaminoglycan
(GAG), collagen type- Il and X, lubricin). Impressively, the cartilage has biomechanical properties
approaching those of native AC after only 5 weeks of in vitro cultivation [68]. Despite its relative
success there are some limitations to this approach. For example, the manual nature of the
approach, requiring external pressure to fuse spheroids and create a homogenous tissue, could
limit this methods capacity to generate patient-specific geometries in the future. Additionally,
whether the reported tissue stratification extended to the formation of a zonal biomimetic collagen
network remains unclear. To this end, others have identified that the potent upregulation of
numerous chondrogenic markers associated with self-assembled cartilage does not ensure the
concomitant formation of a native-like zonal collagen architecture [42,45,47]. Given the
interdependence of ACs biomechanical properties and the anisotropy of its collagen network
(specifically the Benninghoff arcade structure), identifying a means of reliably recapitulating this
macromolecular stratification is essential for the engineering of biomimetic grafts capable of

effectively resurfacing articular joints.

Biofabrication using numerous cartilage spheroids or microtissues as ‘biological building
blocks’ appears to be an effective means of scaling scaffold-free tissue engineering strategies.
Despite the many benefits of such approaches, generating a tissue with a hierarchical collagen
structure within the engineered tissue is not guaranteed. Moreover, identifying a biofabrication
method that facilitates spontaneous fusion between adjacent cartilage building blocks, and the
fixation of an engineered cartilage within a defect site is essential if scaffold-free cartilages are to
have a significant clinical impact in the future. With this in mind, this study aims to identify an
effective method for generating stable cartilage microtissues with the capacity to spontaneously
fuse and, under appropriate guidance from a supporting polymer framework, self-organise into a
stratified engineered cartilage (Figure 6.1A). This study will then combine these microtissues with
a novel 3D printed cartilage fixation device (Figure 6.1C), and evaluate their efficacy as a treatment

for focal chondral lesions within a preclinical, large animal model of focal chondral defects. In this
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chapter, fat-pad stromal cells (FPSCs) were employed in lieu of bone marrow derived MSCs. This
decision was motivated by challenges associated with isolating sufficient numbers of MSCs from
the femoral shaft of skeletally mature goats. Instead, adipose tissues can offer up to a 5 times higher
yield of MSCs compared to bone marrow [263] and adequate number of stromal cells have been
isolated from infrapatellar fat-pad tissue [165]. Moreover, fat pad derived progenitors have been
discussed as having a role in injury response and may contribute to healing within articular joints
[264]. Equally, robust in vitro chondrogenic differentiation of FPSCs has been previously shown

[165,192,210], making them an ideal alternative progenitor cell source to bone marrow.

Proposed pathway for generating a cartilage macrotissue by
Q self-organisation of stable cartilage microtissues
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Figure 6.1 Study schematic for the biofabrication of a stable cartilage for the treatment of focal
chondral defects. A) The proposed pathway for forming a homogenous and biomimetic millimetre-
scale cartilage via self-organisation of early stable-cartilage microtissues. B) In order to design a
scalable process the growth of the cartilage microtissues needed to be optimised. To do so, two
media conditions were explored which, varied the length of chondrogenic induction of cell
aggregates during microtissue cultivation. C) A novel bioassembly strategy was developed to
facilitate guided self-organisation of cartilage microtissues into a spatially organised cartilage
macrotissue on a novel 3D printed fixation device.
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6.2 Materials and Methods
Expansion Medium “XPAN”. XPAN is composed of high glucose Dulbecco’s modified eagle’s medium
(hgDMEM) GlutaMAX supplemented with 10 % v/v FBS, 100 U/mL penicillin, 100 ug/mL

streptomycin (all Gibco, Biosciences, Dublin, Ireland) and 5 ng/mL FGF2 (Prospect Bio).

Chondrogenic Differentiation Medium (CDM). hgDMEM GlutaMAX supplemented with 100 U/mL
penicillin, 100 pg/mL streptomycin (both Gibco), 100 ug/mL sodium pyruvate, 40 ug/mL L-proline,
50 pg/mL L-ascorbic acid-2-phosphate, 4.7 ug/mL linoleic acid, 1.5 mg/mL bovine serum albumin,
1 X insulin—transferrin—selenium (ITS), 100 nM dexamethasone (all from Sigma), 2.5 pg/mL

amphotericin B and 10 ng/mL of human transforming growth factor-b3 (TGF-B) (Peprotech, UK).

6.2.1 Cell Isolation and Expansion

Goat Fat-pad stromal cell (FPSC) Isolation: Under sterile conditions, infrapatellar fat pad (IFP) tissue
was diced into approximately 1-2 mm?3 pieces using a scalpel. The tissue was then weighed and
subsequently incubated with high glucose DMEM (Gibco) containing 750U collagenase | (Gibco).
For rapid isolation; the tissue was shaken at 2000 RPM at 37°C for 30 minutes (Multi Reax Shaker,
Heidolph). After digestion, the cell suspension was neutralised with DMEM containing 20 % fetal
bovine serum (FBS - Gibco). Insoluble tissue and residual fat were removed and discarded. The
remaining cell suspension was passed through a series of cell strainers with decreasing mesh sizes

(100 um, 70 pm and 40 um (Fisher Scientific)), centrifuged and washed with saline.

Goat Chondrocyte (CC) Isolation: Cartilage was harvested from the joint surface under sterile
conditions, it was rinsed in saline, weighed, and diced finely. Chondrocytes were isolated by
digestion in hgDMEM containing 100 U/mL penicillin, 100 pg/mL streptomycin and 350 U/mL of
collagenase type Il for 12-14 hours with constant rotation at 37 °C. The remaining suspension was
passed through a cell filter (40 um), and the filtrate centrifuged and rinsed with saline.

Chondrocytes were expanded in XPAN in physioxic conditions.

6.2.2 Microtissue Formation & Culture Optimisation

The procedure for fabricating the hydrogel microwell platform and the method of generating
cellular aggregates and microtissues has been described within chapter 3. The same underpinning
methodology was employed herein. Initially, stable cartilage microtissues were form at three cell
densities: 1 x 103, 2 x 103, or 4 x 103 cells per microtissue. To dampen the inherent hypertrophic

tendencies of MSCs, a co-culture of FPSC and CCs (3:1) was employed throughout.

To ensure that the maximum growth of the cartilage microtissues prior to their bioassembly into a
larger macrotissue, two initial growth conditions were explored. The first (Media Condition 1),

involved culturing the cell aggregated initially in XPAN for the first 4 days, followed by 4 days in
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CDM. The second (Media Condition 2), was 8 days of continuous chondrogenic induction in CDM.
In both strategies, microtissues were cultivated in physioxic conditions (37 °C in a humidified
atmosphere with 5 % CO; and 5 % p03). Diameter fold change of the growing microtissues was
calculated over the first 4 days of chondrogenic induction. For media condition 1, this described the

diameter change from day 2 to day 6 and from day 4 to day 8 in media condition 2.

Table 6.1 Summary of the media conditions employed for the rapid and robust initial chondrogenic

induction of cartilage microtissues

Media Condition Days in Expansion Medium | Days in Chondrogenic Differentiation
(XPAN) Medium (CDM)

1. Temporal TGF-B 4 4

2. Continuous TGF-B 0 8

6.2.3 Microtissue Self-organisation and Macrotissue Engineering

The capacity for cartilage microtissues to spontaneously self-organise into a macrotissue was
determined by seeding microtissues into a custom agarose well. The well was created using sterile
2 % w/v agarose cast into a 12 well plate. The central agarose well was 3 mm in diameter and 1.5
mm in depth. The number of microtissues seeded to create each construct was determined as a
function of the microtissue volume and the volume of the final construct. As such, the following

equation was used:

Volume of the construct X 0.74
Volume of the microtissue

Number of microtissues =

Where,

4
Volume of the microtissue = 3 mr3

and 0.74 is the packing efficiency, or packing factor. For this study the volume of the construct

chosen was determined using 3 mm diameter and a depth of 1 mm.

After seeding the microtissues into the central agarose well, COM was added slowly to prevent
disruption of the microtissues. The developing cartilages were maintained in CDM and physioxic

conditioned for 5 weeks. Media was exchanged every 2-3 days.

6.2.4 Biochemical Evaluation
Samples were washed in PBS after retrieval and the number of microtissues within each technical

replicate counted prior to digestion. A papain enzyme solution, 3.88 U/mL of papain enzyme in
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100mM sodium phosphate buffer/SmM Na2EDTA/10mM Lcysteine, pH 6.5 (all from Sigma-
Aldrich), was used to digest the samples at 60 °C for 18 hours. DNA content was quantified
immediately after digestion using Quant-iT™ PicoGreen ® dsDNA Reagent and Kit (Molecular
Probes, Biosciences). The amount of sGAG was determined using the dimethylmethylene blue dye-
binding assay (Blyscan, Biocolor Ltd., Northern Ireland), with a chondroitin sulphate standard read
using the Synergy HT multi-detection micro-plate reader (BioTek Instruments, Inc) with a
wavelength set to 656 nm. Total collagen content was determined using a chloramine-T assay [186]
to measure the hydroxyproline content and calculated collagen content using a hydroxyproline-to-
collagen ratio of 1:7.69. Briefly, samples were mixed with 38 % HCL (Sigma) and incubated at 110
°C for 18 hours to allow hydrolysis to occur. Samples were subsequently dried in a fume hood and
the sediment reconstituted in ultra-pure H,0. 2.82 % (w/v) Chloramine T and 0.05 % (w/v) 4-
(Dimethylamino) benzaldehyde (both Sigma) were added and the hydroxyproline content
quantified with a trans-4-Hydroxy-L-proline (Fluka analytical) standard using a Synergy HT multi-

detection micro-plate reader at a wavelength of 570 nm (BioTek Instruments, Inc).

6.2.5 Mechanical Evaluation

Mechanical evaluation was performed using a single column Zwick (Zwick, Roell, Germany). Testing
was undertaken in hydrated conditions using saline. A 0.025N pre-load was applied, followed by 10
% strain at a speed of 1 mm/minute. The compressive modulus was taken between 9 % and 10 %

strain.

6.2.6 Preclinical Evaluation

Fibronectin coating

To improve the integration of the microtissues with the polymer (polycaprolactone, PCL) implant,
the surface of the implant was coated with bovine fibronectin (PromCell) using a protocol modified
from Liverani et al. [265]. Briefly, the PCL implants were immersed in a 3M sodium hydroxide
solution (NaOH) and gently agitated for 12-14 hours at room temperature to improve the
hydrophilicity of the polymer. Similar methods of hydrolysing PCL using NaOH have been
demonstrated in electrospun scaffolds, where the exposure of hydroxyl and carboxylic groups on
the polymer surface can improve hydropillicity and subsequently protein absorption and
biocompatibility [266]. After washing in ultra-pure H,0, implants were immersed in 0.5M N- (3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) (Sigma) and 0.5M N-
Hydroxysuccinimide (NHS) in 0.1M 2-(N-Morpholino)ethanesulfonic acid hemisodium salt (MES)
buffer at a ratio of 2:1 (EDC:NHS) for 24 hours again with gentle agitation. Implants were rinsed in

PBS and immersed in a 50 pg/mL fibronectin solution for 24 hours. After functionalisation with

114



fibronectin, implants were rinsed and either processed for analysis by Fourier-transform infrared

spectroscopy (FTIR) or SEM, or used immediately for tissue culture.

Implant seeding

GBMSCs were isolated as previously described in chapter 5. Briefly, marrow pieces were then gently
rotated for 5 min in XPAN to help liberate the cellular components. Cells were initially plated at a
density of 57 x 10% cells/cm? and expanded under hypoxic conditions (37 °C in a humidified
atmosphere with 5 % CO, and 5 % p0,) for chondrogenic differentiation. Following colony
formation, gBMSCs were trypsinised using 0.25 % (w/v) Trypsin Ethylenediaminetetraacetic acid
(EDTA). gBMSCs for microtissues were expanded from an initial density of 5000 cells/cm? in XPAN
medium under physioxic conditions until P3. As before, stable cartilage microtissues were
generated using a co-culture of MSCs and CCs (3:1) at a final density of 2 x 10° cells/microtissue,
and cultivated using media condition 1. After 8 days, stable cartilage microtissues were seeded
manually into the head of fixation device defined in chapter 4. As before, the number of
microtissues seeded into the head of the implant was determined by the volume of the microtissues
after 8 days of preliminary culture, and the volume of the desired final construct (6 mm @ x 1 mm

height). Cartilage was then cultivated for 5 weeks in physioxic conditions prior to implantation.

