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Abstract

"Simplicity is the Ultimate Sophistication”, Leonardo Da Vinci

Tissue engineering research has opened a new chapter in modern medicine since it emerged
as a mainstream research field in the early 90s. Until now, however, effective strategies to
fully emulate the complexity of natural tissue remain elusive. One of the key features in the
development of complex tissue structures is the presence of morphogen gradients during
development. In nature, from squid beaks to human teeth, gradients are preserved in many
structures after evolution. In a living organism, gradients play an essential role in defining the
physiological function. The formation of these gradients is often largely dictated by an
anisotropic distribution of different morphogens present during development. The spatial
difference in concentration of different morphogens results a spatial variance in cell signalling,

patterning the development of tissue and leading to the formation of heterogeneous structure.

Although these principles of development are well-established, the overwhelming majority of
in vitro engineering strategies use uniform scaffolds and spatially invariant growth factor
delivery to produce homogeneous tissue constructs. It is clear that more sophisticated
fabrication processes are required to replicate the native complexity and fulfil the functional
requirements of tissue grafts. A few material strategies have been developed that can
heterogeneously deliver biological or mechanical cues; however, most of them are limited by

complex fabrication procedures or restricted compatibility with different material systems.

By establishing signaling factor gradients within tissue engineering scaffolds, the formation of
heterogeneous tissue interfaces can be achieved. This thesis will demonstrate two gradient
casting strategies to emulate physiological gradients, exploiting magnetism and buoyancy to
distribute growth factors. These strategies are shown to be capable of establishing gradients
in different materials, and are used to engineer osteochondral tissue. The strategies proposed
in this research are designed to be widely applicable and easy to reproduce. It is hoped that
these strategies may be adapted and tailored for wider use by the tissue engineering field,
allowing development of complex, functional tissue by mimicking the processes used by

nature.
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Scope of the Thesis

Spatial gradients are a pervasive feature of biology, with conserved functional roles in tissue
development and physiology. In this thesis, various gradients in nature will be overviewed, and

engineering approaches to emulate them will be investigated.

Chapter I: Introduction and Literature Review

The chapter will introduce the literature closely related to the study. This will include (1) the
process and the mechanism of gradient formation, (2) the current approaches of recreating
gradients and (3) the gradient features of osteochondral tissue, which is also the engineering

target of the study.

Chapter lll: SPIONs-derived Gradient in Osteochondral Tissue Engineering

This chapter will introduce a novel gradient fabrication technology utilising superparamagnetic
nanoparticles (SPIONs) and an external magnetic field. It is then demonstrated how the
proposed platform could be applied in osteochondral tissue engineering, and the engineered

osteochondral tissues will be assessed in detail.

Chapter IV: Buoyancy-driven Gradients Fabrication

This chapter will introduce a versatile gradient fabrication technology utilising buoyancy force.
Several applications (e.g., stiffness gradient, composition gradient) of the technology will be
demonstrated. | will then discuss how the proposed fabrication approach could be applied in

osteochondral tissue engineering, and the engineered tissues will be assessed in detail.

Chapter V: Conclusions

This chapter will summarise results from Chapter | to Chapter IV, and the possible impacts of

the study to the field of complex tissue engineering.
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Chapter I: Introduction and Literature Review
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1.1 Past, Present and the Future of Tissue Engineering

The emergence of tissue engineering

The dysfunction or failure of tissue due to disease, injury, wear or ageing is devastating for an
individual and also brings an enormous burden in health care [1]. There were few effective
remedies until 1954 when Joseph Murray performed the very first tissue transplantation
between twins, and two unrelated individuals five years later [2, 3]. Many lives have been
saved through transplantation although the gap between the demand and availability of
tissues and organs is huge. Tissue engineering is a highly interdisciplinary field where the
principles of medicine, biology, and engineering are augmented. Published in 1981, the
earliest tissue engineering study by Bell and colleagues demonstrated the successful graft of
skin-equivalent constructs consisting collagen matrix and autologous fibroblasts onto patients
with extensive burn injuries [4]. After years of research, the hallmark review of the field was
published in 1993 by Langer and Vacanti [1]. In the review, the concepts of tissue engineering
were defined and its potential was summarised. The concept of tissue engineering has also

made popular through the vivid image of auriculosaurus, a human-ear-bearing mouse [5].

From oversimplified to sophisticated: recreating gradients

Since the emergence of tissue engineering, research has aimed to generate functional tissue
or organs to restore, replace, or improve the function of damaged tissue [1]. In general, a
tissue engineering design comprises cells residing in a biomaterials scaffold which is usually
intended to provide space for cell proliferation and differentiation. There are also material-free
tissue engineering designs in which high-density cells form the engineered tissue. In addition
to cells and biomaterials, bioactive signals are an indispensable factor. In a robust tissue
engineering design, an appropriate signal should guide the cells to differentiate or maintain
their phenotype. While growth factors were the main signal used in early research designs,
various motifs including nucleic acids, small molecules, peptides, and macromolecules have

now all been used as bioactive signals.

In the early stages of tissue engineering research, most designs were oversimplified. For
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example, the most conventional bioactive signal delivery strategy is to homogeneously deliver
soluble signalling molecules to a homogeneous scaffold system. But this kind of
homogeneous strategy could only create homogeneous tissue constructs without any complex
architecture. Thus far, a homogeneous construct has only successfully translated into the
clinic for simple tissue targets (e.g. skin and cornea) that don't require a complex structure.
For tissue bearing a more complex structure to support the physiological function,
homogeneous designs are usually insufficient. Indeed, while a successful tissue engineering
design should aim to allow the construct to emulate the physiological function of the target
tissue, an oversimplified design incapable of creating precise native structure could not

provide the physiological function of heterogeneous tissue.

Recently, there has been a trend toward developing more biomimetic and sophisticated tissue
engineering strategies. These strategies aim to generate functional vascular networks, utilise
extracellular matrix (ECM) components for signal delivery, and fabricate scaffolds with
appropriate tissue geometry [6, 7]. In this thesis, the aim is to recreate gradients, a
sophisticated character in living organisms. Gradients play an essential role in guiding the
function of a wide range of tissues. During development, gradients play a major role in defining
the character of heterogeneous tissue by spatially regulating the morphology, behaviour, and
differentiation of un-polarised cells [8-14]. While oversimplified strategies usually fail to
produce tissue with heterogeneous architecture, tissue engineers have recently tried to
emulate physiological gradients with more sophisticated strategies. For all the different
gradient casting technologies, the goal is to reproduce gradients features in order to

investigate, study, or manipulate cell behaviour [15].

In this chapter, the historical context and basic concepts of tissue engineering are briefly
summarised. The main focus of the thesis is the character and formation mechanisms of
physiological gradients and the engineering approaches to emulate them. In the next section,

physiological gradients will be discussed.
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1.2 Physiological Gradients

Over recent years, advances in developmental biology have shown that various gradients can
spatially and temporally regulate cell behaviour including homeostasis, proliferation,
migration, and differentiation. Aside from regulating cell metabolism and tissue formation,
gradient cues can also participate in the cascade of inflammation, wound healing, and disease

progress [9, 16].

Cells are exposed to complex biochemical and biophysical gradients in their surrounding
milieu [17, 18]. These gradients are often necessary for heterogeneous tissue development
since these gradients often carry essential spatial information for polarised developmental
processes. During development, from the zygote single-cell stage to a fully developed
individual, both biophysical and biochemical gradients could play roles at different spatial

scales.

In the following sections, both physical and biochemical gradients will be introduced, with the
main focus on biochemical gradients since their recreation was the main focus of the current

research.

1.2.1 Biophysical Gradients

Biophysical gradients are defined as the continuous change of physical properties within a
tissue. These properties include porosity, topology, rigidity, extracellular tension, and
electrostatic potential [16, 19]. Physical gradients contribute to tissue development, in which
the presence of a physical gradient can alter the differentiation outcome. During tissue
development, undifferentiated cells are subjected to the biophysical stimulus from their
residing ECM. For example, stiffness and elasticity modulus of the ECM can have a subtle
effect on cell morphology and metabolism [18]. In the context of tissue engineering based on
stem cells, a biophysical stimulus is even more important due to its effect on the differentiation
fate of stem cells. Different reports have shown that stem cells exhibit lineage-specific
differentiation when the stiffness of the culture substrate matched the corresponding native

tissue. For example, depending on the elasticity of the matrix, mesenchymal stem cells
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(MSCs) could differentiate into neurogenic, myogenic or osteogenic cell lineages [20]. It is
hypothesised that the biophysical properties of the substrate regulate the differentiation
outcome through the changes of cell shape and the creation of cytoskeletal tension [21].
However, most of the studies investigating stem cell response to substrate stiffness were
carried out in a static setting, while the physical properties are actually spatially and temporally
varied in tissues. For instance, spatial stiffness gradient is present at the osteochondral
interface while the temporal stiffness gradient is present during epicardial tissue development
[22]. Consequently, the stem cells response should be investigated using the model system

with temporal and spatial biophysical gradient.

Several studies have investigated the effect of the biophysical gradient and the differentiation
outcome. A study carried out by Tse et al.,, demonstrated the importance of this dynamic
gradient by culturing MSCs on top of the polyacrylamide substrate possessing stiffness
gradient. In the report, it was shown that durotaxis (i.e., directed migration in response to
stiffness gradient) was triggered when a physiological relevant stiffness gradient was present.
In the same study, in addition to cell migration, a differentiation tendency toward the myogenic
lineage was also observed. Interestingly, these alterations were not observed in the substrate
without stiffness variation, suggesting that the physical gradient is a crucial regulator of MSC
behaviour [23]. Aside from the stiffness gradient, other biophysical characters such as porosity
gradient could also affect tissue development. A study carried out by Di Luca et al.,
demonstrated that a 3D-printed scaffold with porosity gradient (from 500 um to 1100 um) could
have a profound effect on the differentiation fate of residing hMSCs. In the study, by mimicking
the porosity gradient between the cancellous bone and the cortical bone interface, it was found
the osteogenic differentiation and mineralisation (e.g., alkaline phosphatase activity) were
positively correlated with pore dimensions [24]. Undoubtedly, the physical gradient stimulus
contributed to the tissue development, and in some cases also sculpted the final biophysical

gradient of the developed tissue.

In addition to the important role in tissue development, physical gradients can also be found
in mature heterogeneous tissues such as cartilage and tendon [25]. In these tissues, physical
gradients are derived from the heterogeneous composition and complex architecture.

Concurrently, the derived physical gradients contribute to the physiological function of these
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tissues. The mechanical gradient found between tendon and bone was found to play a critically
important role in the smooth transmission and distribution of compressive loads through tissue
interfaces [26, 27]. Similarly, the stiffness gradient found at the osteochondral interface also

supported the necessary physiological function of joints [28].

In summary, biophysical gradients participate in the tissue development and contribute to the
physiological function of the final developed heterogeneous tissue, and are altogether an
important subset of gradients in the biological system. Although beyond the scope of this
thesis, other examples for the biophysical gradients include the mineral density gradient found
in the tooth [29], the gradient of collagen fibre orientation across the heart ventricular wall [30],

and even the hydration gradient found across the stratum corneum layer of skin [31].

1.2.2 Biochemical Gradients

While biochemical gradients could imply to several gradients, the focus in this thesis is
morphogen gradients. Morphogens are substances that trigger distinct cellular responses in
a dose dependent manner. Morphogens such as chemokines and growth factors often provide
positional information, which is interpreted by cells to give rise to spatial patterns. These
spatial patterns can consist of cytoplasmic proteins within a cell or, in most circumstances, the
secreted proteins that make up extracellular gradient across a field of cells [8]. Various
morphogen gradients exist since the early stage of embryo development, and these

morphogen gradients orchestrate the formation of heterogeneous tissue.

This research focuses mainly on biochemical gradients at tissue-scale, although it should be
noted that there are different levels of gradients. In the following sections, gradient examples
at different scales including intracellular gradients, tissue gradients and systemic gradients will
be summarised. Importantly, the mechanism of gradient establishment and logic of gradients

interpretation will be introduced.
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Intracellular Gradients

The intracellular gradient of morphogen emerges at the very beginning stage of the life and
participates in essential cell metabolism processes such as mitosis. The establishment of the
intracellular gradient is thought to arise by diffusion from a point source of a morphogen. Here,

two examples of intracellular gradients are given.

(A) Gradients in the embryo

Gradients play an essential role since the embryonic stage of life. For example, within the
single-cell Drosophila embryo, bicoid gradient is present. While different genes are transcribed
at different levels based on the concentration of bicoid, the gradient of bicoid regulates
embryonic development [8]. In a Drosophila embryo, bicoid protein forms a gradient across
the anterior-posterior axis that patterns the head and thorax during embryo development. It
was initially hypothesised that this gradient was established via the diffusion of bicoid protein
from a point source. However, recent studies have shown that the diffusion rate of the protein
is much slower than the observed dynamic of gradient formation. Alternatively, it is now

proposed that the protein gradient is derived from the diffused bicoid RNA gradient.

(B) Gradients during mitosis

The gradient also plays a crucial role during the mitosis process. Intracellular gradients use
intrinsic diffusion and self-feedback loops to establish stable regions of activity within the
cytosol during the mitosis process [32]. During mitosis, mitotic gradients regulate several
events along the mitotic spindle. Among all events, the Ran-GTP gradient and its nuclear
transport receptors cascades and cargos have been greatly investigated. The concentration
of Ran-GTP could provide the positional signal while it decreases away from the chromosome
[16, 32]. This activity difference induced by the RAN-GTP gradient then triggers the spatial
microtubule nucleation, which occurs within the region close to the chromosome, while the
spindles form around. Accordingly, the RAN-GTP gradient is essential for self-organisation of

microtubules into a bipolar spindle for successful mitosis [33].
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Tissue Gradients

While the intracellular gradient is crucial in a single cell, extracellular gradients dominate the
later stages of embryonic and tissue development. The extracellular gradient formation
mechanism is challenging to investigate due to the difficulty of detecting soluble protein in low
concentrations. In recent years, the breakthrough in fluorescence tagging and imaging
techniques enables the real-time tracking of morphogen gradient in unfixed tissues [8]. While
simple diffusion from a point source acts as the primary mechanism for intracellular gradient
establishment, it is usually rare for a simple diffusion event to be the main mechanism behind

extracellular gradient establishment [34].

In most cases, aside from diffusion, other factors also participate in the formation of the
extracellular gradient. For instance, the strong affinity between secreted morphogens and their
receptors constrains the free diffusion, and hence influences the final gradient pattern [8]. In
addition to this interaction, receptors that participate in the process either stabilise motif on the
cell surface or target them for endocytosis and the following lysosomal degradation. Proteins
on the cell surface or in the extracellular matrix could also participate in the gradient formation

process by either hindering or enhancing morphogen transportation [35, 36].

Because different morphogens have their distinct biophysical and biochemical properties, the
gradient formation cannot be fully explained via a single mechanism. Based on the
comprehensive review by Christian, aside from simple diffusion, four main gradient formation
mechanisms can be summarised [8]. Interestingly, most of these gradient formation
mechanisms are closely related to the interaction between morphogens and other molecules
in extracellular space. It should also be noted that a single morphogen might utilise different
binding partners to promote the diffusion. Similarly, a binding partner may simultaneously
participate in the transportation of several morphogens [8]. Here, the main mechanisms of

gradient formation are summarised.

(A) HSPGs mediated gradient formation

Heparan sulphate proteoglycans (HSPGs) comprise a protein core to which

glycosaminoglycan (GAG) chains and heparan sulphate (HS) are attached. There are three
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major classes of HSPGs: glypicans, syndecans and perlecans [8]. HSPGs have been
investigated for their critical role in the transportation of several developmental morphogens
including Hedgehogs (Hh), Wnt ligands (Wnts), fibroblast growth factors (FGFs), and bone
morphogenetic proteins (BMPs) [37].

