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Abstract

Osteoarthritis is the most prevalent joint disease globally. There is no cure or a reliable
human disease model to understand it further and test new treatments. Developing
reliable disease models is key to improving our understanding of these pathologies.
This thesis has three main research focuses: 1) investigate the use of self-assembling
peptides, Peptigels®, for 3D-bioprinting cartilage in vitro models; 2) use a
hydroxyapatite (HA) ink, to 3D-print bone-like in vitro models, 3) combine the
developed cartilage and bone-like in vitro models to make osteochondral tissue
constructs. Firstly, Peptigels® Alpha 1, 2, and 4 were screened, assessing their
rheological, pH, diffusion, and printability properties. Alpha 1 and 4 were chosen to
test their chondrogenic potential by 3D-bioprinting. Circular disc structures were 3D-
bioprinted with human primary chondrocytes. They were compared to a cell pellet
cartilage “gold standard” model. Alpha 1 demonstrated better chondrogenic potential
than Alpha 4, inducing chondrogenic marker expression significantly faster than the
“gold standard” (p < 0.05). Secondly, an HA ink was used to 3D-print grid structures
seeded with Saos-2 cells or human primary osteoblasts (HOBs). These structures
promoted osteogenic marker expression in Saos-2 faster than their 2D control (p <
0.05). Finally, these HA structures were combined with Alpha 1. Acellular-HA, Saos-
2-seeded HA, and HOBs-seeded HA were tested. Osteogenic and chondrogenic
marker expression demonstrated that the HA construct did not compromise the
chondrogenic behaviour of Alpha 1. The osteogenic potential of the HA construct was
compromised due to the change in the cell culture medium. These osteochondral
models demonstrated the expected tissue marker expression, confirming that non-
animal-derived human osteochondral tissue models can be developed. Further culture
medium composition optimisation and comparison to native osteochondral tissues
should be performed. Additional work should focus on inducing osteoarthritis on these

constructs and compare them to in vivo samples to have a reliable disease model.



Impact statement

The current disease modelling and drug testing techniques predominantly utilise
animal models, yet these models need to mirror the pathophysiology exhibited in
human diseases. This deficiency is likely the cause of over 90% of drug failures in
human clinical trials. Therefore, exploring in vitro human disease models as an
alternative is essential, as they could foster disease-specific research and more
efficient initial drug screening and pre-clinical testing.

This work uses 3D-bioprinting as the biofabrication strategy to create more reliable
and reproducible osteochondral tissue models for drug development and disease
research in vitro. Primary human cells are also used, offering a more physiologically
relevant model than animal models or cell lines. Additionally, using non-animal-derived
materials can reduce the ethical concerns and potential variability associated with
animal-derived materials. This work has the potential to contribute to further
understanding of osteochondral diseases and injuries and develop new therapeutic

approaches to treat them.

Here, different self-assembling peptide hydrogels, Peptigels®, were characterised and
optimised for the 3D-bioprinting process, experimentally and in silico. This has enabled
a thorough screening of the potential bioinks, an optimisation of the 3D-bioprinting
parameters, and a further understanding of the shear stresses and pressure forces
that arise in the printing process through CFD (Computational Fluid Dynamics)
modelling. Complete characterisation of the 3D-bioprinted cartilage tissue models was
also performed based on the previous optimisation steps. A hydroxyapatite (HA)-
based bone tissue model was validated using primary human osteoblasts and Saos-
2 cells. Finally, a novel osteochondral tissue model was developed, combining the
cartilage and validated HA-based bone models. The production of these tissues would
allow disease models to be closer to human pathophysiology and be more sustainable
and controllable. These models could be included in clinical research to study different
stages of diseases such as osteoarthritis. Additionally, they can be used as initial drug

testing platforms to assess drug efficacies and toxicities without animal-based models.



Overall, these models have been proven to be manufactured at a scaled-up level
through the automation of 3D-bioprinting technologies, which could be further
improved for industrial use. The manufactured models have a reduced component of
animal-derived materials, making them sustainable and tunable. They perform better
than current gold standards, such as 3D pellet models for cartilage tissue modelling.
By creating these tissue models that closely resemble native tissues using human
primary cells, we can enable more accurate testing of potential drugs and therapies,
leading to more efficient drug development. These models can also be used to study

diseases’ underlying mechanisms and facilitate personalised medicine development.
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Outline of the thesis

This thesis work is composed of 6 Chapters. Figure 0.1 shows a schematic diagram

with an overview of the thesis structure and the content included.

Chapter 1 provides a comprehensive introduction to the osteochondral tissue, the
components necessary to recreate this tissue in vitro, the current manufacturing tissue
engineering technologies, and a thorough review of the current approaches to 3D
bioprinting osteochondral tissue models. It delves into the materials used, the cell
choice, and the current applications and limitations of these 3D bioprinted tissue
models.

Chapter 2 is the first experimental chapter. It focuses on screening and characterising
three Peptigel® candidates (Alpha 1, Alpha 2, Alpha 4) based on their rheological
properties, pH, diffusion properties and printability for subsequent use as Peptilnks®.
From the three Peptigels®, two are selected for further 3D bioprinting optimisation
(Alpha 1 and Alpha 4). A computational fluid dynamics model is presented to model
the 3D bioprinting process and understand shear stress levels and pressure forces
that arise when printing these two Peptilnks®. Finally, 3D bioprinting optimisation tests

different printing pressures and speeds in the two selected Peptilnks®.

Chapter 3 investigates using the two selected Peptilnks® as candidates to
manufacture 3D bioprinted human cartilage tissue models in vitro. Both Peptilnks®
are bioprinted, and cell viability, cell proliferation, histological information, and
immunofluorescence labelling assessments are performed to compare both
candidates. Results are compared to the current cartilage in vitro tissue model “gold
standard”. Alpha 1 is chosen, presenting the best chondrogenic properties, and further
assessment of mMRNA expression is performed to characterise the 3D bioprinted

cartilage model fully.

Chapter 4 focuses on developing a 3D-printed human bone-like tissue model in vitro
based on previously optimised hydroxyapatite ink. Material characterisation is
performed, focusing on the material’s rheological properties, assessment of size

changes of the 3D printed scaffolds, and compressive modulus of the scaffolds. These
14



scaffolds’ cell cytocompatibility and osteogenic potential are assessed and
characterised using Saos-2 cells. A proof-of-concept 3D-printed bone-like model using

human primary osteoblasts is also investigated.

Chapter 5 targets the combination of Chapter 3 and Chapter 4, bringing together the
cartilage and bone-like tissue models to manufacture a 3D bioprinted human
osteochondral tissue model. Firstly, an initial characterisation of acellular
hydroxyapatite scaffolds’ effect on the Alpha 1-based cartilage section is performed.
Secondly, a thorough assessment of an osteochondral tissue model with Saos-2 cells
populating the hydroxyapatite scaffold is done. Finally, a proof-of-concept using
primary human cells is investigated using human osteoblasts on the hydroxyapatite

scaffold is preliminarily investigated.

Chapter 6 is a conclusion chapter where all objectives and hypotheses presented
across previous chapters are summarised, and the key findings are highlighted.

Finally, Appendix 1 shows the additional section required for the completion of the
EngD, targeting the impact of this technology in the industry. Additional and supporting
data is also presented in the subsequent appendix sections.
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Chapter 1. Introduction to Osteochondral tissue

engineering

1.1 Introduction to the Osteochondral Unit

The osteochondral tissue is a composite tissue with a complex architecture formed by
the intersection of bone and hyaline cartilage ™, as shown in Figure 1.1 2, The
cartilage section has three distinct zones, which are characterised by cell shape and
distribution as well as extracellular matrix protein composition and organisation [,
These cartilage areas are divided into superficial, middle and deep zones. The deep
cartilage zone is in contact with the tidemark zone, where uncalcified and calcified
cartilage meet. The subchondral bone section is connected to the calcified cartilage

section through the cement line [,

Articular surface ——

}— Superficial zone

l» Middle zone

}- Deep zone

}- Calcified cartilage

Tidemark
Hypertrophic

chondrocytes |> Subchondral bone

Cement line

(® Chondrocytes
~~ Collagen fibres
I GAG content

Figure 1.1. Osteochondral unit. The distribution of chondrocytes and collagen
fibre alignment changes gradually from the superficial zone, parallel to the
articular surface, to a distribution perpendicular to the tidemark in the deep
zone. Across these zones, there is also an increase in GAG content from the
superficial zone toward the deep zone. GAG: Glycosaminoglycan. From Santos-
Beato et al. [?

42



1.1.1 Cartilage section

Articular cartilage presents an extracellular matrix of 65% to 85% water B, and only
2% of the total volume are chondrocytes ¥, a hypocellular tissue. Major extracellular
matrix components include collagen type-ll (10-20% of the wet weight) and
aggregating proteoglycans (aggrecans) (5-10% of the wet weight) Bl. The cartilage
zones can be distinguished by cell and protein characteristics. The superficial zone is
characterised by a dense layer of collagen fibres parallel to the surface and populated
with elongated chondrocytes. Higher levels of proteoglycans, such as lubricin © and
synovial fluid constituents [7], alongside the collagen fibres, make this section smooth
and have reduced friction. The middle zone presents anisotropic collagen fibres 89
and the highest levels of glycosaminoglycan (GAG) chondroitin sulphate 1%, Here, the
chondrocytes present their characteristic circular shape and are randomly distributed
Bl Finally, the deep or radial zone presents collagen fibres perpendicular to the
tidemark (11, with high levels of GAG keratan sulphate 1%, Here, the chondrocytes are
organised in columns perpendicular to the tidemark. Cartilage is a tissue with an
elastic modulus ranging from 1.9 MPa to 15 MPa 2, These mechanical properties
vary gradually as the tissue gets closer to the calcified cartilage section, which limits it

from the subchondral bone section.

1.1.2 Calcified cartilage section

The tidemark connects uncalcified and calcified cartilage. Calcified cartilage is a thin
interlayer of hard tissue which connects the hyaline articular cartilage and the
subchondral bone 131, [t is a transition zone where the mechanical stresses and stimuli
which affect the hyaline cartilage section are transmitted to the subchondral bone 14,
Its composition is characterised by an approximate 65% dry weight of hydroxyapatite
(HA) 4 and the dry weight of collagen type-Il is 20% less than hyaline cartilage 4.
This composition further changes close to the cement line, which forms the connection

with the subchondral bone tissue.
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1.1.3 Subchondral bone section

Subchondral bone is the bony layer which is connected to calcified cartilage through
the cement line. It can be divided into the subchondral bone plate and the subchondral
bone trabecula %, The subchondral bone plate presents a compact structure with
pores, blood vessels and nerve fibres [, The subchondral bone trabeculae undergo
continuous bone remodelling and are cancellous structures subjacent to the
subchondral bone plate. These regions vary in thickness depending on joint geometry,
age, weight or exercise levels 111, Overall, it presents an approximate compressive
modulus of 4 GPa 1%l and provides mechanical and nutritional support for the cartilage
section %, It mainly comprises extracellular bone matrix and three major cell types:
osteoblasts, osteoclasts and osteocytes (Section 1.2.1). The organic component of
the calcified bone matrix is collagen fibres, 90% being collagen type-lI and the rest
being proteoglycans such as osteonectin, osteopontin and osteocalcin 171, Bone also
presents an inorganic component; 50% of the dry weight of the matrix is HA. These
two components are arranged in complex hierarchical structures, which give bone its

mechanical properties.

1.2 Osteochondral Tissue Engineering

The osteochondral tissue is a complex tissue with a particular hierarchical structure.
Tissue engineering attempts to achieve exemplary architecture and mechanical
properties are yet to succeed. Multiple parameters such as cell choice, materials,
growth factors (GFs) or external cues need to be optimised to develop this composite

tissue. A summary of these parameters can be seen in Figure 1.2.
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Figure 1.2. Key parameters in osteochondral unit development. hBMSCs: human
Bone Marrow-derived Mesenchymal Stem Cells; BMP-2: Bone Morphogenetic
Protein 2; GDF-5: Growth Differentiation Factor 5; GFs: growth factors; iPSCs:
induced pluripotent stem cells; TGF-B: Transforming growth factor-beta; VEGF:
Vascular Endothelial Growth Factor. From Santos-Beato et al. 2

1.2.1 Cells

Various cell types, including chondrocytes, osteoblasts, osteoclasts and osteocytes,
form the osteochondral tissue. The cartilage section presents chondrocytes, which
differ in shape and distribution across the depth of the tissue (Figure 1.1). These cells
must be distributed in a specific way to mimic the hyaline cartilage section of the
osteochondral tissue and change shape and phenotypic expression. As previously
explained, chondrocytes change from an elongated shape parallel to the cartilage
surface in the superficial zone to a characteristic round shape in the middle and radial
zones. Additionally, closer to the osteochondral interface, chondrocytes become
hypertrophic, increasing in size and having a 10 to 20-fold enlargement [18l. These
cells are considered transient chondrocytes, where they can either enter a terminal

state in the growth plate by becoming apoptotic *°! or directly become osteoblasts [29-
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24 These hypertrophic chondrocytes differ from chondrocytes in expressing proteins

such as collagen type-X and vascular endothelial GF alpha (VEGFa) 23],

The bone section presents three different cell types: osteoblasts, osteoclasts and
osteocytes. Osteoblasts are bone cells which synthesize and secrete the bone matrix,
promoting bone formation, remodelling and healing [?6. Once these osteoblasts have
laid down bone-matrix (osteoid) they transform into osteocytes 271, These osteocytes
are responsible for the bony matrix maintenance, controlling osteoblast and osteoclast
activity [?8, Osteoclasts are the bone cells that degrade bone, initiating normal bone
remodelling processes and regulating procedures such as the differentiation of

osteoblast precursors, immune responses and cytokine secretion [29],

All these bone and cartilage cells form a complex system into which cartilage tissue
must be maintained, and the bone formation, maintenance and remodelling must be
in equilibrium. Diseases such as osteoarthritis (OA) can develop if this specific
metabolic network is disturbed. Therefore, to create a representative osteochondral
tissue model that can subsequently be used to model diseases, all these cells must
be present and form their metabolic pathways to find tissue equilibrium. However,
these cells, especially primary cells, present limitations when expanded and used in
in vitro models. They present finite lifespans, limited expansion capacities, and
potential phenotypic changes when expanded in two dimensions (2D) 2. Alternatives
to these primary cells could be cell lines %31 or the use of stem cells (SCs), which
could be differentiated post-expansion into bone or cartilage lineages using GFs or
additional mechanical cues. Regardless of the strategy, these cell types should be
present to develop a representative tissue, and the interplay between them must be

mimicked as closely as possible.

1.2.2 Physico-chemical parameters

The osteochondral unit presents a gradual change in mechanical properties, such as
compressive moduli, which increase from the cartilage surface towards the

subchondral bone region. Cartilage presents a compressive modulus which varies
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from 0.24 to 1 MPa B2, Changes in the extracellular matrix composition and
architecture determine the changes in this mechanical characteristic. Human cortical
bone presents a Young’s modulus, varying from 1 MPa to 18.6 GPa [3334, These
changes depend on bone location, which determines the mechanical stresses to which

bone is subjected.