Surgical Procedure

All animal experiments were approved by the University College Dublin Animal Research Ethics
Committee (Approval number — AREC 12-74) and the Irish Health Products Regulatory Authority
(Approval number - AE18982/P032). Surgery was performed on skeletally mature female Saanen
goats. Goats were sedated using diazepam (0.3-0 0.4 mg/kg 1V) and butorphanol (0.2 mg/kg IV). An
epidural was administered using morphine (0.2 mg/kg). Anaesthesia was induced with propofol
(max. dose 4 mg/kg IV) and maintained with isoflurane. Goats were placed in dorsal recumbency
and an arthrotomy of each stifle joint was then performed using the lateral para-patellar approach.
Bi-lateral surgery was performed on all animals. 6mm diameter by 1mm deep chondral defects
were created in the medial femoral condyles using a 6mm biopsy punch to mark the defect
diameter followed by cartilage removal using a curette. Microdrilling was performed in all defects
using a Kirschner wire (1.6mm @ for a central hole). In the treatment group, this central
microdrilling hole was populated with the fixation pin, facilitating the implantation of the self-
organised cartilage. An in-depth description of the implant design and fabrication can be found in
chapter 4. Briefly, the fixation pin was a biodegradable, 3D printed fixation device fabricated using
polycaprolactone (PCL, Perstop). The shaft of the fixation device was fabricated to be the same
diameter as the central MFX hole (1.6mm @) so that the device and scaffold could be push-fit into

the defect. Following routine closure of the joint capsule, subcutaneous tissues and skin with
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sutures, Carprofen (1.5-2.5 mg/kg subcutaneously) was administered for analgesia. Following
surgery, goats were housed in indoor pens and were allowed full weight bearing immediately.
NSAIDs and antibiotics Amoxicillin (Noroclav) were administered for 5 days post-surgery. Two
weeks post-operatively, following removal of sutures, animals were released to pasture for the

remainder of the study period. Tissue repair was evaluated at 6 months post-surgery.

Evaluation of the Repair Tissue

Sections containing the defect site were harvested. Before fixation, gross morphological images
were taken using a stereomicroscope (Olympus) for macroscopic evaluation. Macroscopic images
were blinded, randomised, and subsequently scored by expert reviewers using a previously
described macroscopic scoring system [267,268]. This macroscopic scoring system evaluates the
edge integration of the scaffold with the native tissue, the smoothness of the cartilage surface, the

degree of defect filling and the colour/opacity of the neo-cartilage in the defect.

6.2.7 Histological Evaluation

In vitro

Samples were fixed using 4 % paraformaldehyde (PFA) solution overnight at 4 °C. After fixation,
samples were dehydrated in a graded series of ethanol solutions (70 % - 100 %), cleared in xylene,
and embedded in paraffin wax (all Sigma-Alrich). Prior to staining tissue sections (5 um) were
rehydrated. Sections were stained with hematoxylin and eosin (H&E), 1 % (w/v) alcian blue 8GX in
0.1 M hydrochloric acid (HCL) (AB) to visualise sulphated glycosaminoglycan (sGAG) content and
counter-stained with 0.1 % (w/v) nuclear fast red to determine cellular distribution, and 0.1 % (w/v)
picrosirius red (PSR) to visualise collagen deposition (all from Sigma-Aldrich). Stained sections were
imaged using an Aperio ScanScope slide scanner. Polarised-light microscopy (PLM) was used to

visualised the orientation of collagen fibres in samples stained with PSR.

In vivo

Prior to histological processing, samples were fixed in 10% neutral buffered formalin solution
(Sigma) for 72 hours with gentle agitation. Samples were then decalcified with Decalcifying solution
lite (Sigma) until all mineral was removed, which was confirmed by x-ray analysis. Demineralized
wax-embedded constructs were sectioned at 10um and stained with Goldner’s Trichrome,
picrosirius red stain and safranin-O. Histological scoring was performed using a modified ICRS Il

scoring system [269].

Immunohistochemisty
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Immunohistochemistry was performed for collagen type | (Abcam ab90395 1:400), collagen type Il
(Santa Cruz sc52658 1:400), and collagen type X (Abcam ab49945 1:200) as previously described
[165].

6.2.8 SEM Evaluation
For SEM imaging, samples were prepared for imaging by coating with gold/palladium for 40 s at a
current of 40 mA. Imaging was conducted in a Zeiss ULTRA plus SEM using InLens and SE2 detectors

with an accelerating voltage of 4 — 5 kV.

6.2.9 Fourier-transform Infrared (FTIR) Measurements

FTIR spectra of samples were recorded using a Spectrum 100 FT-IR spectrometer (PerkinElmer,
Waltham, USA) in attenuated total internal reflection mode. The spectra were scanned between
500 and 4000 cm™. In an attempt to address this concern, the surface of the polymer framework
was functionalised with fibronectin (Fn) (Figure 6.5D). Visually, the Fn functionalised PCL appeared
to have a considerable, and uniform deposition of the protein on its surface (Figure 6.4Di). FTIR was
used to validate that the functionalisation process was effective. In the modified scaffolds, it was
possible to detect peaks centred at 1,640 and 1,540 cm™ indicative of amide | and amide Il
respectively. A clear peak centred around 3,287 cm™ was also detected in the modified group,
which correlated to stretching of NH bonds within NH; groups (Figure 6.4Dii). Through surface
modification with the recognised adhesion protein fibronectin, the aim was to mitigate the risk of

poor integration between the developing tissue and the supporting PCL framework.

6.2.10 Image Quantification & Statistical analysis

Diameter measurement of growing microtissues, and engineered macrotissues were taken from
microscope images (4x) using Image) software. Statistical analysis was performed using GraphPad
Prism software (GraphPad Software, CA, USA). Analysis of differences between two groups at one
timepoint was done using a standard two-tailed t-test. For two groups over multiple time-points a
one-way analysis of variance (ANOVA) was performed. Numerical and graphical results are
presented as mean * standard deviation unless stated otherwise. Significance was determined

when p < 0.05.

117



6.3 Results

6.3.1 Maximising Early-Cartilage Microtissue Growth

Engineering a cartilage macrotissue via self-organisation of multiple early-cartilage microtissues
(Figure 6.1A) requires the engineering of large numbers of such microtissues. Furthermore,
conditions to support the rapid growth and chondrogenesis of such microtissues must be identified
if scaled-up tissues are to be engineered using practical numbers of cells and tissue building blocks.
Therefore, the first objective of this study was to rapidly generate cartilage microtissues of
sufficient size (>200 um in diameter) to simplify their use as biological building blocks for the
biofabrication of hyaline cartilage grafts. To optimise the generation of these cartilage microtissues,
two media conditions intended to induce rapid and robust chondrogenesis using a co-culture of CCs
and FPSCs (Figure 6.1B) were compared, as well as three starting cell densities (with the same 3:1
ratio of FPSCs to CCs). During the 8 days of culture, the continuous exposure to chondrogenic media
supplemented with TGF-B (media condition 2) yielded a predictable and linear increase in
microtissue diameter. In contrast, 4 days of exposure to expansion media following by 4 days of
exposure to chondrogenic media supplemented with TGF-B (media condition 1) resulted in an initial
contraction of the microtissues, during the first 4 days, followed by a rapid increase in microtissue
diameter upon chondrogenic induction at day 4 (Figure 6.2Ai). Given that prolonged exposure of
cartilage spheroids to TGF- has been reported to reduce their capacity to fusion [68], this study
aimed to limit exposure time to this growth factor whilst still ensuring rapid growth. Therefore, the
change in diameter of the microtissues after exposure to TGF-B was compared for the two media
conditions (Figure 6.2Aii). The fold change in diameter after initial exposure to TGF-B was
significantly higher for media condition 1 compared to media condition 2 (Figure 6.2Aii).
Collectively, these findings indicated that first culturing cell aggregates in XPAN for 4 days prior to
chondrogenic induction primes the microtissues for rapid growth, enabling the engineering of
microtissues >200um in diameter after only 4 days of chondrogenic culture with as little as 1,000
starting cells. To validate that numerous microtissues could be brought together and spontaneously
fuse, the microtissues were seeded into a non-adherent agarose wells and cultured under
chondrogenic conditions for 35 days (Figure 6.1A). After 2 days all microtissues began to coalesce,
and after 7 days a unified tissue with a single, uninterrupted boundary was apparent.
Microscopically, no differences between the developing macrotissue formed by microtissues with
varied starting cell numbers were apparent within the two groups. However, there were observable
differences between the two initial media conditions. As expected, microtissues that had been
exposed to TGF-B for 8 days (media condition 2) appeared to fuse less than those that had only

undergone a shorter chondrogenic induction (media condition 1). These differences were apparent
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after significant culture time (35 days), where the outline of the initial microtissues were still visible

in media condition 2 (Figure 6.2B).
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Figure 6.2 Establishing conditions for cartilage microtissue growth and self-organisation. A)
Designing a culture regime for the generation of cartilage microtissues. i) Diameter of cartilage
microtissues over 8 days of culture in two media conditions. * Denotes significance for media
condition 1 -1 x 10°, & for media condition 1—2 x 10°, S for media condition 1 —4 x 10°, % for media
condition 2 —1 x 10%, and # for media condition 2 — 2 x 10°, when tested using an ordinary two-way
ANOVA with Tukey’s multiple comparisons test where p < 0.05 (N = 25, Mean # SD). ii) Diameter fold
change over the first 4 days of exposure to TGF-8. * Denotes significance when tested using a Brown-
Forsythe and Welch One-way ANOVA, where p < 0.05 (N = 25, Mean + SD). B) Representative
microscopic images of cartilage microtissues from each condition self-organising over 35 days of
chondrogenic culture. (Scale bar = 500 um)
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6.3.2 Early-cartilage Microtissues Self-organise into a Thick, Homogenous, and
Consistent Articular Cartilage

After 5 weeks of chondrogenic culture both cohorts of cartilage microtissues had self-organised
into a unified cartilage macrotissue (Figure 6.2B). However, differences in the quality of this
macrotissue were apparent histologically (Figure 6.3). Media condition 1 microtissues resulted in
the formation of a consistent and homogenous cartilage. All cell densities in this group yielded
cartilage that was rich in sGAG and collagen, indicated by diffuse positive alcian blue and picrosirius
red staining respectively. Immunohistochemistry revealed that the engineered cartilage exhibited
a stable hyaline-like phenotype, with positive DAB staining for collagen type Il and negative matrix
staining for collagens type | and X. The cartilage generated using the more cellular microtissues (4
x 103 cells) in media condition 1 stained weakly for collagen type |, with little or no staining observed
using the two lower cell densities (Figure 6.3A). Although the core of the microtissue units were still
visible within the self-organised cartilage, a large number of cells and matrix was present between
what remained of the initial spheroidal cartilage seeds. This suggests that the more immature
microtissue phenotype generated using a shorter chondrogenic induction (media condition 1)
period permitted cells to move out from the initial spheroid and facilitated (re)modelling of the

engineering tissue.

The gross morphology of the cartilage formed using the more mature microtissues (media
condition 2) was more irregular, as evident by the concave surface of the tissue for all initial cell
densities. Histologically, the cartilage structure reflected the microscopic observations made during
microtissue fusion. Here, the individual tissue units were much more apparent and overall less
interstitial tissue (tissue formed between fusing microtissue units) formation was evident (Figure
6.2B & 6.3B). Despite the more punctate appearance of the microtissues, the engineered cartilage
appeared to stain more positively for both sGAG and collagen in comparison to that generated using
media condition 1 microtissues. However, the final cartilage exhibited a fibrocartilage phenotype,
indicated by the presence of collagen types | and Il and the absence of collagen type X (Figure 6.3B).
Unsurprisingly the more mature phenotype of the cartilage microtissues generated in the second
cohort appeared to limit cell motility and (re)modelling of the engineered macro-graft. Although
adjacent microtissues had fused to form a macrotissue, the spherical architecture of the
microtissue units and limited interstitial matrix and cellularity was more obvious than in the more

immature cohort.

The physical properties of the engineered tissue indicated that a thick (~1 mm) macro-scale
(mm-diameter) cartilage was generated in all groups. A significantly thicker tissue could be achieved
by using microtissues generated in the media condition 1, at a density of 2 x 10® and 4 x 10°

cells/microtissue. Mechanically, the engineered cartilages were relatively stiff with a compressive
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modulus of ~0.150 MPa, although there were no statistically significant differences between the

groups. Biochemically, there were no differences in DNA content after 5 weeks, while microtissues

Media Condition 1

2x10°

Media Condition 2

2x10°
B

Figure 6.3 Cartilage microtissues can self-organise into a homogenous cartilage macrotissue. A&B)
Histological panels of the cartilage macrotissue formed via the self-organisation of cartilage
microtissues units, generated using the two media compositions, after 5 weeks of chondrogenic
cultivation. sGAG and collagen deposition stained for by alcian blue and picrosirius red staining
respectively. DAB immunohistochemistry for the visualisation of collagen types within the
engineered cartilage. (Scale bar: Overview = 500 um & Zoom = 100 um)
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engineered in media condition 2 generated a microtissue with higher levels of sGAG and collagen
deposition for the 1 x 10 cells/microtissue group (Figure 6.4). Collectively, the results indicated that
a thick, stable, and mechanically competent millimetre scale cartilage could be consistently
engineered by the self-organisation of microtissues with a starting density of 2 x 103
cells/microtissue, when the microtissues are cultivated using media condition 1. As such, these

conditions were brought forwards for all future studies.
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Figure 6.4 Physical, mechanical, and biochemical evaluation of cartilage macrotissue after 5 weeks.
* Denotes significance when tested using a using a Brown-Forsythe and Welch One-way ANOVA,
where p < 0.05 (Individual data points provided, Mean + SD)