While the importance of HSPGs in establishing morphogen gradients has been well
recognised, the mechanism by which they do so remains elusive. In general, it is hypothesised
that HSPGs help the establishment of the gradient by promoting the stability of morphogen
once bound. This then affords them time to diffuse away from the source prior to its
degradation or aggregation [38]. Through the help of HSPGs, the morphogen could also be
moving down its concentration gradient by being passively displaced from GAG chains closer
to the source to more distal cells. Alternatively, a mechanism was discovered to allow the
"jumping" of HSPG-bound morphogen between cells. In this "jumping" event, the protein linker
(glycosyl phosphatidylinositol, GPI) between the cell membrane and the HSPGs-morphogen
complex was released by the help of phospholipase or directly transferred between the plasma

membrane to the adjacent cells [39].

(B) Lipid mediated gradient formation

Lipid-containing vehicles assist in the transportation of some classes of morphogens required
by lipids post-translational modification. Classes of the morphogens such as Wnts require lipid
modification for being active [40]. However, lipid-modified proteins must acquire a soluble form

in order to travel by diffusion.

One strategy to become water soluble is by folding the lipid moiety in the core while hydrophilic
residues expose outside [41]. To become water soluble, another proposed solution is to
transport lipid-modified morphogen within a class of vesicles consisted of the membrane
bilayer. This class of vesicles, called extracellular vesicles, are then released during
exocytosis and start to diffuse to the distal cells [42]. Another class of particles known as
lipoproteins have also been shown to assist the morphogen gradient formation. In this case,
morphogen proteins co-fractionate with lipoprotein particles, and the reduction in lipoprotein
levels causes a loss of long-range but not short-range gradient signalling. In a study carried

out by Panakova et al., it was found that within the Drosophila larvae with a reduced lipoprotein
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production, the Hedgehog protein could only deposit at its site of secretion, and a proper
morphogen gradient was unable to be established. Consequently, embryonic development

was impaired [43].

(C) Transcytosis mediated gradient formation

More recent data shows that transcytosis — consecutive rounds of exocytosis and endocytosis
— operates as a mechanism to generate a robust and stable gradient in the development of
Drosophila's wing disc [44]. This mechanism also has the advantages of tackling the difficulties
that come with some insoluble proteins (e.g., lipid-modified protein) being unable to freely

diffuse within the extracellular matrix.

(D) Cytonemes mediated gradient formation

A more sophisticated way for morphogen gradient formation is via the assistance of
cytonemes. Cytonemes are thin actin-based filopodial channels that bridge multiple cells. After
formation, these channels let membranes from non-adjacent cells link into close apposition
with morphogen secreting cells [8]. Two possible mechanisms for gradient formation are
hypothesised. First, the morphogens are released from signal sending cells and then bind to
the receptors located on the filopodial channels. This binding then triggers the second
messenger to travel along the cytoneme to reach the distally located targets. The signal
decays during transportation, and hence generates a gradient of activity. Second, instead of
the transportation of the second messenger, the morphogen-receptor complexes are

transported to the cell body of the distal cells.

28



;s ° ot Ve ,
« o .. 9 T g 2 4 g
. g - @
fot ) R . . . * ) *
'a ... ..: . ey .-. ) . 1 *
. . . .
., . ".o.. . *1' A op K o - g 4
oSl e 0 0, I %
il® LI * » * -
.-'.. 4 & — *
* «
%

Figure 1.1 Different morphogen gradient formation mechanisms

The gradient of the morphogen (light blue) could be formed by (A) a free diffusion or (B)
intermediate by interactions with HSPGs (HSPGs on the surface of cells in green). (C) Lipid-
linked morphogens could become water-soluble by forming micellar-like structure in which
lipids are folded inside. (D) Alternatively, they could be transported by encapsulated within
extracellular vesicles or lipoprotein particles (in purple). (E) The morphogen gradient could
also be derived from the mechanism of transcytosis. Through this mechanism, even a more
hydrophobic morphogen could be actively transported between cells. (F) In the mechanism of
cytonemes, morphogens bind to the receptors (in light green) and activate second
messengers (in dark purple), which can then traffic to the distal cells. Reproduced from

Christian et al. [8].
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Systemic Gradients

Besides the morphogen gradients present during heterogeneous tissue development,
gradients are also found across different tissues and organs of a developed individual. Several
systemic gradients can be found in vivo. Chemotaxis is a classic example of systemic
biochemical gradients in which cells migrate along the concentration gradient of
chemoattractants [45]. Examples of chemotaxis include the migration of leukocytes toward
inflammation site, movement of fibroblasts during wound healing, and the process by which
axons find their synaptic partners. In each case, the gradient of chemoattractant activates
spatially polarised cellular signals, and eventually induces the cell movement toward the area
with the highest chemoattractant concentration. The systemic gradient could also be applied
in the context of tissue engineering; for example, systemic stromal-derived factor-1 (SDF-1)

gradient could be used to direct bone marrow stem cell movement in vivo [46].
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1.3 Biochemical Gradients and Development

Biophysical gradients could be determined quantitively. For example, elastic modulus of rat
myocardium can be measured using an atomic force microscope [47], and compression
modulus of cartilage can be measured using a universal testing machine [48]. For biochemical
gradients, quantifying morphogen concentration in vivo, however, is not straightforward. In
most studies focusing on physiological gradients characterisation, imaging technique such as
fluorescence in-situ hybridization (FISH) or confocal microscopy combined with genetically
encoded fluorescent probe was used [49, 50]. In these approaches, only the relative rather
than the absolute concentration of a specific morphogen (or its downstream signalling protein)
can be visualised. Moreover, most of the in vivo imaging techniques are based on model
organisms such as Danio rerio and Drosophila [51, 52]. Biochemical gradients play a crucial
role in development process. Intracellular morphogen gradients have pronounced roles in
embryonic development, extracellular gradients become more important after the single-cell
stage. In this section, the relationship between gradients and tissue development will be

reviewed.

During the tissue development process, the initial naive cells transform from homogenous into
heterogeneous cell populations and form the organised arrangement. The patterning of
mammalian tissues is governed by morphogen gradients including hedgehog (Hh),
transforming growth factor-3 (TGF-Bs), fibroblast growth factors (FGFs), bone morphogenetic
proteins (BMPs), and Wnt ligands (Wnts) [53]. The extracellular gradient of a morphogen
signal is often established from an initially localised protein and followed by the complex
gradient formation process in which the protein is spatially redistributed. Since different levels
of morphogen concentration bring the variance in cell signalling and different differentiation
fates, morphogen gradients across the field could support the formation of organised tissues

[8, 13, 26].

However, the formation of extracellular morphogen gradient is only the beginning. To develop
heterogeneously, cells within the gradient field must interpret the morphogen gradient and
ultimately translate this information into qualitatively distinct gene responses [8]. In other

words, the interpretation of the morphogen gradient is the essence of the development of
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multicellular organisms. In this section, the generalised rules will be summarised [10].

Role of morphogen concentration

The first general rule for the gradient interpretation is that morphogen governs the target genes
in a dose-dependent manner [8]. Morphogen concentration in the extracellular matrix space
is often found to be directly proportional to the activity of the downstream transcription factors.
In some class of morphogen, it is shown that the individual cell response toward the
morphogen gradient is based on the absolute number of occupied morphogen receptors on
the cell surface. For instance, Dyson et al. demonstrated that Xenopus blastula cells could
sense the number of occupied activin (a morphogen) receptor, with the absolute number of
occupied receptors rather than the ratio of occupied to unoccupied receptors activating the

morphogen-regulated genes [54].

In some cases, the response triggered by different morphogen concentration scales
exponentially rather than linearly, with small morphogen concentration changes becoming
non-negligible. In vertebrates, a 2 to 3 fold difference in Sonic hedgehog morphogen
concentration is sufficient to trigger 25 to 50 fold difference in response, which could lead the

cell into a different fate [55].

These rules are not exhaustive in more complicated systems. Some class of morphogen
receptor complex can trigger multiple intracellular signal transduction routes. In this
circumstance, ligand could only be used to determine a qualitative change rather than predict

an exact level for any single transcription factor [8].

Memory of cells

The extracellular gradients are usually transient and dissipate over time. However, the cells in
the field continuously perceive the morphogen gradient, with spatial information becoming
internalised into a cell's memory even without the presence of extracellular morphogen
gradient. In a study carried out by Jullien et al., it was shown that the cell memory could be
attributed to the prolonged residence of a signalling complex in the endo-lysosomal pathway.

Specifically, this "memory" can last till the morphogen-receptor complex is transferred to
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lysosomes, in which the degradation of the signal will take place [56].

Number of thresholds

To meet the definition of being a morphogen, a graded signal must be able to lead the
generation of at least two distinct gene expression profiles. In other words, a low concentration
can lead to one profile and a high concentration can lead to another (in this instance, the
graded signal leads to the generation of 2 distinct cell types, so the threshold value is 2). While
the empirical observation has typically demonstrated between 3 to 7 thresholds, theoretical
analysis has revealed the possibility that the gradient can lead to up to 30 thresholds [10].
There is always more than one component in the system, that is, when cells interpret the
gradient of a specific motif, additional signals from other factors are believed to also contribute
to some of the threshold response. Whether an independent morphogen could also produce

the same number of the observed threshold is difficult to resolve experimentally.

Logic of interpretation

After perceiving the morphogen gradient, the level of a downstream transcription effector in
the cell is determined. Although the gene response to transcription factor concentration

remains to be fully resolved, three basic rules are thought to apply:

(1) In principle, low-affinity binding sites on promoter will only be occupied when the
concentration of the related morphogen is high. In contrast, for high-affinity binding sites, they
will be occupied throughout the field of the gradient.

(2) Cell response is based on both positive and negative inputs provided by transcription
factors triggered by a morphogen gradient.

(3) The gene activated by a morphogen gradient could later affect the overall response. For

example, a positive feedback circuit could be created.

Apart from these general rules, it should also be noted that in most of the tissue development
process, there are usually more than one overlapping morphogen gradient. With inputs from
all the signal gradients, the cells can then generate sophisticated feedback circuits and the

possible secondary overlapping gradients of transcription factor eventually leads to the
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development of heterogeneous tissues.
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1.4 Engineering Gradients

As previous sections summarised, both physical and biochemical gradients play an essential
role during cell differentiation and hence shape a tissue's final heterogenous architecture (e.g.,
bone and cartilage interface [14]) and spatial polarisation (e.g., ventral and dorsal side of
central nervous system [13]). To produce a more biomimetic tissue, one must consider the
numerous gradients present in native tissue, including transitions in biochemical composition
(e.g., extracellular matrix, soluble growth factors) and physical environment (e.g., stiffness,
topography). Despite the important role of gradients, most of the in vitro engineering strategies
use uniform scaffolds and homogeneous growth factor delivery to produce homogeneous
tissue constructs. However, these homogeneous constructs are often functionally inferior and
fail to recreate the complexity of heterogeneous structure in natural tissue. Accordingly,

intensive effort has been invested in designing materials with well-defined gradients.

It is clear that more sophisticated fabrication processes are required to replicate the native
complexity. Strategies that seek to engineer tissues in vitro must strive to recreate these
natural gradients in order to produce fully functional grafts or physiologically-relevant models.
In the following sections, biochemical and physical gradients fabrication approaches are

discussed.

1.4.1 Gradient Fabrication Strategies

Layering and sequential deposition

To fabricate spatially patterned constructs, one of the most common methods is to sequentially
combine or deposit layers of materials on top of another. As a result, gradients such as
biochemical composition or mechanical property could be fabricated. While the principle itself
is straightforward, it can be transformed and combined with other technologies. Here, several

approaches utilising this principle will be introduced.

A. Combining layers

Various approaches have been applied to create layered constructs. Among all these
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approaches, the most intuitive approach is to combine distinct layers together with an
adhesive. For instance, biphasic osteochondral scaffolds composed of PLGA/PGA layer and
calcium phosphate substrate were prepared by combining two layers with a small amount of
solvent [57]. Constructs possessing distinct layers can also be fabricated without the use of
an adhesive with several other approaches. For example, with the "iterative layering freeze-
drying" process, additional layers of material could be attached to a porous base material by
a fabrication protocol having more than a single lyophilisation process. Specifically, the new
layer of liquid material was added on top of the hydrated lyophilised porous base prior to the
sequential lyophilisation process [58]. In addition to sequential freeze-drying process, to
combine layers of materials, controlled polymerisation chemistry could also be used. Nguyen
et al. demonstrated a sequential polymerisation platform in which layer by layer stacking of
materials was achieved by repeatedly triggering the polymerisation process after each layer

of monomer materials was added on the previously polymerised layer [59].

Creating gradient constructs by directly combining different layers is a straightforward and
facile strategy. Gradients of various materials could be cast using this strategy with suitable
chemistry. However, one of the concerns of these multilayered scaffolds is the risk of
delamination, which is due to layered constructs consistng of material layers with different
properties. Consequently, the mechanical properties mismatch at the interface between
adjacent layers will lead to delamination. To prevent disintegration of the construct, a buffer
region with a finer transition of the material's property could be cast between the layers
possessing the properties mismatch [60]. Since the strategy is to combine distinct layers of
material, the other limitation of the strategy is that it can only produce a discrete, step-wise
transition rather than a continuous gradient. This makes the strategy unsuitable for
applications trying to emulate physiological gradients, which are usually a continuous

transition in nature.

B. Deposition and 3D printing

Under a similar rationale, sequential deposition of the extruded fibre could also create
constructs with spatial patterns. In 2004, Woodfield et al. demonstrated a computer-controlled
extrusion platform capable of creating a 3D spatial pattern. By varying the composition of

materials and geometry of the fibril deposition, both porosity and composition gradient could
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be patterned within the constructs [61].

With the advancement of 3D printing in tissue engineering, the concept of sequential
deposition has also been applied. By designing the appropriate structure, pore size gradient
could be fabricated using the technology. For example, the porosity gradients of cartilage
tissue engineering scaffolds can be fabricated [62]. Other physical character gradients such
as stiffness gradients could also be achieved by changing printing parameters through varying
fibre thickness or crosslinking degree (e.g., by altering the intensity of the UV in
stereolithography) [63]. In addition to physical gradients, 3D printing has also been used to
generate biochemical gradient. When using an inkjet 3D printing system, the formation of
biochemical gradients could be achieved by combining more than one ink tank. In a recent
study by Liu et al., up to 7 different bioinks were connected using capillaries system into a
single print head. By controlling pressure applied to these capillaries, a desired formula

mixture of bioinks could be printed and gradient patterns be created [64].

Although providing a highly spatial control, fibre extrusion and 3D printing are still only capable
of creating discrete rather than continuous gradients. The "printability" of 3D printed material
should also be considered; while printability is closely related to viscosity and surface tension
(especially in ink-jet, hydrogel-based bio-printers), many materials in hydrogel applications are
actually unable to be printed without further modification of the material and extensive

optimisation of the printing protocol [65].

C. Gradient maker

Through using the commercially available "gradient maker", high control over compositional
changes can be established in both 2D and 3D constructs. Using sequential deposition, two
or more different liquid materials are kept in separate reservoirs, with their outflows combined
into a jointed outlet which then injects the mixed material into a mould. By controlling different
outflow rates from two or more reservoirs during the course of casting and the vertical
movement of the mould, the gradient of biomolecule concentration can be produced along the

z-axis [66].

A mechanical gradient can be cast using the gradient maker. Nemir et al. have demonstrated
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that by using a two photo-initiator doped poly(ethylene glycol) diacrylate of different molecular
weight, a gradient of injected materials can be locked into place by crosslinking with UV light
[67]. In addition to physical gradients, biochemical gradients can also be achieved by the
incorporation of an extra intermediate. By encapsulating in or absorbing on carriers such as
PLGA microspheres, the gradient maker can be used to create growth factor or ECM gradients

[68, 69].

With the gradient maker, centimetre range gradients can be generated in a reasonable period
of time. However, given that the structure of the final construct is defined by a simple

deposition of injected materials, it is difficult to create constructs with a complex structure.

D. Electrospinning

Besides 3D printing and the gradient maker, the concept of sequential deposition could also
be combined with other platforms such as electrospinning [70]. Electrospinning is a facile and
economic technique that uses electrostatic forces to generate fibrils with a dimension ranging
from nanometres to microns. To create composition gradients, an electrospinning platform
equipped with more than one material reservoirs can be used. Several studies have
demonstrated the capability of electrospinning in gradient casting. By sequentially altering
material inlet between reservoirs loaded with different materials, a fibril mesh with composition
gradient can be deposited on a movable collector [71, 72]. Aside from biochemical gradients,
electrospinning could be used to generate heterogeneous fibril architecture. Using a
sequential electrospinning process, McCullen et al. fabricated a trilaminar scaffold in which
both the materials concentration and collecting condition for fibril were varied to create

constructs with heterogeneous fibril architecture [73].