Achieving the osteochondral tissue mechanical properties seen in vivo has proven to
be a challenging task when recreating this tissue in vitro 2. Most materials used have
compressive moduli multiple orders of magnitude lower than what in vivo
measurements have shown [5-371, However, when neo-cartilage and initial bone
healing tissues develop, the mechanical properties observed highly differ from the final
characteristics as well. For example, human talar cartilage anlagen was found to
increase in stiffness by a factor of 2.5 over 16 weeks of gestation 8, Furthermore,
neo-cartilage constructs in vitro showed an increase in tensile Young’s moduli of 4.4
times over 84 days of culture %, Bone callus mechanical properties were also
assessed in New Zealand white rabbits, showing Young’s moduli ranging between 0.1
to 1000 MPa, being linearly correlated to the bone mineral density [4°l. This suggests,
that for cells to regenerate these particular tissues, softer than in vivo environments
might be beneficial to trigger the regeneration response. Moreover, softer
environments in combination with external cues such as compression or shear have
shown to mimic the conditions required for tissue regeneration closely, achieving neo-

cartilage formation ! or bone mineralisation 42,

When developing an osteochondral tissue model in vitro, adequate extracellular matrix
deposition must be achieved to mimic the tissue characteristics. Extracellular matrix
deposition is highly dependent on the application of mechanical cues such as
compressive and shear stress 4244, These cues not only guide extracellular matrix
deposition but also facilitate cell differentiation. In human embryonic development, the
movement of joints ensures the formation of the osteochondral interface and the
transition of chondrocytes into hypertrophic chondrocytes close to the subchondral
region 5461 In vitro culture of chondrocytes in three-dimensional (3D) configurations
has demonstrated a closer to in vivo behaviour when subjected to dynamic loading 47,

Forces ranging from 10% strain "] to 1-5% strain [*+48] have been tested at a similar
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frequency of 1 Hz across investigations. These have shown that proteoglycan and
collagen content was highly increased compared to static conditions. Regarding bone
maturation, hydrodynamic shear has also been shown to induce rapid bone maturation
421, However, studies here lack standardisation and optimisation in vitro as the shear

stresses range from millipascals “°50 to pascals 5152,

Although mechanical cues have improved and accelerated bone and cartilage tissue
maturation in vitro, static conditions may also be suitable environments to develop
these tissues. As further discussed below, adding chemical cues such as GFs is

essential for in vivo and in vitro osteochondral tissue development.

1.2.3 Growth factors (GFs)

GFs are biologically active secreted molecules that can affect the growth of cells,
promote or inhibit mitosis and affect cellular differentiation 53, These GFs can carry
out osteogenesis and chondrogenesis, promoting the formation of the osteochondral
tissue. GFs such as insulin-like GF-1 (IGF-1), transforming GF B-1 (TGFB-1), TGFp-2
and TGFB-3 are some GFs which induce chondrocyte proliferation and collagen
formation and deposition 4. Other GFs, such as bone morphogenetic protein-2 (BMP-
2), are essential when differentiating mesenchymal SCs (MSCs) into osteoblastic
lineages and promote osteoblast proliferation %1, This is key when developing bone
tissues, which also require vascularisation. Other GFs, such as VEGF, platelet-derived
GF (PDGF), and fibroblast GF (FGF), can be used to promote angiogenesis [56-59,

When developing osteochondral tissues in vitro, GFs such as TGF- and BMP-2 have
been used to differentiate SCs. Cartilage in vitro cultures of primary chondrocytes [60-
621 or human MSCs [63-65] have used a standardised dose of 10 ng/mL of TGF-B to
promote chondrocyte differentiation and cartilage formation. However, the use of
BMP-2 enormously varies when used to differentiate human SCs into their osteogenic
lineage, going from 0.5 ng/mL %3] to 50 ng/mL (%8, Although complete standardisation
of dose and exposure time to these GFs is still to be performed for developing

osteochondral tissues in vitro, their use has been proven key when developing them.
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1.3 Traditional fabrication methods

Osteochondral tissue development in vitro has been attempted using multiple
conventional tissue engineering approaches such as self-assembly, gas foaming,
phase separation, freeze-drying or electrospinning. These techniques and their
applications in osteochondral tissue engineering are discussed below.

1.3.1 Self-assembly or scaffold-free approaches

The self-assembly technique has recently been used for drug screening and
understanding organ development or tissue regeneration [¢7]. It is a tissue engineering
technique which relies on the cell’'s ability to produce a natural extracellular matrix
without the influence of external energy [®8. Within this approach, there are different
ways by which high cell density populations have been recreated for cartilage tissue
manufacturing in vitro. These include using non-adherent materials, such as agarose
substrates, encouraging cell-cell interactions and facilitating chondrogenic phenotype
expression [ Alternatively, scaffold-free approaches such as pellet culture,
aggregate culture or cell-sheet engineering have also been used ["9. Pellet culture
relies on the centrifugation of cells into a pellet where, when cultured in a tissue-
specific medium, extracellular matrix deposition is achieved. Cartilage ['*72 and bone

[3] tissues have been developed using this approach.

Scaffold-free techniques promote native tissue integration, facilitate matrix deposition
and do not have harmful by-products which could arise from a scaffold-based
approach. However, they present disadvantages, such as failing to meet clinical
translation criteria [, requiring high cell-seeding densities, and needing more specific
construct architecture control. Therefore, this approach presents substantial

limitations when recreating osteochondral tissue models in vitro.

49



1.3.2 Gas foaming

Gas foaming is mixing polymers with a gas phase to form a foam ["4. The result is a
polymer matrix with interconnected pores into which cells can be seeded using this
porous structure as a scaffold. It is a simple and inexpensive method which can be

used in scaffolds whose shape and density can be controlled [75],

Articular cartilage tissue models in vitro for subsequent implantation in vivo have been
developed using this method [76l. Chen et al. designed a 3D hyaluronic acid poly(L-
lactide-co-¢-caprolactone)/silk fibroin gas foamed scaffold for cartilage regeneration.
These scaffolds presented large pore areas and high mechanical stability, which
sustained chondrocytes and enabled their proliferation [7®l. Bone tissue models have
also been developed using this technique [l Giannitelli et al. developed a
polyurethane-based gas-foamed scaffold where MSCs attached and proliferated " -

the porosity of the scaffolds allowed for osteogenesis.

Although this technique has been used to develop the two tissues of interest that form
the osteochondral unit, it presents disadvantages such as lack of porosity at the dense
surface of the scaffold ["81 or the lack of control over the pore size, pore

interconnectivity and scaffold architecture.

1.3.3 Thermally-induced phase separation

Thermally-induced phase separation is a method by which a polymer membrane can
be manufactured by mixing a polymer with a substance that acts as a solvent at high
temperatures, casting the solution into a film 9. It has been used to develop 3D
porous polymeric scaffolds to develop cartilage 8%, bone [#1-84 and osteochondral
tissues 85871 |t is a conventional technique to fabricate highly porous matrices with
interconnected pore networks 8], It is a low-cost, versatile technology which enables
the production of different pore sizes and controls the degree of interconnectivity 89,
However, the polymers that can be used with this technique are limited; therefore,

there is a primary limitation in the material use.
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1.3.4 Freeze-drying

Freeze-drying is a technique for scaffold fabrication which enables the production of a
complex scaffold geometry with uniform pore morphology 9. It relies on converting
solutions into solids through four steps: pre-treatment, freezing, primary drying, and
secondary drying 1. It is a technique that has been used to develop bone 92l models

in vitro as well as cartilage °Y and osteochondral models [,

This technique enables the production of a wide range of pore-size scaffolds 4, has
demonstrated the potential to manufacture multi-layer scaffolds, and can be used with
natural and synthetic polymers. However, it requires significant energy and time to
manufacture the scaffolds. Additionally, the pore sizes, although homogeneous, tend
to be in the smaller range, compromising the penetration and differentiation of specific

cell types 193],
1.3.5 Electrospinning

Electrospinning is an electrohydrodynamic technique based on the extrusion of a
polymer solution, emulsion or melt through a spinneret under the application of a
strong electric field 61, This results in the fibre production and deposition on a collector
98] This technique enables the production of complex geometries, the deposition of
multiple materials, and the deposition of randomly or aligned fibres €. It has
previously been used in the production of bone ¥ tissue models in vitro. Naderi et al.
developed an electrospun poly(3-hydroxybutyrate) (PHB) and keratin-based scaffold,
which was seeded with MG-63 cells [°7l. These cells showed a significant increase in
their alkaline phosphatase (ALP) activity when the scaffolds included keratin instead
of PHB alone. Cartilage has also been manufactured using electrospinning
techniques. Garrigues et al. developed an electrospun matrix which enhanced the

chondrogenesis of adipose-derived SCs (ADSCs) 198,

This technigue enables the manufacturing of constructs with multicomponent fibre
compositions, manufacturing versatility of the fibre orientation and control over the
fibre variables, such as diameter [°¢l. However, it still needs to be improved, such as

the scaling up the manufacturing process. Therefore, there are more investigations
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where this technique has been used in combination with others, such as freeze-drying
199 or even 3D printing as well as freeze-drying 1%, which enables a better scalability

process.

1.4 3D bioprinting of the osteochondral tissue

1.4.1 Introduction to 3D bioprinting

As previously discussed, osteochondral tissue models have been developed using
multiple tissue engineering techniques. However, these presented common
disadvantages, such as the need for more control over the architectural design,
porosity and scalability limitations. 3D bioprinting is a technique that enables layer-by-
layer manufacturing of bespoke 3D CAD (Computer Aided Design) designs and is
capable of circumventing limitations observed in tissue engineering-based
manufacturing techniques. It allows for multi-structural and controlled manufacturing
and homogeneous deposition of encapsulated cells within the bioprinted structures.
Multiple 3D bioprinting techniques have been used in osteochondral 3D bioprinting:
photopolymerisation-based, extrusion-based and jetting-based.

Photopolymerisation-based bioprinting uses photo-curable liquid bio-resins, radiated
at their specific curing wavelengths to harden them, Figure 1.3(a). This hardening
process happens through the linking of molecules 1°U. These specific bioprinters
usually have a light source and sets of mirrors suspended above or below a resin bath.
The mirrors focus the light beams in the regions of interest to polymerise them and
build the 3D structure layer-by-layer. Although this technique has good manufacturing
resolution and does not require support materials, it is an expensive technique that
only allows for photopolymers to be utilised. These materials can be toxic even after

polymerisation, making it a less viable technique to develop cell-laden structures.

Extrusion-based is a fluid dispensing system, which can rely on mechanical or
pneumatic forces controlled by an automated robotic system, Figure 1.3(b). This

technique deposits filaments of bioink in consecutive planes, building up the 3D
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structure. These filaments’ thickness varies according to different printing variables
such as extrusion pressure, printing speed, nozzle size and material characteristics.
This specific bioprinting technique is affordable, widely used and available, and can
be used with multiple printing materials, from hydrogels to ceramic-based inks.
However, its resolution is limited, having been reported to go as low as 200 um 102, |t
has been the most commonly used 3D bioprinting technique for developing
osteochondral tissues [@, as it enables manufacturing cell-laden and acellular

materials.

Jetting-based bioprinting performs the manufacturing process by ejection of material
droplets that can be mixed with cells or be fully acellular, Figure 1.3(c). This technique
has high agility, high throughput and enables for single-cell printing (2%, The resolution
of this technique can go as low as 10 um, enabling the manufacturing of complex
structures with highly detailed designs. However, it has drawbacks, such as a limited
range of materials that can be used, and materials that can experience high shear that
will affect cell viability (03],
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Figure 1.3. Three leading bioprinting technologies: (a) laser or
photopolymerisation-based 114, (b) extrusion-based %, and (c) inject or jetting-
based printing %l From Morouco et al. 197, Parts of the figure are reprinted
from [104-106] gpen access under Creative Commons CC BY 4.0 license.
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Although all these techniques have been used to develop osteochondral tissues in
vitro, 89% of the published work used extrusion-based bioprinting as the
manufacturing technique [?. Extrusion-bioprinting presents a short manufacturing time
[108] and a wide range of materials to be used combined with high cell densities, which
enable the manufacturing of constructs which can closely resemble in vivo
osteochondral tissues [035109  This techniqgue has been used to develop

osteochondral tissues using various materials and cell types, further discussed below.

1.4.2 Materials used in osteochondral tissue 3D bioprinting

The materials used in 3D bioprinting, which are combined with cells, are defined as
bioinks. These materials give a physical microenvironment where cells can survive,
move and differentiate 1%, The chosen bioinks must have mechanical integrity and
be structurally stable to manufacture tissue constructs. Additionally, they should be
shear thinning and have rapid solidification and formability [? to be printed at high

resolutions.

Extrusion-based bioprinting of osteochondral tissue models in vitro has used various
materials [, Figure 1.4. These materials vary depending on the section of the
osteochondral model that is manufactured. Cartilage, bone and calcified sections
require different materials as they present various tissue mechanical properties.
Cartilage sections are mainly manufactured with alginate (26%) and PCL (poly-¢-
caprolactone) (15%) [?. Alginate presents instant gelation when in contact with calcium
ions. It is easy to use and can be mixed with various materials. However, it presents
low mechanical properties (3-5 kPa) [36:371 and does not promote cell attachment. Other
polymeric components, such as PCL or PLA (poly(lactic) acid), are used to enhance
the mechanical properties of these constructs and increase their compressive
modulus. PCL has been reported to increase the mechanical properties of alginate
constructs by more than 103, achieving up to 2-3 MPa compressive moduli [3%],
Additionally, most reported investigations mix this material with animal-derived
hydrogels, which provide better cell attachment properties, such as gelatine, gelMA
(gelatine methacryloyl), hyaluronic acid or collagen. Although these materials provide
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the constructs with better properties than those achieved with alginate, they have
disadvantages such as batch-to-batch variations, sustainability issues and ethical

concerns.

Bone sections also rely on alginate (19%) and PCL (17%) when 3D bioprinted [,
However, they present additional materials such as HA, tricalcium phosphate (TCP),
or a mixture of both, which are also added to these sections to account for the mineral
component of bone 2. The inclusion of these materials also increases the mechanical
properties of these sections. They are increasingly used in the calcified cartilage
section, which presents similar properties to those observed in subchondral bone. This
specific region of the osteochondral models, when specifically manufactured, uses
alginate (19%) and methylcellulose (19%) alongside mineral phases (HA, TCP) to

gradually transition from the cartilage tissue model to the bone section 2,

Overall, the general tendency observed in manufacturing these osteochondral tissues,
in terms of the material choice, is to combine cellular and acellular printing to develop
hard-soft hybrid structures 4. A clear example is the PCL-based scaffold produced
by Daly and Kelly 64, which presented a porous bone region and a grid structure in
the cartilage section. GelMA (20 wt%) with MSCs embedded into the scaffold was
produced using extrusion and jetting-based bioprinting. They differentiated the cells
using specific GFs for 28 days of culture. Although the hard-soft hybrid structure
approach is commonly used, the cell choice varies in reported investigations, further
discussed below.
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Figure 1.4. A) Pie chart diagram showing some bioinks for osteochondral unit
(bone + cartilage) bioprinting. Data is based on 24 papers published between
2012 and 2022. CB6-HA (CBJ[6] (cucurbit[6]uril + DAH-HA (1,6-diaminohexane
(DAH)-conjugated hyaluronic acid (HA)); CPC (calcium phosphate cement); CS-
AEMA (chondroitin sulphate amino ethyl methacrylate); dECM (decellularised
extracellular matrix); GelMA (gelatine methacryloyl); HAMA (methacrylated
hyaluronic acid); PCL (poly-e-caprolactone); PEGDMA (Poly(ethylene glycol)
dimethacrylate; PLA (poly(lactic) acid); PVP (polyvinylpyrrolidone); TCP
(tricalcium phosphate). B) Bioinks used in the cartilage section of the
osteochondral unit in the reviewed papers. C) Bioinks used in the bone section
of the osteochondral unit in the reviewed papers. D) Bioinks used in the calcified
cartilage section of the osteochondral unitin the reviewed papers. From Santos-
Beato et al. [2
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1.4.3 Cell types used in osteochondral tissue 3D bioprinting

Osteochondral tissues present a variety of cell types in vivo. Cartilage presents
chondrocytes, which turn into hypertrophic chondrocytes in the calcified cartilage
section. The subchondral bone presents osteoblasts, osteoclasts and osteocytes. As
previously explained, this cell variety should be represented in an in vitro
osteochondral tissue model. Both primary cells and cell lines have been explored in
osteochondral tissue 3D bioprinting to develop representative osteochondral tissue

models.

The cartilage section has been primarily manufactured using primary chondrocytes
due to their inherent tendency to form cartilage in 3D cultures. However, these cells,
which are commonly expanded in 2D culture conditions, tend to dedifferentiate and
express both hypertrophic and mineralisation markers [, Alternatively, bone
marrow-derived MSCs (BMSCs) or induced pluripotent SCs (iPSCs) have been used
and differentiated using GFs [63112113] gjther alone or in co-culture with primary
chondrocytes 114, The bone section has been previously manufactured using BMSCs
or human osteoblast cell lines such as MG-63 cells 1151161, The BMSCs were also
used as bone progenitor cells, which differentiated into osteoblasts following the
addition of GFs [117-119 Cell lines are chosen to develop osteochondral models where
general cell tissue behaviour is sought. Primary cells are selected when performing

patient-specific disease modelling.