6.3.3 The Self-organisation of Early-cartilage Microtissues can be Guided using a 3D
Printed Framework

Since the biomechanical properties of native AC are closely coupled to the zonal organisation of the
collagen network, this chapter next attempted to engineer self-organised cartilage with a
biomimetic collagen architecture by guiding the fusion and growth of microtissues using a 3D
printed framework. Polarised-light microscopy (PLM) was used to visualise the orientation of the
collagen fibrils within the engineered cartilage. In unguided conditions, there was limited spatial
organisation within the engineered tissue (Figure 6.5A). This lack of organisation was particularly
evident with the more mature cartilage microtissues engineered in media condition 2, where the
circular collagen alignment was clear indicating that limited remodelling that had taken place post-
fusion. This spherical alignment was present to a lesser extent with the less mature cartilage
microtissues engineered using media condition 1. Furthermore, discrete microtissues were less
obvious in this group and there was some evidence of tissue remodelling and the formation of

interstitial collagen. Imparting some level of spatial organisation to the developing collagen
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network was identified as a means of improving the quality of the engineered cartilage. To do so, a
3D printed framework was employed (Figure 6.5Bi &ii). By imposing boundary conditions on the
developing macrotissue, the growth and subsequent organisation of this tissue could be better

guided in comparison to unguided conditions. Importantly, the addition of the 3D printed
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Figure 6.5 A 3D printed polymer framework can better guide the self-organisation of cartilage
microtissues. A) Polarised-light microscopy (PLM) showing the limited spatial organisation of the
collagen network that formed within the cartilage macrotissue after 5 weeks of culture. Bi)
Microscopic image of the 3D printed polymer framework, ii) SEM of a cross-section of the microwells
of the polymer framework, with subjacent catching fibres. iii) Histological staining for cartilage
marker, sGAG (alcian blue) and collagen (picrosirius red staining) as well as PLM showing the
biomimetic spatial organisation of the collagen network within the engineered cartilage that formed
via guided self-organisation of cartilage microtissues. C) Representative macroscopic images of poor
& good integration between the engineered cartilage and 3D printed polymer framework. Di) SEM
for untreated PCL and fibronectin (Fn) functionalised PCL. ii) FTIR spectrum for the untreated and
functionalised PCL (Scale bar: A, Bi & Biii = 500 um; Bii = 200 um; Di = 20 um).
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framework did not negatively impact the microtissues capacity to fuse, undergo chondrogenic
differentiation, and form a unified cartilage macrotissue (Figure 6.5Biii). However, the solid polymer
walls of the microwell array appeared to provide guidance during tissue growth, resulting in the
development of a collagen network which mirrored aspects of the Benninghoff arcade structure
seen in normal AC (Figure 6.5Biii). Despite this relative success, it was observed that in some
samples the developing macrotissue would pull away from the polymer framework during the
fusion process (Figure 6.5C). Although the polymer surface had been hydrolysed to improved
hydrophilicity, it appeared that this was not sufficient to guarantee integration between the tissue
and scaffold. As such, fibronectin functionalisation was carried out for FDM fabricated frameworks

herein.

6.3.4 Evaluation of Cartilage Repair in a Clinically-relevant Large-animal Model

Having established in vitro the capacity to generate a robust and biomimetic self-organised
cartilage, this chapter next sought to evaluate the efficacy of such engineered cartilage in the
treatment of focal chondral defects in a clinically-relevant caprine model of AC repair. To this end,
engineered implants (treatment) or micro-drilling (empty) were randomly assigned to the lateral
femoral condyle of the rear stifles. After 6 months in vivo, the repair tissue was evaluated
macroscopically (Figure 6.6) and histologically. Initial quantification of the repair tissue, using a
panel of blinded and independent expert scorers, indicated no significant difference between the
groups (Figure 6.7). Despite this, high levels of variability in the quality of repair within the empty
cohort was seen. As such, in some key metrics the treatment did appear to improve the consistency
of the repair tissue generated. For example, a lower standard deviation was noted when quantifying
the matrix staining (SD = 1.56 versus 2.69, for treatment and empty respectively), abnormal
calcification (SD = 0.981 versus 2.47, treatment and empty respectively), and overall assessment

(SD = 1.42 versus 2.54, treatment and empty respectively) of the repair tissue. From the
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Figure 6.6 Macroscopic evaluation of the healing response. Panel of the best, intermediate, and
worst cases for empty and treatment groups, and graphical representation of macroscopic scoring.
Ranks determined from quantification of the macroscopic defect appearance after 6 months. (Scale
Bar=2mm) (N =6, Mean * SD)
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quantification, 3 individuals were identified from each group to represent the ‘best’, ‘intermediate’,

and ‘worst’ repair from the empty and treatment groups.
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Figure 6.7 Treatment of a chondral defect with an engineered cartilage does not significantly
improve the healing response. Graphical representation of histological scores after 6 month in vivo.
Internal controls are represented by data points with matching colour and symbol. (N = 6, Mean +
SD)

From these cases, only the best-treatment resulted in the restoration of the articular
surface with a tissue that was comparable to the surrounding native cartilage. Specifically, in the
best-case from the empty group, a thin layer of cartilage which stained positively for both collagen
and sGAG was observed. The repair tissue was clearly recessed from the articular surface and there
were regions where the repair tissue was not properly integrated with the subchondral bone.
Additionally, there were obvious fibrillations at the apical surface of the repair and native tissue. In

the best case, the subchondral bone was largely normal, however there was a region of fibrous
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tissue subjacent to the defect (Figure 6.8). Expression of collagen type Il and absence of collagen
type | in the best empty case is indicative of a phenotypically stable repair cartilage (Figure 6.10).
In the intermediate group, the repair tissue was largely fibrous with a rough articular surface and
significant fibrillations within the repair tissue. Although there was evidence of endochondral bone
formation in the subchondral bone, there was also extensive fibrous tissue and trabecular
thickening (Figure 6.8). Here, the repair tissue was a mixture of fibrous and stable cartilage, with
regions within the defect site rich in collagen type Il and more centrally, collagen type | (figure 6.10).
Little repair tissue filling was identified in the worst case, leaving the subchondral bone exposed
within the defect region. Moreover, significant fibrillations and deterioration of the surrounding
native articular tissue were apparent. The extent of the bone abnormalities correlated to the rank
of the repair tissue, whereby an extensive replacement of bone with fibrous/fibrotic tissue was

found in the worst case (Figure 6.8).

Treatment using a self-organised cartilage appeared to result in better resurfacing of the
joint in the best and intermediate cases, although the observed differences did not translate to
statistically significant differences in histological scores. In the best case the defect region was filled
with a cartilage that stained positively for both collagen and sGAG to a level similar to that of the
surrounding native tissue. Additionally, the repair tissue was at a similar height to the surrounding
tissue. However, fibrillations in the native cartilage suggested that the deterioration of the articular
surface had occurred during the 6 months and the treatment did not provide immediate
resurfacing. Although some fibrous tissue was present in the subchondral bone, it appeared to be
less extensive and evidence of new bone formation around the implant, via an endochondral
pathway, was promising. In the intermediate case the repair tissue was more fibrous in nature, with
limited staining for sGAG. Additionally, the repair tissue failed to reach a congruent level with the
native cartilage, although on average appeared better than the control groups. Fibrous tissue was
present in the subchondral bone, to a similar level as seen in the empty group (Figure 6.9). Both the
best and worst treatment groups displayed a fibrocartilage repair tissue. The characteristic co-
expression of collagen types | & Il within the defect site indicated that a stable AC phenotype was
not realised (Figure 6.10). In the worst case, there was little joint resurfacing. Despite this, the
limited repair tissue did stain positively for sGAG and collagen type I, whilst showing no collagen
type | deposition within the defect region (Figure 6.9 & 6.10). Unlike in the empty group, the worst-
case treatment did not have exposed subchondral bone and the subchondral-bone abnormalities
was far less pervasive. Additionally, new bone formation was noted around the implant, with clear
regions of endochondral ossification noted outlining the stem of the 3D printed implant (Figure

6.9).
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Figure 6.8 Histological panel for the ‘Best’, ‘Intermediate’, and ‘Worst’ repair response in the empty
group. Ranking was determined from the histological scoring. (Scale bars: Overview = 2 mm, Zoom
=1mm)
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Figure 6.9 Histological panel for the ‘Best’, ‘Intermediate’, and ‘Worst’ repair response in the
treatment group. Ranking was determined from the histological scoring. (Scale bars: Overview = 2
mm, Zoom =1 mm)
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Figure 6.10 Immunohistological panel for the ‘Best’, ‘Intermediate’, and ‘Worst’ repair response in
the treatment group. Staining for collagen types | and Il (Col1 and Col2 respectively). Ranking was
determined from the histological scoring. (Scale bars =1 mm)
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6.4 Discussion

The overarching aim of this chapter was to evaluate the efficacy of a stratified cartilage, generated
using cartilage microtissue building blocks, as a treatment for focal chondral defects within a
preclinical large-animal defect model. To achieve this, an effective method for generating stable
cartilage microtissues was defined, and the capacity to spontaneously fuse these initially-discrete
tissue units was demonstrated. The resulting self-organised cartilage exhibited a stable phenotype
as well as promising biochemical and mechanical properties. A biomimetic organisation of the
collagen network within the engineered AC was achieved by guiding the self-organisation process
using a 3D printed polymer framework. Ultimately, implantation of the engineered tissue did not
significantly enhance healing of a focal chondral defect and potential explanations for this

shortcoming are discussed herein.

Cartilage microtissues were observed to spontaneously fuse and form millimetre-scale
tissues in the absence of external mechanical forces when they were simply deposited within
agarose wells. Previously, in work that generating a similar unified cartilage from spheroidal
cartilage building blocks, manual forces were necessary to ensure any fusion between the tissue
units [68]. Within this early work, the authors identified 7 days as the maximum permissible
exposure time to the chondrogenic growth factor TGF-B3; before ‘boundary setting” occurred within
the mesenchymal condensations and prevented homogenous tissue formation. The authors also
identified that 3-5 days of chondrogenic induction resulted in tissue homogeneity and near-native
mechanical properties. In this chapter, similar behaviour in terms of boundary setting between
different cartilage microtissues maturities was observed. Specifically, of two investigated
microtissue populations, cells within the early-cartilage microtissues were able to disassociate from
the initial spheroid, facilitating proper fusion between proximal spheroids, generate interstitial
tissue and better (re)modelling the developing matrix. In contrast, and in agreement with the
findings of others [68,138], attempts to fuse more ‘mature’ cartilage microtissues resulted in the
development of an inhomogeneous cartilage macrotissue, with a worse overall morphology and
limited interstitial tissue. In spite of this, all cartilage microtissues generated within this study were
able to spontaneously fuse and form a macrotissue, even those that had undergone an extended
chondrogenic induction (7 days). These findings therefore confirm that prolonged chondrogenic
microtissue culture induces boundary setting which, impairs the resident cells capacity to liberate
themselves from the dense microtissue matrix and (re)model the developing cartilage. But
importantly, that the spontaneous fusion of adjacent cartilage spheroids without the need for
external manual force, even in more ‘established’ cartilage microtissues. This could potentially be
linked to the size of the cartilage microtissues engineered in this study, which are considerably

smaller and require fewer cells to generate than those presented by other [68].
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In the absence of any guiding structures, the fusing microtissues failed to generate a
macrotissue with a collagen network mimetic of the AC. Similar observations have been reported
whereby scaffold-free cartilages, although biomimetic in composition have not exhibited native-
like collagen anisotropy [42,45,47]. Previous attempts to guide self-assembled cartilages have
shown that radial confinement can lead to significant increase in biomechanical properties via
changes in collagen organisation [78]. Having established 3D printed microwells as an effective
method for driving the spatial organisation of a self-organised cartilage within chapter 4, this
chapter aimed to leverage a similar framework to help guide the self-organisation process of early-
cartilage microtissues. Importantly, the introduction of a PCL framework did not hinder the capacity
for early-cartilage microtissues to fuse, and produce a rich hyaline cartilage-like matrix. Moreover,
the boundary conditions provided by the walls of the microwells appeared to guide tissue
development and resulted in the formation of a more biomimetic collagen architecture with a
‘Benninghoff’ arcade structure. The engineered cartilage was designed to be ~ 1 mm in height
including the 0.5 mm tall microwells integrated within the engineered tissue. Despite this significant
tissue overgrowth covering the PCL filaments, the entire articular surface of the implant was
designed to sit flush with or slightly recessed to the articular surface of the native condyle which is
typically 1 — 1.5 mm in height. The novel fixation device in chapter 4 was also leveraged here as a
means of initially fixating the self-organised cartilage within a focal chondral defect, facilitating
vertical integration between the engineered tissue and the exposed bone within the defect site.
Achieving lateral cartilage-cartilage integration is challenging [232]. Instead, subchondral bone can
be leveraged in many ways to anchor a neo-cartilage [231,232]. In particular, vertical integration
between an implant and the subchondral bone plate is routinely reported [231]. Consequently,
interfacing an engineered cartilage with the subjacent bone could provide a means of fixation.
However, direct apposition of the implanted cartilage and subchondral bone is required to create
a near-native cartilage-bone interface [232]. As such, we investigated whether the novel fixation
pin discussed in chapter 4 would provide a means of initially fixating the self-organised cartilage
developed in this study within a preclinical model for focal chondral defects, and facilitate vertical
integration between the engineered tissue and the exposed bone within the defect site. After 6
months, no evidence of implant loosening observed histologically, and the repair tissue was well
integrated with the subchondral bone in most cases. However, some subsidence of the implant into
the subchondral bone was noted. This may contributed to the variability in outcomes observed
histologically, with evidence of hyaline-like cartilage development observed in some animals, but
no significant improvement in term of the quality of repair tissue when compared to an existing