While being the most commonly used approach to create fibril structures, the electrospinning
process could not easily produce thick mesh substrates with gradients in the millimetre range.
This is due to the surface charge build up during the electrospinning process. It has been
shown that the charge builds up at the collected mesh and can hinder the further growth of

fibril mesh thickness [74].
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Diffusion

Molecular diffusion from the source in the space is a thermodynamically favourable process.
Using this basic phenomenon, continuous gradients can be fabricated. Dodla and
Bellamkonda placed an agarose hydrogel between two different medium reservoirs with one
of them containing laminin-1; a gradient of laminin-1 concentration within the agarose hydrogel
between two reservoirs was subsequently created [75]. By applying the scaffold to a reservoir
of different geometry, different gradient patterns could be created after the diffusion process.
For example, when dipping part of the scaffold into a soaked paper reservoir, a longitudinal
portion gradient was created. Alternatively, when the reservoirs were applied around the
scaffold, proteins diffused from the lateral walls of the scaffolds and resulted in a radial

gradient pattern [76].

Aside from being used as the gradient cargo itself, the diffused molecule could be used to
create other gradient features. A facile protocol using gas diffusion was used by Yang et al. to
generate polydopamine gradients on the substrate [77]. Specifically, by tilting and immersing
the substrate into a reaction solution (i.e., increasing distance between solution/air interface
and the substrate along the longitudinal axis), an oxygen concentration gradient along the
longitudinal axis of the substrate surface was established due to a different distance for oxygen
diffusion. This oxygen gradient at the substrate eventually led to a different rate of
polymerisation and hence the fabrication of a longitudinal gradient of polydopamine on the

substrate.

In contrast to step-wise gradients created by layering and deposition, this simple and classic
approach can create a continuous gradient. However, the scale of the created gradient is often
limited in micron-metre range. Approaches relying on diffusion are also time-consuming. Since
crosslinking of the hydrogel is required to preserve the established gradient, the long duration
of gradient formation via cell-laden hydrogel tissue engineering will be a major issue due to

the prolonged exposure of cells under fabrication [78].

Adsorption and dipping/filling

Aside from diffusion, the adsorption of molecules to the substrate could also be used to create
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gradients with the control of the immersion time of cargo and substrate. One of the first
examples of this strategy was reported in 2008 by Phillips et al. [79]. In the report, gradients
of different molecules were precisely coated in a spatial control manner using a motorised dip
coater. By controlling the dipping time and speed, a gradient of poly-lysine was formed on the
collagen scaffold. This mechanism is commonly employed to control the density and thickness
of the coating in industrial applications. The same principle is applied in a similar method
proposed by Shi et al. whereby a homemade "filling" device was built to deposit protein
molecules to the electrospun fibre matrix. By vertically placing the matrix in the tank and filling
it with a protein solution at controlled speed, the different level of matrix was immersed in

reaction solution for different durations [80].

This simple and straightforward approach can create a continuous gradient. Unlike the micro-
metre range gradient in a diffusion-based strategy, the platform could also prepare centimetre
range gradient in a reasonable period of time. However, since an effective adsorption is
needed to create gradients, a proper chemistry modification on the surface is needed to

facilitate the binding of cargos [79].

Convection

Aside from diffusion and absorption, other natural phenomena could also be used to create
gradients. Du et al. have demonstrated a fluid convection-based approach to create various
gradients within a fluid channel. Using a fluidic shear-driven stretching process known as
convection, the particle in the centre of the channel moves faster than the particle closer to
the channel's wall, with a gradient forming in the laterally averaged concentration profile. In
the same study, it was also found that the difference between the moving rates of particles at
the centre and periphery was proportional to the maximum channel velocity, which meant that
a different gradient pattern could be established by varying the flow velocity [81]. Convection
could produce centimetre range gradients of small molecules, microspheres, cells and
materials in a much shorter time frame than diffusion. However, the process requires a fluid

channel and pump system.

In addition to convection arising from the flow within the fluidic channel, the convection process

of a different mechanism has also been used to create gradients. Canadas et al. demonstrated
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an approach using temperature difference to generate convection for microparticles gradients.
Two hydrogel precursors at different temperatures were prepared, with one of them was
premixed with microparticles. By subsequently injecting two precursors into a mould, a
convection flow was established between the two materials due to temperature difference.
This process resulted in the redistribution of the materials and microparticles, with the
microparticle gradient then preserved by triggering the gelation of the materials [82]. While
there is no need for a fluidic system using this approach, it is more complicated to control the

established gradient pattern.

Microfluidic device

Aside from inducing fluid convection, a microfluidic device can also be used as a mixing
platform to create gradient patterns. Specifically, geometric expansion or a tree-like structure
of the channel layout could lead to several outlets (usually more than 10) from a limited number
of initial inlets (usually less than 3). The technology could be used to create physical gradients.
Zaari et al. created stiffness gradients with a tree-like microfluidic channel from polyacrylamide
tanks with 2 different levels of crosslinker doping [83]. Aside from simply creating materials
gradients, the technology could also produce patterns of cell gradients. Mahadik et al. included
cells within the microfluidic channel and created hydrogels with opposing gradients of two

different cell populations [84].

To pattern gradients with this approach, a strategy to preserve the gradient is crucial or the
gradient will disappear after the source of the flow is switched off. Accordingly, a material that
reacts to gelation trigger is favoured [83]. Importantly, in order to be a strategy that utilises
mixing, the created hydrogel could possess continuous gradients as opposed to discrete, step-

wise gradients.

Centrifugation

Physical forces can also be used to create gradients. Oh et al. have proposed an approach
that creates gradients via centrifugal force. In this centrifugal force driven platform,
polycaprolactone (PCL) fibrils were incorporated within a cold thermosensitive Pluronic F127

hydrogel at its liquid state. The PCL fibrils/Pluronic F127 mixture solution was then filled into
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cylinder mould and centrifuged. During the centrifugation, the PCL fibrils were redistributed
along the cylindrical axis due to the gradual increment of the centrifugal force and formed a
density gradient. The final mixture solution with a PCL fibril gradient was then heated above
the melting temperature of PCL to bond the PCL fibrils in contact. Finally, the Pluronic F127

was removed by washing the construct extensively in cold water [85].

Using this approach, both the porosity and the surface area gradient can be fabricated. The
generated PCL fibrils gradient is also highly correlated with its surface area. By modifying the
surface chemistry of the created fibril network, biochemical gradient could be created in
parallel by conjugating cargo on the surface of the fibril network [86]. Indeed, the strategy
provides a facile approach to generate polymer gradients, although it requires an intermediate

fibril carrier and cannot easily generate gradients between components with a similar density.

Photopolymerisation / photopatterning

Light is a useful tool in gradient fabrication. For materials that can be ultraviolet crosslinked,
graded UV exposure across the hydrogel prepolymers could generate hydrogels with stiffness
gradients. To achieve the graded exposure of UV, different approaches can be used. For
example, a movable photo-mask can be applied to control the UV exposure time across the
hydrogel [70, 87]. Alternatively, a fixed photomask printed with a greyscale gradient could also
be used to shield the UV light in a graded manner [23]. In addition to stiffness gradients, light
can further be used to create biochemical gradients. In a system where the cargo can
conjugate to the substrate under UV exposure by sliding a photomask over a substrate due to
a different UV exposure time, protein gradients can be prepared [88]. Aside from creating
continuous gradients, a photoreactive hydrogel system could also be combined with a high-
resolution confocal laser to create precise spatial patterns [89]. While the approach could
create both centimetre range gradients and micro-metre range spatial patterns, it usually
requires that materials used in the system to possess certain chemical functional groups, or

that a photo-initiator is incorporated into the final system.

Freezing protocol

During the fabrication process, different environmental parameters such as temperature could
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be used to create gradients. Vlierberghe et al. have demonstrated that pore size gradients can
be achieved by tuning the cooling temperature gradient during the cryogenic process prior to
lyophilisation. In the study, a customised cooling device was assembled to establish a
temperature gradient between the top and bottom of the mould during the freezing step. It was
found that a higher temperature gradient across two-ends of the mould could facilitate the

pore size gradient along the long axis of the scaffold [90].

In some occasions, when material could respond to temperature through phase
transformation, a cooling protocol with temperature fluctuation can be used. Oh et al. showed
that a stiffness gradient can be produced on polyvinyl alcohol (PVA) hydrogel by using a
gradual freezing-thawing protocol. In brief, the aqueous solution of PVA was added into a
cylinder mould with its bottom in contact using a liquid nitrogen tank, and the PVA solution
was gradually frozen from bottom to top. After the solution was fully frozen, it was allowed to
thaw completely. After 10 freeze/thaw cycles, a higher crystallisation degree of PVA at the
bottom could support a higher stiffness modulus and form the stiffness gradient [91]. However,
it should be noted that rather than creating biochemical gradients, the approach is mostly used

for physical gradients fabrication.

1.4.2 Criteria for Ideal Gradient Fabrication Strategies

Both biochemical and physical gradients are crucial in defining the morphology, behaviour and
differentiation of cells. In the previous section, several approaches for gradient fabrication
were reviewed. While each approach has its own merits and disadvantages, the criteria for

ideal gradient fabrication strategies in the context of tissue engineering are now summarised.

A. Facile methodologies for gradient preservation

An ideal gradient fabrication technology must allow the patterned gradient to be preserved
after the removal of the gradient driven force (e.g., the flow in microfluidic-based approach or
centrifugal force in centrifugation approach). In general, the main principle of the stabilisation
is to crosslink, polymerise or solidify the materials carrying the decorated gradients [70]. To
design a proper stabilising approach, the material used in the system must be considered

carefully. For example, the gelation of a thermosensitive hydrogel such as agarose or photo-
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responsive hydrogel such as gelatin-methacyloyl (GelMA) can be triggered after the gradient

is established via temperature change and UV exposure, respectively [92, 93].

In a gradient platform generating cargo gradient, in addition to the crosslinking of the substrate,
the immobilisation of the entrapped cargo is also essential. Depending on the application, the
cargo of interest could either be temporally or persistently bound to the scaffold. Strategies
such as covalently binding the cargos with the substrate or physically entrapping the cargos
within the hydrogel network are commonly used [92, 93]. Indeed, a facile approach for
gradients stabilisation is one of the most crucial steps of all the introduced gradient fabrication

strategies.

B. Spatial resolution and design flexibility of the patterned gradient

An ideal fabrication process should provide a certain level of spatial resolution. The resolution
of the gradient in a microsphere-based gradient maker is restricted to the radius of the
microsphere used in the design. By contrast, the photo-patterning approach based on the
confocal system could support a higher resolution of the gradient pattern. It should also be
noted that many of the introduced technologies based on layering and sequential deposition
(e.g., combining layers and 3D printing) could only support the formation of "discrete gradient",
i.e., the gradient is not continuous but rather has a step-wise transition. However, in certain in
vivo applications, a continuous gradient is more favourable. Under this condition, technologies
supporting the formation of the continuous gradient should be used. Diffusion, dipping/filling,

or microfluidic systems are capable of creating continuous gradients.

In addition to gradient resolution, design flexibility is another criterion for defining an ideal
gradient fabrication technology. In strategies such as 3D printing, a more complicated gradient
pattern (e.g., overlapping gradients in different resolution, non-linear or radial gradient) can be
fabricated. However, the design flexibility is more constrained in approach such as
centrifugation, dipping/filling or convection, in which only a longitudinal gradient can be easily

generated.
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C. Minimum requirements in production facilities

For being widely applicable, an ideal fabrication technology should have a minimum
requirement in terms of a specialised apparatus. While many of the mentioned systems could
produce gradients, most of them require a specialised or customised apparatus such as a 3D
printer, confocal laser system, or microfluidic device. For both translation applications and
academic research, a strategy requires a specialised platform could limit the spreading of the
technology. In this sense, a fabrication technology using common lab equipment could be
adopted more easily, e.g., gradient fabrication approaches using a centrifuge or a UV-

lamp/photomask.

An ideal gradient fabrication platform should also be user-friendly. The fabrication protocol
should be easy to reproduce and be able to tolerate parameter changes. While strategies such
as dipping and combining layers have an intuitive fabrication protocol, some strategies such
as 3D printing and photopatterning have a rather complicated fabrication protocol and often
require users to have specific training or expertise. Lastly, gradient fabrication strategies that
are equipment-free are favoured. For example, gradient casting uses molecule diffusion from

a point source or chemical reaction associated with an oxygen concentration gradient.

D. Applicability across different materials and cargos

While some of the introduced technologies can be tailored to apply to different gradient
engineering schemes, most of them are restricted to certain parameters such as physical
characters of the substrate materials. This is particularly an issue for complex fabrication
procedures. When it comes to different material systems, these fabrication procedures often
have constrained compatibility. For example, in 3D printing, the printability of the material
greatly limits the material choice, and in photo-polymerisation approach, a photoresponsive
material is required. An ideal technology should also support the formation of a wide range of
cargo gradients (e.g., growth factors, peptides, vectors, efc.). For instance, while the
dipping/filling approach solely relies on electrostatic absorption, alternative approaches need
to be considered for loading cargos with a neutral charge. Indeed, the compatibility of
substrate materials needs to be considered while the fabrication process is sensitive to certain

materials characters.
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E. Potential in high-throughput and standardised production

To ensure translational applications, an ideal fabrication strategy should be scalable, high-
throughput, and have standardised fabrication protocol. In industry, standardisations are the
best practice, and technology must achieve good standardisation for being valuable. 3D
printing technology, which has been widely applied in the industry, ensures a highly
standardised and reproducible fabrication protocol. Aside from a standardised protocol, an
ideal fabrication process should also be high-throughput. Strategies such as dipping and filling
could allow for rapid production while a strategy solely relying on diffusion could greatly limit

production throughput.

For translational applications, biocompatibility is another important criterion to be considered.
An ideal strategy should allow for cells to be encapsulated during the fabrication process.
However, this is not the case for strategies with a harsh fabrication protocol (e.g., low
temperature, high voltage, cytotoxic free radical byproducts or solvent use). In order to ensure
a technology for successful translation, a well-rounded production protocol needs to be

developed with consideration of multiple aspects.
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1.5 Osteochondral Tissue

There remains an urgent and unmet need for a simple and versatile gradient casting method
that can be universally applied to different biomaterial and tissue engineering protocols. The
aim of this research is to develop versatile gradient casting platforms and use these platforms
to engineer heterogeneous tissue. To investigate the translational potential of developed

platforms, osteochondral tissue was engineered.

Creating robust osteochondral constructs for osteochondral lesions repair remains as one of
the challenges in the field of tissue engineering. In this section, the development and
properties of the osteochondral tissue will be introduced. Importantly, the gradient characters
of the tissue will be illustrated. After reviewing the development and physiology of
osteochondral tissue, related literature regarding tissue engineering design will be

summarised.

1.5.1 Development of Osteochondral Tissue

Existing as a complex interface between bone and cartilage, osteochondral tissue is a gradient
tissue located at the end of long bones [57]. Two types of osteochondral interface, articular
cartilage (the hyaline cartilage that locate at the end of long bones) and growth plate cartilage
(the hyaline cartilage that locate within the metaphysis), have been extensively studied [94].
Both articular and growth plate cartilage have their own distinct structural characters and have
their functional roles in vivo. In this section, the morphogen gradient present during the
development process and the various gradient features in the developed osteochondral tissue

will be summarised.