Human cells are used in over 70% of the osteochondral bioprinted samples @ as they
present tissue mimicry and are more relevant when representing human physiology.
Within these human cells, 88% are primary cells, and only 12% are cell lines 2.
Chondrocytes and BMSCs are the preferred cell types, accounting for 29% and 43%
of primary cells used, respectively 4. Following these trends, primary cells are the
most promising options for developing osteochondral tissue models. However, there
are issues with human primary cells, such as availability, low proliferation rate and
patient-dependent variations. Therefore, using cell lines can overcome some of these

issues and help develop the initial osteochondral models.
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Overall, the cell choice will depend on the subsequent use of the 3D bioprinted
osteochondral tissues. 3D bioprinted osteochondral tissues, which are developed for
implantation or personalised drug testing, require the use of primary human cells.
These will closely resemble the patient’s disease profile and will not be rejected by the
host when implanted. However, if these 3D bioprinted constructs are used for a
generalised disease model or drug testing, cell lines which closely represent primary

cell behaviour could also be used.

1.5 Applications of 3D bioprinted osteochondral tissues

1.5.1 3D bioprinted osteochondral tissues for regenerative therapy

The use of 3D bioprinted osteochondral tissues for implantation remains at the
laboratory investigation or pre-clinical stages. The main current limitation in
regenerative medicine of osteochondral tissue defects is the need to recapitulate the
structure and function of the entire osteochondral tissue 2. 3D bioprinting strategies
have used hydrogels and polymers in combination with ceramic phases and
autologous/allogenic cells to develop these osteochondral tissues [120:121],

Only a few 3D bioprinted osteochondral tissues have been tested in vivo. A biphasic
construct was developed using human MSCs and articular chondrocytes alongside a
photo-crosslinkable hydrogel to develop a cartilage model by Idaszek et al. [122, This
combination and TCP microparticles were used to develop an adjacent calcified
cartilage section. These 3D bioprinted constructs were implanted in rodent

osteochondral defects, which showed in 12 weeks repaired articular cartilage 1122,

More complicated osteochondral designs have been 3D bioprinted, recreating
gradient-structure scaffolds that mimic the different articular cartilage zones. Sun et al.
developed a scaffold with different porosities using PCL and rabbit BMSCs. When
these osteochondral tissues were implanted in rabbits, a cartilage structural

distribution similar to native cartilage tissue was accomplished 23],

58



More significant defects have also been attempted to be regenerated using 3D
bioprinted osteochondral constructs. However, these investigations show different
outcomes. Reinforced MSC-laden alginate gels were 3D bioprinted by Critchley et al.
to develop biphasic osteochondral constructs 1?4, These were implanted in a caprine
model for six months and demonstrated hyaline-like cartilage formation. However,
significant variations in the neo-tissue formation were observed; therefore, further
standardization of these 3D bioprinted constructs is needed. Other studies, such as
those performed by Mancini et al., also demonstrated the osteochondral healing
potential of a 3D bioprinted biphasic structure. They developed a biphasic structure
implanted in an equine model for six months using articular cartilage progenitor cells
with human MSCs alongside hyaluronic acid and PCL. This resulted in limited cartilage
tissue formation and raised concerns about implant viability and hydrogel resorption
in vivo. Issues with these more significant defects being regenerated with 3D
bioprinted constructs can be due to structural and material issues and

fixation/integration of the implants at the injury site 1251,

1.5.2 3D bioprinted osteochondral tissues for disease modelling and drug

screening

Osteochondral tissue models in vitro have been used to recreate osteochondral-
related diseases such as OA. Multiple investigations have focused on recreating OA
in vitro by the addition of inflammatory cytokines, pro-catabolic mediators 2261, co-
culture settings 1271, and external flow-induced stress or mechanical strain [47-128],
However, these models are not manufactured through 3D bioprinting but with

conventional tissue engineering technigques.

A recent example of a 3D bioprinted OA disease model was developed to recreate
and reverse early OA symptoms by introducing therapeutic agents. Singh et al.
developed a 3D bioprinted osteochondral-based in vitro disease model for early OA
[129] " Sijlk fibroin-based bioinks alone and combined with nano-HA were used to 3D
bioprint cartilage and bone sections. Human ADSCs were pre-conditioned into the

chondrogenic and osteogenic lineages and bioprinted. Constructs were cultured in a
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pro-inflammatory medium for seven days, which presented cytokines IL-1p3 (interleukin
18) and TNF-a (tumour necrosis factor-alpha). Initial OA symptoms were observed
and partially reversed by adding anti-inflammatory agents (Celecoxib or Rhein) for
seven days. However, the recreation of OA through the addition of cytokines will not
fully recreate all the symptoms of OA. Therefore, further investigations to recreate the
later stages of OA are necessary. The progressive stages of OA and its characteristic

symptoms are further discussed below.

1.6 Osteoarthritis (OA) disease modelling as a final application for

3D bioprinted osteochondral tissue models in vitro

1.6.1 Introduction to OA

OA is the most prevalent joint disease globally, affecting one in ten adults in the UK
[130] and 54.4 million adults in the US 134, According to the National Institute of Health
and Clinical Excellence (NICE) 232, the prevalence of OA increases with ageing,
affecting around 50% of the population above the age of 75. With a growing ageing
population globally, this progressive disease represents a severe socio-economic
challenge 131, Currently, the available treatments focus on providing symptomatic
relief instead of reversing the damage or curing the disease. The approximate cost of
the provided OA treatments ranges between $3.4-13.2 billion annually in the US [134
and £10.2 billion in the UK [35],

1.6.1.1 Progressive stages of OA

OA is a disease that affects the totality of the joint 3¢l It can be induced through
mechanical loading, and genetic and acquired elements contribute to its development
(137 1t is a progressive disease which has been divided into three stages: stage |,
cartilage matrix in the osteochondral unit presents proteolytic breakdown; stage II,
cartilage surface presents fibrillation and erosion, releasing the breakdown products
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into the synovial fluid; stage Ill, synovial cells phagocyte the breakdown products, and
there is inflammation observed in the synovium due to the production of inflammatory

cytokines and proteases [138l, These different stages are shown in Figure 1.5.
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Figure 1.5. Schematic diagram of OA progression. A) Normal healthy joint; B)
Early OA, showing cartilage degeneration and appearance of breakdown
products in the synovial fluid; C) Late OA, showing cartilage loss, bone
sclerosis formation, and synovitis. The amount of breakdown products in the
synovial fluid increases dramatically. OA: Osteoarthritis. From Santos-Beato et
al. 2

As OA progresses, multiple joint tissues, such as cartilage, synovium, bone, and bone
marrow, as well as menisci, ligaments, muscles, and neural tissues, are involved. All
these different tissues maintain joint stability, balance, and proprioception, ensuring
organ, tissue and molecular homeostasis 139, Initial OA at the cellular level is observed
through the proliferation and augmented matrix remodelling in cartilage and bone
tissues [1361. Cartilage matrix destruction is intensified by producing pro-inflammatory
cytokines such as IL-1 and tissue-destructive enzymes like matrix metalloproteinases
(MMPs) by articular chondrocytes. As the extracellular cartilage matrix is lost, articular
chondrocytes vary their phenotype and become hypertrophic. Matrix calcification
starts appearing around these chondrocytes, which leads to a thinning of the cartilage

surface and an upward shift of the tidemark 36, Simultaneously, tissue sclerosis
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thickens the cortical plate at the bone level, generating a high bone turnover with the

formation of osteophytes at the outer joint edges 1491,

At the biomechanical level, there is a formation of bone which promotes the thickening
of subchondral bone. This increased bone formation is accompanied by slower
mineralisation 1361, which leads to a thicker new bone but with greater compliance and
less resistance than the original thinner subchondral bone 36, Furthermore, bone
attritions are associated with bone cartilage loss 1#% and bone marrow lesions
occurrence %2, QOverall, these physical changes in bone and cartilage lead to
stiffening of the osteoarthritic joints. Additionally, there is increased crosstalk between
cartilage and bone at the molecular level as OA progresses. Microchannels appear
from the subchondral bone into the calcified and uncalcified cartilage. These channels
become more abundant with OA progression, presenting higher endothelial cell

proliferation and a high vascular density [143],

1.6.2 Potential use of osteochondral tissue models in vitro for OA disease

modelling — current limitations and future directions

In the last ten years, immense progress has been achieved in 3D bioprinting cartilage,
bone and osteochondral models 2. However, using the 3D bioprinted osteochondral
tissues for disease modelling remains largely unexplored. Although OA is a disease
that affects the whole joint, the central tissue of interest when modelling and exploring
potential drugs is the osteochondral tissue. Due to numerous challenges and
limitations when recreating a functional and lasting osteochondral tissue construct, 3D
bioprinted osteochondral tissues have yet to be primarily used for OA disease
modelling. Three general challenges stand out when translating these models into the
disease modelling space: using materials with mechanical properties closer to
physiological values, establishing vascularisation in the bone compartment, and
including multiple tissue types to further recreate the osteochondral tissue disease

model.
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1.6.2.1 Material choice: Combining acellular and cell-laden 3D bioprinting

Bone and cartilage display very different mechanical moduli, as previously discussed.
Current bioinks do not mimic these mechanical properties. Therefore, new material

combinations must be explored to optimise the mechanical properties [,

Obtaining the diversity of properties that the osteochondral tissue presents in vivo
requires softer materials in the cartilage section and more robust materials in the bone
compartment that present a gradient between them and ensure the cohesion of both
sections. The high mechanical modulus of bone is the most challenging issue, as high
viscosity bioinks, which would increase the Young’'s modulus of the bioprinted
construct, would generate high extrusion pressures. If these are combined with cells,
high extrusion pressures could lead to high shear stresses in the extrusion process,
compromising cell viability 2. Combining acellular and cellular printing is the most
efficient way to achieve constructs with higher compressive moduli. A combination of
materials, such as PCL and alginate 119, or the inclusion of nano-HA [144 in
bioprintable materials, have been successfully used to enhance the mechanical

properties of the 3D bioprinted osteochondral constructs.

1.6.2.2 Tissue maturation: Using external cues to improve tissue development
in vitro and model OA biomechanically

Introducing compressive stress in cartilage tissue development in vitro and shear
stress in bone tissue development in vitro have been shown to improve and accelerate
tissue maturation when compared to static culture conditions 14514l Including these
mechanical cues could ease the development of healthy osteochondral tissue

constructs which could then be introduced into bioreactors to induce OA.

Cartilage-based models have already been used to recreate mechanically induced OA
through compressive loading [*4"l and adding inflammatory cytokines 48], Using static
and cyclic loading, Young et al. aimed to produce a cell-based OA model 471, Porcine
chondrocytes encapsulated in a hydrogel were placed in a compression device. A

static load of more than 40 psi for 24 hours was found to generate a decreased
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extracellular matrix anabolism, with higher matrix degradation and increased oxidative
stress. Additionally, 60 psi of static loading was concluded to be enough to induce OA
into chondrocytes. Although OA can be induced mechanically, it has also been proven
to be generated chemically by adding inflammatory cytokines. Houtman et al. used
healthy osteochondral explants and applied loading or added inflammatory (IL-1) or
hypertrophy (triiodothyronine) precursors 1481, They performed compression for four
days and cultured other explants in different inflammatory or hypertrophic precursors
for six days. The three treatments showed OA-related changes in the explants, proving
that specific symptoms can be recreated in vitro. The pro-inflammatory treatment
showed the most severe cartilage breakdown, and the mechanical strain triggered

extracellular matrix changes, such as abnormal elastic properties.

Overall, including bioreactors to accelerate tissue development and introduce OA-
specific symptoms would decrease the time frame of OA modelling investigations and

enable the recreation of specific OA symptoms.

1.6.2.3 Long-term tissue viability: Improving vascularisation of the bone

compartment and communication between cartilage and bone

OA is a slowly progressive disease. Therefore, osteochondral tissues which can be
kept viable for prolonged culture periods are required to model it. This is necessary to
study different stages of the disease and assess the long-term effects of OA drugs
and treatment strategies. Maintaining the correct culture conditions for cartilage and
bone requires a culture set-up that enables the division of culture media. A divided
insert was used by Kleuskens et al. to demonstrate that human osteochondral explants
could be maintained viable and functional for up to 4 weeks %1, However, this device
relies on diffusion as a mechanism to feed the inner sections of these constructs.
Therefore, larger tissue models would require an alternative approach, such as adding

vascularisation to keep the whole tissue viable.

Different techniques such as 3D micro moulding %% perfusion of 3D bioprinted

channels 54 or adding vascular cells such as HUVECs (human umbilical vein
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endothelial cells) to produce capillary-like structures have been used to vascularise
bone constructs 144, Chiesa et al. recreated bone in vitro with robust vascularisation
using endothelial cells and 3D bioprinting 144. Adding these ensures that the
osteochondral tissue stays viable for longer and that there is communication between
the bone and the cartilage components. This communication becomes essential when
OA stages are recreated, characterised by enhancing communication between these

tissues 1431,

1.6.2.4 Incorporating additional tissues for OA disease modelling

OA is a disease that affects the whole joint. Although the tissue of primary interest is
the osteochondral tissue composite structure, further complexity is required to be
added to develop disease models of this disease fully. Components such as the
synovial fluid and the synovial membrane add to the complexity of the interplay
between the joint tissues. A key aspect is to incorporate immune cells, which have
previously been used to recreate OA symptoms. For example, Samavedi et al.
developed a 3D chondrocyte-macrophage co-culture system which evaluated the
interaction between activated murine macrophages and osteoarthritic human
chondrocytes. The co-culture system showed closer to in vivo observed scenarios
than the corresponding monocultures 27, Another example is the investigation by
Stellavatto et al., which developed an OA model based on the co-culture of human
chondrocytes and synoviocytes, which showed cellular responses that closely

resembled in vivo OA symptoms [152],

Overall, the existing investigations show a need to expand further the materials used
for 3D bioprinting osteochondral models, achieving cohesion between the bone and
cartilage sections and better mechanical properties. Additionally, further exploration
regarding introducing vascularisation systems, additional joint tissues, and bioreactors
for tissue maturation and disease inducement should be performed to use these 3D

bioprinted constructs as disease models of OA.
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This thesis investigates new materials as bioinks, to develop 3D bioprinted cartilage
tissue models (Chapters 2 and 3). Additionally, further investigations are shown using
HA as a bioink to develop bone-like tissue models (Chapter 4). Finally, these two
sections are combined, and strategies to ensure cohesion between them and

characterising their interactions are investigated (Chapter 5).
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Chapter 2: Hybrid computational and experimental
approach for screening fully synthetic self-

assembling bioinks for 3D bioprinting

2.1 Introduction

Hydrogels are three-dimensional (3D) crosslinked polymer networks, which can
absorb and retain large amounts of water 153 approximately 90% 54, They are a
common biomaterial choice when modelling different tissues in vitro due to properties
such as tuneable elasticity and stiffness, high water content, biocompatibility, and
biodegradability 15, Multiple tissue engineering-based biofabrication techniques have
been used to develop tissue scaffolds using naturally derived hydrogels, such as
alginate, gelatine, hyaluronic acid, or chitosan (further information found in Chapter 1).
Within these, techniques such as foam processing, solvent casting, and freeze-drying
have been used (Chapter 1), presenting limited control over the porosity, cell
distribution within the material, and architecture of the manufactured construct 55,
More advanced manufacturing techniques, such as 3D bioprinting, have shown the
potential to overcome these limitations and, therefore, have been tested to

manufacture hydrogel-based structures.