cartilage-treatment strategy.
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Several limitations of the approach investigated within this chapter could explain the
limited in vivo success. First, the mechanical properties and biochemical composition of the
engineered tissue was not comparable to native AC. Other who have leveraged cartilage spheroids
for generating a larger macrotissue have demonstrated enhanced matrix stratification and superior
mechanical properties within their engineered tissue [68]. A potential explanation for a higher-
quality engineered cartilage in this study, is the use of a decellularised trabecular-bone scaffold.
The potent cues, both physical and biochemical, known to be present within bone-ECM scaffolds
[270], could explain the development of the physiologic stratification and development of a more
mature cartilage. Others have also demonstrated that spatiotemporal delivery of soluble cues that
mimic the osteochondral interface in vitro can yield a more stable phenotype in a scaffold-free
cartilage [46]. Alternatively, the superior biomechanical properties reported (825 + 197 KPa versus,
153 +19.5 KPa, Bhumiratana et al. [68] and this study respective) could be explained by a synergistic
effect of superior levels of sGAG exhibited (~75 pg/mg sGAG/WW versus 13.4 pg/mg, for
Bhumiratana et al. and this study respective) and the aforementioned physiologic tissue
stratification. Achieving similar levels of matrix production, tissue stratification, and mechanical
competency could be achieved by using an alternate MSC source, longer culture periods, and/or
the inclusion of other cues during culture. Nevertheless, whether adequate in vitro tissue
maturation can be achieved within clinically relevant time-frames remains contentious. Hence,
whether truly scaffold-free approaches for load-bearing musculoskeletal tissues, such as AC, are
realistic is unclear. As such, there may be a need for a scaffold material to temporarily bear load
during in situ tissue maturation [42,74]. In this vein, the mechanical properties of the tissue at
implantation could be improved through the inclusion of a more involved scaffold as opposed to a
guiding framework. For example, tubular structures that mimic the macromolecular organisation
of native AC can be created within collagen-based scaffolds. Population of this biologically inspired
scaffold with microtissues, that support robust chondrogenesis within the scaffold, can result in an
engineered cartilage that has compressive properties approaching naive native AC [121]. In this
context, modular biofabrication approaches, such as the self-organisation of tissue units, can yield
promising hybrid approaches. However, scaffolds and microstructural devices intended to guide
developing tissues must be carefully design and implemented to provide instructive boundaries
without compromising the capacity for tissue-unit fusion, and remodelling of the macrotissue [73].
As such, we believe that our approach offers a platform for guiding the self-organisation of early-
cartilage microtissues towards a more biomimetic engineered cartilage addressing, in part, a key

challenge within the field.

Finally, avoiding post-operative load-bearing has been advised following cartilage repair [222],

coupled with the putative need for in situ maturation of relatively naive engineered tissues, could
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help to explain the limited benefit seen in this study where the implant was subjected to full
biomechanical loading almost immediately. Osteochondral approaches have been discussed as the
most likely approach for successfully implementing larger and stiffer engineered AC [111]. Many
approaches for generating osteochondral implants have been proposed [271], given that animals
are load-bearing days after implantation, and control over post-operative joint motility is limited,
an osteochondral approach could provide a more robust platform to treat focal chondral defects.
Additionally, the subsidence of the implant observed in this study suggests that the implant design
failed to provide sufficient cues for osteointegration in all cases. Similar undesirable bone
alterations and formation of a fibrous implant-tissue interface, as opposed to bony ingrowth, has
been reported elsewhere when using a biodegradable polymer pin for chondral fixation [272].
Clearly, stabilising the defect site including the subchondral bone is an important feature that has
not been realised in this work. To this end, fixating a self-organised cartilage via an osteochondral
implant, capable of inducing rapid and robust osteointegration and defect stabilisation could

address these issues and will be explored in the next chapter of this thesis.

6.5 Conclusion

This work demonstrates that early-cartilage microtissues can spontaneously self-organise into a
stable cartilage macrotissue with promising biochemical and biomechanical properties.
Furthermore, organisation of the collagen network within this engineered AC can be guided
towards a more biomimetic arrangement using a 3D-printed polymer framework. Implantation of
the engineered cartilage using a previously developed implant into a preclinical chondral defect
model did not result in a significant improvement in healing response when compared to an existing
treatment strategy. This failure to properly regenerate the articular surface is likely due to limited
osteointegration of the implant in the defect site and implant subsidence. Consequently, this work
motivates investigation into alternative fixation strategies, such as osteochondral implantation,

which may better stabilise the defect and improve the therapeutic efficacy of the engineered AC.
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Chapter 7.

7 Biofabrication of Osteochondral Grafts
using Phenotypically Distinct Microtissues
for Synovial Joint Repair

7.1 Introduction

Autologous osteochondral transplantation (AOT) has been shown to outperform other clinical joint
repair strategies such as microfracture and autologous chondrocyte implantation [24,25]. The
success of AOT is associated with the transplantation of a functional unit of bone and cartilage into
the defect site. Traditional approaches for engineering the osteochondral unit have failed to fully
recapitulate the structure, composition and functional properties of the target tissue. New
developmental engineering (DE) strategies have recently emerged which aim to recapitulate key
events of embryonic and postnatal development as a means of generating truly biomimetic
engineered tissues [79,80]. Typically, DE approaches are ‘scaffold-free’ and are underpinned by the
processes of cellular self-assembly or self-organisation [42,81]. In the absence of a ‘bulking’
scaffold/hydrogel material, DE seeks to leverage the cell’s inherent ability to synthesis a biomimetic
extracellular matrix (ECM) under the direction of appropriate exogenous cues. While such
processes have successfully been used to engineer bony and cartilaginous tissues [52,115], barriers
to their use in synovial joint regeneration remain. A major challenge with DE is fabricating tissues
large enough to treat human-scale defects; the engineering of such grafts will typically require large
numbers of cells which in turn incurs nutrient transport limitations and compromises the quality,
integrity, and therapeutic efficacy of the resulting implant [62,273]. Furthermore, recapitulating
key aspects of the OC unit, such as the arcade-like collagen architecture that is integral to the

biomechanical functionality of articular cartilage, remains a challenge.

Microtissues have emerged as a means of overcoming these scalability issues, permitting the
formation of millimetre-centimetre scale tissues through self-organisation (tissue fusion and
remodelling) of initially discrete tissue ‘building block’ units [54]. Such approaches have been used
to engineer grafts for both articular cartilage tissue engineering [68] and large bone defect healing
[54,238]. For example, hypertrophic cartilage rudiments have been used as developmentally
inspired bone precursors generating bone organs in vivo [52,274], and similar hypertrophic
phenotypes have been generated in cartilage microtissues [54,275,276]. Cellular aggregates
generated using progenitor cells have been combined to biofabricate scaled-up implants [69,139—
142] and assessed for their capacity to regenerate osteochondral defects in pre-clinical large animal
models [69]. Despite macroscopic and histological evidence indicating improved healing in

134



response to the treatment, quantification of these differences showed no significant benefit when
compared to an untreated osteochondral lesion. This might be attributed, at least in part, to the
use of relatively undifferentiated cellular aggregates used in generating such tissue engineered
grafts. This raises the question as to whether engineering a more biomimetic cartilaginous tissue

using microtissue building blocks would lead to superior joint regeneration.

With this in mind, the objective of this study was to leverage emerging knowledge of DE and
microtissue self-organisation to engineer a biphasic osteochondral plug containing a biomimetic
layer of engineered articular cartilage. The osseous region of this osteochondral graft was
engineered using islands of hypertrophic cartilage microtissues, while the chondral region of the
graft was formed by the self-organisation of early-cartilage microtissues into a unified and
homogenous cartilage. It is hypothesised that implantation of such an engineered plug into an
osteochondral defect would result in effective biological joint resurfacing and prevent the

deleterious cascade of events that typically follow an untreated OC injury.
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7.2 Materials and Methods
Expansion Medium “XPAN”. XPAN is composed of high glucose Dulbecco’s modified eagle’s medium
(hgDMEM) GlutaMAX supplemented with 10 % v/v FBS, 100 U/mL penicillin, 100 pg/mL

streptomycin (all Gibco, Biosciences, Dublin, Ireland) and 5 ng/mL FGF2 (Prospect Bio).

Chondrogenic Differentiation Medium (CDM). hgDMEM GlutaMAX supplemented with 100 U/mL
penicillin, 100 pg/mL streptomycin (both Gibco), 100 ug/mL sodium pyruvate, 40 ug/mL L-proline,
50 pg/mL L-ascorbic acid-2-phosphate, 4.7 ug/mL linoleic acid, 1.5 mg/mL bovine serum albumin,
1 x insulin—transferrin—selenium (ITS), 100 nM dexamethasone (all from Sigma), 2.5 pg/mL

amphotericin B and 10 ng/mL of human transforming growth factor- B3 (TGF-B) (Peprotech, UK).

7.2.1 Cell Isolation and Expansion

Goat Fat-pad Stromal Cell (FPSC) Isolation: Under sterile conditions, infrapatellar fat pad (IFP) tissue
was diced into approximately 1-2 mm?3 pieces using a scalpel. The tissue was then weighed and
subsequently incubated with high glucose DMEM (Gibco) containing 750 U collagenase | (Gibco).
For rapid isolation; the tissue was shaken at 2000 RPM at 37 °C for 30 min (Multi Reax Shaker,
Heidolph). After digestion, the cell suspension was neutralised with DMEM containing 20 % fetal
bovine serum (FBS - Gibco). Insoluble tissue and residual fat were removed and discarded. The
remaining cell suspension was passed through a series of cell strainers with decreasing mesh sizes
(100 pm, 70 pm and 40 um (Fisher Scientific)), centrifuged and washed with saline. FPSCs were
expanded in physioxic conditions (37 °C in a humidified atmosphere with 5% CO, and 5 % pO>) until
P3.

Goat Chondrocyte (CC) Isolation: Cartilage was harvested from the joint surface under sterile
conditions, it was rinsed in saline, weighed, and diced finely. Chondrocytes were isolated by
digestion in hgDMEM containing 100 U/mL penicillin, 100 pg/mL streptomycin and 350 U/mL of
collagenase type Il for 12-14 h with constant rotation at 37 °C. The remaining suspension was
passed through a cell filter (40 um), and the filtrate centrifuged and rinsed with saline.

Chondrocytes were expanded in XPAN in physioxic conditions until P2.

Goat Bone Marrow MSC (gBMSC) Isolation: gBMSCs were isolated as previously described in
chapter 5. Briefly, marrow pieces were then gently rotated for 5 min in XPAN to help liberate the
cellular components. Cells were initially plated at a density of 5.7 x 10 cells/cm? and expanded
under hypoxic conditions (37 °C in a humidified atmosphere with 5 % CO, and 5 % pO,) for
chondrogenic differentiation. Following colony formation, gBMSCs were trypsinised using 0.25 %
(w/v) Trypsin Ethylenediaminetetraacetic acid (EDTA). gBMSCs for microtissues were expanded

from an initial density of 5000 cells/cm? in XPAN medium under physioxic conditions until P3.
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7.2.2 Formation of Hypertrophic Cartilage Microtissues

The procedure for fabricating the hydrogel microwell platform and the method of generating
microtissues has been described within chapter 3. The same underpinning methodology was
employed herein for the formation of stable and hypertrophic cartilage microtissues. gBMSC were
seeded into the microwell array to generate cell aggregates containing 4 x 10° cells/microtissue.
For the first 24 h, aggregates were cultivated in XPAN medium in physioxic conditions. After 24 h,
chondrogenesis was induced using CDM. Cartilage microtissues were formed over 2 weeks of
chondrogenic cultivation (CDM and physioxic conditions). Hypertrophic maturation was initiated by
switching to hypertrophic medium (HYP), which was composed of hgDMEM GlutaMAX
supplemented with 100 U ml -1 penicillin, 100 pg/mL streptomycin (both Gibco), 1 x insulin—
transferrin—selenium, 4.7 pg/mil linoleic acid, 50 nM thyroxine, 100 nM dexamethasone, 250 uM
ascorbic acid, 7 mM B-glycerophosphate and 2.5 pg/mL amphotericin B (all from Sigma), and
culturing in normoxic conditions (37 °C in a humidified atmosphere with 5 % CO; and 20 % p0O,) for

1 week.