The development of osteochondral tissue at long bones is depicted in Figure 1.2. Articular and
growth plate osteochondral tissue are both derived from the same origin. During development,
cartilage formation is one of the earliest morphogenetic events of the embryonic mesoderm.
The development of the osteochondral tissue starts with chondrogenic differentiation of MSCs.
This process involves the mesenchymal condensation, chondrocyte differentiation and

maturation. Depending on its spatial location, mature chondrocytes could undergo terminal
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differentiation and become hypertrophic chondrocytes. Following the hypertrophy,
endochondral ossification process could take place. During the endochondral ossification
process, the chondrocytes undergo apoptosis and the extracellular space around the
apoptotic chondrocytes is invaded by blood vessels, osteoblasts and osteoclasts. Eventually,

these invaded cells remodel remnants of the cartilage matrix into bone tissue [95, 96].
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Figure 1.2 Development of osteochondral tissue

(a) Both articular cartilage and growth plate cartilage are derived from the initial condensation
of osteochondroprogenitors. Within this condensed structure, cells undergo the
chondrogenesis process and become primordial cartilage. (b) This primordial cartilage is an
avascular cartilaginous template surrounded by the perichondrium. At the centre of the
primordial cartilage, the chondrocytes undergo hypertrophy, and the ossification process takes
place. (c) During the ossification process, hypertrophic chondrocytes undergo apoptosis and
the matrix is calcified and invaded by microvessels. This place of the initial ossification at the
diaphysis is called the primary ossification centre. (d) As the development process continues,
vessels invade the epiphyses and form the secondary ossification centre. (e) After birth, the
growth plate within the epiphyseal region contributes to long bone growth, while articular
cartilage provides resilience and smooth movement to the joint. Modified from Usami et al.

[94].

Various key molecular factors govern different stages of osteochondral development, with the
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process of chondrogenesis regulated via several factors (e.g., fibroblast growth factors
(FGFs), transforming growth factor B (TGF-f3) superfamily, and wingless-type (Wnt) proteins)
operating in concert with various transcription factors (e.g., SOX9, RUNX2, and Twist1) [97].
Together with local ECM, cocktails of growth factors orchestrate the onset of differentiation at
different stages of the process which eventually leads to different chondrocyte phenotypes. A
general summary of main growth factors and transcription factors are shown in Figure 1.3 [96,
98]; for a more thorough overview of growth factors in different development stages, please

refer to the review by Demoor et al.
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Figure 1.3 Overview of distinct roles of growth factors at different stages/location
during osteochondral tissue development

The progression of cell phenotype is both spatial and temporal-dependent. Temporally, cell
phenotype progress along the development process from mesenchymal condensation,
chondrogenesis, hypertrophy to endochondral ossification. Spatially, chondrocytes at different
zones are subjected to different morphogen cocktails, and hence the different cell profile is
induced. Recently, it has been shown that hypertrophic chondrocytes can survive the
endochondral ossification process and become osteoblasts [99]. Bone morphogenetic protein
(BMP), transforming growth factor beta (TGF-B), fibroblast growth factor (FGF), vascular
endothelial growth factor (VEGF), platelet derived growth factor (PDGF) and connective tissue
growth factor (CTGF). Reproduced from Demoor et al. [98].
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The development of the osteochondral tissue is a lengthy process which continues after birth.
During the postnatal period, the long bones undergo axial directional growth and remodelling.
During this time, the articular cartilage act as the "surface growth plate" that is responsible for
the growth of the underlying epiphyseal bone [100]. During this growth, the thickness of
articular cartilage decreases due to the rate of endochondral ossification in the deep layer is
faster than appositional growth. In addition to the surface growth plate, the epiphyseal growth
plate governs the growth of the metaphyseal and diaphyseal bone. The growing of the long
bones only ceases after the puberty. Toward the end of puberty, the growth plate cartilage
undergoes epiphyseal fusion and becomes part of the epiphyseal line [14, 101]. At this stage,

a mature osteochondral tissue at the end of the long bone is fully developed.

Structurally, both osteochondral interfaces have distinct zones during development. Growth
plate cartilage exists before long bones are fully developed. Growth plate cartilage locates in
the metaphysis of the long bone. From epiphyseal side (end of the long bone) to diaphysial
side (middle of the lone bone), growth plate cartilage can be categorised into: (1) the resting
zone (2) the proliferative zone, (3) pre-hypertrophic zone, and (4) hypertrophic zones (Figure
1.4 A). In developed articular cartilage, from cartilage surface to bone, it can be categorised
into (1) the superficial zone, (2) the middle (transitional) zone, (3) the deep (radial) zone, and
(4) the calcified zone. There is no clear margin between these zones with the exception of the
tide mark that appears as a clear margin between the deep zone and the calcified zone.
Beneath the calcified zone, subchondral bone bridges the cartilage to the long bone [96]

(Figure 1.4 B).
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Figure 1.4 Distinct zones of osteochondral tissue

Prior to the full development of the osteochondral tissue at long bones, both articular and
growth plate cartilage are present. (a) Growth plate could be categorised into several
morphologically distinct zones: resting zone, proliferating zone, pre-hypertrophic zone, and
hypertrophic zone. (b) In the developed articular cartilage, superficial layer, transition or mid
layer, deep or radial layer, and calcified layer could be categorised. Scale bars = 100 um.

Modified from Usami et al. [94].

1.5.2 Morphogen Gradients During Osteochondral Development

From the initial condensation through to postnatal development, numbers of morphogen
gradients participate in the development of osteochondral tissue. Several axial morphogen
gradients, which distribute along the direction from subchondral bone to cartilage surface, are
believed to be crucial for the formation of osteochondral tissue. While different extracellular
matrix components are secreted along axial morphogen gradients, the secreted extracellular
matrix could further participate the formation process by acting as a reservoir of growth factor
[17]. In this section, morphogen gradients during osteochondral tissue development will be

introduced.

Morphogen gradients are present at the growth plate cartilage. Within the growth plate
cartilage, cells at different zones are subjected to spatial and temporal changes of several
morphogen gradients (Figure 1.5). These local differences of morphogen concentration

produce a spatial variance in cell signalling, which can lead to distinct cell phenotypes across
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the tissue (e.g., osteoblasts, hypertrophic chondrocytes, and chondrocyte). Here, two groups
of gradient morphogens regulating (1) cell proliferation and terminal differentiation, and (2)

hypertrophy of the chondrocytes will be introduced.

Superficial
Mid
Deep -
Secondary Germlin 1

Ossification Centre / Chordin

Noggin

BMP-3

Resting

Proliferating

Hypertrophic

Metaphysis

Figure 1.5 Various growth factor gradients during development
Schematic of multiple gradients within the developing growth plate cartilage within an
osteochondral tissue. The chondrocytes at different zones subjected to various morphogen

gradients. Modified from Di Luca et al. [28].

(A) Cell proliferation and terminal differentiation

Different morphogen gradients often crosstalk with each other, e.g., the indian hedgehog (lhh)
and parathyroid hormone-related protein (PTHrP) gradient. At the growth plate, the Thh/PTHrP
gradients regulate the proliferation and differentiation of chondrocytes within. While only the
chondrocytes at perichondrial region (the outmost periphery region at the surface of cartilage)
secrete the PTHrP, the PTHrP gradient is formed across the surface to the deeper
extracellular matrix of the osteochondral tissue. The presence of the PTHrP gradient not only
stimulates the chondrocytes in the surface to proliferate but also prevents chondrocytes from
undergoing hypertrophy. As a result, the chondrocytes at the articular cartilage surface are

generally small when compared to deep zone hypertrophic chondrocytes [102].
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Ihh is a crucial factor governing chondrocyte hypertrophy since the presence of PTHrP could
delay the secretion of Ihh. The crosstalk between PTHrP and Ihh only emerge in the deeper
region where the PTHrP concentration is sufficiently low. In this region, the residing
chondrocytes stop proliferating and start to secrete Ihh, with the accumulated Ihh within the
matrix then triggering the hypertrophy process of the chondrocytes in the deeper zone.
Accordingly, when the PTHrP gradient is formed, the Ihh is only produced at the region where
it is sufficiently distant to the surface of the articular cartilage [102]. While the Ihh diffuses to
the articular surface from the deep zone, it can also stimulate PTHrP production from the
chondrocytes within the perichondria region. In other words, a feedback mechanism plays an

important role in regulating the PTHrP/lhh gradients (Figure 1.6).
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Figure 1.6 Gradients of PTHrP and Ihh

The mechanism of PTHrP-lhh negative feedback loop. (1) PTHrP is specifically secreted by
the chondrocytes within the perichondrial region. The PTHrP binds to the receptors on
proliferating chondrocytes to maintain the proliferation. PTHrP also inhibits the production of
Ihh. When the concentration of PTHrP is sufficiently low within the ECM, Ihh is produced. (2)
Ihh also facilitates the proliferation of the chondrocytes that are close to the hypertrophic zone,
and (3) stimulates the production of PTHrP in the perichondria region through an uncertain
mechanism. (4) Importantly, Ihh facilitates chondrocytes in the hypertrophic zone to convert

into osteoblasts. Modified from Kronenberg et al. [102].

53



(B) Hypertrophy of chondrocytes

Aside from the proliferation process regulated by the gradients of Ihh and PTHrP, other crucial
bone development events such as endochondral ossification are also regulated by morphogen
gradients. Endochondral ossification is regulated by various gradients of BMPs within the
growth plate. Among different members of the BMPs, BMP-2 and BMP-6 are more abundantly
produced in hypertrophic chondrocytes. Accordingly, the gradients of BMP-2 and BMP-6 are
found in the osteochondral tissue, in which the concentration of BMP-2 and BMP-6 are lower
when closer to the surface. While the BMP-2 and BMP-6 gradients facilitate the completion of
the bone formation process in the deeper zones, the BMP activity is finely regulated through

various antagonists in order to maintain the correct spatial development.

For example, in a recent report, it is shown that although BMP-2 and BMP-6 are more
abundant in the hypertrophic zone at the growth plate, the BMPs signalling was higher in
proliferative zone due to the higher expression of inhibitory Smad-7 in the hypertrophic zone
[14] (Figure 1.7). At the resting zone, on the other hand, the antagonist of BMPs including
BMP-3, gremlin, noggin, and chordin are found to be more abundant in the resting zone
compared to the hypertrophic zone within the growth plate [57, 103]. The gradient of BMP-2
and BMP-6 are also found in the articular cartilage. While several BMP agonists are more
abundant in the superficial zone, the antagonists are found mainly in the deep zone [14]
(Figure 1.7). This contrasts to most of the tissue engineering applications in which BMP-2 is
often used as the trigger for osteogenic differentiation rather than for maintaining the

chondrocyte morphology [104].
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Figure 1.7 Gradients of BMPs in growth plate and articular cartilage
Various BMPs gradients and their antagonists within the developing osteochondral tissue. The
action of BMP is a result of the dynamic balance between BMP agonists and antagonists.

Modified from Garrison et al. [14].

Several other factors participate in the osteochondral tissue development together with the
aforementioned BMPs gradient. Among all the factors, TGF-Bs and Wnts signalling pathways
have been intensely investigated. The crosstalk between these pathways and morphogen
gradients shape the final architecture of the tissue. Within the matrix containing gradients of
several cytokines, whether the chondrocytes mature into a hypertrophic state depends on the
dynamic crosstalk between BMPs, Wnts and TGF-B. These growth factors could lead to the
regulation of transcription factors including RUNX2, SOX9, and Twist1 [97]. While TGF-3
could enhance the chondrocyte marker through SOX9, the BMP could induce the expression
of hypertrophic protein through RUNX2, which results in expression of collagen type X and
alkaline phosphatase (Figure 1.8). Aside from these pathways, the hypertrophic state of the
chondrocyte is also finely tuned via Wnt antagonists including Gremlin1, Dkk-1, and Secreted
frizzled-related protein. These proteins act as natural brakes for the hypertrophic process and
are found to be more abundant in the superficial zone [105]. There are also other factors such
as FGFs participating in the development process. Although the exact mechanism of FGFs in
this process is still under investigation, it is proposed that FGF-2 could up-regulate SOX9 and
subsequently enhance chondrogenesis process through the interaction with Wnt pathway

[108].
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Figure 1.8 Interplay between TGF and BMP

Interaction between TGF-Bs, BMPs and Whnts during osteochondral tissue development. All
the three factors could regulate the dynamics and crosstalk of RUNX2, SOX9, and Twist1.
While SOX9 could trigger chondrogenesis, RUNX2 could trigger osteogenesis, The figure is
reproduced from Cleary et al. [97].

In conclusion, for osteochondral tissue including both articular cartilage and growth plate
cartilage, the formation of gradient tissue interface is largely dictated by various morphogen
gradients present during embryological development and preadolescent growth. In the next
section, the structure and composition gradient of developed articular cartilage tissue will be

introduced.

1.5.3 Gradients in Osteochondral Tissue

Osteochondral tissue (Figure 1.9) has a depth of approximately 3 mm in human adults. It could
be categorised into cartilage (90%), calcified cartilage (5%), and the subchondral bone (5%)
[57, 107]. Beginning with initial morphogen gradients, distinct cell types are derived and
eventually shape this heterogeneous tissue to possess (1) composition gradients, (2)

heterogeneous cell distribution and morphology, and (3) functional gradients [57, 108-111].
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Figure 1.9 Various gradients of osteochondral tissue
Various gradients could be found within the osteochondral tissue. These gradients include cell
morphology, cell distribution, fibril organisation, and ECM compositions. Modified from Di Bella

etal. [112].

Cell Distribution and Morphology

The chondrocyte is the only cell type within the cartilage region of an osteochondral tissue
and accounts for approximately 2% of total cartilage tissue volume [108, 113]. Although there
is only a single cell type in cartilage, the density, size, distribution, and morphology of

chondrocytes are distinct across different zones of osteochondral tissue [108].

(A) Heterogeneous distribution/cell morphology

The morphology of chondrocytes varies across different cartilage zones. The superficial zone
of cartilage is in contact with synovial fluid and accounts for approximately 10-20% of the
thickness of articular cartilage [113]. In the superficial zone, the chondrocytes are flat and
aligned in parallel to the cartilage surface. The zone beneath the superficial zone is the
transitional zone (or mid-zone), which accounts for approximately 40-60% of the articular
cartilage thickness. In contrast to the flattened morphology found in the superficial zone, the
chondrocytes in this region are more rounded [113]. Beneath the transitional zone, the radial

zone (or deep zone) constitutes around 30-40% of the articular cartilage thickness.
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Chondrocytes in this region are either rounded or ellipsoid, and are organised in vertical
columns oriented perpendicular the surface of the articular cartilage [113]. Beneath these
three zones, a wavy margin that separates unmineralised and mineralised ECM can be found.
This margin, also known as the tidemark, distinguishes calcified cartilage from the radial zone
and is a key feature of osteochondral tissue. The calcified cartilage acts as a transitional region
between articular cartilage and subchondral bone [113]. The chondrocytes in this zone have
a hypertrophic phenotype, and a cell volume that can be up to 20 times greater than

chondrocytes in other zones.

Beneath the calcified cartilage, there is the subchondral bone. Two types of bone, cortical
bone, and trabecular bone, can be found in osteochondral tissue [108]. Cortical bone is directly
beneath the articular cartilage, while trabecular bone is beneath the cortical bone. Unlike
cartilage, there are several cell populations that reside in the bone tissue. Among these
different cell populations, osteoblasts synthesise bone ECM, osteoclasts are responsible for
bone resorption, and osteocytes regulate bone metabolism between osteoblasts and

osteoclasts [114].

Osteochondral tissue also has other characteristic gradient features. For instance, the
chondrocyte density varies across the different cartilage zones. A study performed on human
femoral condyles showed that the superficial zone has the highest cell density (24,000 £ 8,000
cells mm3), and the density is lower in the transitional zone (10,000 + 1,000 cells mm) and
in the radial zone (8,000 + 2,000 cells mm2) [115]. A separate study showed that the number
of chondrocytes per chondron increases from the articular surface to the radial zone, and the

density of chondrons is lower in the deep zone compared to the density near the surface [116].

(B) Origin of the anisotropic cell architecture

Most of these depth-dependent features are less pronounced, or completely absent, at birth.
In other words, osteochondral tissue is much more homogeneous before the tissue is fully
developed. Different hypotheses have been used to explain the formation mechanism behind
the heterogeneous development of osteochondral tissue. For example, studies carried out by
Hunziker et al. have provided a possible mechanism for the formation of heterogeneous cell

distribution and the formation of chondrocyte columns within the radial zone [100].
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In their study investigating articular cartilage development, the authors found that new
cartilage is formed during postnatal development. Specifically, they observed a stem cell pool
present near the surface of articular cartilage. During postnatal development, the stem cells
within the pool possess bidirectional mitotic activity. The proliferation of stem cells in the
horizontal direction (i.e. relative to the cartilage surface) provides new stem cells that replenish
the cell pool for chondrogenic differentiation and support the lateral growth of the cartilage. In
the longitudinal direction (i.e., the same direction as the axis of the long bone), the proliferation
feeds chondrocytes into the transitional and radial zone of the cartilage and supports the axial

direction growth of articular cartilage.