3D bioprinting has been defined generally as a technology that enables the printing of
structures using viable cells, biomaterials and biological molecules 1561571, However,
more specific definitions describe it as a technology that enables the fabrication of
living constructs, tissues or organs. Starly et al. define it as a technology which enables
“the digital fabrication of living constructs encapsulating cells, biomolecules, and
biological moieties in spatially patterned structures” 11581, whilst Goel et al. describe it
as “an upcoming technique to fabricate tissues and organs through periodic
arrangement of various biological materials, including biochemicals, and biocells, in a
precisely controlled manner” 159, Multiple 3D bioprinting techniques have been used

to manufacture tissue models in vitro. These include jetting-based,
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photopolymerisation-based, and extrusion-based bioprinting. Within these techniques,
extrusion-based 3D bioprinting technology enables the broadest range of materials to
be used, higher cell density deposition, and rapid print time (8%, However, the cell
viability ranges are set to be between 40 and 95% and have a resolution of
approximately 100 um 169, Despite these minor disadvantages, 3D extrusion-based

bioprinting is the most used technique in 3D bioprinting 161,

Multiple studies have focused on 3D bioprinting tissue models in vitro, such as
cartilage, using extrusion-based technologies [63112.114162.163]  Apart from alginate,
most of the existing 3D bioprinted models rely on animal-derived materials or bioinks
such as gelatine methacryloyl (gelMA) (112 hyaluronic acid [63:112.162.163] gr chondroitin

sulphate [112.163],

Animal-derived hydrogels present multiple advantages, such as their biomimetic
properties like cytocompatibility and similarities with the native viscoelastic
environment to resident cells 64, However, they present several limitations, such as
generally low mechanical stiffness, limited long-term stability in culture, and batch-to-
batch variation 1164, Additionally, ethical issues and sustainability problems are
associated with animal-derived materials, acknowledged increasingly as critical in
determining research methodologies. Animal-derived materials, such as gelatine, are
obtained from bovine and porcine sources, as well as fish and poultry 165, Although
these materials come from the animal industry as by-products, the issues regarding
sustainability and ethical concerns around the animal industry apply, such as animal
welfare, greenhouse gas emissions, and land use 166l Alternative materials are now
needed more than ever to make research more sustainable and to move away from

animal-based models.

Synthetic hydrogels are 3D swelling networks of covalently or ionically cross-linked
hydrophilic homopolymer or copolymer hydrogels 1671, These non-animal-derived
materials are a more sustainable and ethical alternative for manufacturing different
tissue models in vitro. There are multiple synthetic hydrogels, such as synthetic
polymer-based or peptide-based hydrogels. Synthetic polymers, such as polyethylene
glycol (PEG), poly-g-caprolactone (PCL) or poly(L-lactic) acid (PLA), are widely used

in 3D bioprinting. They can be easily tuned in terms of their mechanical properties and
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degradation. However, they present limitations such as high melting points, which
would compromise cell viability, and difficulties in encapsulating cells 168, Synthetic
peptide-based hydrogels have tuneable properties that can be engineered to mimic
the advantages of naturally derived polymers 164, Peptide hydrogels are custom
peptide sequences that have user-defined properties 169, These are promising
materials to be explored in cell culture and 3D bioprinting due to their potential to
exhibit the advantages of naturally derived polymers as well as the potential to control

multiple characteristics such as degradability, cell interaction, or internal structure
assembly.

Self-assembling peptide hydrogels are a subset of these synthetic peptide-based
hydrogels, which use the peptide secondary structure motifs provided by proteins to
design how small peptides will self-assemble [16°1, Within the commercially available
self-assembling peptides, Manchester Biogel Ltd (MBG) (Alderley Edge, Manchester,
UK) offers a wide range of peptide hydrogels named Peptigels® which can be used
for cell culture and are investigated in this chapter. These Peptigels® self-assemble
through two distinct processes. Firstly, the peptides themselves self-assemble to form
fibrillary structures 179, Secondly, these fibrils are entangled and associated into a 3D
percolated network when the concentration is above the critical gelation concentration
(CGC) 1701, These two processes are shown in Figure 2.1. These self-assembling

peptides are (B-sheet peptides, which are interesting as they can form very stable
hydrogels with tailorable properties 171,

‘\\\
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Figure 2.1. Schematic representation of the self-assembling and gelation
processes of B-sheet forming peptides. CGC - critical gelation concentration; C
— concentration. Figure reproduced from 1711,
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These Peptigels® present multiple advantages, such as being animal-free, having no
batch-to-batch variation, being biocompatible, and being ready to use. They are also
printable due to their shear-thinning properties. Based on these characteristics, three
Peptigels® were selected to be screened as potential bioinks for 3D bioprinting and

manufacturing cartilage tissue models in vitro.

2.1.1 Synthetic self-assembling peptide candidates for 3D bioprinting

Synthetic polymers have previously been used in 3D bioprinting [172, Some examples
include PEG [®173174  PEG methacrylated (PEGMA) 75177 or PCL [178-180]
However, these synthetic polymers are usually mixed with natural materials to
overcome limitations such as lack of cell attachment and difficulty embedding cells
before 3D bioprinting.

Synthetic self-assembling peptide hydrogels present the advantages of synthetic
polymers, such as tuneable properties and low batch-to-batch variations. These self-
assembling peptide hydrogels assemble themselves in B-sheet protein configurations
and stay stable without further crosslinking or additional manufacturing steps [181.182],
Peptigels® Alpha 1, Alpha 2, and Alpha 4 were selected as candidates to assess their
potential as bioinks and subsequent use in cartilage in vitro 3D bioprinting. Their
properties, such as charge and compressive modulus, as well as the various cells that

have been cultured embedded in these Peptigels®, are shown in Table 2.1.
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Table 2.1. Properties of the Peptigels® used, including charge, compressive
modulus and the cell types cultured embedded in the selected Peptigels®.

Peptigel® | Charge Compressive Cells used in culture
modulus [183]
Alpha 1 Neutral | 3 -5 kPa Chondrocytes, nucleus
pulposus [184-186]
Alpha 2 Positive | 6 — 8 kPa Neuronal cells (871
Alpha 4 Positive | 0.35-0.7 kPa Stem cells [183.188,189]

As shown in Table 2.1, the selected Peptigels® have been used with various cell
types, demonstrating their potential for cell culture and tissue manufacturing
applications. Within these, the culture of chondrocytes and nucleus pulposus cells was
extensively studied using Alpha 1 [184186 primarily as a potential injectable cell
delivery system for intervertebral disc injuries. Additionally, neuronal cell-based
studies have been performed using Alpha 1 and Alpha 2 1871 whilst Alpha 4 has been
used with a variety of cells such as induced pluripotent stem cell (iPSC)-derived

cardiomyocytes 189  and kidney organoids derived from human iPSCs [188],

Within these studies, Raphael et al. focused on the use of Alpha 1 as a bioink for 3D
bioprinting epithelial cells 1%, This preliminary study demonstrated high cell viability
post-bioprinting of Alpha 1, independent of its compressive modulus. Although this
study showed the possibility of 3D bioprinting Alpha 1, no data presented 3D
bioprinting optimisation or further material characterisation, as well as the investigation
of other Peptigels® as bioinks.

2.1.2 3D bioprinting process steps and challenges

Extrusion-based 3D bioprinting is one of the techniques used in 3D bioprinting
(Chapter 1). In short, it is a layer-by-layer manufacturing method which is
characterised by the extrusion of bioinks using a force through a printing nozzle. The
materials are usually used as bioinks as shear-thinning (they reduce their viscosity as

a force is applied).

The extrusion-based 3D bioprinting process is characterised by three steps: flow

initiation, filament deposition, and post-printing recovery [1°1l, The flow initiation starts
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the bioprinting process, where the material starts to flow. The force required to initiate
material flow is the yield stress. This yield stress will determine the required force or
pressure to start the 3D bioprinting process. Below this yield stress, these materials
behave like solids and, above it, flow 1192, Higher yield stresses require higher
extrusion forces, which could negatively impact cell viability in cell-laden bioinks 193],

Therefore, bioinks with lower yield stress are preferred.

The bioink flow and filament deposition are characterised by the viscosity of the bioink.
Shear-thinning materials are usually used in extrusion-based 3D bioprinting. As their
viscosity changes with force application, the flow and material deposition depend on
this force. However, other parameters, such as gelation temperature, can influence
the viscosity behaviour [1°4,  Pressure and printing speed parameters must be
optimised to ensure that the material deposition is the required one. Further
information regarding the optimisation of these parameters experimentally is shown in
Section 2.1.4.2.

Finally, the bioink flow stops when the shear stress falls below the yield stress 19,
The post-printing recovery material behaviour will determine the recovery of the
printed shape and filaments. The ability to restore the original structure is known as
self-healing, and the time taken to reach the equilibrium state is the self-healing time
[196-198] ' Materials with a slow self-healing or post-printing recovery will tend to expand
and lose their initial configuration. In order to maintain the initial shape and ensure a

good resolution, a fast shape post-printing recovery is needed.
2.1.3 Optimisation of the 3D bioprinting process

Experimental bioprinting optimisation must be performed to assess multiple
parameters’ effect on the filament quality. Multiple investigations focus on assessing
parameters such as the printing pressure, printing speed, syringe and collector bed
temperatures, nozzle size and geometry, printing distance and layer height or z-step
[191.194.199] These parameters are assessed to see changes in material fibre formation
from the nozzle 194, assess shape fidelity using zigzag patterns (1%, and layer stacking

to assess 3D shape fidelity (191194  Additionally, in silico investigations on 3D
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bioprinting have attempted to further optimise this extrusion process calculating the

shear stresses and forces that arise within the printing nozzle.
2.1.3.1 In silico modelling of the 3D bioprinting process

Based on the rheological characterisation of the bioinks, in silico modelling of the
bioprinting process can be performed by fitting the viscometry results to a Power Law
model. Multiple investigations have focused on this mathematical model to mimic the
behaviour of shear-thinning materials [°1.200, The modelling of the extrusion process
can help visualise and predict the magnitude of the shear stresses experienced by the
cells in the bioink during the 3D bioprinting process. This is performed especially
before the actual physical printing such that the bioink formulation and printing
conditions could be optimised without wasting bioink, with the potential benefit of a

shorter timeframe.

CFD (Computational Fluid Dynamics) has been used in multiple industries to optimise
diverse industrial processes and could be used to perform an in silico modelling of the
3D bioprinting process. It is a valuable and efficient tool that enables quick testing and
modification of dimensions or design features of pieces of equipment. The
experimental optimisation process of 3D bioprinting different bioinks is time-
consuming and costly due to the high quantities of material used. It is also a process
that cannot estimate the shear stresses generated in the extrusion process. Therefore,
the potential damage generated to cells during this extrusion process cannot be
predicted. There is a clear need to find a different method characterising bioink
printability and quantifying shear stresses generated in the extrusion process. This

would allow us to assess both bioink suitability and potential cell damage.

Previous research has attempted to characterise biomaterials and their printability
according to the obtained rheological values and consistency 199 or their mechanical
characteristics 2°4, A more promising method was developed by Paxton et al. by
which, in a two-step method, bioinks printability was assessed. They first screened the
bioink formulation to investigate fibre formation, and then a rheological evaluation
would show the yield point, shear-thinning and recovery behaviour. A mathematical

model was developed. It provided a theoretical understanding of the pressure-driven,
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shear-thinning extrusion through bioprinter needles of the bioinks with cells modelled
as microparticles 191, This was the first method to assess the forces that could be
generated on the cells and the bioink printability. However, the model relied on
assumptions such as friction-free laminar flow and non-slip boundary conditions.
These contributed to the overestimation of the extrusion velocity and shear. More
accurate bioprinting process predictions could be obtained by further improving these
theoretical models. This would save time and printing material use, and obtain a
relative measure of cell viability based on resulting shear stress.

2.2 Objectives and Hypotheses

This chapter aims to characterise the rheological, pH, and diffusion properties of three
Peptigels® to optimise their 3D bioprinting process experimentally and

computationally (in silico).

Objectives:

1. Perform physico-chemical characterisation of Peptigel® candidates provided

by MBG.
2. Select Peptigels® based on rheological characteristics, pH and diffusion
properties.
3. Optimise the 3D bioprinting process for the selected Peptigels®.
4. Use in silico CFD modelling to understand the shear stresses and pressure in
the bioprinting process.
Hypotheses:

1. Parameters such as viscosity, diffusion, and pH can enable the screening of
Alpha 1, Alpha 2, and Alpha 4 as potential bioinks.

2. Optimisation of the 3D bioprinting of the Alpha 1, Alpha 2, and Alpha 4, can be
achieved through the assessment of extrusion pressure and printing speed
effects on filament deposition width.

3. In silico modelling can be used to understand the shear forces arising from the
3D bioprinting process.
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2.3 Methods

2.3.1 Material characterisation
2.3.1.1 Rheological measurements

Peptigels® Alpha 1, Alpha 2, and Alpha 4 were obtained from MBG (Alderley Edge,
UK). Rheological tests were performed using a Kinexus pro+ rheometer (Netzsh,
Germany) with parallel sandblast plate geometry (40 mm, 0.5 mm gap size),
equilibrated to room temperature (25°C) and a solvent trap to prevent the Peptigel®
from drying. Peptigels® alone and mixed with cell culture medium in a 1:10 (1 mL of
Peptigel® and 100 pL of medium) or a 1:5 (1 mL of Peptigel® and 200 pL of medium)
ratio were tested in triplicate to ensure reproducibility. These ratios were suggested by
the manufacturer (MBG) based on previous investigations of cell culture using these
Peptigels® [184-189  For all mixtures, rotational shear-viscosity measurements were
performed in triplicate. Flow sweeps at 1% strain with a shear rate ranging from 150
s1to 1 s were performed to assess the viscosity behaviour under shear stress (up to
the maximum allowed by the rheometer). Rheological measurements with and without
medium were undertaken to assess the effect of different medium-to-gel ratios on their

viscosity and material properties.

2.3.1.2 pH measurements

Peptigels® pH was measured across 72 hours in PBS (Phosphate-buffered saline).
500 pL of Peptigel® were pipetted in 6 well plates and submerged in 7 mL of PBS.
Samples were kept at 37°C and 5% CO:2 to simulate cell culture conditions. pH
measurements were taken using the HANNA Edge pH probe. This pH meter was
placed submerged in the PBS at time points: 30 minutes, 1 hour, 2 hours, 3 hours, 4
hours, 6 hours, 24 hours, 48 hours, and 72 hours. The pH measurements were
compared to PBS alone. The pH measurements of Alpha 1 differed from the rest in
that the whole PBS volume was changed three times within the first hour, following the

manufacturer’s advice. This was due to the acidic nature of the Peptigel®, which was
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expected to be neutralised further with PBS change. All other Peptigels® did not have

any PBS changes across the 72 hours of measurements.

2.3.1.3 Diffusion of the medium throughout the Peptigel®

Peptigel® diffusion properties were assessed throughout 24 hours. 1.5 mL of the
Peptigels® were pipetted into 5 mL glass vials. 1 mL of cell culture medium with phenol
red was added on top of the hydrogel. These vials were kept at room temperature
inside a cell culture cabinet where images were taken at intervals: 0 minutes, 30
minutes, 1 hour, 2 hours, 3 hours, 6 hours, 20 hours, and 24 hours. The diffusion of
the medium was assessed visually through the Peptigel® changing colour as the

phenol red diffused through.

2.3.2 Initial experimental bioprinting optimisation and filament width

quantification

Paxton et al. propose a 3D bioprinting screening and optimisation method for new
bioinks using multiple assessment points. They recommend determining a printing
pressure window where filament continuity is assessed. The lower limit of the printing
window would be determined by those pressures requiring printing speeds that were
not reasonable 191, The upper limit is determined by pressures requiring printing
speeds that are too high to ensure shape fidelity [*°1, These guidelines are followed

here.

Initial 3D bioprinting optimisation of the Peptigels® was performed visually using a 25
gauge (25G) nozzle. Nozzles were chosen over needles due to the reduced shear
stress the material experiences when extruded in the printing. A 25G nozzle was
chosen over a 22G nozzle due to the expected higher resolution, as the outlet of 25G
is smaller than 22G. A printing speed of 10 mm/s was chosen as the constant variable
to assess the printing pressure window. Three printing pressures (8, 10, and 12 kPa)

were chosen to print a zigzag pattern, as reported in other 3D bioprinting optimisation
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assessments [202203] A printing pressure window, or range, was chosen through visual
assessment. Printing pressures that generated discontinuous filament deposition or

excessive material deposition that led to adjacent filaments merging were excluded.