7.2.3 Biochemical Evaluation

Samples were washed in PBS after retrieval and the number of microtissues within each technical
replicate was counted prior to digestion. 3.88 U/mL of papain enzyme in 100mM sodium phosphate
buffer/SmM Na2EDTA/10mM Lcysteine, pH 6.5 (all from Sigma—Aldrich), was used to digest the
samples at 60 °C for 18 h. Samples intended for calcium quantification were digested using 1 M HCL
at 60 °C. Here, samples were deemed digested by the absence of any precipitate within the lysate.
DNA content was quantified immediately after digestion via papain enzyme using Quant-iT™
PicoGreen ® dsDNA Reagent and Kit (Molecular Probes, Biosciences). The amount of sGAG was
determined using the dimethylmethylene blue dye-binding assay (Blyscan, Biocolor Ltd., Northern
Ireland), with a chondroitin sulphate standard read using the Synergy HT multi-detection micro-
plate reader (BioTek Instruments, Inc) with a wavelength set to 656 nm. Total collagen content was
determined using a chloramine-T assay [186] to measure the hydroxyproline content and calculated
collagen content using a hydroxyproline-to-collagen ratio of 1:7.69. Briefly, samples were mixed
with 38 % HCL (Sigma) and incubated at 110 °C for 18 h to allow hydrolysis to occur. Samples were
subsequently dried in a fume hood and the sediment reconstituted in ultra-pure H,0. 2.82 % (w/v)
Chloramine T and 0.05 % (w/v) 4-(Dimethylamino) benzaldehyde (both Sigma) were added and the
hydroxyproline content quantified with a trans-4-Hydroxy-L-proline (Fluka analytical) standard
using a Synergy HT multi-detection micro-plate reader at a wavelength of 570 nm (BioTek
Instruments, Inc). Calcium content was determined using calcium liquid colorimetric assay (Sentinel
Diagnostics). The absorbance of each sample was read using a Synergy HT multi-detection micro-

plate reader at a wavelength of 570 nm.
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7.2.4 Preclinical Evaluation

Fibronectin coating

To improve the integration of the microtissues with the polymer (polycaprolactone, PCL) implant,
the surface of the implant was coated with bovine fibronectin (PromCell) using a protocol modified
from Liverani et al. [265]. Briefly, the PCL implants were immersed in a 3M sodium hydroxide
solution (NaOH) and gently agitated for 12-14 h at room temperature to improve the hydrophilicity
of the polymer. Similar methods of hydrolysing PCL using NaOH have been demonstrated in
electrospun scaffolds, where the exposure of hydroxyl and carboxylic groups on the polymer
surface can improve hydropillicity and subsequently protein absorption and biocompatibility [266].
After washing in ultra-pure H,0, implants were immersed in 0.5M N- (3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) (Sigma) and 0.5M N-Hydroxysuccinimide (NHS) in 0.1M 2-
(N-Morpholino)ethanesulfonic acid hemisodium salt (MES) buffer at a ratio of 2:1 (EDC:NHS) for 24
h again with gentle agitation. Implants were rinsed in PBS and immersed in a 50 pug/mL fibronectin
solution for 24 h. After functionalisation with fibronectin, implants were rinsed and used

immediately for tissue culture.
Implant seeding

As previously described, stable cartilage microtissues were formed at a cell density of 2 x 103 cells
per microtissue. To dampen the inherent hypertrophic tendencies of MSCs, a co-culture of FPSC
and CCs (3:1) was employed. To ensure that the maximum growth of the cartilage microtissues
prior to their bioassembly into a larger macrotissue, the cells aggregated initially in XPAN for the
first 4 days, followed by 4 days in CDM (media Condition 1) as developed in chapter 6. Early-cartilage
microtissues were cultivated in CDM under physioxic conditions. The capacity to biofabricate an AC
via the self-organisation of early-cartilage microtissues within a guiding polymer framework has
been demonstrated in chapter 6. The same approach was taken within this study to engineer an AC
in the chondral region of an osteochondral implant. Briefly, the number of microtissues seeded to
create each construct was determined as a function of the microtissue volume and the volume of

the final construct. As such, the following equation was used:

Volume of the construct x 0.74
Volume of the microtissue

Number of microtissues =
Where,

4
Volume of the microtissue = 3 mr3
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and 0.74 is the packing efficiency, or packing factor. For this study, the volume of the construct
chosen was determined using 6 mm diameter and a depth of 1 mm. After seeding the microtissues
into the central agarose well on top of the polymer implant, CDM was added slowly to prevent
disruption of the microtissues. The developing cartilages were maintained in CDM and physioxic
conditioned for 8 weeks. Media was exchanged every 2-3 days. 24 h before implantation,
hypertrophic microtissues were harvested and seeded into the bone region of the implant within a

fibrin hydrogel (30 mg/mL).
Surgical Procedure

All animal experiments were approved by the University College Dublin Animal Research Ethics
Committee (Approval number — AREC 12-74) and the Irish Health Products Regulatory Authority
(Approval number - AE18982/P032). Surgery was performed on skeletally mature female Saanen
goats. Goats were sedated using diazepam (0.3—0 0.4 mg/kg V) and butorphanol (0.2 mg/kg IV). An
epidural was administered using morphine (0.2 mg/kg). Anaesthesia was induced with propofol
(max. dose 4 mg/kg IV) and maintained with isoflurane. Goats were placed in dorsal recumbency
and an arthrotomy of each stifle joint was then performed using the lateral para-patellar approach.
Bi-lateral surgery was performed on all animals. 6 mm diameter by 6 mm deep osteochondral
defects were created in the femoral trochlear groove using a 6mm drill. In the treatment group,
this defect was populated with the engineered osteochondral plug, facilitating the implantation of
the self-organised AC. Briefly, the polymer component of hybrid osteochondral implant was a
biodegradable, 3D printed framework fabricated using polycaprolactone (PCL, Perstop). The
chondral portion of the implant had similar features to those that had previously been shown as an
effective means of guiding the self-organisation of microtissues (Chapter 6). The osseous region
was a lattice structure with large internal and external porosity. The diameter of the implant was
designed so the device could be push-fit into the defect. Following routine closure of the joint
capsule, subcutaneous tissues and skin with sutures, Carprofen (1.5-2.5 mg/kg subcutaneously)
was administered for analgesia. Following surgery, goats were housed in indoor pens and were
allowed full weight bearing immediately. NSAIDs and antibiotics Amoxicillin (Noroclav) were
administered for 5 days post-surgery. Two weeks post-operatively, following removal of sutures,
animals were released to pasture for the remainder of the study period. Tissue repair was evaluated

at 6 months post-surgery.
Evaluation of the Repair Tissue

After 6 months, biopsies containing the entire defect site were harvested. Before fixation, gross
morphological images were taken using a stereomicroscope (Olympus) for macroscopic evaluation.

Macroscopic images were blinded, randomised, and subsequently scored by expert reviewers using
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a previously described macroscopic scoring system [267,268]. This macroscopic scoring system
evaluates the edge integration of the scaffold with the native tissue, the smoothness of the cartilage

surface, the degree of defect filling and the colour/opacity of the neo-cartilage in the defect.

7.2.5 Histological Evaluation

In vitro

Samples were fixed using 4 % paraformaldehyde (PFA) solution overnight at 4 °C. After fixation,
samples were dehydrated in a graded series of ethanol solutions (70 % - 100 %), cleared in xylene,
and embedded in paraffin wax (all Sigma-Alrich). Prior to staining tissue sections (5 um) were
rehydrated. Sections were stained with hematoxylin and eosin (H&E), 1 % (w/v) alcian blue 8GX in
0.1 M hydrochloric acid (HCL) (AB) to visualise sulphated glycosaminoglycan (sGAG) content and
counter-stained with 0.1 % (w/v) nuclear fast red to determine cellular distribution, 0.1 % (w/v)
picrosirius red (PSR) to visualise collagen deposition, and 1 % (w/v) alizarin red (pH 4.1) to
determine mineral deposition via calcium staining (all from Sigma-Aldrich). Stained sections were

imaged using an Aperio ScanScope slide scanner.
In vivo

Prior to histological processing, samples were fixed in 10% neutral buffered formalin solution
(Sigma) for 72 h with gentle agitation. Samples were then decalcified with Decalcifying solution lite
(Sigma) until all mineral was removed, which was confirmed by X-ray analysis. Demineralized wax-
embedded constructs were sectioned at 10um and stained with Goldner’s Trichrome, picrosirius
red stain and safranin-0. Histological scoring was performed using a modified ICRS Il scoring system

[269].
Immunohistochemistry

Immunohistochemistry was performed for collagen type | (Abcam ab90395 1:400), collagen type Il
(Santa Cruz sc52658 1:400), and collagen type X (Abcam ab49945 1:200) as previously described
[165].

7.2.6 Micro-computed tomography (uCT)

Micro-computed tomography (UCT) scan were performed using a Scanco Medical 40 uCT system
(Scanco Medical, Bassersdorf, Switzerland) in order to visualise bone formation within the defect
after 6 months. Sampes were scanned in 50% EtOH, at a voxel resolution of 12um, a voltage of 70
kVp, a current of 114 pA. Reconstructed 3D images and planar X-rays were generated using

Dragonfly 3D visualisation and analysis software.
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7.2.7 Image Quantification & Statistical analysis

Diameter measurement of growing microtissues, and engineered macrotissues were taken from
microscope images (4x) using ImagelJ software. Statistical analysis was performed using GraphPad
Prism software (GraphPad Software, CA, USA). Analysis of differences between two groups at one
timepoint was done using a standard two-tailed t-test. For two groups over multiple time-points, a
one-way analysis of variance (ANOVA) was performed. Numerical and graphical results are
presented as mean * standard deviation unless stated otherwise. Significance was determined

when p < 0.05.
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7.3 Results

7.3.1 Forming Bone Precursors using Hypertrophic Cartilage Microtissues

The biofabrication of an osteochondral graft requires the development of distinct implant regions
capable of supporting either articular cartilage or subchondral bone regeneration. Motivated by
the observation that engineered hypertrophic cartilage can be used as a developmentally inspired
template to support endochondral bone formation [52,54,211,274], this study first sought to
engineer the osseous region of an osteochondral implant with a population of bone precursor
microtissues. As such, this study evaluated if the microwell platform developed previously could
facilitate the hypertrophic maturation of cartilage microtissues (Figure 7.1A). Over the 3 weeks of
culture, where cells were either continuously exposed to a chondrogenic media supplemented with
TGF-B3 (CDM), or 2 weeks of exposure to CDM followed by 1 week of hypertrophic media (HYP).
Greater increases in microtissue diameter were observed in the HYP group (Figure 7.2B).
Hypertrophic maturation of microtissues exposed to HYP stimulation was confirmed histologically
and biochemically (Figure 7.1C & D). Histologically, both CDM and HYP groups stained positively for
canonical markers of cartilage, specifically sGAG and collagen, whereas only microtissues exposed
to HYP conditions displayed diffuse mineralisation throughout the cartilaginous matrix, indicative
of a hypertrophic cartilage phenotype (Figure 2Cii). These observations were confirmed
biochemically, with significantly higher levels of calcium, sGAG and collagen content measured

within the hypertrophic microtissues (Figure 2D).
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Figure 7.1 Engineering hypertrophic cartilage microtissues as bone precursors. A) Schematic timeline
for the generation of hypertrophic cartilage microtissues within a hydrogel microwell platform. Bi)
Microscopic images of hypertrophic cartilage microtissues during cultivation. (Scale Bar = 500 um).
ii) Diameter measurements through cartilage microtissue generation and hypertrophic maturation.
* Denotes significance when tested using a Brown-Forsythe and Welch One-way ANOVA, p < 0.05 (N
=24, Mean + SD). C) Histological evaluation of microtissues after 21 days of culture in either a control
chondrogenic regime (i) or hypertrophic regime (ii). (Scale Bar = 100 um). D) Biochemical evaluation
of hypertrophic cartilage microtissues compared to a control of standard cartilage microtissues after
21 days of cultivation. * Denotes significance when tested using a two-tailed, unpaired Welch’s t-
test, p < 0.05 (N = 3, Mean + SD).
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7.3.2 Bioassembly of an Osteochondral Plug using Phenotypically Distinct Cartilage

Microtissues as Biological Building Blocks
Biofabrication of an osteochondral plug involved spatially localising the two phenotypically distinct
cartilage microtissues engineered within a single 3D printed framework. The framework retained
design features which proved effective in guiding the zonal organisation of the stable cartilage layer,
while the bone region offered lateral porosity to encourage vascular infiltration and the conversion
of the hypertrophic cartilage microtissues into bone (Figure 7.2A). Prior to implantation, and having
established the stable apical chondral layer, the hypertrophic cartilage microtissues were backfilled
into the osseous region of implant within a carrier fibrin hydrogel. Macroscopically, the discrete
islands of hypertrophic cartilage could be seen within the osseous region, subjacent to a continuous
layer of stable cartilage (Figure 7.2A). Histological evaluation of the final implant clearly
demonstrated the two distinct phases, with suitable ECM profiles for the chondral and osseous

regions. Macroscopic images from implantation of the engineered plug into a large animal pre-

@ Stable Cartilage . ) Implantation &
Microtissue Seeding ~Stable Cartilage Hypertrophic Integration
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Figure 7.2 Biofabrication strategy for creating a biphasic osteochondral plug using two

phenotypically distinct microtissue populations as cellular building blocks. A) Timeline schematic
showing macroscopic and histological images of a representative implant at each stage. From left
to right, first stable cartilage microtissues are seeded into the chondral region of the implant. This
cartilage is then cultured chondrogenically to engineer a competent articular surface. Prior to
implantation, hypertrophic cartilage microtissues are backfilled into the implant. Histologically, two
distinct layers are apparent. Both the self-organised apical cartilage and the hypertrophic
microtissue units exhibited a cartilaginous matrix. Importantly, mineralisation was only present in
the hypertrophic cartilage microtissues situated within the bone region of the implant B) Six
macroscopic images at implantation, ranked from best to worse, demonstrating thatin the majority
of cases the implant provided immediate joint resurfacing. (Scale bar =1 mm)
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clinical model indicated that in the majority of cases, the engineered AC provided immediate joint
resurfacing (Figure 7.2B). In these cases, the apical cartilage of the engineered plugs resembled the

surrounding native articular cartilage at the defect site.