The chondrocytes columns also emerge during early postnatal development. At this stage, it
is found that the epiphysis bone enlarges in the longitudinal, radial and lateral direction to
develop irregular complicated hemispherical structures. As this shaping process approaches
completion and the rate of lateral growth of the epiphyseal bone declines, the articular cartilage
then begins to grow in the axial direction. At this stage, organised cell columns start to emerge.
In short, the lateral and radial growth of the cartilage is more pronounced in the earlier stage
of postnatal growth and is less active in the later stage, and this leads to the formation of the
chondrocyte columns within the radial zone. This study also showed that the thickness of the
articular cartilage decreases during the postnatal development. In other words, the cartilage
is resorbed during development. Moreover, it was found that the border of the tide mark is not
connected at birth and is only fully developed toward the end of the development. These
findings shed light on the development of structural gradients in osteochondral tissue. In
particular, these findings suggest that the development of osteochondral is a dynamic process

that evolves from the processes of tissue resorption and neoformation [100].
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Figure 1.10 Formation of the heterogeneous cell distribution

The cell distribution evolved from an initial homogeneous organisation to a highly
heterogeneous organisation during development. Cell morphology and distribution within
articular cartilage tissue derived from the medial femoral condyle of rabbits after birth at (A) 1
month, (B) 2 months, (C) 3 months, and (D) 8 months. Scale bars: A =220 um; B, C, and D =
110 um. Derived from Hunziker et al. [100].

Composition Gradients

In bulk, fluids including water and electrolytes account for approximately 60-80% of the total
wet weight of cartilage and 10% of the wet weight of bone [108]. However, as mentioned
previously, various subtypes of chondrocytes and bone-lineage cells shape the gradient tissue
composition via the production and remodelling of different ECM components. In this section,

different ECM gradients will be summarised.

(A) Collagen subtypes and fibril transition

Collagen is the most abundant ECM component in osteochondral tissue. The type of collagen
and the architecture of the collagen fibrils differs from the superficial zone to the subchondral
bone. The superficial zone contains the highest density of fine collagen fibres in osteochondral
tissue, which can be up to 86% of the dry mass [108]. The diameter of collagen fibres in this

zone is around 30-35 nm and is oriented in the direction parallel to the cartilage surface. This
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fibril orientation provides the superficial zone with a high tensile and shear strength [117].
While collagen type Il is distributed across the entire cartilage tissue, the outermost layer of

the superficial zone comprises only types | and Il collagen [118].

Toward the transitional zone, collagen type Il dominates the composition of collagen fibres,
and the fibril diameter increases. However, the proportion of collagen among total ECM
decreases to 67% of the dry mass of cartilage. There is no predominant fibril orientation in the
transitional zone, however, deeper in the radial zone, the collagen fibrils are oriented
perpendicular to the articular cartilage surface. The collagen fibrils in this region are also the

largest, with a diameter of approximately 40-80 nm [108].

Beneath the radial zone, the calcified cartilage region contains collagen type X, which is
secreted by hypertrophic chondrocytes. The direction of collagen fibrils does not play a
significant role in this region, with the mineral presence dominating the mechanical properties

in this zone [57]. Finally, in the subchondral bone, most of the fibrils are type | collagen.

It should be noted that these fibrils are initially arranged homogeneously at birth and it is tissue
remodelling during postnatal growth that results in the organization of collagen fibrils [100].
Aside from the main collagen types (type I, type Il and type X), other types of collagen are
also be found within osteochondral tissue. For instance, collagen type VI and IX are the main
collagen type found around the chondrons within the cartilage. These collagen proteins are
only present in close proximity to the chondrocytes, and decrease to a negligible level in the
cartilage matrix [57]. In addition to type VI and type IX collagen, collagen type Il and type Xl

also present in the cartilage matrix and help to stabilise the collagen type Il fibril network [113].

(B) Glycosaminoglycans and water

Proteoglycan is the second most abundant (20-25%) ECM within the cartilage tissue. The
most abundant proteoglycan in cartilage is the large chondroitin sulphate proteoglycan,
aggrecan. [119]. Other proteoglycans, such as decorin, fibromodulin, limuan, biglycan, and
epiphycan are expressed during chondrogenesis and are present in developed cartilage [119].
Glycosaminoglycan consists of a repeating disaccharide and is the main structure of the

proteoglycan. For instance, aggrecan can be assembled from up to 50 glycosaminoglycan
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monomers with a protein core. Because of its highly negative charge, proteoglycans can bind
water and maintain the osmotic resistance necessary for cartilage to resist compressive loads

[119].

The content of collagen, proteoglycan, and water varies from the articular cartilage surface to
the deeper regions. Using Fourier transform infrared imaging and Raman spectroscopy
mapping it was found that water and collagen is more abundant near the surface of the
cartilage while proteoglycan is more abundant in the deep zone [120, 121]. (Figure 1.11). The
composition of glycosaminoglycan also changes across the osteochondral tissue. For
instance, aggrecan can be substituted with a variety of chondroitin sulphate isomers (e.g.,
chondroitin-4-sulphate, chondritic-6-sulphate), and keratin sulphate. In a study carried out by
Archer et al., it was found that glycosaminoglycan composition changes throughout the tissue.
Specifically, the ratio of chondroitin-6-sulphate over chondronitin-4-sulphate increases toward

the surface, and the keratan sulphate amount increases toward the subchondral bone [122].
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Figure 1.11 Gradients of collagen, proteoglycan, and water
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The spatial distribution of collagen, proteoglycan (PG), and water in osteochondral tissue. (A)
The water content at different depths was assessed by measuring the wet and dry mass of
the tissue. Fourier transform infrared imaging (FTIRI) was used to determine the spatial
distribution of collagen and proteoglycan. Reproduced from Saarakkala et al. [121]. (B) The
relative content of water, proteoglycan, and collagen at different depths was found in a similar

manner by Raman spectroscopy. Reproduced from Bergholt et al. [120].

(C) Mineral

There is no mineral found above the tidemark of osteochondral tissue, however,
hydroxyapatite is present beneath the tidemark. The hydroxyapatite found within
osteochondral tissue is crystalline particles derived from the deposits of calcium and
phosphate. They are usually found in the shape of a plate, with lengths of between 20-50 nm,
widths of approximately 15 nm, and a thickness of around 5 nm [108, 123]. The dry weight
percentage of hydroxyapatite is 65 + 2% in calcified cartilage, which is significantly less than

that found in subchondral bone (86 + 3%) [124].

Mechanical Gradients

Osteochondral tissue exhibits nonlinear mechanical profiles due to the composition and
structure of the ECM. The compressive modulus of cartilage and subchondral bone is in the
order of 0.5-0.8 MPa and 0.8-3.8 GPa, respectively [57]. A study carried out by Gao et al.,
demonstrated that the compressive modulus of cartilage increases in a depth-dependent
manner, and the measured modulus is related to the applied stress rate, in which higher stress
rates increase the measured modulus [48]. These mechanical properties are closely related
to the ECM composition of osteochondral tissue. Based on several studies in the past,
proteoglycans are considered to be responsible for the equilibrium compressive stiffness of
cartilage because of its ability to hold osmotic pressure [125]. On the other hand, it is believed
that the collagen fibril network contributes to the instantaneous compressive modulus and the
tensile response of cartilage tissue. As a result, the content ratio between type Il collagen and
proteoglycans defines different mechanical properties to the tissue. It is hypothesized that the
higher proteoglycan content in the deep zones of cartilage contributes to the increasing
compressive modulus [57, 108]. Mechanical properties are also related to the relative direction

between the applied force and the fibril orientation. For instance, on the cartilage surface,
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different tensile moduli can be measured depending on the direction of the applied force.
When stress was applied parallel to the direction of the fibril, a higher modulus was observed
[108]. Similarly, higher equilibrium compressive modulus are measured when forces are

applied parallel to the articular surface [126].

Due to the presence of mineral crystals, the stiffness of the calcified cartilage and subchondral
bone is much higher than the cartilage. Recently, the development of advanced techniques
(e.g., spherical tipped diamond indenters for nanoindentation, quantitative backscattered
electron imaging for mineral density), higher resolution measurements can be carried out in
order to discover the relationship between mineral content and mechanical properties. In a
recent study carried out by Ferguson et al., the mineral and mechanical properties were
resolved in a high spatial resolution at the interface between subchondral bone and calcified
cartilage. While subchondral bone might be expected to possess higher stiffness than the
cartilage zones, this study revealed that the mean compressive moduli of calcified cartilage
and subchondral bone were extremely similar. Moreover, in the same study, some hyper-
mineralised regions within calcified cartilage were found to be twice as stiff as the neighbouring

subchondral bone [127].
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1.6 Current Treatments for Osteochondral Lesions

The graded architecture of osteochondral tissue provides this interface with high load-bearing
capacity, however, the tissue can still develop defects after acute trauma or long-term wear.
Cartilage lesions are very common in the clinic; in a study carried out in 2005, it was shown
that more than 250,000 cartilage repair procedures are carried out annually in the U.S. [128].
In another study reviewing more than 25,000 knee arthroscopies, 60% of cases revealed the
presence of articular lesions [129]. Osteoarthritis, a systemic and late-stage disease, is the
main disease target for the osteochondral tissue engineering field, however, there are other
diseases associated with osteochondral lesions. For instance, osteochondritis dissecans is a
disease characterised by the separation of osteochondral fragments from the joint surface and
affects a predominately young demographic experiencing joint trauma [130, 131]. The
regeneration of osteochondral defects is limited due to the avascular nature of cartilage. In

fact, the initial defects can develop into more severe diseases, such as osteoarthritis [132].

Conventional treatment options

Late stage osteoarthritis usually requires total joint replacement, however, for the mild lesions,
the main treatment options are chondroplasty (~77%) and microfracture (~22%) [128].
Chondroplasty involves the removal of debris and the flap on the cartilage surface, with
smoothing of the remaining cartilage but no induced regeneration. This procedure is only
suitable for patients with minor lesions and only provides short-term outcomes. Microfracture
is a procedure that involves the induction of bleeding by puncturing through to the underlying
bone. This results in the migration of multipoint marrow cells, and the subsequent
differentiation and formation of cartilage tissue. However, this process usually leads to the
formation of fibrocartilaginous tissue with inferior mechanical quality that will deteriorate in the

long term [133].

Autografts and allografts can provide alternative treatment options. For instance, mosaicplasty
is a surgical technique in which lesions are filled by cylindrical plugs harvested from
neighbouring healthy osteochondral tissue [134]. The technique can provide better outcomes

than microfracture, however, it is limited to small lesions and can result in donor site morbidity.
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Osteochondral allografts are an attractive option for the treatment of full-thickness defects,

however, this approach is limited by supply and has the risk of disease transmission [110].

Osteochondral Tissue Engineering

Osteochondral tissue engineering provides a potential treatment option by seeding
chondrocytes, osteoblasts or stem cells within degradable scaffolds in order to engineer
constructs that can fill the defect site. The autologous chondrocyte implantation (ACI)
procedure, which has been carried out since 1995 [135], is the first cartilage tissue engineering
approach used in the clinic. In this procedure, autologous chondrocytes are extracted from
cartilage tissue and expanded in vitro and then implanted as a cell suspension sealed by a
sutured periosteal flap. As a procedure using chondrocyte as cell source, it was expected that
high quality hyaline cartilage could be formed. However, the outcomes of ACI have been
inconsistent. A 10 year follow-up study showed that the failure rate of ACI could be up to 25%
[136]. These failures have been attributed to procedural inconsistencies, de-differentiation of
the chondrocytes during culture expansion, and poor retention of the implanted cells. New
generations of the ACI procedure include the use of scaffolds, which are seeded with

expanded cells prior to the surgery.

In addition to chondrocytes harvested from the healthy cartilage, mesenchymal stem cells can
also be expanded and differentiated to generate cartilage tissue. Accordingly, outcome of
differentiation triggered by growth factors and small molecule have been extensively studied
[137-139]. In addition to soluble factors, different biomaterials, including natural derived and

synthetic polymer have also been investigated [140].

Apart from developing a system that supports chondrocytes phenotype or chondrogenic
differentiation, recently, more and more strategies are focusing on how to recreate the graded
nature of osteochondral tissue. For example, in contrast to a single homogeneous layer, bi-
phasic or tri-phasic scaffolds mimicking different zonal compositions are prepared [141].
Structural, cellular, compositional, and mechanical gradients have also been created using a

wide range of engineering approaches [108].
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Current Osteochondral Tissue Engineering Products

In recent years, several cartilage-specific products have been launched or undergone clinical
trials. Two main categories are currently under investigation: acellular biomaterials plugs, such
as Agili-C®, TruFit-CB® and CaRes®, and cellularised tissue grafts, including NeoCart®, MACI
and Chondrosphere®. While acellular plugs can be supplied as off-the-shelf products,

cellularised tissue grafts require additional cell culture procedures.

Most of these products have a homogeneous structure (e.g., MACI, Chondrosphere®), which
are poorly suited for the regeneration of full-thickness cartilage defects. There are only a
limited number of products for osteochondral replacement with heterogenous structure. The
summary table of these products can be found in Table 1.1. It should also be noted that all
these products are multi-layered scaffolds, requiring adhesives to combine the different layers
[57], and are all acellular osteochondral plugs that can be delivered directly to the defect site.
For instance, ChondroMimetic® is delivered after punctures are created on the subchondral
bone plate. These scaffolds can retain the bone-marrow-derived stem cells from the blood
released in-situ. Most of these products are still in clinical trials, apart from TruFit-CB®, which

was recalled from the market by the FDA after reports of swelling, pain, and implant failure.

Table 1.1 Summary table of osteochondral products with zonal characters

ChondroMimetic® | TruFit-CB® MaloRegen® Aglli-C®
Company Collagen Solution Smith & Nephew Fineramica CartiHeal
Mechanical Elastic/Flexible Hard Hard Hard
Properties
Number
Bilayer Bilayer Tri-layer Bilayer
of layers
Materials Collagerv GAGs/ PLGA/ Collagen/ Hyaluronate/
Calcium phosphate | Calcium sulphate |  Hydroxyapatite Aragonite
Size of defect < 2cm? < 2cm? 1.5-6 cm? < 2cm?
Current Eu n FDA Ex|
Expected Europea Discontinued pected
Status launch Phase IV European launch
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1.7 Osteochondral Tissue Engineering in the Thesis

Osteochondral tissue engineering provides an alternative and promising therapeutic option for
patients with osteochondral lesions. In this research, two gradient-casting technologies were
developed and used for osteochondral tissue engineering. This section will summarise three
main components used in this study: the cell source (hMSCs), differentiation signals (BMP-

2/TGF-B3), and delivery intermediate (heparin).

1.7.1 Cell Source: hMSCs

The selection of the cell source is crucial for any tissue engineering design. The ideal cell
source should maintain, or differentiate into, the desired phenotype and enable the engineered
constructs to possess the required physiological function [142]. To generate osteochondral
constructs, one could use primary cells harvested from bone and cartilage (ie.,
osteoblasts/chondrocytes). However, the use of primary cells requires harvesting from healthy
tissue, moreover, the in vitro expansion of cells can result in loss of cell phenotype [143]. An
alternative approach is to use stem cells that are capable of differentiating into both lineages.
Stem cells possess two key features: (1) the ability of self-renewal under certain environmental
conditions and (2) the ability to differentiate into multiple cell lineages [144]. For osteochondral
tissue engineering, possible stem cell sources include embryonic stem cells (ESCs), adult
stem cells and induced pluripotent stem cells (iPSC). While human ESCs and iPSCs have
been shown to be able to promote cartilage and bone repair, there are ethical concerns related

to the ESCs source and potential safety concerns of teratoma formation of iPSCs [145].