Once the printing pressure window was determined, further optimisation was
performed by changing the printing speed. Four different printing speeds (4, 6, 8, and
10 mm/s) were used to print the same zigzag pattern with the previously selected
printing pressures using a 25G nozzle. Three structures were printed for each printing
speed-pressure combination. These structures were further analysed to quantify the
filament resolution corresponding to each printing speed. The printed structures were
photographed using a bright field microscope, and the filament width was measured
using Fiji ImageJ (1.53t software version). Filament width was measured in triplicate
at six different locations within the filament. The average width and corresponding
standard deviation were plotted and compared to the theoretical width (printing nozzle

diameter).

2.3.3 Printing optimisation in silico
2.3.3.1 CFD extrusion modelling

The CFD modelling was performed using the streamlined computational modelling
suite ANSYS Workbench (ANSYS, Inc. Cannonsburg PA, USA). More specifically, the
geometrical design process was carried out in DesignModeler, whose output was fed
to ANSYS Meshing for computational mesh generation, and the simulation was
performed using Fluent. The steps followed were designing the scenario, dividing it

into rectangular cells (meshing), solving the simulation, and visualising the results.

2.3.3.1.1 Geometrical Design

One type of geometry was considered to model the extrusion process of Alpha 1 and

Alpha 4 mixed with culture medium in a medium-to-gel ratio of 1:10 and 1.5,
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respectively. The 25G nozzle was chosen as it presented a compromise between the
expected shear stresses appearing in the printing process and the theoretical flament
resolution. As it is known, needles generate higher cell damage when used in 3D
bioprinting %%, and the smaller the nozzle/needle outlet, the higher the shear stresses
that arise, the higher the potential cell damage. Therefore, the 25G conical nozzle was
chosen among the other potential candidates, shown in Figure 2.2. The dimensions

[204,205] of the nozzle design are summarised in Table 2.2.

1A

5

P
Nozzles: 22G 25G 27G Needles: 22G 25G 127G

Figure 2.2. Different potential nozzles and needles from CELLINK that could be
used for 3D bioprinting.

The geometrical model was made axisymmetric around the horizontal axis in Figure
2.3, as the extrusion flow was expected to be laminar and, therefore, axisymmetric in
such an axisymmetric geometry. It was divided into two sections, a nozzle section and
an adjacent air section, into which the gel would be extruded. The air section was
further divided into two areas: one where the extruded filament was expected to
develop, and a surrounding area that would enable any filament distortion to be
generated if needed. Figure 2.3 shows the different parts into which the nozzle design
was divided represented in a reduced model of a 25G nozzle. The schematic of the

nozzle design is shown in Figure 2.4.
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Figure 2.3. Reduced 25G nozzle design with named areas.

Table 2.2. Original dimensions for nozzle 2D axisymmetric model.

. . Nozzle/ Needle Air body Air body
Design Inlet radius Length length width N value
Nozzle | 25G 1.97 mm 32 mm 50 mm 10 mm 0.125 mm

ANSYS

R19.2
Academic

32 mm 50 mm

Figure 2.4 Dimensions of the 25G conical nozzle design.
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2.3.3.1.2 Mesh design and convergence

The completed design was divided into a set of rectangular cells through meshing.
The meshing of the final design was performed by meshing the nozzle and air surfaces
using quadrangular bodies, shown in Figure 2.5. This mesh shape was chosen as it is
more cost-effective and provides better accuracy of results for the same number of
nodes as other common shapes [2%I, The resulting mesh was altered by specifying the
edge number of divisions, generating a larger number of mesh components closer to
the tip of the nozzle and at the interface between the bodies. Here is where the more

prominent pressure, velocity, and strain rate changes were expected to happen.

1 110 I [0 [ 1 O 0 (5 [T (T | — JIl
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Figure 2.5. Top: Meshed entire 25G nozzle design. Bottom: Zoomed-in contact
region between nozzle outlet and air body showing rectangular cells.
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Multiple mesh designs and mesh element numbers were tried to ensure the simulation
results obtained were independent of the number of these divisions. When this is
achieved, the model mesh is defined as converged. The observed value to assess
convergence was the maximum strain rate. These values were extrapolated from the
Fluent solver into the CFD Post ANSYS results viewer. When the obtained values
differed less than 5% between meshes of different resolutions, the mesh with the least
number of elements was considered to converge. The convergence graph can be
found in Appendix A2.1.

2.3.3.1.3 Solution conditions

a) Modelling specifications

Fluent was used to develop the simulation of the filament extrusion. The solver
selected 2D axisymmetric conditions, and the gravitational force (g = 9.81 m/s?) was

included in the simulation and applied in the horizontal axis direction.

Axisymmetric condition

The solver was set to axisymmetric, as the flow was expected to be laminar and
symmetric about the horizontal axis. Therefore, the lower limit on the air body and the
nozzle was defined as the “axis”. Using this boundary condition reduces the extent of
the computational model, reducing computational data and time. ANSYS Fluent
assumes zero normal velocity and zero normal gradients of all variables at the

symmetry plane [207],

Multiphase model — continuity and momentum equations

A volume of fluid (VOF) multiphase model was selected to model two immiscible fluids,
the Peptigel® of interest and the air it is being extruded into.
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ANSYS Fluent uses this model to solve a single set of momentum equations and
tracks the volume fraction of the fluids. Briefly, this method allows capturing the
presence of the two fluids in any local region using the volume fraction of each fluid
(¢, and ¢, for liquid and air, respectively) that ranges from 0 to 1. When any local
region is filled with the liquid (bioink), ¢, = 1 and¢, = 0, and if filled with the air, ¢, =
0 and ¢4 = 1. Further information on how this VOF model works can be found in the
ANSYS Fluent Theory Guide 28],

Pressure-velocity coupling

Due to the multiphase flow nature of the simulation, the SIMPLE pressure-velocity
coupling algorithm was selected to derive an additional pressure condition that
reformats the continuity equation. The SIMPLE algorithm is the default algorithm in
Fluent, and it is generally used for simple problems such as laminar flows 2% |ike the
extrusion process modelled. This algorithm enforces mass conservation to obtain a
pressure field using a relationship between velocity and pressure corrections 2101,
Further information on the underlying equations can be found in section 18.4.3 of the
ANSYS Fluent Theory Guide.

Viscosity behaviour of materials

The materials tested were Alpha 1 and Alpha 4 mixed with cell culture medium that
showed the best rheological behaviour and was also recommended by MBG to be
used. These were the 1:10 medium-to-gel ratio for Alpha 1 and the 1:5 medial-to-gel
ratio for Alpha 4. The obtained rheological viscometry measurements were fitted into
the Power Law model for subsequent CFD simulation.

In the tested Peptigels®, which are shear-thinning materials, the viscosity was used

as a characteristic input. The Power Law model represented the viscosity of these

materials. This model describes the material viscosity as a function of the shear rate.

It is @ model characterised by three parameters: power law index n, shear rate y, and
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the shear stress o. The relationship is shown in Equation 1. Table 2.3 shows the

parameters obtained for the specific mixtures of the Peptigels® modelled.

Equation 1. Power Law model: shear stress (0), viscosity (n), shear rate (y), and
power law index n.

o=ny" (1)

Table 2.3. Power law parameters for the Peptigels® used.

Material n n
Alpha 1 with 100 pL of medium (1:5) 9.496 -0.789
Alpha 4 with 200 yL of medium (1:10) 26.18 -0.901

Boundary conditions

The boundary conditions selected included the non-slip condition applied on the
nozzle wall. The inlet condition was set to be a pressure input. The pressure values
were chosen according to the experimental values found when assessing the material

printing window, Section 2.3.2.

The simulations were all set to be pressure-solved. To initialise the model, the nozzle
was filled with the gel of interest. This implied that the data does not account for the
stresses and pressures generated in filling up the nozzle. A final simulation of flow
times ranging from 1 and 0.5 s was computed using different time step lengths
according to the extrusion stage to ensure convergence and filament formation. The
simulation times differed according to the filament time formation; once the filament

was obtained the simulation was stopped.
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2.3.3.1.4 CFD-Post result post-processing

The results obtained from ANSYS Fluent were processed using the ANSYS post-
processer software for fluid dynamic simulations, CFD-Post. In this platform, the shear
stresses during the extrusion process were computed by multiplying the molecular
viscosity and strain rate obtained values. Maximum and average values of shear
stress (1) in the nozzle were calculated by multiplying the dynamic viscosity (u) of the

material and the strain rate (y), as shown in Equation 2.

Equation 2. Shear stress (1), dynamic viscosity (p), and strain rate (y).

T=puy (2)

2.3.4 Statistical analysis

GraphPad Prism 9 was used for the graphical representation of data and statistical

analysis. All graphs show error bars representing the standard deviation.
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2.4 Results

2.4.1 Rheological characterisation of Peptigels® and the effect of culture

medium

Flow sweeps of Alpha 1, Alpha 2, and Alpha 4 with different ratios of medium (1:10 or
1 mL of Peptigel® with 100 pL of medium; 1:5 or 1 mL of Peptigel® with 200 pL of
medium) were performed. The results are shown in Figure 2.6. This specific
rheological measurement showed the viscosity changes with respect to strain rate.
This information was critical to understanding how the material would flow during
bioprinting. This test was done in all samples, confirming that the Peptigels® were
shear-thinning, non-Newtonian fluids. Figure 2.6A shows the viscosity difference in
Alpha 1 for different medium-to-gel ratios. As expected, the larger the medium volume
added, the less viscous the material. This was particularly visible at higher shear strain
rates, 10 s' and above. Unexpectedly, in the lower medium-to-gel ratio, Alpha 1
showed a slight increase in viscosity compared to its pure form. Figure 2.6B shows
the viscosity difference for Alpha 2 and the mixture of this material with different
medium ratios. As observed, there were minimal differences between the pure
Peptigel® form and the different mixtures. Figure 2.6C shows the changes in viscosity
for Alpha 4 and the mixture of this bioink with different medium ratios. As expected,
the higher the volume of medium added, the lower the viscosity of the Peptigel®,

confirming that the highest medium-to-gel ratio mixture would be printed easily.
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Figure 2.6. Viscosity measurements of A) Alpha 1, B) Alpha 2, and C) Alpha 4
mixed with different ratios of cell culture medium-to-gel volume. N = 3, and error
bars show standard deviations.
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2.4.2 Characterisation of Peptigel® pH changes for potential cell culture

use

Peptigels® require, as per the manufacturer’s advice, to have multiple culture medium
changes to be pH equilibrated. Sudden changes in the pH of the cell culture medium
could impact cell survival. Thus, it was important to characterise pH changes in the
tested Peptigels®. pH measurements of the Peptigels® were performed while
incubating them in PBS. Figure 2.7A shows the pH measurements taken across 72
hours. PBS alone was the control. Figure 2.7B shows the set-up used to measure the
pH, with pipetted Peptigel® domes at the centre of 6 well-plate wells submerged in
PBS. To ensure future cell viability within the Peptigel®, the pH is expected to be
between 6.5 and 7.5. As shown in Figure 2.7A, when compared to PBS, both Alpha 1
and Alpha 4 presented pH levels within the 6.5-7.0 range, following a similar trend and
final value as the control PBS over 72 hours. However, Alpha 2 appeared more acidic,
showing a quick decrease in pH within the first 2 hours and a final pH lower than 6.5
at 72 hours. Based on these results, Alpha 1 and Alpha 4 appeared to be the best
candidates for potential subsequent cell viability.
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Figure 2.7. A) pH measurements taken across 72 hours of the different
Peptigels; n = 3. Error bars show standard deviations. B) Set-up to measure the
pH of the Peptigel domes submerged in PBS.

2.4.3 Diffusion properties of Peptigels®

The assessment of diffusion properties of the Peptigels® was performed using 1 mL
of culture medium with phenol red, added on top of 1.5 mL of Peptigel®, to visually
monitor the spread of the medium through the Peptigel®. Figure 2.8 shows different
images of the Peptigel®-medium system taken at different time points. The tested
Peptigels® presented different diffusion properties. Alpha 1 showed the fastest
diffusion rate, showing the culture medium being diffused through 75% of the
Peptigel® after only 3 hours. The culture medium changed from pink to yellow through
diffusion in the Peptigel®. The acidic nature of Alpha 1 was clear here, showing the
importance of performing cell culture medium changes across the first hour of cell
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culture to ensure the neutralisation of the Peptigel®. Alpha 4 presented a slower
diffusion rate, showing a diffusion of around 75% of the Peptigel® after 6 hours.
Finally, Alpha 2 presented the slowest diffusion rate, showing minimal phenol red
uptake after 24 hours. Due to the low diffusion properties of Alpha 2, this Peptigel®
was not further characterised in silico or optimised for 3D bioprinting.

Material 0h 30 min 1h 2h 3h 6h 20h 24 h

Alphal |

Alpha 4

Figure 2.8. Diffusion experiment through visual assessment of medium diffusion
through Alpha 1, Alpha 2, and Alpha 4. N=1.

2.4.4 Printing pressure and printing speed optimisation of Peptigels®

A printability assessment was first performed to determine the printing pressures
suitable for 3D bioprinting the selected Peptigels®. Different combinations of printing
pressures and printing speeds were tested to achieve the highest printing resolution
and continuous filament deposition. As shown in Figure 2.9, the higher the printing
pressure, the more material is deposited, giving a thicker deposited filament. Figure
2.9 shows the resulting printed zigzag patterns of Alpha 1 with a medium-to-gel ratio
of 1:10 and Alpha 4 with a medium-to-gel ratio of 1:5. These ratios have the best
rheological properties in terms of viscosity (Section 2.4.1). The Peptigels®, which were
printed with a 25G nozzle, presented similar filament characteristics in printing
pressure window between 8 and 10 kPa, where the filament was continuous in low
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printing speeds (4 and 6 mm/s), and no merging was observed between adjacent
filaments. Higher printing pressures (> 12 kPa) in both materials showed filament

deposition merging in all printing speeds tested.
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Figure 2.9. Visual assessment of filament deposition of the Peptigels® using a
25G conical nozzle, different pressures (8, 10, and 12 kPa) and different printing
speeds (4, 6, 8, and 10 mm/s). Scale bar is 5 mm.

Based on these printing pressure parameters, further optimisation was performed
based on the printing speed’s effect on the printed structure. Microscope images were
taken of the deposited filaments, and their width was quantified using Fiji ImageJ
software (version 1.53t). Figure 2.10 shows the computed filament thickness that the
printed structures presented. As expected, the higher the printing speed, the lower the
filament thickness. Additionally, the lower the printing pressure, the lower the filament
thickness. When comparing both materials, overall, Alpha 1 presented a better
resolution when printed using the same printing pressures as Alpha 4. This can be
due to the differences in medium-to-gel ratio, which differ between materials based on
manufacturer advice. The theoretical filament thickness value is based on the diameter
of the 25G nozzle (250 um). Both Alpha 4 and Alpha 1, when printed at 10 mm/s and
8 kPa, approached this theoretical value the most. However, 10 mm/s speed
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presented limitations such as lack of quick control over the change of printing
parameters for the printer user. Therefore, the optimised manufacturing process used
a final printing speed of 5 mm/s and a printing range of 8 to 12 kPa when printing the

structures with both materials.
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Figure 2.10. Filament width quantification of Alpha 1 with a medium-to-gel ratio
of 1:10 and Alpha 4 with a medium-to-gel ratio of 1:5. N=3, and error bars show
the standard deviation.

2.4.5 CFD modelling of the extrusion process of Alpha 1 and Alpha 4

The CFD model was used to quantify and visualise the shear stresses and pressures
arising from the extrusion process of Alpha 1 and Alpha 4 using the optimal printing
pressures found in section 2.4.4. These quantities were assessed under two different
input pressures for different bioinks. The comparison between conical and needle-
based nozzles was not investigated in this research. It is well established that needle-
based nozzles compromise cell viability more than the conical nozzles as they need
higher extrusion pressures 290211 Additionally, different sizes of the conical nozzle
were also not modelled as the goal was to understand the shear stresses arising in
the already chosen conical nozzle. As previously mentioned, a 25G nozzle was

chosen over the 22G nozzle due to the theoretically higher filament resolution and
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over the 27G nozzle due to the expected lower shear stresses that the bioprinting
process would generate. The current investigation focuses only on the 25G nozzle;
however, further investigations with 27G and 22G could be performed (more

information is found in Section 2.5).