7.3.3 Regeneration of Caprine Osteochondral Defects using Tissue Engineered Implants

After 6 months, macroscopic evaluation of the defect site indicated a trend towards an improved
healing response in defects treated with the engineered implant (‘treatment’ group) compared to
the empty control. Moreover, treatment using the engineered implant appeared to resultin a more

consistent healing response (SD = 0.321 vs. 0.592, for treatment and empty respectively) (Figure

7.3).
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Figure 7.3 Macroscopic evaluation of the healing response. Panel of the best, intermediate, and
worst cases for empty and treatment groups, and graphical representation of macroscopic scoring.
Ranks determined from quantification of the macroscopic defect appearance after 6 months. (Scale
Bar=2mm) (N =6, Mean # SD)

Histological scoring of the repair tissue indicated trends towards improved healing in the
treatment group across all metrics (Figure 7.4). From this histological quantification, ‘best’,
‘intermediate’, and ‘worst’ cases of healing in different animals were identified from the empty and
treatment groups. Within the empty group, histological sections showed that the articular surface
was not restored in any animal (Figure 7.5). Instead, the defect filled with a fibrous repair tissue in
both the cartilage and bone regions in all cases. In contrast, the treatment appeared to result in
partial-to-full restoration of the joint surface with a near-normal articular tissue (Figure 7.6). In
particular, a smooth and congruent articular surface can be seen in the best treatment group. The
repair tissue formed within the chondral region was rich in collagen and histologically appeared
similar to the surrounding native articular cartilage, although the repair tissue appeared to stain
less intensely for sGAG compared to surrounding undamaged articular cartilage. The subchondral
bone plate was re-established in this animal, which correlated with what appeared to be a marginal

subsidence of the implant. Moreover, evidence of new bone formation in and around the osseous
145



region of the osteochondral implant was evident. In the intermediate repair group, the repair tissue

in the chondral region of the defect was also congruent surface with the native AC. Again, the tissue

was rich in collagen, but stained less intensely for sGAG.
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Figure 7.4 Treatment of an osteochondral defect with an engineered osteochondral plug shows

trends towards an improved healing response. Graphical representation of histological scores after

6 month in vivo. Internal controls are represented by data points with matching colour and symbol.

(N = 6, Mean + SD) Statistical differences determined using a paired t-test.
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Worst Repair
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Figure 7.5 Histological evaluation of; ‘best’, ‘intermediate’, and ‘worst’ healing responses in empty
osteochondral defects, as determined from histological scoring. Goldners trichrome (GT), Picrosirius
red (PSR), and Safranin-O (SO) staining provided. (Scale Bars; Overview = 2 mm, Zoom = 500 um)
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Figure 7.6 Histological evaluation of; ‘best’, ‘intermediate’, and ‘worst’ healing responses in
osteochondral defects treated using an engineered osteochondral plug, as determined from
histological scoring. Goldners trichrome (GT), Picrosirius red (PSR), and Safranin-O (SO) staining
provided. (Scale Bars; Overview = 2 mm, Zoom = 500 um)
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Histologically, the repair tissue in this case appeared inferior to that seen in the best case,
resembling fibrocartilage at the margins of the defect and fibrous tissue more centrally. Evidence
of spicules of bone formation within the osseous region of the implant were seen histologically,
although fibrous tissue was also noted in the bone region. In the worst case, the implant had
subsided drastically into the subchondral bone. As such, the defect appeared unstable and closely
resembled those seen in the untreated groups. Here, the chondral repair tissue was fibrotic and

failed to resurface the defect. Moreover, deterioration of the surrounding native AC, as seen in the

Empty Group Treatment Group

Collagen Type | Collagen Type Il Collagen Type | Collagen Type Il

Best Repair

Intermediate Repair

Worst Repair

Figure 7.7 Immunohistological panel for the ‘Best’, ‘Intermediate’, and ‘Worst’ repair response in the
empty and treatment groups. Staining for collagen types | and Il. Ranking was determined from the
histological scoring. (Scale Bars; Overview = 2 mm, Zoom = 500 um)
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Intermediate

Worst

empty defects was also apparent within the worst treatment case. Immunohistochemistry
identified positive collagen type Il staining in the chondral region of the treatment group, whereas
accurate localisation of collagen type Il was not detected in any of the empty cases. As expected,

collagen type | was present in all groups within the bone region (Figure 7.7).

7.3.4 Defect Stabalistation through Osteointegration of the Implant

3D uCT reconstructions and planar X-ray images were used to visualise the bony repair/remodelling
in the defect site after 6 months (Figure 7.8). Empty defects followed an irregular healing response,
whereby no correlation between subchondral bone and articular cartilage regeneration is apparent.
Generally, large asymetrical vacancies remain in the bone and, in most cases, the defect becomes
larger over time. In contrast, treatment appeared to encourage bone ingrowth within the osseous
phase of the implant, with bony protusions visable into and around the 3D printed framework. The
exception to this was the worst case, where there was no evidence of bone ingrowth into the
implant. In the absence of any bony fixation, the implant has subsided into the subchondral bone

and the destablaised defect bears resemblance to an equivalent empty.

Empty Treatment

3D Cross-Section Top-View 3D Cross-Section Top-View

Best

Intermediate

Worst

Figure 7.8 LuCT panel for ‘Best’, ‘Intermediate’ and ‘Worst’ repair responses for empty and treatment
groups. 3D reconstructions and X-ray images to visualise bone formation within the defect site (Scale
Bar=2mm)
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7.4 Discussion

As a means of creating a biphasic osteochondral implant, this study leveraged two phenotypically
distinct cartilage microtissue populations as biological building blocks. Having previously
demonstrated the capacity to engineer early-cartilage microtissues using a hydrogel microwell
platform, this work first sought to create hypertrophic cartilage microtissues as rudiments for bone
formation using the same platform. Microtissues that exhibited a rich, mineralised cartilage matrix
were formed over 21 days of cultivation in hypertrophic culture conditions. This hypertrophic
phenotype was primarily a result of the culture regime employed, and not just the inherent
instability of chondrogenically differentiated bMSCs in culture. Importantly, engineering the
hypertrophic cartilage microtissues required for the bone region, did not directly influence the
formation of a stable cartilage phenotype in the chondral region of the implant. This was due to the
modular biofabrication strategy employed. Specifically, by using microtissues as building blocks for
engineering a larger tissue/organ precursors, it facilitated the creation of two distinct tissues within
a single implant. Achieving a similar biphasic construct using non-modular tissue engineering
approaches is challenging due to conflicting needs of the constituent tissues. In this way, modular
bioassembly could lead to higher-quality engineered implants by removing the interdependence
between the components of a hybrid implant, and allowing individual tissue-units to be developed
and optimised separately before being combined in the final implant [74]. This study successfully
leveraged this model to create individually optimised conditions for engineering a homogenous AC
(chapter 6) as well as bone-precursor microtissues. Others have utilised a similar high-throughput
modular approach of creating bone and cartilage microtissues, as a means of avoiding the use of
an isotropic or cocktail induction media, for engineering a continuous scaffold-free osteochondral
tissue [142]. At present, without the use of microtissues or an osteochondral media cocktail,
engineering a unified biphasic tissue obligates the use of complex custom-made dual-chamber
bioreactors. Such approaches typically involve creating a hermetic seal that prevents media mixing
and realises effective simultaneous chondrogenic and osteogenic differentiation of a single stem
cell population is challenging [277-281]. However, it should be noted that in spite of the challenges,
spatiotemporal exposure of a developing scaffold-free cartilage to physiologically inspired soluble
cues within a dual-well system has been demonstrated as a successful way of engineering a stable
and biomimetic AC [46]. As such, developing systems capable of bringing together phenotypically
distinct cartilage populations, maintaining lineage commitment, whilst encouraging cross-talk
between the two tissue cohorts as a means of recapitulating the fluid stratification seen within
native osteochondral tissue, is an interesting prospect for the future. Nevertheless, microtissues
currently represent a logical method for generating biphasic osteochondral implants, where two
phenotypically discrete engineered tissues are required within a single construct. This study

successfully implemented a modular biofabrication strategy founded on the generation of two,
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independently optimised, tissue-specific microtissue populations. The first of which was intended
as biological building blocks for the self-organisation of a stable AC for immediate joint resurfacing,
and the second cohort, were developmentally inspired organ-seeds intended for bone

regeneration.

In this work, a novel bioassembly strategy for engineering an osteochondral implant was
established. This strategy resulted in the fabrication a biphasic construct, consisting of engineered
AC overlying an osseous region containing islands of hypertrophic cartilage microtissues. Despite
this relative success, at the end of the in vitro culture period, some sample-to-sample variability in
the consistency of engineered cartilage layer was observed. Tissue fusion is a collective term used
to describe a number of events that take place during native organogenesis, and is a process
whereby two initially discrete cellular/tissue-units fuse together and remodel to form a union[83].
Although in the context of tissue engineering, self-organisation describes an open system where
order within the tissue appears from the input of external forces/energy, it is still governed by the
laws of thermodynamics [81]. As such, the process will tend towards the lowest energy state. In the
context of this study, after initial bioassembly, the self-organisation process within the chondral
layer was allowed to progress with no further manipulation or constraint (addition of energy).
Consequently, the variation seen in the self-organised apical cartilage could be due to the cells
within the system organising to minimise free energy. Specifically, in some cases it appears the
boundary conditions provided (input energy to direct organisation) by the polymer framework have
not been sufficient to effectively guide the process towards an uninterrupted tissue. In these cases,
the tissue has pulled from the framework, as a means of minimising the energy within the system,
creating a discontinuous surface. Although this was not the case in the majority of implants, and
the bioassembly strategy appears to have been relatively successful, the inconsistency within the
small cohort of implants indicates there is still room for improvement. To this end, the manual
nature of the bioassembly process could be a major contributor to the observed variation, and
emphasises the need to establish biofabrication strategies which combine automated systems
(bioprinting) and spheroidal self-organisation. Examples where bioprinting and spheroidal
biofabrication strategies have been successfully married have been demonstrated in the literature
[82,120,146,236,282]. It is easy to envisage how precise spatial positioning of an exact number of
microtissues using a technology such as aspiration assisted bioprinting [282] or fluidic-based
singularisation [120] could greatly improve reliability of the biofabrication process designed as part

of this study and ultimately the therapeutic efficacy of self-organised implants developed here.

After 6 months in vivo, treatment using an engineered osteochondral implant resulted in
the restoration of a near-normal articular surface. Furthermore, trends towards an improved

healing response was determined in almost all the metrics evaluated. It appeared that by leveraging
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an osteochondral approach in this study, despite concerns associated with iatrogenic damage to
the subchondral bone [10,11,19,283], yielded a more consistent and predictable healing response
compared to a chondral only treatment strategy that has been previously attempted in this thesis.
In particular, robust osseous integration with an osteochondral implant, and by extension
stabilisation of the defect, appears to be central to achieving this level of chondral repair. The
observations made in this study suggest that subsidence of the implant within a defect can greatly
influence the level of chondral repair. For example, in the best healing case the implant appeared
slightly recessed from the articular surface as originally intended, whereas in the worst case severe
subsidence had occurred. Although it is difficult to know the contribution towards healing the
engineered AC provided in the best-case scenario, it appears that the greatest healing is coupled
with the complete regeneration of the subchondral bone plate. In this vein, failure to regenerate
chondral lesions has been linked with an absence of an intact subchondral bed [284]. Furthermore,
it has been demonstrated in a critically-sized osteochondral defect in a small animal model that a
“flow like” migration of the surrounding native subchondral bone into the defect site, over an
implanted scaffold, underpinned the restoration of the articular surface [285]. It was demonstrated
that it took 1 year for the native subchondral bone to migrate inwards from the margins of the
defect and cover the scaffold. Importantly, this complete restoration of the subchondral bone plate
was highly correlated to the quality of the repair AC. This led the authors to propose the following
as a mechanism for osteochondral repair. Mechanical stimulation present within the articulating
joint encouraged the migration of the surrounding subchondral bone into the defect converting a
native in situ repair cartilage into bone via an endochondral pathway. Over time, the cues present
within the joint led to the maturation of this bone which in turn supported and protected the
formation of a new AC. The pathway of generation of this AC was unclear, with the authors
hypothesising that it arose from the maturation of the initial repair cartilage, or the migration of
surrounding neighbouring native AC into the defect. Fundamentally, as the reinstated subchondral
bone matured further, its mechanical competency prevents secondary changes in the bone
surrounding the defect and the uncontrolled deterioration regularly seen in untreated critically-
sized defects [285]. These findings, coupled with the observations made in this study, allows for
speculation that successful restoration of the articular surface with a native-like AC starts from the
bone, although further mechanistic studies would be needed to elucidate this. In the absence of a
more osteoinductive/osteogenic biomaterial within the osseous region of the implant,
hypertrophic cartilage microtissues were employed as an endochondral template to encourage
bone formation and implant fixation. Similar cartilage templates within unmodified PCL frameworks
have been used to generate de novo bone ectopically [211]. Moreover, hypertrophic microtissues
undergo rapid and extensive mineralisation in vivo [286], indicating their suitability as a bone

precursor. Alternatively, 3D printable bioceramics have shown great potential for stimulating
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orthotopic bone formation [287,288]. Additionally, these materials have been co-printed with PCL
to form osteochondral constructs [289]. However, the high solubility of the brushite is concerning
for prolonged chondrogenic culture, whereby the release of osteogenic minerals (CaP) could
significantly compromise the quality and stability of an engineered articular cartilage. Nevertheless,
the results from this chapter and the findings of others, suggest that subchondral bone plays a key
role in the regeneration of the articular surface in osteochondral defects. Leveraging early and
robust osteointegration of an engineered implant, to strategically position it as a bridge/platform
to reinstate the subchondral bone plate, facilitate the regeneration of a native AC and restoration
of the articular surface is emerging as a viable treatment plan. To this end, work in this chapter
helps to establish the bioassembly of cohorts of phenotypically distinct cartilage microtissues as a

promising method for realising this strategy.