On the other hand, MSCs offer a potentially autologous source of cells that can differentiate
into cells of stromal lineage, such as chondrocytes, osteoblasts, myoblasts, and tenocytes
[146]. MSCs can be isolated from a variety of tissues, including bone marrow, synovium,
adipose tissue, and connective tissues [147]. MSCs from different tissues are known to have
different differentiation tendencies. For instance, it has been shown that adipose-derived
MSCs exhibit a lower potential for chondrogenesis; bone-marrow-derived MSCs derive
chondrocytes with a greater tendency to undergo hypertrophy; synovial-derived MSCs exhibit

a lower propensity to hypertrophy [144, 147, 148]. It should also be noted that even when
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MSCs are derived from a single tissue source, there is a high degree of heterogeneity. MSCs
are usually a mixture of different cell subpopulations with their own distinct cell marker
signatures. For instance, it has been shown that CD271* synovial-derived MSCs and CD1os*
or ROR2* (receptor tyrosine kinase-like orphan receptor 2) bone-marrow-derived MSCs
exhibit an enhanced capacity for cartilage formation [144, 149]. Because of the heterogeneity
of MSCs, research investigating the differentiation capability of each sub-populations is
important. One clear advantage of using autologous MSCs is that they are relatively abundant,
accessible and can be further expanded in vitro [109]. In terms of safety and translational
potential, there is evidence showing that MSCs possess immunosuppressive properties and
do not induce tumour development [150, 151]. These properties make MSCs an attractive

option for clinical tissue engineering applications.

1.7.2 Differentiation Signal: BMP-2 /| TGF-8

When using stem cells in tissue engineering applications, appropriate differentiation signals
are needed. These signals can include biochemical and non-biochemical cues. For this study,
differentiation signals capable of orchestrating osteogenic and chondrogenic differentiation of
hMSCs are used. Specifically, we selected TGF-3 and BMP-2 to trigger chondrogenic and
osteogenic differentiation of MSCs, respectively [152, 153].

TGF-B superfamily and chondrogenesis

The transforming growth factor-p (TGF-) superfamily comprises the BMP subfamily (BMPs
and growth and differentiation factors, GDFs) and the TGF- subfamily (TGF-B 1-3, Activin,
Nodals, myostatin). Among all these factors, TGF-B is the most commonly applied growth
factor in the field of cartilage tissue engineering [154]. TGF-B is a 25 kDa dimer comprising
two identical chains of 112 amino acids [155]. TGF-( is secreted as a latent protein (LTGF-B)
and stored in the ECM. The latent TGF-f3 only becomes active when it is released from the
latency-associated peptide (LAP) [156]. There are three isoforms for the dimer (TGF-Bs; TGF-
B1, -B2 and -B3), with a similar structure of 60—70% identical amino acid sequence. Among
three isoforms, TGF-B1 and TGF-B3 are often used for cartilage tissue engineering. Studies

have shown that TGF-B3 possesses a higher chondrogenic potential [156, 157].
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TGF-Bs regulate every stage of cartilage development, including condensation, proliferation,
maintenance of phenotype, and terminal differentiation. Mutations in TGF-fs or their receptors
can cause severe musculoskeletal malfunction and diseases [152, 153]. TGF-f3 signalling is
initiated through the membrane-bound TGF-3 heteromeric receptors (Type | and Type II). After
binding of TGF-B, the serine/threonine kinase domain of type Il receptor phosphorylates the
recruited type | receptor. The phosphorylation of Type | receptor subsequently activates the
intracellular effector, TGF-B-specific Smads, via phosphorylation. The activated Smads
translocate to the nucleus and bind to Smad-binding elements on DNA sequences together
with other gene-regulatory proteins, such as SOX9 [158]. Cartilage-related genes, including
proliferation, differentiation, and ECM metabolism, are then modulated. Beside the Smads-
mediated pathway, TGF-B also activates other signalling cascades, such as the mitogen-
activated protein kinase (MAPK) mediated pathway [156]. TGF-Bs are extremely important
regulators for chondrocyte development, and all three TGF-Bs are involved in the
condensation process in early chondrogenesis. In fact, in vitro supplementation of TGF-Bs
have been widely used to initiate chondrogenesis. TGF-s are also important in maintaining
chondrocyte homeostasis. In developed cartilage tissue, TGF-Bs prevent terminal
hypertrophic differentiation of chondrocytes, and it has been shown that TGF-B3 can inhibit
the terminal hypertrophic differentiation of cultured MSCs [152].

BMP-2 and osteogenesis

The mammalian skeleton is established via two distinct processes: intramembranous
ossification and endochondral ossification [153]. In intramembranous process, direct
differentiation of osteoblasts from mesenchymal stem cells is modulated by the expression of
RUNX2 and osterix. This process produces the flat bones in the body. Endochondral
ossification involves the cartilage mould being replaced by bone. Endochondral ossification
contributes to most bone formation processes in the body, including long bones [159]. While
several different factors participate in endochondral bone formation, it has been shown that
BMPs have significant capability in facilitating this process [160]. In several murine models,
BMPs knockouts have been shown to lead to skeletal patterning defects and newborn death
[153]. BMPs play important roles during mesenchyme condensation. It has been shown that

supplementation of BMP-2 in vitro can trigger chondrogenic differentiation of h(MSCs [161].
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BMPs are dimeric molecules which can be classified into 4 distinct subfamilies based on their
function and sequence. Among the discovered 14 BMPs, BMP-2, BMP-4, and BMP-7 are
shown to have the highest osteogenic potential, while some BMPs contributed to other
processes such as cartilage development (BMP-8 and BMP-9) [159]. Similar to TGF-3, BMP
signalling is initiated via the binding of ligands to membrane-bound receptors. After binding of
BMPs to homomeric type Il receptors, the homomeric type | receptor becomes
phosphorylated. This further induces Smad-dependent signalling, an interaction that is
implicated in nearly every stage of osteogenesis. In Smad-dependent signalling, Smad-4
complexes with phosphorylated Smads (Smad-1, Smad-5, or Smad-8) and co-translocates
into the cell nuclei. Together with transcription factors, such as RUNX2, osteogenic genes are
regulated. It should be noted that besides Smad-dependent signalling, MAPK also participates

in the regulation of the osteogenic differentiation [153].

Due to the widely recognised effect in skeletal development, BMPs have been investigated
for therapeutic potential. For instance, the osteogenic capability of BMP-2 has been widely
studied and is currently the only FDA-approved osteoinductive growth factor. In a human
fracture healing study, BMP-2 was found to have a dose-dependent effect on bone tissue
formation [162]. The current FDA-approved concentration of BMP-2 is 1.5 mg mL™. In addition
to the concentration of BMP-2, the time frame for BMP-2 supplement is also important for both
in vitro and in vivo applications. For instance, instead of long-term supplementation of BMP-
2, it was demonstrated that 6 d exposure of BMP-2 was sufficient to induce osteogenic

differentiation of MSCs [104].

Interplay between TGF-8 and BMPs

The antagonistic mechanism between TGF-$ and BMP signalling can be found in several
tissues [161]. Since both TGF-Bs and BMPs pathways closely regulate the development
process for osteochondral tissue, crosstalk between two factors are particularly important.
Understanding how BMPs and TGF-Bs interact is crucial for our osteochondral tissue
engineering design. For example, TGF-B has have a synergic effect with BMPs during
osteochondral development. During the early stages of chondrogenesis, the TGF-f could
promote BMP-initiated chondrogenesis and ECM production. This has been shown in an ex-

vivo bovine synovial set-up in which TGF- was delivered to enhance the BMP-2 triggered
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chondrogenesis [163]. A similar result was observed in a study with chondrogenic ATDCS5 cell
lines. In this study, TGF- signalling was shown to enhance BMP signalling, however, in the
same study, it was also found that BMP-2 could significantly reduce the level of TGF-
signalling [161]. These studies indicate that TGF-B promotes BMP signaling during early

chondrogenesis.

However, TGF-B has been shown to inhibit the effect of BMP-2 during the later stages of
osteochondral development. In a study using an ATDCS5 cell line, it was found that TGF-Bs
could down-regulate BMP signalling and thus chondrocyte hypertrophy. This process was
found to be mediated via a transcription corepressor, SnoN. In another study, Smad-3
deficient mice with impaired TGF-fs signalling have been shown to possess an increase
expression of collagen type X and other maturation markers [164]. These results suggest that
TGF-Bs can inhibit BMP-2 signalling, prevent calcification and catabolic gene expression and
hence retain chondrocytes in a quiescent state [152, 165]. In the context of tissue engineering,
however, it was found that co-delivery of TGF-s with BMPs could enhance bone formation.
For instance, it has been demonstrated that bone formation was observed after the
transplantation of bone marrow-derived MSCs together with BMP-2 and TGF-3 in SCID mice.
Similarly, a higher degree of BMP-2 induced ectopic bone formation was observed in a study
in which TGF-B1 was co-delivered [166, 167]. It should be noted that dynamic crosstalk is also
involved with other types of machinery (e.g., Wnt, Hedgehog or FGF) [153]. Given that studies
in the field were conducted with different biomaterials (natural derived polymers and synthetic
polymers) and culture conditions (static, dynamic, 2D, and 3D), appropriate optimisation is

necessary in the present study.
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1.7.3 Growth Factor Sequestration Using Heparin

General delivery strategy

It is essential to have a robust strategy for growth factors delivery since the bioactivity of the
delivered growth factor could alter the differentiation outcome. In the heterogeneous tissue
engineering, as long as the diffusion kinetic across the construct is considered, universally
deliver the bioactive signal is the most intuitive approach. Until now, supplementing media
with cytokines, growth factors, and other small molecule is the most common strategy to
deliver bioactive signal. However, in biologic systems, these bioactive factors are usually
connected to and closely interact with extracellular matrix. /n vivo, release and activation of
growth factors are regulated by extracellular matrix. Accordingly, co-presentation of growth
factor with other extracellular matrix components could have different levels of activation
compared with soluble administration of growth factor [168]. For instance, delivery of BMP-2/
fibronectin complex could enhance the downstream pathway activation compared with soluble
BMP-2 [169]. To engineer heterogeneous tissue, the spatial and temporal control of the growth

factor delivery are equally important.

In general, to decorate tissue engineering scaffolds with bioactive factors, physical
encapsulation, absorption or covalently immobilisation approaches can be used [170]. In the
physical encapsulation approach, fabrication methods such as solvent casting, freeze drying,
or particulate leaching can sequester growth factors within the scaffold. In some applications,
a carrier system such as liposomes or microspheres could be introduced. Aside from
encapsulation, other physical interactions such as electrostatic interactions have also been
used. It is important to minimise the exposure of bioactive factors to harsh conditions such as
solvents and high temperature in these approaches. Chemical immobilisation approaches can
also be used to decorate bioactive signals. Specifically, cargos of interest could be covalent
bounded to the matrix. Different conjugation approaches using active esters (e.g., EDC/NHS),
click chemistry (e.g., alkyne-azide or thiol-ene), and other chemistry have been extensively
studied [171, 172]. To effectively decorate functional signals, the specificity of the coupling
site should be considered since the bioactivity of the molecule may be lost during the

immobilisation process.
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For both physical and chemical strategies, the fabrication process should minimise the cargo
denaturation and maintain the accessible binding site of the cargo. To support the

differentiation process, a system with a desirable releasing profile is more favourable.

Utilising heparin for signal delivery

Both the development of tissue and organs are subjected to the molecular and physical
information encoded within the extracellular matrix [173]. In nature, besides structural support,
extracellular matrix regulates specific genes and a variety of signalling pathways together with
growth factors. For example, in the early stage of development, the morphogen gradient is
established with the presence of some critical extracellular matrix components. Among all the
components in extracellular matrix, proteoglycans, which comprise both glycosaminoglycans

and their core protein, are important.

It is recognised that negatively charged glycosaminoglycans act as a reservoir of the growth
factors. Several growth factors such as FGFs and VEGFs can effectively bind to heparin [17].
Besides the role as a growth factor reservoir, glycosaminoglycans can also interact with cell
signal receptors together with growth factor ligands and contribute to morphogen gradient

formation during the development [174].

As mentioned in previous sections, strategies without a direct conjugation could avoid
denaturation of the protein cargo. For instance, electrostatic interaction was used to non-
covalently sequester protein cargos. While negatively charged glycosaminoglycans such as
heparin could bind the proteins bearing a net positive charge, recently, there is an increasing

number of applications using glycosaminoglycans to deliver growth factors [69].

Given that heparin has been extensively used as a BMP-2 reservoir in several tissue
engineering applications, in this thesis, a heparin-based biomimetic design is used to deliver
BMP-2 in a spatially controlled manner. In the past, BMP-2 has been employed together with
heparin in scaffolds and applied as a controlled release platform [175, 176]. The abundant
sulphate and carboxylate groups of heparin not only enable crosslinking chemistry with other
materials but also give heparin unique characters to mediate its electrostatic interactions with

proteins. Interaction between heparin and BMP-2 is more than electrostatic. In a docking
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simulation study carried out by Gandhi and Mancera, non-protonated histidines of BMP-2 were
identified as participating in the heparin/BMP-2 interaction. Moreover, there are different
heparin binding sites for different BMPs [177]. In the presence of heparin, the loaded protein
can be protected so the half-life could be extended. The half-life of BMP-2 in culture media is

prolonged by 20-fold in conjunction with the use of heparin [175].
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1.8 Conclusion

There have been a lot of advancements within the field of tissue engineering since its
emergence in the early 90s. With nearly 30 years of research, a growing number of
commercial products are in the market, with many promising clinical trials ongoing [173, 178].
However, there is still a huge gap between homogenous tissue engineering constructs and
heterogeneous natural tissue. To produce a more robust tissue replacement, more
sophisticated strategies are needed. It can be summarised from previous sections that the
gradient nature of morphogen distribution is crucial in guiding and the formation of
heterogeneous tissues [8]. Gradients within the extracellular environment of tissue should be

considered in tissue engineering design [173].

In this chapter, fundamental concepts regarding gradients have been introduced. This chapter
covers mechanisms of gradient formation and rationale of gradient interpretation. In order to
have a better understanding of the landscape of gradient casting technology, different
strategies have been introduced. Moreover, the criteria for an ideal fabrication process have

been proposed.

The essence of the research in this thesis is to develop technologies capable in patterning
bioactive signal gradients in the context of heterogeneous tissue engineering. Among all the
potential tissue targets, osteochondral tissue is selected due to its unmet clinical need, and
because it is a suitable tissue model to verify the proposed technologies. In the last part of this
chapter, the gradient nature of the osteochondral tissue has been summarised. In the following
chapters, two morphogen gradient casting platforms will be introduced. As suggested in
section 1.4, Criteria for Ideal Gradient Fabrication Strategies, these strategies were developed

to be versatile and applicable to different materials systems and applications.

76



77



Chapter Il: Materials and Methods
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2.1 Magnetically-formed Gradients

2.1.1 Gradient Constructs Fabrication and FEMM Modelling

Magnetic Field Alignment and Simulation

Finite element magnetic modelling (FEMM, D. C. Meeker, Finite Element Method Magnetics,
Version 4.2) was used to characterise the magnetic field based on the dimensions and
physical properties of the cylindrical N42 magnet (eMagnets, UK) used throughout the study
(g = 20 mm, height = 20 mm, HcB = 915 kA/m or 11500 Oe, provided by the manufacturer).

Gradient Formation

All gradients were formed in a customised mould composed of two glass slides and a cut 2
mm silicone spacer (final well dimensions = 13 x 5 x 2 mm). 30 pL of solution containing 20
nm SPIONs or hydrogel precursor containing SPIONs were dispensed into the mould,
followed by 60 pL of the same components minus the SPIONs. The magnetic field was
subsequently applied from approximately 2 mm above the mould to redistribute the SPIONs
into a gradient. To image the gradient formation process, gradients were formed in deionised
water using a layer of 0.5 mg mL" SPIONSs. To test the limitation in the diameter of SPIONs
used in the gradient formation set-up, same process was carried out by using 5, 50 and 200
nm of the SPIONs.