This model was used to investigate the effect the printing window pressures have on
the shear stresses created in the nozzle. Only 8 and 10 kPa inlet pressures, found to
be optimal for 3D printing these materials (Section 2.4.4), were tested here, and the
shear stresses were compared between the two materials, Alpha 1 (1:10) and Alpha
4 (1:5).

The contour maps of both the shear stresses and pressures when Alpha 1 (1:10),
Figure 2.11, and Alpha 4 (1.5), Figure 2.12, are printed using the 25G nozzle at
pressures 8 or 10 kPa, presenting very similar patterns. The contour maps enable the
visual understanding of where the higher shear stresses arise and how far these shear
stresses cover the nozzle area. Figures 2.11 and 2.12 show the shear stresses capped
at 120 Pa. This shear stress was found to be detrimental to cell viability for adherent
cells, smooth muscle cell line Crl-1444, leading to cell damage and loss 22, Although
the levels of shear stress that cause cell damage are cell-dependent, this value can
indicate how much damage could be caused to our cells. As seen in Figures 2.11 and
2.12, the area that presents high shear stresses (> 120 Pa) arises at the tip of the
nozzle and extends from the walls. This area is only located at the tip of the nozzle,
confirming that cells do not experience high levels of shear when printed with these

Peptigels® in most of the nozzle area.

92



stress 10 kPa stress 8 kPa

1.200e+02 i r 1.200e+02
1.080e+02 1.080e+02
9.600e+01 9.600e+01
8.400e+01 8.400e+01
7.200e+01 7.200e+01
6.000e+01 6.000e+01
4.800e+01 4,800e+01
3.600e+01 : 3.600e+01
2.400e+01 2.400e+01
| 1.200+01 A 1.200e+01

0.000e+00 0.000e+00
[Pa] L [Pa)

H
1

Pressure i Pressure
1
|

1.001e+04 ! g 8.008e+03
8.968e+03 7.150e+03
7.925e+03 6.312e+03
6.883e+03 54650403
5.840e+03 4.618e+03
4.797e+03 3.772e+03
3.755e+03 2,925e+03
2.712e+03 : 2.078e+03
1.669e+03 1231e+03
6.2648+02 i ™ 3844e402

-4.163e+02 -4.624e+02
[Pa] ¢ [Pa]

Figure 2.11. Contour maps showing the shear stress across the nozzle (top) and
the pressure values (bottom) when printing Alpha 1 mixed with cell culture
medium in a 1:10 medium-to-gel ratio using a 25G conical nozzle. The left-hand
side shows the forces using an inlet pressure of 10 kPa. The right-hand side
uses 8 kPa as inlet pressure. Red boxes depict the section highlighted,
represented magnified to the right-hand side of the full nozzle map.
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Figure 2.12. Contour maps showing the shear stress across the nozzle (top) and
the pressure values (bottom) when printing Alpha 4 mixed with cell culture
medium in a 1:5 medium-to-gel ratio using a 25G conical nozzle. The left-hand
side shows the forces using an inlet pressure of 10 kPa. The right-hand side
uses 8 kPa as inlet pressure. Red boxes depict the section highlighted,
represented magnified to the right-hand side of the full nozzle map.
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The average and maximum stresses were found and plotted to compare materials and
printing pressures further, Figure 2.13. As expected, lower printing pressures
generated lower shear stresses. When comparing materials, there were minimal
differences in the shear stresses generated. Overall, when assessing the average
shear stress, low levels of shear stress were observed, ranging from 60 to 70 Pa.
Based on these results, both Peptigels® were promising candidates for 3D bioprinting
cell-laden tissue models, as the in silico modelling showed low levels of shear stress

would be experienced by the cells in most of the nozzle.
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Figure 2.13. Indicative figure. Maximum and average shear stresses experienced
in the nozzle when extruding different Peptigels® at different pressures.
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2.5 Discussion

Synthetic hydrogels have been widely used in 3D bioprinting 172; among them,
peptide-based self-assembling hydrogels have recently started to be investigated 213,
These synthetic polymers, made of different amino acids, can be self-assembling
peptides. These present the advantages of synthetic polymers, such as low batch-to-
batch variations and tuneable properties, as well as benefits from the structural self-
assembling properties. These peptide-based self-assembling hydrogels assemble
themselves in B-sheet protein configurations and stay stable without further
crosslinking or additional manufacturing steps 1181182, Extensive research exists on
the 3D printing of self-assembling peptide hydrogels, which are cell-seeded
subsequently [214-216] as opposed to cell-laden 3D bioprinted. However, further
investigations of cell-laden self-assembling peptide hydrogels, making them bioinks,
are yet to be performed. Commercial self-assembling peptides, such as Peptigels®,
are promising candidates as bioinks for future use when manufacturing in vitro tissue
models. Three different Peptigels® have been physically and chemically characterised

to screen the best candidates for 3D bioprinting in this chapter.

Firstly, Alpha 1, Alpha 2, and Alpha 4 were rheologically characterised to investigate
their viscosity properties. Rheological characterisation of the used hydrogels is
required to understand the potential use of these materials as bioinks. According to
Paxton et al.,, supplementary rheological evaluations should be performed to
understand the behaviour that the material experiences in the flow initiation, the
filament formation, and the post-printing recovery 191, explained in Section 2.1.2.
These rheological measurements include assessing yield stress, shear-thinning
characterisation, and recovery behaviour. The characterisation of these Peptigels®
focused on understanding their shear-thinning properties, and other parameters such
as yield stress and recovery behaviour were not quantified rheologically. Additional
data showing the quantification of storage and loss moduli values, used to determine
the yield stress, is shown in Appendix A2.2. Post-printing recovery was not assessed
rheologically, but investigated indirectly through filament deposition resolution
(Section 2.4.4).
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As seen in Figure 2.6, all Peptigels® were shear-thinning, decreasing their viscosity
with increasing shear strain. These Peptigels® were mixed with cell culture medium in
different medium-to-gel ratios, and the viscosity properties were compared to those of
pure Peptigels®. Cell culture medium was added to the Peptigels® to assess their
behaviour when used in the future as cell-laden bioinks, which would require cells in
the cell culture medium to be mixed with the Peptigel® prior to bioprinting. Alpha 1 and
Alpha 4 decreased viscosity with increased cell culture medium added. This was
expected as the addition of cell culture medium further diluted the Peptigels®, making
them less viscous. However, Alpha 1 showed a slight increase in the viscosity when
mixed in a 1:10 medium-to-gel ratio in high shear stress values (> 10 s). This is
hypothesized to be due to the effect of cell culture medium salts on the Peptigel®
structure, increasing its self-assembly, which could increase its viscosity over time [217],
However, further time-dependent measurements should be performed to confirm this
theory. Alpha 2 did not show differences between the tested Peptigel® mixtures. It
maintained the expected shear-thinning behaviour, but adding the cell culture medium
did not decrease its viscosity. When comparing viscosities across Peptigels®, it could
be observed that Alpha 4 was the most viscous material, and therefore, it was
expected to require the highest printing pressure in the 3D bioprinting process.
Additionally, Alpha 1 and its mixtures were the least viscous out of the three Peptigel®
candidates, making it the best candidate for 3D bioprinting when trying to minimise the

extrusion pressure needed.

Secondly, the Peptigels® pH and diffusion properties were characterised. pH
characterisation of the used bioinks is essential to further assess how these materials
will interact with embedded cells. Cell culture medium should be maintained at pH 6.5
to 7.5 [?18], Therefore, the hydrogel environment should maintain this range to ensure
optimal cell proliferation and viability. These Peptigels® are recommended to be pre-
conditioned with cell culture medium changes within the first hour of cell culture to
ensure pH equilibrium. This investigation focused on further understanding this pre-
conditioning’s effect on the surrounding cell culture medium. It was hypothesized that
the Peptigels® were leaching out ions that would affect the pH of the surrounding
medium. PBS was used as a control, and the Peptigels® were left in PBS solution for

72 hours. Measurements were taken to assess changes in pH in the PBS solution.
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Figure 2.7A shows that Alpha 4 was the Peptigel® that followed the pH of PBS the
closest, followed by Alpha 1. Alpha 4 and Alpha 1 presented pH values within the 6.5-
7.5 range, confirming their potential use in cell-laden 3D bioprinting. Alpha 2 presented
an acidic nature, with a pH below 6.5 at some time points. These low pH values would

present a limitation when using this Peptigel® for cell culture.

Peptigel® diffusion properties were also assessed by adding 1 mL of culture medium
with phenol red on Peptigel® samples (1.5 mL) and evaluating the penetration of
phenol red across the material. Figure 2.8 shows that Alpha 1 and Alpha 4 had
complete diffusion of phenol red from 6 hours onwards. The tested Peptigel® volume
was 1.5 mL, whilst the 3D bioprinted samples are planned to be approximately 200 pL
(Chapter 3). Therefore, it was expected that in 200 pL of Peptigel®, the cell culture
medium would reach the centre of the printed samples in approximately 30 minutes.
This further confirmed that the diffusion of nutrients from the cell culture medium would
reach the cells encapsulated in the centre of the Peptigels® within 2 hours of culture
medium submersion. Alpha 2 demonstrated low diffusion properties, showing that after
24 hours, phenol red had not penetrated the Peptigel® fully. Oxygen and nutrient
diffusion are critical properties of a hydrogel to ensure the cell viability of encapsulated
cells, especially in thick constructs 2%, Based on these observations, Alpha 2
demonstrated an acidic pH and low diffusion properties, which were expected to
compromise cell viability in future experiments. Therefore, only Alpha 1 and Alpha 4,
which showed pH values within accepted ranges and a fast rate of medium diffusion,

were further used in 3D bioprinting optimisation.

Alpha 1 and Alpha 4 were further investigated, and 3D bioprinting optimisation was
performed. Based on the manufacturer's advice, Alpha 1 was combined with cell
culture medium at a medium-to-gel ratio of 1:10 and Alpha 4 at a 1:5 ratio. These
mixtures were used to assess 3D bioprinting filament deposition using different
extrusion pressures and printing speeds, Figure 2.9. A zigzag pattern was chosen to
assess filament deposition continuity and fusion of adjacent filaments. Figure 2.9
shows that 12 kPa of extrusion pressure led to a filament deposition, which presented

fused adjacent filaments in both materials at all printing speeds tested. Therefore, only
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8 and 10 kPa extrusion pressures were pursued for further filament width quantification

and comparison to theoretical levels.

Filament deposition resolution has been assessed similarly in reported literature. For
example, He et al. assessed the optimal distance between the nozzle and the print
bed by measuring the filament extrusion length (before deposition) using different
pressure values and temperatures [1°°, This printing distance was linearly correlated
with the deposited filament line width. They assessed their printing shape fidelity by
printing zigzag patterns and looking at the corners. Sharp corners, linked with lower
printing distances, were accepted. Curve corners found in higher printing distances
were rejected (199, Finally, they also addressed printing shape fidelity by looking at the
pore area of printed lattices. The closer the area was to the used CAD (Computer
Aided Design) model pore area, the better the resolution of the bioprinting process.
This measure is similar to filament width, assessed by other investigations such as

those conducted by O’Connell et al. (194,

Figure 2.10 shows the expected correlation between increasing printing speeds and
deposited filament widths. The theoretical value, which corresponds to the diameter
of the 25G nozzle, was approximated at 10 mm/s printing speed and an extrusion
pressure of 8 kPa. Although this parameter combination would give the best resolution,
it presented a main disadvantage: the printing speed. When these experiments were
performed, the printed structures were not printed sequentially. Issues in the printing
process, such as delayed flow and clogging, were avoided. A slower printing speed
was chosen to ensure no filament discontinuity when printing multiple structures
sequentially. A lower printing speed of 5 mm/s enables the user to change the printing
pressure parameters on time to avoid sections of the printed constructs not being

printed.

A 25G conical nozzle was used to assess the filament width change across the two
printing pressures and printing speeds. No other nozzle sizes were investigated, as
25G was expected to give the best compromise between filament resolution and
resulting shear stress in the printing process. The correlation between the size of

printing nozzles and the shear stress generated has been well documented [220-222],
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Therefore, smaller nozzles, such as 27G, were not investigated regardless of the

better printing resolution to avoid cell death.

Finally, a CFD-based investigation was conducted to estimate the shear stress and
pressure that the Peptigels® were encountering through the bioprinting process. The
extrusion of both Alpha 1 and Alpha 4 was modelled and shear stresses and pressure
values were investigated, Figures 2.11 and 2.12. The visualisation of the shear
stresses was performed through contour maps capped at 120 Pa, which has been
reported to be damaging shear stress for adherent cells 1221, As seen in these figures,
neither Alpha 1 nor Alpha 4 presented shear stresses above 120 Pa, apart from the
walls in the tip of the nozzle. This confirmed that the maximum shear stress, Figure
2.13, was concentrated in a single area and that its effect on the embedded cells would
be short and not maintained across the nozzle. The average shear stress across the
nozzle was below the 120 Pa threshold, in the 60-78 Pa range for all scenarios, Figure
2.13. The pressure maps of these extrusion scenarios depicted that the maximum
pressure across the nozzle would be the same value as the extrusion pressure

chosen.

These preliminary models suggested that the experienced shear stress and pressure
levels during the extrusion of Alpha 1 and Alpha 4 would not damage embedded cells,
affecting their survival during the printing process. Although extensive work has been
done to model and quantify the shear stresses in the 3D bioprinting extrusion process
[200223] " minimal investigations have been done regarding these Peptigels®;
comparison with existing documentation was not feasible. The only research regarding
the in silico modelling of Peptigels® was performed by Chiesa et al. 213l In this
investigation, they modelled a different Peptigel®, F9, extrusion through a cylindrical
nozzle. This material was mixed with water and NaOH instead of a cell culture medium,
and other concentrations and pH levels were compared. The FE model was built
following the same conditions as the presented model: 2D axial symmetry, no-slip
boundary conditions and no pressure outlet condition. However, in their model,
multiple issues are present, such as the assumed density of the Peptigel® being that
of water and presenting a constant velocity inlet rather than a pressure one. Although

the viscosity levels of F9 and Alpha 1 mixed with cell culture medium at a 1:10 ratio
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were similar, the in silico modelling results cannot be compared due to fundamental
differences such as the geometry of the nozzle chosen and the inlet variables being
expressed in velocity rather than extrusion pressure. They found a maximum shear
stress of less than 60 Pa, whilst in our investigations the average shear stress found
was higher than 60 Pa, in a range of 60-78 Pa. Further work regarding mathematical
validation of the used model and experimental validation regarding fluid flow must be
performed so this model can be used quantitatively. However, as it stands, the model
has been a valuable tool for estimating and predicting low cell death based on the

tested printing parameters in subsequent experiments, as shown in Chapter 3.
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2.6 Limitations and Future Work

The presented chapter focuses on experimentally and computationally screening
three Peptigels® as candidates for 3D bioprinting. Throughout the proposed

investigations, multiple limitations were encountered.

Firstly, rheological evaluations were performed to understand the viscosity changes
the Peptigels® would experience during the 3D bioprinting process. The viscosity
measurements were performed on the Peptigels® alone and mixed with two different
medium-to-gel ratios. The combination with the culture medium was meant to mimic
the behaviour of these bioinks after being mixed with cells in the culture medium for
3D bioprinting. However, two limitations were encountered here. Firstly, the
Peptigels® experienced changes in mechanical properties after contact with the salts
in the cell culture medium, as previously reported 217, Therefore, the longer the
Peptigel® was in touch with the cell culture medium, the more the mechanical
properties would change. Time-dependent viscosity measurements should be
performed to fully understand the effect that culture medium contact has on the
rheological properties of the Peptigels® and, subsequently, the 3D bioprinting.
Secondly, the effect the embedded cells would have on the rheological properties of
the Peptigels® was not investigated. Previous work has modelled the embedded cells
as microparticles [*°1. Further tests following these reported studies or using cells
should be performed to understand the material behaviour changes better.