7.5 Conclusion

This chapter demonstrates that implantation of an engineered biphasic osteochondral plug,
composed of two phenotypically distinct, developmentally inspired engineered tissues, can result
in the immediate joint resurfacing, contribute towards defect stabilisation and aid in joint
restoration. Although further optimisation is required to improve the consistency of this modular
bioassembly strategy, the data presented in this chapter supports further exploration of this
approach for the treatment of osteochondral defects. Furthermore, when coupled with emerging
developments in bioprinting, and further work elucidating mechanisms of action in damaged and
diseased joints, suggests that a similar approach could realise complete biological joint resurfacing

in the future.
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Chapter 8.
8 Discussion

In this thesis, two different biofabrication approaches were explored as means of engineering
developmentally inspired and biomimetic cartilages. The first used inkjet bioprinting and a novel
scaffold assembly for directed cellular self-organisation. Specifically, a 3D printed polymer
framework was used to impose boundary conditions onto a developing cartilage. Through this
constraint, it was possible to guide the self-organisation of bioprinted MSCs, and generate near-
native spatial organisation within the collagen network of the engineered articular cartilage.
Additionally, this work demonstrated that employing dynamic culture conditions could enhance the
quality of this in vitro cartilage and yield a tissue with a biomimetic composition and matrix
stratification. The second biofabrication strategy employed in this thesis was the use of
microtissues as biological building blocks. Here, a 3D printed scaffold functioned to guide the fusion
and (re)modelling of the cartilage microtissues, resulting in the development of a biomimetic
cartilage. This approach formed the basis of tissue engineering strategies that were used to treat
chondral and osteochondral defects in preclinical large animal models. Collectively, this work
demonstrated how developmentally inspired engineered cartilages can be effective merged with a
supporting and instructing 3D printed polymer scaffold. In doing so, this thesis highlights the
potential for modular, hybrid biofabrication strategies to generate complex, functional, and highly-

biomimetic implants for musculoskeletal regeneration.

Inkjet printing of structurally organised articular cartilage

Creating engineered analogues of native articular cartilage is challenging. Although recreation of an
appropriate ECM composition is frequently reported, recapitulation of the zonal arrangement of
these matrix components, in particular the unique collagen architecture seen in native hyaline
cartilage, remains a challenge [42,45,47]. Complete biomimicry of articular cartilage’s composition
and structure is central to designing effective treatment strategies [201]. Previous attempts that
have come close to this have centred on self-assembly/self-organisation and have been successful
in recreating some, but not all, of the necessary tissue features [41,68,115]. In particular, generating
tissues of clinically relevant thicknesses and/or fully mirror the ‘Benninghoff arcade’ structures
remains elusive. To address some of these challenges, this thesis used instructive physical cues,
provided by 3D printed constraints, to direct cellular self-organisation and the generation of highly-
biomimetic tissues [73]. As such, this work has created a biofabrication strategy/platform to

bioprint highly-biomimetic hyaline cartilage. As part of this chapter, the effect of varying initial cell
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density was observed in terms of matrix accumulation and organisation. Tissue engineering has
trialled a vast range of initial seeding densities ranging from 10 — 130 million cells/mL [290]. In
young native articular cartilage, the cell density typically varies with depth from 240 — 100 million
cells/mL superficial to deep [290]. In the context of this work, the printed cell densities were 145
and 290 million cells/mL for the low-density (50 x 10° cells/microwell) and high-density (100 x 103
cells/microwell) groups respectively. Given that superior cartilage was engineered using more than
double those typically employed in tissue engineering indicates that this novel, highly cellular self-
organisation biofabrication strategy represents a significant development in the field. Despite this,
the study was not without its limitations. The differentiation potential of hMSCs is known to
diminish with donor age and the progression of joint disease [291-293], as well as with increased
passage numbers during expansion [294]. As such, the feasibility of recreating the quality of tissue
seen using young porcine-derived BMSCs in this study with clinically relevant human cells remains
unclear. To combat the challenges associated with limited clonogenic and chondrogenic capacity of
MSCs, new progenitor cell sources from synovial joints are being explored [135]. In particular, a
putative source of cartilage progenitor cells have been identified in the superficial zone of articular
cartilage and have been shown to respond to chondral injury [295-297]. Articular cartilage
progenitor cells (APCs) have the potential to revolutionise cartilage tissue engineering by
generating exceptional engineered cartilages after prolonged expansion [136], making them an

ideal candidate for highly cellular strategies like the one employed in study.

Near-native levels of collagen organisation were demonstrated using the novel
biofabrication approach presented in chapter 4. The impact of the enhanced biomimicry exhibited
in the engineered cartilage on its biomechanical properties is also unclear. There have been reports
that by confining a developing self-assembled cartilage, the spatial alignment of collagen fibres can
be altered and a concomitant increase in collagen content and mechanical strength is achievable
[78]. It is reasonable to envisage that similar results could be seen in the self-organised cartilage
formed in this study. However, determining a method for creating a ‘homogeneous collagen’
control as well as effectively decoupling the contribution of the polymer framework would be
necessary to fully elucidate this. Other methods to improve the biomechanical properties of
engineered cartilages have focused on shifting the ratio of sGAG to collagen to favour a more
collagen rich tissues. Native articular cartilage is predominantly collagen [2], however, as this thesis
has identified reaching these levels in vitro is challenging. Promising methods to match these levels
of collagen content and maturity use enzymatic treatment [45,50,117]. In the context of this work,
coupling the use of remodelling enzymes with the biofabrication strategy for imparting biomimetic
spatial collagen organisation will be an interesting avenue for the future. Despite some

shortcomings, the work presented in chapter 4 successfully identified a biofabrication strategy for
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effectively capturing key compositional and structural features of native articular cartilage within
an engineered tissue analogue. This approach could be implemented within future biofabrication

strategies to generate truly biomimetic cartilage grafts for the treatment of chondral defects.

Biofabrication of cartilage and osteochondral grafts using cartilage microtissues as biological

building blocks

The second biofabrication strategy employed in this thesis was the use of microtissues as biological
building blocks. Here, an effective microwell system for generating suitable microtissues for
musculoskeletal tissue engineering was developed. The fabrication method was simple, easily
implemented and reused. Importantly, the developed platform satisfied the key criteria discussed
in literature for a spheroid biofabrication strategy [152]. Specifically, the methodology produces
high fidelity hydrogel microwells and this accuracy translated into the biofabrication of highly
reproducible spheroids. These spheroids could be cultivated in various induction protocols to
produce different phenotypes and maturities ranging from initial cell condensations/aggregates to
mature hypertrophic cartilage microtissues. The spheroid phenotypes explored within this thesis
were conceived as ideal precursor-tissues for tissues/organs of the musculoskeletal system, such
as cartilage, vasculature, and bone. Importantly, spheroids were capable of undergoing key tissue-
specific processes after biofabrication and harvest, confirming their utility for tissue engineering
applications. As part of this work, the capacity to fuse early cartilage microtissues into a thick and
homogenous macro-tissue was substantiated. Furthermore, it was identified that using smaller
microtissue in greater number lead to a superior cartilage macro-tissue. As part of this early
validation work, this thesis developed vascular spheroids, with the capacity to spontaneously form
a pervasive prevascularise network within a commonly used fibrin-based bioink [164]. Collectively
demonstrating that the microwell system developed represents an ideal platform technology for

emerging aggregate-engineering strategies.

Despite this relative success, efforts to enhance the scalability of this approach using
dynamic culture were less efficacious. While the target here was to generate high-quality cartilage
microtissues over prolonged cultivation, dynamic cultivation appeared to support an osteogenic
phenotype. Changes in the oxygen tension or excessive shear stresses could explain this
suppression of chondrogenesis [188-191,193,195]. Nevertheless, the more osteogenic phenotype
could be valuable for bone tissue engineering as an alternative to the hypertrophic cartilage
rudiments employed herein. Alternatively, modulating environmental oxygen tension is an
effective way of facilitating dynamic culture conditions for chondrogenesis [197] and could be a

simple solution to engineering higher quality cartilage microtissues in bioreactor culture. In spite of
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these challenges, the novel stirred-tank bioreactor designed in this thesis represents a simple and
accessible means of dynamically cultivating microtissues. Given the difficulties associated with
maintaining robust chondrogenesis in dynamic conditions, the hydrogel platform emerged a
suitable method for generating phenotypically distinct microtissue populations in sufficient
numbers to enable the biofabrication of osteochondral tissues/implants at a clinically relevant
scale. As such, the novel methods designed and developed in this thesis represent a platform for
generating biological building blocks for musculoskeletal tissue engineering in a medium-high
throughput fashion. A serendipitous discovery that endothelial growth medium (EGM) enhanced
the aggregation and chondrogenic capacity of animal-derived MSCs was also made using this
microwell platform. From this initial observation, hydrocortisone was identified as the principle
factor driving the enhanced chondrogenesis in human-derived MSCs. In this study, the biosynthetic
output of MSCs within cartilage microtissues could be significantly enhanced by supplementation
of chondrogenic medium with hydrocortisone, yielding high-quality microtissues with a rich
cartilaginous ECM profile. As part of chapter 5, it was identified that the effects of
EGM/hydrocortisone were most pronounced in donors with limited chondrogenic capacity. As
such, hydrocortisone could function to alter the surface marker expression of heterogeneous MSC
populations, ‘reactivating’ subsets of cells which would otherwise not undergo robust chondrogenic
differentiation. Alternative, hydrocortisone could directly regulate the expression of cartilage ECM
genes and/or enhance TGF-B-mediated upregulation of their expression in a similar fashion to
dexamethasone, a glucocorticoid commonly used in chondrogenic differentiation of MSCs. Finally,
given hydrocortisones anti-inflammatory role, the enhanced chondrogenesis noted in chapter 5
could be a feature of the suppression of inflammation related catabolic pathways such as IL1. While
the mechanism of action remains unclear, the evidence presented in chapter 5 strongly indicates a
benefit to the modification of traditional chondrogenic differentiation regimes with
EGM/hydrocortisone. However, this discovery was made after the studies presented in chapters 6
& 7 and as such, alternate methods of inducing rapid and robust chondrogenesis in MSC
microtissues have been utilised therein. The capacity to heal chondral defects using a self-organised
articular cartilage was also investigated. As part of this work, a mechanically competent cartilage
that expressed a hyaline-like phenotype was engineered by spontaneous self-organisation of early
cartilage microtissues. Optimisation of the chondrogenic induction protocol for the microtissues,
initially investigated in chapter 3, resulted in maximum microtissue growth during limited exposure
to TGF-B. Minimising exposure to this chondrogenic growth factor has been demonstrated as
important to mitigate spheroid boundary-setting and maximise the likelihood of successful tissue
fusion [68]. The optimised conditions yielded standardised microtissues which, when brought
together, fused to form a consistently thick and homogenous articular cartilage. This represented

a significant progression in the field, as fusion between cartilage subunits had been challenging and
158



resulted in an inhomogeneous tissue [138,215], or required the use of manual forces to achieve
fusion between the tissue subunits [68]. Since spontaneous fusion was possible, this study was also
able to leverage a 3D printed framework to better guide the self-organisation process and generate
better spatial organisation of the collagen network as the macro-cartilage (re)modelled. The 3D
printed framework also served as a means of implanting the engineered tissue within a preclinical
chondral defect model. Here, the novel fixation device and implantation strategy devised in chapter
4 was employed to secure the engineer cartilage in situ. Although there was no evidence of implant
loosening after 6 months, the therapeutic impact of the engineered cartilage was negligible

compared to treatment using an existing chondral treatment strategy (micro-drilling).

Histological evaluation indicated that implant subsidence had occurred in the ‘chondral
only’ treatment strategy. This prompted investigation into an alternative method of securing an
engineered cartilage in place. Chapter 7 investigated the biofabrication of an osteochondral plug
via the spatial assembly of two phenotypically distinct populations of cartilage microtissues. In this
work, novel bioassembly strategies were employed to fabricate a biphasic osteochondral plug.
Specifically, the implant comprised of an overlying stable articular cartilage layer, similar to the one
developed in chapter 6, and an osseous region filled with islands of hypertrophic cartilage
microtissues. After in vitro cultivation, the majority of implants provided immediate joint
resurfacing with an engineered cartilage that, macroscopically, closely resembled the surrounding
native tissue. However, the surface integrity of some of the implants was sub-optimal, and this
natural variation was most likely due to the cells trying to minimise free-energy during self-
organisation. Although the bioassembly method employed within this thesis is a promising start, in
the context of engineering human clinically-relevant implants improvements are necessary. As
demonstrated in chapter 4, bioprinting can be an effective method of accurately positioning
biologics for self-organisation. The manual nature of the approach taken in chapters 7 could explain,
in part, the differences seen in the chondral regions of the implants. Hence, bioprinting the cartilage
microtissues would aid in controlling their position and number in a more reproducible manner.
Emerging bioprinting technologies such as aspiration-assisted bioprinting and fluidic-based
singularisation methods have been shown to be an effect method of precisely controlling the
position of spheroids for hierarchical osteochondral applications [120,282]. Furthermore,
bioprinting is known to facilitate the formation of complex multi-material implants [298]. As such,
leveraging bioprinting in future versions of the implant could permit the inclusion of additional
components, such as vascular spheroids for prevascularisation of the osseous region and the
fabrication of larger implants. Similar strategies of forming microvascular networks have also been
shown to correlate with bone formation and as such, could also enhance the therapeutic efficacy

of the osteochondral implant by encouraging rapid osteointegration [164].
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Learnings from chapters 6 and 7 have implicated subchondral bone as having a central role
in the restoration of articular cartilage. In both the 6 month in vivo studies of chondral and
osteochondral lesions, cases of ‘best repair’ correlated with re-establishing the subchondral bone
plate. This was particularly evident in the osteochondral study, whereby treatment resulted in the
restoration of a near-normal articular surface in cases where the implant stabilised the defect and
acted as a platform for the regeneration of the subchondral bone and thus the overlying cartilage.
Similar findings have been reported in literature, where time-course studies have shown that
subchondral bone restoration predicates cartilage regeneration [285]. Moreover, stabilisation of an
osteochondral defect alone, using a solid and inert polymer implant, can prevent secondary
changes and joint deterioration [299]. In contrast, failure to stabilise critically-sized defects results
in aberrant subchondral bone remodelling and the collapse of the subchondral bone plate inwards
[19]. As such, collective evidence indicates that to provide successful joint resurfacing an implant
must; 1) stabilise the defect, preventing secondary changes and mechanical collapse, 2) provide a
platform from which the subchondral bone can be reinstated, and 3) facilitate the restoration of
the articular cartilage, either through the in situ maturation of an engineered tissue or via native
healing mechanisms. Taking this knowledge forwards has the potential to aid in designing joint
regeneration strategies which synergistically leverage native healing mechanisms with
developmentally inspired precursor tissues. Specifically, future joint resurfacing treatments should
focus on designing implants that induce rapid and robust osteointegration and are positioned in
situ to act as a bridge/platform for the regeneration of the subchondral bone plate via
endochondral conversion of a hypertrophic portion of a stratified engineered cartilage. To this end,
replacement of the thermo-polymer framework with a more osteoinductive/conductive material
which can be 3D structured, such as a metal [300,301] or ceramic [287—-289], could be a means of

improving the clinical efficacy of the approaches developed.