To examine the gradient forming capability in different hydrogels, a layer of 0.5 mg mL™"
SPIONSs was used. After the formation of the gradient, the hydrogel precursor was gelled and
the constructs were imaged using an Axio Observer inverted widefield microscope (Zeiss,
Germany). Type VII-A Agarose (Sigma Aldrich, UK) was dissolved by heating the solution to
boil at 1 wt% in PBS and gelled at room temperature. Cold Geltrex (Thermo Fisher, USA) on
ice was used undiluted and gelled at 37°C. Gellum gum (Sigma Aldrich, UK) was used at
0.75% in water and crosslinked by the addition of an equal volume of 0.06 wt% solution of
calcium chloride. 5 5 wt% Gelatin (Sigma Aldrich, UK) in PBS was prepared at 40°C and gelled
at 4°C.

1 wt% agarose was used to test the influence of viscosity on pattern formation, with the
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gradient forming process carried out in a temperature-controlled water bath (27, 30, 37°C) and
the resulting gels imaged using a desktop scanner. The viscosity of the agarose solutions at
these temperatures was measured by rheological creep tests performed at 2Pa stress over 5
min using an AR2000ex rheometer (TA Instruments, USA) equipped with a temperature-

controlled stage.

2.1.2 Glycosylated SPION Synthesis and Characterisation

Glycosylated SPION Synthesis

A 0.9 mL solution of 1.5 mg mL™" of heparin (Sigma Aldrich, UK) was prepared in pH 5.4 4-
morpholineethanesulfonic acid buffer (MES, Thermo Fisher, USA), and mixed for 15 min with
5 mg of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, Sigma Aldrich,
UK) and 1 mg of N-hydroxysuccinimide (NHS, Sigma Aldrich, UK). 0.1 mL of 5 mg mL"" amine-
functionalised 20 nm SPIONs (SHA- 20, Ocean NanoTech, USA) were then added and mixed
for 24 h at room temperature. After the conjugation, the product was dialysed against 5 L of
phosphate-buffered saline (PBS, Thermo Fisher, USA) for 3 d with two daily buffer changes
to ensure complete removal of unconjugated heparin. The conjugated SPIONs were then
concentrated to 2 mg mL"" using 100 kDa cut-off Amicon ultra-centrifugal filter unit (Merck

Millipore, USA).

Glycosylated SPION Characterization

Zeta potential and hydrodynamic diameter measurements were performed using a Zetasizer
Zen 3600 (Malvern Instruments, UK), with samples in pH 7 deionised water at a concentration
of 40 ug mL™". Heparin quantification was performed using dimethylmethylene blue (DMMB,
Sigma Aldrich, UK), with standards ranging between 0 and 25 ug mL™" and an unconjugated
SPION reference. The absorbance was measured at 525 nm using a SpectraMax M5
microplate reader (Molecular Devices, USA). The sulphated glycosaminoglycan content was
normalised to the nanoparticle number, which was measured using a Nanosight (Ns300,
Malvern Instruments, UK) equipped with Nanoparticle Tracking Analysis 3.0 software.
Magnetic analysis was performed using a SQUID magnetometer (MPMS-7, Quantum Design,
UK) on 1.5 mg mL" samples. These values were normalised by iron content, which was
measured by digesting the nanoparticles in 2 N nitric acid (Sigma Aldrich, UK) at 40°C for 24

h to ensure complete digestion and analysing samples using inductively coupled plasma
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optical emission spectrometry (ICAP 6300 Duo, Thermo Fisher, USA).

The protein loading capacity of the glycosylated SPIONs was assessed by mixing avidin
(Thermo Fisher, USA) with glycosylated and unconjugated SPIONs at room temperature for
10 min, and then centrifuging the sample at 20,817 g for 100 min. The concentration of avidin
was detected using a Micro BCA™ Protein Assay Kit (Thermo Fisher, USA) following the
manufacturer's protocol, using avidin standards between 0 and 20 yg mL™'. The loading
capacity was determined by subtracting the initial loading mass of avidin with the mass of

avidin detected in the supernatant.

The Distribution of Protein Loaded Glycosylated SPIONs

To visualise the distribution of loaded protein, 10" glycosylated SPIONs were first loaded with
300 ng of fluorescein-labelled avidin (Thermo Fisher, USA) prior to gradient formation.
Fluorescent images were then acquired with an Axio Observer inverted widefield microscope
(Zeiss, Germany). Intensity plots were produced using FIJI software. Specifically, a region of
interest (ROI) without the boundary of the hydrogel was selected on the acquired fluorescent
image, and the plot profile function was used to generate an intensity profile across the

hydrogel.
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2.2 Buoyancy-driven Gradient Fabrication

2.2.1 Materials Preparation

Synthesis of Agarose Conjugated with Rhodamine B

Rhodamine-labelled agarose was prepared following a method described in the literature
[179]. In brief, 50 mg of type VIl agarose was dissolved in 5 mL of anhydrous dimethyl sulfoxide
at 70°C. 50 mg of sodium hydrogen carbonate, 20 pL of dibutyltin dilaurate and 20 mg
rhodamine B isothiocyanate was added to this solution. The mixture was stirred at 70°C for
16 h, then diluted in 50 mL deionised water and precipitated in 100% ethanol. The sample was

then vacuum dried and stored at -20°C.

Synthesis of GelMA

GelMA was synthesised following a method described in the literature [180]. In brief,
methacrylic acid was added dropwise to a 10% (w/v) solution of gelatin in deionised water (0.6
g of methacrylic acid per 1.0 g of gelatin). After 3 h of reaction, the solution was diluted with
deionised water and dialysis was performed with 12-14 kDa membrane (Spectrum
Laboratories) against deionised water at 40°C for 7 d. The sample was then lyophilised and

stored at -20°C.

Synthesis of HepMA

HepMA was synthesised following a method described in the literature [181]. In brief,
methacrylic acid was added dropwise to a 2% (w/v) solution of heparin in deionised water (5.0
g of methacrylic acid per 1.0 g of heparin). The pH was adjusted to 8.5 using 5 M NaOH and
stirred overnight at room temperature. The solution was precipitated in 100% ethanol and then
dialysis was performed with 1 kDa membrane (Spectrum Laboratories) against deionised

water at room temperature for 7 d. The sample was then lyophilised and stored at -20°C.

To investigate if the modified heparin could form covalent bonds with GelMA, release kinetics
of heparin and HepMA from GelMA were measured. Specifically, 200 uyg mL™" solutions of

heparin or HepMA were mixed with equivalent volume of solution containing 20% (w/v) GelMA
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and 5 mg mL™" Irgacure 2959. The resulting solutions were cast into 100 uL hydrogels using
UV irradiation (365 nm, 6 mW cm2, 5 min). The hydrogels were incubated for 28 d with 500
ML PBS supplemented with 0.02% (w/v) sodium azide (pH 7.4) at 37°C. 250 pL of PBS was
removed at intervals and frozen at -20°C, with 250 pL of fresh PBS added to the hydrogel to
ensure sink conditions were respected at all times. The concentration of released heparin or
HepMA was quantified and measured using a dimethylmethylene blue colorimetric assay, in
which heparin and HepMA powder were used as standard solution separately. The assay was
carried out following a method described in the literature [182]. In brief, 10 yL of sample or
heparin standard was mixed with 90 uL of DMMB assay buffer (16 mg DMMB in 1 L water
containing 3.04 g glycine, 2.37 g NaCl and 9.5 mL 0.1 M HCI), with the absorbance measured

at 530 nm using a SpectraMax M5 plate reader.

Synthesis of Gold Nanoparticles

79 mg of HAuCls - 3H20 was dissolved in in 185 mL of deionised water and then added to a
250 mL round-bottom flask and refluxed in an oil bath. The solution was stirred gently while
10 mL of 2% (w/v) trisodium citrate dihydrate was rapidly injected. After 5 min of fast stirring,
the flask was removed from the oil bath and allowed to cool to room temperature. The

nanoparticles were stored at 4°C.

Preparation of Liposomes Labelled with Rhodamine B

2.5 mg of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 0.025 mg of
Lissamine™ rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
triethylammonium salt (rhodamine-DHPE) in chloroform were added to a glass vial and the
solvent removed by nitrogen flow. The resulting lipid film was hydrated with 0.5 mL of water,
vortexed for 30 s and then extruded through a 50 nm polycarbonate membrane using an Avanti

Mini Extruder (Avanti Polar Lipids).

Preparation of Exosomes Labelled with RFP

MDA-MB-231 cells expressing LAMP-RFP were cultured until confluent in high glucose
Dulbecco's modified Eagle's medium (Thermo Fisher Scientific) supplemented with 10% (v/v)
foetal bovine serum (Gibco) and 1% (v/v) penicillin-streptomycin (Thermo Fisher Scientific).

The cells were then cultured in the same medium, but without serum, for 3 d. The resulting
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conditioned media was clarified through a 0.45 um filter and concentrated to a final volume of
500 pL using Amicon 100 kDa MWCO filters. The concentrated conditioned media was
separated into 1 mL fractions by size exclusion chromatography using a Sepharose CL-2B

matrix. Extracellular vesicles were eluted in fractions 8-10, and stored at -80°C.

2.2.2 Fabrication of Gradients

Unless stated otherwise, all chemicals used were from Sigma Aldrich. To create the gradient
constructs, the denser liquid was added to a mold as a base layer. An electronic dispenser
(Multipette® E3/E3x, Eppendorf) was used to inject the lighter liquid at a defined flow rate, with
the injection outlet maintained at the initial liquid-air interface. Injection rates were measured
manually. Immediately after injection, the dispenser was removed, and the gradients were
preserved by gelation or polymerisation. Two moulds were used in this report: a cuboid mould
(5 x 15 x 3 mm) and a cylindrical mould (® = 5 mm, h = 15 mm). Polymer gradients were
characterised using Raman spectroscopic mapping. Brieflyy a confocal Raman
microspectroscopy system (WITec alpha 300R+) was used to raster map the entire surface of
the gradient construct and obtain spectra comprising compositional information at 50 um steps
[183, 184]. The resulting data was analysed via peak ratio to reveal the location and relative
concentration of the construct polymers. Stiffness gradients were characterised using
spherical indentation mapping. Briefly, a 3 mm diameter stainless steel sphere was indented
along the gradient in 0.5 mm steps, and the contact modulus of each indent was characterised
by a modified Hertzian solution to account for substrate effects [185]. All other gradients were
characterised by imaging the constructs using a wide field microscope, converting the images
to 16-bit and then using the plot profile function in Image J. For full details of the fabrication
and characterisation of each gradient system, see the following table for fabrication

parameters:
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Table 2.1 Fabrication Parameters

Injection Rate / puL s

Polymerization or

Gradeint

50 pug mL! Texas Red®

avidin

5% (w/v) Ficoll

Gradient Injection Phase Base Layer
Gelation
Applications Components Components Sharp Gradient
Parameters
Transition Transition
Agarose-RhoB 1% (w/v) Rhodamine B 1% (w/v) agarose, Thermal setting
- 17
Gradient conjugated agarose 5% (w/v) sucrose 4 °C, 10 min
Lauryl methacrylate,
2% (v/v) PEG N,N-dimethylacrylamide,
Polymer UV irradiation 365 nm,
dimethacrylate, 2% (v/v) PEG dimethacrylate 3 20
Gradient 6 mW cm2, 20 min
4 mg mL! 2,2-dimethoxy-2- 2.75 mg mL1! Irgacure 2959
phenylacetophenone
1.5% (w/v) Gelzan,
Stiffness 1.0% (w/v) Gelzan, Thermal setting
0.03% (w/v) CaCl,, 5 20
Gradient 0.03% (w/v) CaCl, 4°C, 10 min
5.0% (w/V) sucrose
1.0% (w/v) type VIl agarose,
Gold NPs 1.0% (w/v) type VIl agarose, Thermal setting
gold nanoparticle solution 5 20
Gradient 5.0% (w/v) sucrose 4 °C, 10 min
(ODs30 = 2.04)
1.0% (w/v) type VIl agarose,
Liposomes 1.0% (w/v) type VIl agarose, Thermal setting
5 mg/mL Rhodamine B- 3 17
Gradient 5.0% (w/V) sucrose 4 °C, 10 min
liposome
Extracellular
1.0% (w/v) type VIl agarose, 1.0% (w/v) type VIl agarose, Thermal setting
Vesicles 3 17
2 x 1012 RFP-EVs / mL 5.0% (w/v) sucrose 4 °C, 10 min
Gradient
Macromolecule | 1.0% (w/v) type VIl agarose,
1.0% (w/v) type VIl agarose, Thermal setting
(Dextran) 0.5 mg/mL 200 kDa FITC- 3 17
5.0% (w/v) sucrose 4 °C, 10 min
Gradeint Dextran
5.0% (w/v) GelMA,
Protein (Avidin) 1 mg mL1 HepMA, 5.0% (w/v) GelMA, Thermal setting
3 17

4°C, 10 min *

*The hydrogel was imaged cold to prevent fluorescence loss from UV exposure.
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2.2.3 Gradient Constructs Characterisations

Characterisation of Rhodamine-Agarose and Sucrose Gradients

An agarose-rhodamine gradient was generated using sucrose (see the previous section) and
the resulting hydrogel was equally dissected into 4 transverse sections. These sections were
heated above the melting temperature of agarose, along with 1 mL of water to prevent gelation
upon cooling. After the samples were cooled to room temperature and the agarose completely
dissolved, the fluorescence intensity was measured using a microplate reader at an excitation
of 543 nm and an emission of 580 nm. An identical experiment was performed using agarose
instead of rhodamine-agarose (see the previous section) with the dissolved sections
measured using a sucrose assay kit (Abcam), following the manufacturer's protocol. In brief,
the sucrose in the sample was converted into glucose using invertase and then measured
using the reagent and enzyme provided in the kit. The absorbance at 570 nm was measured

using a SpectraMax M5 plate reader.

Characterisation of Polymer Gradients

Raman spectroscopic mapping was performed using a confocal Raman microscope
(alpha300R+, WITec) equipped with a 532 nm laser and either a x 10/0.25 NA or x 20/0.4 NA
objective lens (EC Epiplan, Zeiss). Scattered light was coupled to the spectrometer through a
100 um fibre, which further served as the confocal pinhole. The 600 lines per mm grating
spectrograph (UHTS 300, WITec) and thermoelectrically-cooled back-illuminated CCD
camera (Newton DU970N-BV-353, Andor), which yielded a spectral resolution of ~10 cm™
(defined at full-width-at-half-maximum of mercury argon emission lines), were used to record
spectra with 37 mW laser power focused through the objective to the sample. Full cross-
sectional images were recorded with a 50 x 50 pym step-size were acquired with 0.5 s
integration time for the polymer sample (x 10/0.25 NA objective, imaged through glass slides
to control the sample interface). Since two polymers, N,N-dimethylacrylamide and lauryl
methacrylate, possess different Raman signals on their CH2 and CHs stretching features, the
acquired Raman scattering signal was analysed based on the ratio of CH, and CHs stretching

features to determine the profiles of polymer gradients.
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Characterisation of Stiffness Gradients

Stiffness gradients were characterised using Hertzian indentation to determine the bulk
contact modulus. To prevent slippage during indentation, samples were adhered to the bottom
of 35 mm diameter tissue culture dish using a thin layer of Loctite 406 (Loctite). 50 ul of PBS
was added to the free surface of the hydrogels. A 3 mm diameter stainless steel ball bearing
was indented and retracted at 0.5 volts s (~1.4 mm s™) with a 0 s dwell time to a target
displacement of 1 mm. Indentations were performed on a TA Electroforce 3200 test frame with
a 250 g tension-compression load cell. Samples were indented every 0.5 mm along their
gradient coordinate in order to map the local mechanical properties. Raw indentation (force-
displacement) files were post processed in MatLab® to quantify the contact modulus as a
function of position. Briefly, the analysis code detected contact between the probe and sample,
accounted for substrate effects, and fitted the data [181, 185]. The approach indentation data

were fitted to Hertz's solution for contact between a sphere and an elastic half-space [186].