Secondly, Peptigel® chemical characteristics such as pH and diffusion were
assessed. First, pH measurements were set with a pH probe submerged in PBS,
where the Peptigels® were incubated. These measurements give an understanding
of the pH changes that would take place in the surrounding culture medium of culture
Peptigels®. However, further investigations should focus on measuring the pH levels
inside the Peptigel®. Smaller pH probes could be used to measure pH changes at the
core of the Peptigels® and further understand the pH levels the embedded cells will
experience. Second, diffusion properties were estimated by visually assessing the
diffusion of phenol red through the Peptigels®. This experimental set-up can enable

the visualisation of the nutrient diffusion. However, other important variables, such as
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oxygen diffusion, were not assessed. Further investigations should focus on
measuring the changes in oxygen levels inside the Peptigels®, such as using an

optical fibre oxygen sensor 219,

Thirdly, only a 25G nozzle was tested, and 3D bioprinting parameters were optimised
for this size. Previous literature has reported increased shear stress and cell death
when using small nozzles [200.221.222] However, no specific investigations have been
performed regarding the shear stresses and pressures when 3D bioprinting these
Peptigels® using a 27G nozzle. Investigations using 27G nozzle should be performed
to assess the forces that arise in the 3D bioprinting process. If the forces were found
to not compromise cell viability, this would enable the optimisation of a 3D bioprinting

process with a better resolution.

Finally, the investigations regarding the shear stresses that arise in the 3D bioprinting
process, used 120 Pa as the threshold level for cell damage. This value was obtained
from previous literature on anchorage-dependent cell damage under shear stress [212],
However, the used cells do not coincide with the cells planned to be used in the
subsequent investigations (found in Chapter 3). These cells, primary human
chondrocytes (HCHs), have not been used to investigate the specific levels of shear
stress that would compromise their viability. Therefore, to make the use of this CFD
model more complete, further investigations of the effect that different shear stress

levels have on HCHs viability should be performed.
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2.7 Summary

Three different Peptigels® were assessed for their properties to support 3D bioprinting
manufacturing. All three presented shear thinning properties, measured through
rheological viscometry. pH measurements showed that Alpha 1 and Alpha 4
maintained a range within the 6.5-7.5 pH that would support cell survival. Additionally,
Alpha 1 and Alpha 4 presented adequate diffusion properties to ensure cell viability at
the centre of the manufactured constructs. Alpha 2 showed an acidic pH nature and
low diffusion properties, which led to the rejection of this Peptigel® as a potential
bioink. Based on these initial assessments, Alpha 1 and Alpha 4 were chosen as the

potential Peptigels® to use in the 3D bioprinting process.

Further 3D bioprinting optimisation was performed on the bioinks (Peptigels® mixed
at the optimal medium-to-gel ratio) by assessing the printing pressure window and the
printing speeds’ effect on the deposited filament resolution. A final optimisation
parameter combination of 8-10 kPa of pressure and 5 mm/s printing speed was

chosen to avoid filament discontinuity and ensure good printing resolution.

Finally, in silico modelling was further performed to assess the different shear stresses
that arose when printing these materials through the 25G nozzle. Optimal mixtures of
Alpha 1 (1:10) and Alpha 4 (1:5) were modelled with the printing pressure window
values. Minimal differences across materials and pressures were observed. High
shear stresses (>120 Pa) were only observed at the tip of the nozzle, confirming that
for most of the nozzle volume, the cells would not experience damaging shear stress

when printed with these parameters.

In Chapter 3, the 3D bioprinting optimised parameters shown here are used to assess
the potential of these materials as bioinks to develop human cartilage tissue models

in vitro.
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Chapter 3: Characterisation of 3D bioprinted
cartilage tissue models in vitro using self-

assembling peptide-based bioinks

3.1 Introduction

Cartilage presents an extraordinarily complex structure of four distinct articular
cartilage zones 224, making it extremely complicated to replicate in vitro. These four
zones are commonly known as the superficial, middle, deep, and calcified cartilage
zones (Figure 1.1). The superficial zone comprises collagen fibres parallel to the
surface, combined with elongated-shaped chondrocytes. Immediately under the
superficial zone, the middle zone has collagen fibres, which have a randomised
orientation in combination with rounded-shaped chondrocytes. The deep zone, further
down, exhibits perpendicular collagen fibres to the tide mark. Chondrocytes in this
area remain rounded and are positioned in files perpendicular to the time mark. Finally,
the innermost calcified cartilage zone is in contact with bone and presents hypertrophic

chondrocytes 224 |

Cartilage tissues present no vasculature; nutrients are distributed through diffusion
[225] 'making tissue healing a slow and challenging process. These difficulties in tissue
regeneration have made cartilage a critical tissue to study in vitro to develop

replacement tissues [226:227] and new tissue regeneration strategies [228.229],

Different manufacturing techniques have been used to develop cartilage in vitro tissue
models, such as freeze-drying 1230231 gel-pressing 1232 or selective laser sintering 12331,
Although widely used, these techniques present disadvantages such as the lack of
control over the architecture, needing elevated temperatures or using toxic solvents
(2341 As an alternative, 3D bioprinting presents different advantages, such as the high
precision of the technology, the low cost, and the control over the construct

architecture [234],
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Different 3D bioprinting techniques, such as jetting-based, photopolymerisation-based
and extrusion-based, have been used to develop cartilage tissue models, extrusion-
based being the most popular (1611, Most extrusion-based cartilage tissue models have
been developed with animal-derived materials such as gelatine methacrylate (gelMA)
[112,235-242] ‘hyaluronic acid-based [163.236.241] and chondroitin sulphate-based materials
[112.163] ' Alginate is the most used material due to its ease of printability and low cost.
However, its poor cell attachment properties require it to be mixed with other materials,
such as previously mentioned. To avoid using animal-derived materials for developing
3D bioprinted cartilage tissue models, we assess two different self-assembling
Peptigels® as potential candidates, previously screened and characterised in Chapter
2.

Differences in hydrogel performances (synthetic or natural) make it extremely complex
to define a hydrogel-based “gold standard” system for cartilage manufacturing in vitro.
Therefore, to assess the performance of any new hydrogel for tissue manufacturing,
comparing it to the native tissue is the preferred strategy. Alternatively, the
chondrocyte 3D pellet model 22431 can be used when native tissue explants are
unavailable. However, the 3D pellets present multiple disadvantages regarding the
cell viability in the centre of the pellet, which leads to limitations when trying to scale
up this tissue, and the need for more control over the architecture.

Synthetic self-assembling peptides are assessed to further develop the research field
of cartilage in vitro 3D bioprinting and transform it into a more ethical and sustainable
tissue modelling approach. Manchester Biogel Ltd (MBG) has previously reported the
chondrogenic potential that Alpha 1 has for bovine chondrocytes and the
manufacturing of cartilage-like structures such as the nucleus pulposus 1841861 Further
building on this previous knowledge, Alpha 1 and Alpha 4 are investigated as potential
candidates for 3D bioprinting human cartilage in vitro tissue models. Their behaviour

is compared to the current cartilage gold standard 3D pellet chondrocyte culture.

This chapter assesses Alpha 1 and Alpha 4 as potential Peptigels® for in vitro cartilage
tissue model development. These Peptigels®, when mixed with cell culture medium,
are considered Peptilnks® and are used here. Cell viability post-bioprinting and

histological assessment were performed to assess cell proliferation and cartilage-
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specific characteristics, such as extracellular matrix production, in both Peptilnks®.
Based on these results, further analysis of the genetic expression of embedded
chondrocytes in Alpha 1 was performed through comparative qPCR to confirm further
its potential use as a cartilage tissue model Peptilnk®. It must be noted that methods
and data regarding the 3D pellet control and Alpha 1 cultures were previously
published by Santos-Beato et al. 244, In this chapter, this data is shown and compared
to Alpha 4.

3.2 Objectives and Hypothesis

This chapter aims to optimise and characterise the 3D bioprinting process of cartilage
tissue models in vitro using Alpha 1 and Alpha 4 Peptigels®.

Objectives:

1. Develop and optimise a 3D bioprinting protocol to develop cartilage tissue
models in vitro.

2. Characterise human primary chondrocytes (HCHs) cell viability in Alpha 1 and
Alpha 4 post-bioprinting.

3. Histologically characterise cartilage tissue in vitro models 3D bioprinted with
Alpha 1 and Alpha 4.

4. Explore the genetic expression of Peptilnk® embedded HCHs in the best
Peptilnk® candidate.

Hypothesis:

1. Alpha 1 and Alpha 4 support 3D bioprinting of a human cartilage tissue model
in vitro.
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3.3 Methods

3.3.1 Cell culture

Human primary chondrocytes (HCHs; Cell Applications, San Diego, CA) were
purchased and consistently used between passages 5 and 7. HCHs were cultured in
a chondrogenic growth medium (Cell Applications, San Diego, CA) and incubated at
37°C in a humidified atmosphere with 5% pCO:2. The purchased cells were expanded,
and a cell bank was created. When in culture, the medium was changed every two to
three days.

3.3.2 Peptilnk® cell encapsulation

HCHs were manually mixed into Alpha 1 or Alpha 4 (Manchester Biogel Ltd, Alderley
Edge, UK) at a concentration of 1x10° cells/mL using a ratio of 1 mL of Peptilnk® to
100 pL of cell culture medium (1:10) for Alpha 1, and a ratio of 1 mL of Peptilnk® to
200 pL of cell culture medium (1:5) for Alpha 4 (optimisation shown in Chapter 2). Cell-
laden Peptilnks® were loaded into 3 mL printing cartridges (Nordson, USA) using a
positive displacement pipette (Gilson Scientific, Dunstable, UK). Loaded cartridges
were centrifuged to remove air micro-bubbles for 2 minutes at 3,500 rpm and
immediately printed into 12-well culture plates.

3.3.3 3D bioprinting of HCH cell-laden Alpha 1 and Alpha 4

The 3D bioprinting process was performed using the BIOX6 (CELLINK, Sweden).
Circular disc structures with an outer diameter of 5 mm and a thickness of 1 mm with
60% infill density were 3D bioprinted using a 25G conical nozzle. The extrusion
pressure that ranged between 8 kPa and 10 kPa, and a printing speed of 5 mm/s. The
optimisation of this bioprinting process is further explained in Chapter 2, Section 2.4.4.
50 pL of culture medium was added to the printed structures and left for one minute
so initial Peptilnk® surface hardening happened. This pre-step reduced the initial
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Peptiink® degradation. Subsequently, the printed structures were fully submerged in
chondrogenic medium. In the case of Alpha 1, half of the medium was changed three
times during the first hour to ensure pH equilibrium. The culture medium was changed
for both Peptilnks® twice a week over the culture period. Cell constructs were cultured

for up to 14 days at 37°C in a humidified atmosphere with 5% pCOz:.

3.3.4 Cell pellet formation and culture

3D control cell pellet cultures were formed following a protocol from Yeung et al.[249],
In summary, 4x10° cells were centrifuged in 500 pL of culture medium at 1,750 rpm
for 5 minutes in 15 mL tubes. After 72 hours, the pellets were gently aspirated into
ultra-low adhesion 24-well plates (ScienceCell, 0383), with one pellet per well cultured
in 1 mL of chondrogenic culture medium. The culture medium was changed every two
to three days. The cell pellets were cultured for up to 14 days at 37°C in a humidified

atmosphere with 5% pCOa.

3.3.5 2D HCH culture

2D HCH control cultures were set up by seeding 15,000 cells in 24-well plates and
culturing them with chondrogenic growth medium. They were incubated for up to 14
days at 37°C in a humidified atmosphere with 5% pCO2, and their medium was

changed every 2 to 3 days.

3.3.6 Cell viability and percentage cell survival semi-quantification

Cell viability was assessed using a live/dead assay. 3D bioprinted constructs were
assessed 2 hours post-bioprinting (day 0), on day 7, and on day 14. Samples were cut
in half to visualise cell viability in the centre of the constructs. 3D pellet and 2D samples
did not require sectioning. Samples were washed twice with PBS (Phosphate-buffered
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saline) (Gibco, 20012-019) and then incubated at 37°C for 30 minutes in live/dead
cytotoxicity assay (Invitrogen, L3224) using a concentration of 5 yL of calcein-AM and
20 pL of ethidium homodimer per 10 mL of PBS. After incubation, samples were rinsed
twice again using PBS and imaged using an Olympus DP80 microscope. Multiple z-
stacks were taken at x10 and x20 magnifications using FITC (488 nm) and TRITC (532
nm) filters. Cell viability and semi-quantification were assessed using Fiji ImageJ

software (1.53t version).

In summary, red and green image channels were separated, and three random
regions of interest were selected to perform manual cell counting. Average cell survival
percentages for each time point were calculated and compared to 3D and 2D controls.
This semi-quantification depicted the percentage of dead and alive cells at a specific
time point. 3D pellet and 2D HCH control samples were stained, imaged and semi-

guantified following the same protocol.

3.3.7 DNA quantification

DNA guantification was assessed using a Quant-iT PicoGreen dsDNA Assay Kit
(Thermo Fisher, P7589). 3D bioprinted constructs and 3D cell pellets were mixed with
pre-warmed (37°C) protease solution (10 mg/mL) (Sigma Aldrich, P5147-1G) and
pipetted up and down until the Peptilnk® or cell-matrix was dissolved. This mixture
was then incubated at 37°C for 5 minutes. Sequentially, these samples were mixed
with 500 pL of 2X TE Buffer from the Quant-iT PicoGreen dsDNA Assay Kit (Thermo
Fisher, P7589) and 1% Triton X in UltraPure™ DNase/RNase-Free Distilled Water
(Thermo Fisher, 10977-035). Mixtures were then incubated at 37°C for 30 minutes
and placed at -20°C. Samples were subjected to three freeze-thaw cycles before the
assay was performed. PicoGreen dye was diluted in a concentration of 1:200 in the
2X TE Buffer. 100 pL from each sample were pipetted in a black/opaque 96 well-plate.
An additional 100 L of the PicoGreen dye solution was added and left for 5 minutes
under constant mixing at room temperature. Fluorescence was immediately measured
using a plate reader at excitation and emission wavelengths of 480 and 520 nm,
respectively. DNA concentration was obtained from these measurements. DNA
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percentage change was calculated using the day 0 values as the comparison points.
DNA levels on day 0 were set as 100%, and day 7 and day 14 values were computed

as percentage changes with respect to day 0.

3.3.8 Histological processing and cryosectioning

3D bioprinted constructs and 3D pellets were washed with PBS for 5 minutes at
different time points (day 0, 7, 14) and then fixed overnight at 4°C in 10% formalin
solution in neutral buffer (Sigma Aldrich, HT501128). After fixation, samples were
washed for 5 minutes in PBS and then left for 3 hours in 30% sucrose (Sigma Life
Sciences, S9378) solution in PBS to dehydrate them. They were then submerged in a
50:50 ratio mixture of 30% sucrose solution and OCT (Optimal Cutting Temperature)
mounting medium (VWR chemicals, 361603E) overnight at 4°C. Samples were then
placed in cryomolds filled with OCT mounting medium and snap-frozen using liquid
nitrogen. The samples were cryosectioned, using a ThermoScientific cryotome FSE,
in 8 um thick slices for further immunohistochemistry processing.

3.3.9 H&E staining

Routine haematoxylin and eosin (H&E) staining of 3D bioprinted constructs and 3D
cell pellets sections were conducted at time points day O, 7, and 14 on the
cryosections. The first protocol attempts did not show the blueing of the cell nuclei.

Therefore, the protocol had to be further optimised.

Excess OCT mounting media was removed by submerging the slides in 70% ethanol.
Haematoxylin staining was performed for 10 minutes, and Scott's water was
subsequently used to ensure nuclei blueing for 1 minute. Eosin staining was done for
15 seconds, followed by a 30 second distilled water wash and 3 washes in 70%

ethanol.
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3.3.10 Alcian blue staining

Alcian blue staining was conducted on 3D bioprinted constructs and 3D cell pellet
cryosections on days 7 and 14. Cryosections were left to defrost at room temperature
for 10 minutes and subsequently immersed in 70% ethanol once to wash the excess
OCT mounting medium off. They were then immersed in Alcian blue solution (Sigma
Aldrich, B8438-500ML) for 15 minutes. The excess dye was washed off for 5 minutes
under tap water. Cell nuclei were stained for 1 minute using nuclear red (Sigma
Aldrich, 861251-25G), made with 1 gr of nuclear red in 100 mL of distilled water and
0.1 mL of acetic acid (Fisher Scientific, 11307558). Final washing was performed by
dipping sections 3 times in 70% ethanol.