Considerations for clinical translation

In chapters 6 & 7, preclinical evaluation of engineered grafts for chondral and osteochondral repair
has been undertaken. For both studies, an allogeneic cell source was selected. With a view to clinical
translation, an autologous source of cells would be ideal. However, limited cell numbers, the need
for two surgeries, and donor site morbidity are well documented limitations associated with using
autologous cells [42,302]. In the absence of bulking hydrogels/biomaterial scaffold,
developmentally inspired approaches for engineering cartilages often require large cell numbers
making the use of allogeneic cell sources commonplace [42]. Allogeneic sources can also be

considered a more ‘off-the-shelf’ product, as banks of cells can be stored until needed. Moreover,
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allogeneic MSC sources allow for greater control, consistency, and higher quality tissues when
compared to autologous counterparts as they can be isolated from healthy and/or juvenile sources
[303,304]. In this context, batch criteria can be defined for each donor whereby cell cohorts are
screened for optimal proliferation, differentiation, as well as immunogenicity [42,305]. Despite the
numerous benefits, there are some drawbacks associated with allogeneic cells which could have
contributed to some of the suboptimal outcomes observed in the preclinical evaluation undertaken
in this thesis. Due to its avascular nature, cartilage has been suggested to be immunologically
privileged [302,306,307]. In spite of this, implantation of allogeneic cells into the joint could invoke
an immune response. As part of this, inflammatory cytokines, known to inhibit chondrogenesis and
progress osteoarthritis [308—310], could be released and inhibit in situ cartilage maturation and
defect repair. In this context, negative immune reactions associated with allogeneic cells would
likely be seen to a greater extent in the osteochondral model presented in chapter 7 where immune
cell invasion from the vascularised subchondral bone could play a larger role. However, the superior
results in chapter 7 are not indicative of a more inflammatory state. The emerging role of MSCs as
potent signalling cells could explain the suitability of the autologous cells employed in this thesis.
Specifically, there is accumulating evidence that the therapeutic effects in vivo of MSCs may not
only be due to their differentiation into chondrocytes. But, also via modulations of the hostimmune
response and anabolic/chondrogenic stimulation of resident chondrocytes and MSCs through
numerous paracrine effects and symbiotic feedback loops [305]. In the context of this thesis, the
contribution of the implanted MSCs/CCs remains unclear. In order to elucidate their involvement,
follow-up studies should look at earlier time points and assess the acute immune responses to
implanting and engineered tissue. Additionally, methods of cell labelling and tracking could be
employed to help determine the persistence and distribution of implanted MSCs to help clarify their

contribution to healing.

Many of the concepts presented in this thesis required considerable cell expansion and in vitro
priming regimes. As part of this, challenges and concerns associate with clinical translation of the
approaches presented in this thesis arise. Specifically, the use of animal-derived serums for the
expansion of stem/stromal as well as primary cells is widely considered as a predominant limiting
factor in human clinical translation of current engineered cartilages [311]. In view of human clinical
translation, exploring the biofabrication strategies employed herein using alternatives to animal-
serum based media is necessary. Currently, human plasma lysate (HPL) has been successfully
implemented as an alternative to fetal bovine serum (FBS) for the expansion of human MSCs whilst
retaining their multipotency [312—-314]. Equally, serum-free cultures are being developed as a
potential route towards the clinic [315,316]. The ultimate goal of tissue engineering should be to

move away from animal-derived serums in the interest of designing standardised and clinically
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relevant cell-based strategies. Given that as the long-term goal of the broader field, short-to-
medium term targets for the approaches identified in this thesis should focus on reifying the
reproducibility of the two main biofabrication strategies. Demonstrating similar levels of cartilage
quality using various batches of FBS would help to confirm the efficacy of the approaches

independent of the ill-defined serum.
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9 Future Outlook

At present, the work presented in this thesis offers an excellent nucleus for the development of
chondral and osteochondral implants capable of making a significant clinical impact. To realise that
goal, some limitation of the current work should be addressed. First, achieving reliable
chondrogenesis from heterogeneous populations of MSCs can be challenging. This thesis leveraged
a serendipitous discovery that endothelial growth medium could significantly improve the initial
aggregation and chondrogenic potential of heterogeneous MSC populations. Specifically,
hydrocortisone was identified as a novel factor capable of improving current chondrogenic
induction protocols and consistently engineering high-quality cartilage. Since engineering high-
quality cartilage in vitro have been shown to yield superior results for bone and cartilage in vivo
[46,238], this work, albeit preliminary, has the potential to impact both bone and cartilage tissue
engineering. Hence, future efforts should seek to clarify the mechanism of action as part of
designing and implementing novel factors into in vitro chondrogenic induction and cartilage

cultivation protocols.

Second, significant effort should be made to improve the mechanical strength of the
engineered articular cartilage. Several approaches, such as advanced chondrogenic culture regimes
and mechanical stimulation have been discussed as reasonable methods for achieving this.
Amalgamating these approaches with the biofabrication strategies employed within this thesis has
the potential to generate physiologic levels of matrix components, structure organisation, and
biomechanical properties. In this vein, elucidating the mechanical properties of the articular
cartilage engineered within the guiding polymer framework is necessary in the future. In particular,
determining the effect, if any, of the enhanced collagen organisation observed in chapters 4 and 6
on the engineered cartilages functional properties. At present, mechanical evaluation of the
engineered biocomposites was not undertaken as the polymer component dominates the
mechanical properties and masks the influence of tissue structure. However, the use of
micro/nano-indentation could offer a means of quantifying any tissue structure-function
relationships present in the hybrid implants by testing only the engineered cartilage. In spite of best
efforts, achieving sufficient functional properties from an engineered tissue may be unobtainable
in vitro [42,74,185]. In which case, employing an in vivo bioreactor, that have principally been used
for critically-sized bone grafts [317-322] but also cartilage [323], to vascularise and mature an
engineered precursor osteochondral tissues could facilitate the formation of a truly functional

engineered graft, suited to immediate load-bearing applications [185].

Finally, the microenvironment within biocomposite structures such as those created in this

thesis from self-organised tissues and polymer frameworks could play an influential role in directing
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cell phenotype and tissue development. Specifically, generation of a hypoxic microenvironment at
the bottom of culture wells and within the core of hydrogel constructs is well documented [33,324].
It stands to reason that a local hypoxic environment forms within the polymer microwells and that
this microenvironment likely favours chondrogenic differentiation and accumulation of GAGs.
Moreover, the cellular consumption of nutrients, such as glucose, within the PCL microwells is likely
to generate nutrient gradients which could encourage the upward tissue growth out of the
microwell. Coupling these microenvironmental factors with the physical constraint on the growing
cartilage provided by the PCL microwells can help to explain the enhanced tissue quality seen when
self-organising cartilages are combined with the 3D printed framework. Probing these
microenvironments to better understand their evolution during key phases such as; lineage
commitment, matrix accumulation, and tissue maturation can help to inform biofabrication
strategies. Specifically, identifying favourable conditions for creating specific tissue phenotypes
could be highly beneficial in designing unique multi-phasic microenvironments to guide the
development of complex target tissues and interfaces commonplace in the musculoskeletal system.
To this end, microphsyiological systems [325,326], non-invasive biosensing [327], direct
measurement methods [324,328,329], and in-silico models [329,330] have all been employed to
quantify and understand key environmental conditions within 3D tissue models. In the context of
cartilage tissue engineering, coupling direct measurement of oxygen consumption rates with
numerical modelling has identified oxygen concentrations which favour either sGAG deposition or
collagen synthesis [324]. Equally, computational models have been used to predict the glucose
requirements of large chondrogenic constructs. These predictions identified culture conditions
(media volume) and construct architectures (number of nutrient channels) conducive to
maintaining adequate glucose levels for cartilage matrix synthesis [331]. Since this thesis took steps
towards the biofabrication of cartilages grafts at a clinically-relevant scale, incorporating current
techniques to quantify environmental changes within engineered tissues would be a logical next
step. Mapping changes in nutrient diffusion, cell consumption rates, and matrix synthesis as a
means of designing adaptive cultivation strategies, engineering effective constructs, and creating
accurate predictive simulations could further the quality of the engineered tissues developed in this

thesis and/or the scalability of the biofabrication approaches employed.
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10

Conclusions

A strategy to bioprint biomimetic self-organised cartilage using a supportive joint fixation
device has been developed. Specifically, a novel assembly of 3D printed polymer implant
and temporary base has been shown to be an effective method for guiding the self-
organisation and development of high-density cellular condensations towards a stratified
articular cartilage. The quality of this engineered cartilage could be enhanced using
dynamic culture conditions. In particular, bioreactor culture resulted in near-native levels

of cartilage matrix components and structural stratification.

A novel hydrogel microwell platform has been developed for the biofabrication of cellular
spheroids in a medium-high throughput fashion. This technology satisfies the key criteria
for a spheroid biofabrication platform, producing standardised spheroids, which can have
various phenotypes and suitable degrees of maturity, in a scalable manner, and are capable

of tissue-fusion and the formation of larger macro-tissues.

Leveraging this platform, early-cartilage microtissues have been generated as ‘biological
building blocks’ for the biofabrication of a thick and homogenous stable cartilage analogue
via spontaneous self-organisation. Employing optimised initial culture conditions results in
rapid growth of early-cartilage microtissues, to sizes suited to designing a scalable
approach. The stable cartilage macro-tissue exhibited promising biochemical and
biomechanical properties. Moreover, a hybrid biofabrication approach, coupling a 3D
printed polymer framework with cartilage microtissues, aided in guiding the self-
organisation process. This process resulted in superior structural organisation within the

collagen network of the engineered cartilage.

Treatment of focal chondral defects did not result in significant improvement when
compared to a current clinical treatment. Failure to suitably stabilise the implant within the
defect prompted investigation into an osteochondral strategy. Here, two populations of
phenotypically distinct, developmentally inspired, cartilage microtissues were used to
biofabricate a biphasic osteochondral plug. When assessed in large animal, preclinical

osteochondral defect model, this engineered implant demonstrated immediate joint
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resurfacing, and restoration of an almost near-native articular surface after 6 months.
Histological and pCT evaluation of the defect revealed a trend towards improved healing
response in almost all metrics quantified, and implicated regeneration of the subchondral

bone plate as important for effective joint resurfacing.

Developmentally inspired strategies, such as scaffold-free and self-organisation
approaches, have demonstrated the capacity to generate highly-biomimetic cartilages that
have otherwise been unobtainable using traditional ‘top-down’ methods. Although,
mirroring key developmental stages in vitro often results in the deposition of a rich and
mimetic ECM profile, it does not guarantee tissue functionality. As such, modular hybrid
approaches which seek to merge traditional biomaterial scaffolds with developmentally
engineered tissues without negatively impacting tissue development are rapidly emerging
as a promising means of improving their functionality. This thesis presents two strategies
which successfully marry a developmentally inspired cartilage engineering strategy with a
traditional 3D printed polymer framework. Collectively, this work highlights the capacity of
instructive scaffolds to guide and enhance the development of self-organising tissues in
vitro, demonstrating the potential of modular, hybrid biofabrication strategies to

regenerate complex musculoskeletal tissues.
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11 Supporting Information

Figure s3.1 A) interior of control box illustrating main components for controlling the bioreactor. B)
Front panel of the control box. C) Rear panel of the control box.
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Supporting Figure 5.1 Determining the driving factor in EGM. Biochemical quantification after 7 days
of chondrogenic culture of A) sGAG normalised to DNA, (N = 3, Mean + SD) and B) collagen normalised
to DNA, (N = 3, Mean + SD). * denotes significance using a Brown-Forsythe and Welch One-way
ANOVA, p < 0.05
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