Contact was determined through a piecewise fit to the force-displacement data. Using this
method, we assume that prior to contact (x<xc); where AF is the change in force and Ax is the
change in displacement. For x>xc, we assume; where E'is the effective contact modulus, R’
is the effective radius of curvature, and ¢ is the indentation depth. Under the assumptions that
the sample was flat (infinite radius of curvature) and that the stainless-steel probe was infinitely
stiff compared to the sample being indented, then E'is the contact modulus of the sample and
R'is the radius of curvature of the indenter (1.5 mm) [186]. However, to account for the finite
thickness of these samples, a substrate correction model was necessary to properly quantify

the contact modulus [181, 185].
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2.3 Cell Culture and Tissue Engineering Methods

2.3.1 Stem Cell Culture and Differentiation

hMSCs from three donors (Lonza, Switzerland) were expanded using Mesenchymal Stem Cell
Growth Medium (MSCGMTM, Lonza, Switzerland) in sterile culture at 37°C/5% CO2. The
culture medium was changed every 2-3 d, and hMSCs cultured up to passage 5.
Differentiation was induced after encapsulating the hMSCs into agarose hydrogels at a cell
density of 9 x 108 hMSCs mL™". Osteogenic differentiation was triggered using high glucose
Dulbecco's Modified Eagles Medium with pyruvate supplement (HG_DMEM 31966021,
Thermo Fisher, UK) together with 10% (v/v) fetal bovine serum (FBS, Thermo Fisher, USA),
100 nM dexamethasone (Sigma Aldrich, UK), 50 yg mL" L-ascorbic acid 2-phosphate
sesquimagnesium salt (L- ascorbic acid, Sigma Aldrich, UK) and 10 mM B-glycerophosphate
(Sigma Aldrich, UK). Chondrogenic differentiation was triggered using HG_DMEM
supplemented with 1 x ITS* (BD, USA), 100 nM dexamethasone, 50 ug mL™" L-ascorbic acid,
50 yg mL" L-proline (Sigma Aldrich, UK) and 10 ng mL" TGF-B3 (R&D System, USA).
Osteochondral differentiation was triggered using HG_DMEM supplemented with 1 x ITS",
100 nM dexamethasone, 50 yg mL"' L-ascorbic acid, 50 ug mL"' L-proline, 2 mM B-
glycerophosphate and 10 ng mL™' TGF-B3. Where stated, BMP-2 was supplemented either in
the medium (30 ng mL™") or loaded together with glycosylated SPIONs. Unless otherwise
specified, the BMP-2 concentration in the glycosylated SPIONs was 3 ug per mL of hydrogel.

2.3.2 Cytotoxicity AlamarBlue® Assay

In SPION-mediated gradient formation experiments, the cytotoxicity of SPIONs was
investigated. Specifically, 9.6 x 10° hMSCs were seeded in a 96 well plate and left to adhere
overnight before a 72 h incubation with 2 x 10" or 10 x 10"" glycosylated SPIONs per mL of
culture medium. The cytotoxicity of the glycosylated SPIONs was assessed using an
AlamarBlue® assay (Thermo Fisher, USA), as per the manufacturer instructions, with an
incubation time of 3 h. The fluorescence was measured at 570/585 nm using an EnVision™
plate reader (Perkin Elmer, USA). The metabolic activity was normalised to an untreated
control and averaged across three MSC donors. hMSCs were also stained using a

LIVE/DEAD™ assay (L3224, Thermo Fisher) and imaged using a 1X51 Inverted microscope
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(Olympus, Japan).

In buoyancy-driven gradient formation experiments, the cytotoxicity of Ficoll®, the density-
modifier used in the study, was investigated. Specifically, the cytotoxicity of Ficoll® in GelMA
hydrogels was assessed using an AlamarBlue® assay (Thermo Fisher Scientific). h(MSCs were
encapsulated at 5 x 10° cells mL" in 7.5% (w/v) GelMA hydrogels containing 0, 2.5 or 5%
(w/v) Ficoll® and 2.5 mg mL™" Irgacure 2959. 25 L hydrogels were cast using UV irradiation
(365 nm, 6 mW cm?, 5 min) and then cultured for 72 h in MesenPro RS (Thermo Fisher
Scientific). The metabolic activity was measured using an alamarBlue assay, as per the
manufacturer instructions (incubation time of 3 h). The fluorescence was measured using a

microplate reader with an excitation of 570 nm and emission of 585 nm.

2.3.3 BMP-2 Release Kinetics

BMP-2 is crucial during osteogenic differentiation. Accordingly, BMP-2 release kinetics from

two carriers, glycosylated SPIONs and HepMA, were studied for both strategies.

Glycosylated SPIONs as carriers

10" glycosylated SPIONs loaded with 300 ng of BMP-2 (R&D System, USA) were cast into a
100 pL 1 wt% agarose hydrogel, to mimic the conditions used for osteochondral tissue
engineering. The hydrogel was incubated in PBS with 0.02% of sodium azide (pH 7.4) (Sigma
Aldrich, UK) at 37°C for 28 d. 500 uL of PBS was removed at intervals and frozen at -20°C,
with 500 uL of fresh PBS added to the hydrogel to ensure that the sink conditions were
respected at all times. The concentration of released BMP-2 was then quantified using a BMP-
2 specific ELISA kit (R&D System, USA), following the manufacturer protocol. The absorbance
was measured at 450 nm using SpectraMax M5 plate reader. After the accumulated release
was determined for each time point, the release profile was fitted by Korsmeyer-Peppas model
using KinetDs (version 3.0) [187]. The Korsmeyer-Peppas Model was developed to
specifically model the release of molecules from a polymeric matrix, such as hydrogel network

[188].

89



HepMA as carriers

12.5 yg mL" of BMP-2 was mixed for 4 h with an equivalent volume of either 40 ug mL"
heparin or 40 yg mL"" HepMA. These solutions were then mixed with an equivalent volume of
20% (w/v) GelMA with 5 mg mL" Irgacure 2959. 100 uL of the final mixture were cast using
UV irradiation (365 nm, 6 mW cm2, 5 min) and then incubated for 28 d in PBS with 0.02%
(w/v) sodium azide (pH 7.4) at 37°C. 500 uL of PBS was removed at intervals and frozen at -
20°C, with 500 pL of fresh PBS added to the hydrogel to ensure that sink conditions were
respected at all times. The concentration of released BMP-2 was quantified using a BMP-2
ELISA kit (R&D Systems) as per the manufacturer's protocol, with the absorbance measured

at 450 nm using a SpectraMax M5 plate reader.

90



2.3.4 Tissue Engineering Osteochondral Gradients

Magnetically-formed Gradients

10" glycosylated SPIONs were incubated with 300 ng of BMP-2 at 4°C for at least 5 h and
then used to create a gradient in agarose, as described previously (Gradient Formation,
section 2.1.1). hMSCs were included in both layers during the fabrication process, at a
concentration of 9 x 10° hMSCs per mL, and the final concentration of BMP-2 was 3 ug mL™.
The gradient hydrogel was transferred into a 24-well plate and cultured in 1 mL of
osteochondral differentiation medium. The medium was changed after 2 h and the next day
after seeding to remove the excess initial burst release BMP-2, and then three times a week

for the remaining 27 d.

Buoyancy-driven Gradients

For Buoyancy-based gradients experiments, hMSCs (Lonza) were cultured with MesenPro
RS (Thermo Fisher Scientific) and used between passage 4-5. For osteochondral tissue
engineering, we used a 90 pL base layer of 5% (w/v) Ficoll-400, 10% (w/v) GelMA, 2.5 mg
mL™" Irgacure 2959, and 9 x 108 hMSCs mL" and a 45 pL injection phase of 12.5 uyg mL™"
BMP-2 (R&D Systems), 10 ug mL" HepMA, 10% (w/v) GelMA, 2.5 mg mL™" Irgacure 2959
and 9 x 10° hMSCs mL™". Note that prior to gradient formation, HepMA and BMP-2 were mixed
for at least 4 h to ensure equilibration. We used an injection rate of 16.7 uL s and then used
a UV lamp to crosslink the hydrogels (365 nm, 6 mW cm-2, 5 min), which were then transferred
to a 24 well plate. The constructs were cultured in osteochondral differentiation medium, which
was changed three times a week. The osteochondral differentiation medium comprised high
glucose Dulbecco's Modified Eagles Medium with pyruvate (Thermo Fisher Scientific), 1 x
insulin-transferrin-selenium supplement (ITS+, BD), 100 nM dexamethasone, 50 ug mL™" L-
ascorbic acid, 50 yg mL™" L-proline, 2 mM B-glycerophosphate and 10 ng mL"" TGF-B3 (R&D
Systems). After 28 d of culture, the constructs were harvested and characterised using
histology (Alcian Blue, Alizarin Red), immunofluorescence staining (type Il collagen,
osteopontin) and Raman spectroscopy. For full details of the tissue engineering and analysis,

please refer to Supplementary Materials and Methods.
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Gene Expression Analysis

Osteochondral tissue constructs engineered from three donors (N = 3, n = 3) were harvested
and dissected into three equal pieces. The cartilage and bone end were rinsed with PBS,
homogenized using a TissueLyser Il (Qiagen, Germany), and then stored at -80°C. Total RNA
was isolated using Trizol with Direct-zol™ RNA Kits, according to the manufacturer protocol,
and quantified using a NanoDrop 2000c (Thermo Fisher, UK). RNA was used to generate
cDNA using QuantiTect® Reverse Transcripion Kit (Qiagen, Germany), assuming a 1:1
conversion. Quantitative PCR was performed using 3 ng of cDNA, Tagman® probes (Thermo
Fisher, USA) and a StepOnePlus™ (Thermo Fisher, USA). The following probes were used:
RPL13A (Hs04194366_g1), ACAN (Hs00153936_m1), ALPL (Hs01029144_m1), COL1A1
(Hs00164004_m1), COL2A1 (Hs00264051_m1), COL710A1 (Hs00166657_m1), RUNX2
(Hs01047973_m1), SOX9 (Hs00165814_m1), SP7 (Hs01866874_s1). The AACt method was

used to compare expression at the bone region normalized to the cartilage region.

ALP and DNA Assays

Osteochondral tissue constructs (N = 3, n = 3) were harvested and dissected, as previously
described. The ALP activity and quantity of DNA was determined using a protocol modified
from the literature [35]. The bone and cartilage ends of the tissue were homogenised
separately using a TissueLyser Il with ALP lysis buffer, consisting of 1 mM MgCI2 (Sigma
Aldrich, UK), 20 uM ZnCI2 (Sigma Aldrich, UK) and 0.1% (w/v) octyl-B-glucopyranoside
(Sigma Aldrich, UK) in 10 mM tris(hydroxymethyl)aminomethane buffer (pH 7.4) (Sigma
Aldrich, UK) with the sample lysate immediately stored at -80°C. To perform the assay, the
samples were thawed on ice and then each sample was incubated with p-nitrophenol
phosphate (Sigma Aldrich, UK) at 37°C for 30 min. The reaction was terminated using 1 N
NaOH and the absorbance measured at 405 nm using SpectraMax M5 plate reader. A
standard curve between 0 and 800 uM of p-nitrophenol phosphate was used to calculate the
sample activity. An equivalent volume from the remainder of the sample was then used for
DNA quantification using a PicoGreen™ assay (Thermo Fisher, UK), according to the
manufacturer protocol. The fluorescence was measured at 485/535 nm using SpectraMax M5
plate reader. The ALP activity normalised to DNA quantity was compared between the bone

and cartilage regions.
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Histology and Immunofluorescence Staining

Osteochondral tissue constructs were harvested and washed three times in PBS, fixed with
4% (v/v) paraformaldehyde for 2 h at room temperature, washed a further three times in PBS
and then paraffin embedded. 5 ym thick sections on Superfrost Plus slides (Thermo Scientific,
UK) were deparaffinised using a 4 min incubation in Histo-Clear (National Diagnostics, USA)
and hydrated using 2 min incubations in 100% ethanol, 70% ethanol and then deionised water.
These sections were then stained using various protocols. For sulphated glycosaminoglycans,
the sections were stained with Alcian Blue (pH 2.5) (Sigma Aldrich, UK) for 30 min, with a
hematoxylin nuclear counterstain (Sigma Aldrich, UK). For calcium, Alizarin Red S (Abcam,
UK) was used at a concentration of 2% (w/v) at pH 4.3. Alcian Blue and Alizarin Red S were
performed on consecutive sections. The slides were mounted in Histomount (National
Diagnostics, USA) and then imaged using a Zeiss Axio Observer Inverted Widefield

Microscope. Images were superimposed after tiling.

For immunofluorescence staining, the sections were treated with proteinase K (Dako, USA)
for 2 min for antigen retrieval, and then blocked with 10% (v/v) donkey or goat serum for 1 h.
The samples were incubated overnight with goat anti type | collagen (Southern Biotech, USA)
at 1/100 dilution, goat anti type Il collagen (Southern Biotech, USA) at 1/20 dilution, rabbit anti
SP7 (Abcam, UK) at 1/100 dilution, rabbit anti osteopontin (Abcam) at 1/100 dilution, and goat
and rabbit 1I9G negative controls (Abcam, UK) at 1/20 and 1/100 dilution. Excess primary
antibody was then removed by three 10 min washes in PBS and sections were further
incubated with secondary donkey anti goat or goat anti rabbit antibodies labelled with
AlexaFluor 555 dye (Thermo Fisher, USA). DAPI (Thermo Fisher, USA) was used to
counterstain nuclei prior to mounting the sections with Vectashield Antifade Mounting Medium
(Vector Lab, USA). Sections were imaged using a Zeiss Axio Observer Inverted Widefield

Microscope.

Compression Testing

Osteochondral tissue constructs were harvested, with uniform discs collected from the bone
and cartilage regions using 2 mm biopsy punches (Miltex, USA). The biopsy dimensions were
measured in the hydrated state using digital calipers for each construct, which were then

soaked in cOmplete™ Protease Inhibitor Cocktail (Roche, Switzerland). Unconfined
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compression testing was performed using a Bose Electroforce 5100 (BOSE, USA) equipped
with a 250 g load cell. Samples were preloaded before performing compression stress
relaxation by imposing a square wave ramp for 12 steps with 5% strain using Wintest 7 (BOSE,
USA). The instantaneous stress-strain response was then fitted to a bilinear curve using Origin
software (OriginLab Corporation, USA) to provide a non-biased measure of the E1 and E2.
The compressive Young's modulus, calculated from the linear portion of the stress-strain

curve, was compared between the bone and cartilage regions.

Raman Spectroscopy

Raman spectroscopic imaging was performed using a confocal Raman microscope
(alpha300R+, WITec, Germany) equipped with a 532 nm laser and a x 10/0.25 NA (for full
cross-sectional images) or x 20/0.4 NA (for small regions of interest) objective lens (EC
Epiplan, Zeiss, Germany). The scattered light was coupled to the spectrometer via a 100 ym
fiber which functioned as the confocal pinhole. A 600 lines per mm grating spectrograph
(UHTS 300, WITec, Germany) and a thermoelectrically cooled back- illuminated CCD camera
(Newton DU970N-BV-353, Andor, UK) yielding a spectral resolution of ~10 cm™ (defined at
full width at half maximum of mercury argon emission lines) were used to record spectra with
35 mW laser power at the sample. To map the engineered constructs, full cross-sectional
images with a 10 x 10 ym (magnetically-formed gradients) or 20 x 20 ym (buoyancy-driven
gradients) step-size were acquired with 0.5 s integration time while higher spatial resolution
maps were recorded with 2 x 2 ym step-size. Raman spectra were corrected for the instrument
response of the system using a traceable Raman standard (STM-2245, National Institute of

Standards and Technology).

Engineered osteochondral tissue samples were prepared as previously described [93]. After
paraffin embedding and sectioning to 20 um thickness on Superfrost Plus microscope slides,
a standard dewaxing procedure was performed to remove confounding spectral signatures
from the paraffin. Substrate signal was apparent in the acquired spectra in regions of low
mineralisation but did not affect the determination of mineral or cellular signatures. Full cross-
sectional mineral profiles were calculated by integrating the measured HAP and TCP
intensities (945 - 975 cm™) at each position along the construct length. High spatial resolution

maps correspond to HAP (v, PO4 at 962 cm™) and B-TCP (v, HPO42- at 948 cm™"), and cellular
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component of lipids and proteins (v as,s CH2 at 2850 — 3000 cm™"), which were experimentally

validated in agreement with l