3.3.11 Immunofluorescence labelling

Cryopreserved sample sections were rehydrated for 10 minutes with PBTD (PBS +
1.1% DMSO + 0.1% Tween 20) and subsequently fixed for 10 minutes using 10%
formalin solution in neutral buffer. Sections were then blocked for 1 hour at room
temperature using 5% bovine serum albumin (BSA) (Sigma Aldrich, A2153) in PBTD.

Primary antibody incubation was performed overnight at 4°C, keeping slides in a
humidity chamber. Collagen type-Il primary antibody (Invitrogen, PA1-36059) was
diluted at a ratio of 1:50; aggrecan primary antibody (Abcam, ab3778) was diluted at
a ratio of 1:100; SOX-9 primary antibody (Abcam, ab185966) was diluted at a ratio of
1:100 in the PBTD and 5% BSA solution. All sections were washed in PBS for 5

minutes after primary antibody staining was performed.

Secondary antibody incubation was performed at room temperature. For collagen
type-1l labelling, the secondary antibody AlexaFluor-488 goat anti-rabbit (Invitrogen,
A11008) was incubated for 1 hour at a ratio of 1:200 in PBS. Aggrecan labelling was
performed with the AlexaFluor 594 goat anti-mouse secondary antibody (Abcam,
ab150116) diluted at 1:200 for 3 hours in PBS. SOX-9 labelling was performed with
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AlexaFluor 555 goat anti-rabbit (Invitrogen, A21428) incubated for 1 hour at a ratio of
1:200 in PBS.

For F-actin labelling, phalloidin (Invitrogen, A12381) at a ratio of 1:200 in PBTD with

5% BSA was used and incubated for 2 hours at room temperature.

All sections were then washed for 5 minutes in PBS, and nuclei staining was performed
by incubating the sections for 3 minutes at room temperature with DAPI (4',6-
diamidino-2-phenylindole) (Thermo Fisher, 62248) diluted at a ratio of 1:200 in PBS.
Further section rinsing was done for 5 minutes in PBS before section mounting with
fluoroshield (Sigma Aldrich, F6182). Samples were imaged using an Olympus DP80

microscope.

3.3.12 RNA extraction and Comparative gPCR

RNA extraction of the 3D bioprinted constructs was performed by washing the
constructs three times with PBS and digesting the Peptilnks® for 5 minutes at 37°C
using a protease solution (10 mg/mL) (Sigma Aldrich, P5147-1G). To initiate RNA
extraction, the digested mixture was mixed with the RNeasy lysis buffer from the
QIAGEN RNeasy Mini kit (74104, QIAGEN) by centrifugation at 10,000 rpm for 3
minutes. The following steps were performed as specified by the RNA extraction kit
manufacturer. RNA extraction of the 3D cell pellets was performed as the RNA
extraction kit manufacturer QIAGEN specified. mMRNA levels were quantified using a
Nanodrop spectrophotometer. cDNA was obtained using the High-Capacity RNA-to-
cDNA Kit (ThermoFisher, 4387406) as specified by the manufacturer.

Gene expression levels of collagen type-Il (Col-11), aggrecan (AGC), and SOX-9 (SOX-
9) were analysed by comparative gPCR using GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) as a housekeeping gene. Additional non-chondrogenic markers were
also assessed to discard non-chondrogenic behaviour (collagen type-1 (Col-I), RUNX2
(runt-related transcription factor 2), ALP (alkaline phosphatase), collagen type-X (Col-
X). Primer sequences are reported in Table 3.1. Gene expression fold of change was

113



calculated by the comparative cycle threshold (CT) method, using the expression

levels of the 3D cell pellet as the reference for the 2-24Ct calculation.

Table 3.4. Gene sequences used in the performed comparative qPCR.

Primer Forward sequence Reverse sequence
name
AGC 5- GCAGCTGGGCGTTGTCA-3’ 5'-
TGAGTACAGGAGGCTTGAGGAC
T-3’
ALP 5'-GGGCTCCAGAAGCTCAACAC- [5'-
3' GTGGAGCTGACCCTTGAGCAT-3'
Col-l 5'-TGTGCCACTCTGACTGGAAGA- [5'-
3' AGACTTTGATGGCATCCAGGTT-
3I
Col-Il  |5- 5'-
GGATGGCTGCACGAAACATACCG |CAAGAAGCAGACCGGCCCTATG-
G-3’ 3’
Col-X  [5'-ATGATGAATACAC 5'-
CAAAGGCTACCT-3' ACGCACACCTGGTCATTTTCTG-
3I
GAPDH [5’- GGAGCGAGATCCCTCCAAAAT-5’-
3’ GGCTGTTGTCATACTTCTCATGG-
3’
RUNX2 [5-TGATGACACTGCCACCTCTGA- [5'-GCACCTGCCTGGCTCTTCT-3'
3!
SOX-9 [5- 5'-
GGCGGAGGAAGTCGGTGAAGAA- | GCTCATGCCGGAGGAGGAGTGT-
3’ 3’

3.3.13 Statistical analysis.

GraphPad Prism 9 was used for the graphical representation of data and statistical
analysis. All graphs show error bars representing the standard deviation. For cell
viability semi-quantification and DNA quantification, a two-way ANOVA (analysis of
variance) was performed. For comparative gPCR analysis, multiple unpaired t-tests
with Kolmogorov-Smirnov test were performed. Statistical significance was calculated

with a confidence interval of p < 0.05
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3.4 Results

3.4.1 HCHs survival and growth post-bioprinting in Alphal and Alpha 4

Cell viability in the Peptilnks® post-bioprinting was assessed to ensure embedded
HCHSs had high survival levels throughout the culture period. After assessing the cell
viability short term with non-printed materials (Appendix A3.1), a cell viability study
post-bioprinting was undertaken, Figure 3.1A. 2D and 3D pellet controls were
observed over 14 days to assess expected cell survival without any Peptilnk®. The
2D culture exhibited the expected cell viability, showing that the cells thrived in 2D
culture conditions and proliferated. 3D pellet controls showed high initial viability,
which then decreased over the first 7 days with elevated levels of cell death in the cell
pellet core. This cell death decreased on day 14, potentially due to the previously

observed dead cells degrading and leaving only alive cells.

Cell viability in both Alpha 1 and Alpha 4 post-bioprinting was high. Low levels of cell
death were seen on days 7 and 14. However, these qualitative observations were
further corroborated through semi-quantification. Cell viability semi-quantification
based on the obtained images was performed and confirmed what was observed in
the images. Figure 3.1B shows that the cell viability in the 2D control was maintained
high (60-100%) with no observable cell death across the 14 days of culture and a
significant (* - p < 0.05) increase in cell viability from day 0 to day 7. The 3D pellet
control showed a significant (*** - p < 0.001) decrease in cell viability (~46%) in the
first 7 days of culture which then increased non-significantly (~54%). Alpha 1 cell
viability was highly affected by the bioprinting process, showing an initial 33% viability,
which then increased to 46% on day 7 and increased significantly (* - p < 0.05) to
~60% on day 14. Alpha 4 cell viability was less affected post-bioprinting, showing
~87% cell viability, which then decreased to 35% in the first 7 days of culture and
escalated to 56% on day 14.
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Figure 3.1. A) Live/dead staining of HCHs across 14 days of culture in 2D, 3D
pellet control, and 3D bioprinted Alpha 1 and Alpha 4 Peptilnks®. Green shows
alive cells, red shows dead cells. B) Cell viability percentage semi-quantification
values obtained from the images above. Error bars show standard deviation.
Two-way ANOVA was used to compute statistical differences - * - p < 0.05; *** -
p < 0.001. N =3. 3D control and Alpha 1 data were previously published by
Santos-Beato et al. [244],

116



3.4.2 DNA quantification for cell proliferation assessment

DNA quantification protocols from MBG for the Peptilnks® presented interference
issues with the PicoGreen dye and incomplete DNA release from the embedded cells.
High standard deviations were observed for individual samples when performing only
one freeze-thaw cycle. Further optimisation was performed, and an additional two
freeze-thaw cycles were incorporated. Three cycles showed a reduction of the
standard deviation and higher levels of DNA. No issues were found when calculating
DNA concentrations in Alpha 1, 2D, and 3D pellet control. However, Alpha 4 showed
low levels of DNA, as shown in the standard curve, Figure 3.2A. Due to the positive
charge of the Alpha 4 Peptilnk®, the DNA may bind to the remaining peptide chains

and not the PicoGreen dye, interfering in the measurement.

The DNA quantification results showed an expected increase in DNA levels on the 2D
control, Figure 3.2B. 3D pellets showed a significant (**** - p < 0.0001) decrease in
DNA levels across the 14 days of culture, confirming the cell death observed through
live/dead previously. Peptilnk® cultures showed a decrease in DNA in the first 7 days
of culture. Alpha 1 showed a significant (* - p < 0.05) decrease from day O to day 14
but no significant changes from day 7 to day 14. Alpha 4 showed a significant (* - p <
0.05) increase in DNA levels from day 7 to day 14. The phenomenon observed in the
first 7 days was potentially due to the cells adapting to the Peptilnk® environments,
where cells which did not adapt to this unfamiliar environment died. Maintenance of
DNA levels after day 7 in Alpha 1 suggested that there was no cell proliferation.
However, this Peptilnk® experiences fast degradation when embedded with cells, as
shown in Section 3.4.3. This degradation impeded quantifying the DNA changes, as
there was no constant volume of Peptilnk® to compare along the culture time. Alpha
4 did not visibly degrade in the first 14 days of culture; therefore, the DNA increase
accurately represented the cell proliferation in this Peptilnk® over the second week of
culture. Figure 3.2C shows the percentage change in DNA concentration, showing
that the 2D culture experienced an increase in cell numbers, triplicating in 14 days of
culture. Alpha 4 also showed an increase in cell numbers across the 14 days, with a
200% percentage change on day 14 with respect to day 0. Only Alpha 1 and the 3D

pellet showed a reduction in cell numbers. Alpha 1 showed a total reduction of 51%
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change on day 14 with respect to day 0. The 3D pellet experienced the highest degree
of cell death over the 14 days of culture, with a DNA percentage decrease of 75% on

day 14 with respect to day O.
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Figure 3.2. A) PicoGreen standard curve of cells control, Alpha 1 and Alpha 4
embedded cells. N =3. B) DNA quantification obtained with PicoGreen of the 3D
pellet control, Alpha 1 and Alpha 4 over the 14 days of culture. N = 3 for the 2D
control and Alpha 4; N = 6 for the 3D pellet; N = 9 for Alpha 1. C) Percentage
change in DNA quantification over the 14 days of culture. Day 0 is 100% for all
samples; values of day 7 and day 14 were computed with respect to day 0. N =
3 for the 2D control and Alpha 4; N = 6 for the 3D pellet; N =9 for Alpha 1. Two-
way ANOVA was performed to assess statistical significance: *** - p < 0.0001,
*** . p <0.001; *-p <0.01; *-p <0.05. DNA 3D control and Alpha 1 data were
previously published by Santos-Beato et al. 244,
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3.4.3 Histological processing optimisation and cryosectioning for

histological characterisation of Peptilnks®

Structural information of the embedded cells within the Peptilnks® was assessed
through histological stains of Peptilnks® and 3D pellet control sections. An initial wax
embedding and sectioning protocol was used. The necessary dehydration steps led
to a loss of structural information within the Peptilnks® as they shrunk. The proposed
wax embedding method also led to a prevalent delamination of the sample sections

from the embedding wax.

An alternative method to ensure cellular structural information was preserved within
the Peptilnk® was explored. An OCT-based embedding protocol and subsequent
cryosectioning were optimised to ensure minimal Peptiink® size change and
delamination post-processing. Dehydration of the sample using 30% sucrose was
performed to facilitate subsequent OCT mounting medium penetration. Both slow-
freezing of the samples using dry ice and fast-freezing doing submersion of samples
in liquid nitrogen avoided sample delamination and facilitated cryosectioning. Different
cutting thicknesses were tested (5-15 um), and a final thickness of 8 ym showed

adequate staining and subsequent visualisation.

3.4.3.1 H&E staining for cell morphology and extracellular matrix deposition

assessment

Routine H&E staining was attempted in Peptilnk® samples. Blueing of the nuclei was
not observed following this protocol. Therefore, an additional submersion step using
Scott’s water was introduced. Submersion times were optimised performed to
guarantee adequate staining and visualisation of differences between ECM cellular

deposition and Peptilnk® material.

H&E staining images, Figure 3.3, showed the expected rounded cell shape in the 3D
pellet controls. Cells here appeared compact from day 7, showing a fewer nuclei in the

pellet core, further confirming the observed cell death through live/dead staining.
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Additionally, from day 7 to day 14, the pellet size growth showed an apparent increase
in cell numbers. Images of the 3D pellet on day O were not obtained as the 3D cell

pellet fully formed after 72 hours in non-adherent culture.

Alpha 1 and Alpha 4 cultures showed a homogeneous distribution of the HCHs on day
0, confirming the expected uniform cell deposition through 3D bioprinting. Cells
embedded in Alpha 1 reorganised in cell clusters across the Peptilnk® surface from
day 7, larger and more numerous on day 14. The cells in these clusters presented a
different cell morphology, being more spread out. Those which remained in the core
of the Peptilnk® maintained their chondrogenic round cell shape. Cells present in
Alpha 4 had a completely different morphology, being spread out and forming a cell
layer in the Peptilnk® surface from day 7. Most cells in Alpha 4 cultures appeared to
shift from the centre to the surface of the Peptilnk®. Therefore, only a few cells

remained in the core.

Overall, Alpha 1 and Alpha 4 showed extremely different cell behaviours. Alpha 4 had
a positively charged nature, which was hypothesised to drive the spread and change
in cell morphology, which differed from the observed round shape in the 3D pellet

control.

120
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3D pellet

Not applicable

Figure 3.3. H&E staining images of the 3D pellet control, Alpha 1 and Alpha 4
over the 14 days of culture. The top row in each sample shows images at a lower
magnification, and the bottom row has higher magnification images
corresponding to the highlighted squares in the images above. Black triangles
point to the observed surface cell cluster formations in Alpha 1. 3D control and
Alpha 1 data were previously published by Santos-Beato et al. [244.,
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3.4.3.2 Alcian blue staining to assess the production of GAGs as a marker of

cartilage tissue

Alcian blue staining was performed on sections of the 3D pellet and both Alpha 1 and
Alpha 4 Peptilnks® on day 7 and day 14 of culture to assess the production of
glycosaminoglycans (GAGs) across the culture period, Figure 3.4. The 3D pellet
showed the expected production of extracellular GAGs from day 7 until day 14. Alpha
1 presented no GAGs production on day 7 and initial production inside the cell clusters
that appeared on the Peptilnk® surface on day 14. Alpha 4 showed the production of
GAGs on the surface, where the cell layer was formed from day 7, becoming more
visible on day 14.

Total staining of the Peptilnks® and the 3D pellets was attempted (Appendix A3.2).
However, Peptilnk® background staining made it challenging to discern the spatial
location of the GAGs production. An Alcian blue retrieval protocol for subsequent
guantification through optical density measurement was also attempted. However, all
cell-embedded Peptilnks® gave a lower signal than the acellular controls, making it

impossible to quantify GAGs production accurately.
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3D control

Alpha 1
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Figure 3.4. Alcian blue staining images of cryosections of the 3D cell pellet,
Alpha 1 and Alpha 4 on days 7 and 14 of culture. Blue areas illustrate zones
where there is GAGs production. Red dots show the cell nuclei, stained with
nuclear red.

3.4.3.3 Histological assessment through immunofluorescence labelling of

cartilage-specific and cell morphology markers

3.4.3.3.1 F-actin labelling for cell morphological assessment

F-actin was labelled to visualise further the cellular structure attained across the
Peptilnk® culture systems and the 2D and 3D controls. As seen in Figure 3.5, the 2D
HCH control labelling depicted how the cultured cells proliferated across the 14 days
of culture and presented a spread-out morphology characteristic of cells such as
fibroblasts, differing from the chondrogenic expected round cell shape. This further
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illustrated how these cells, when cultured in 2D, tend to dedifferentiate and revert to a
fibroblastic stage [46-248l; however, to confirm that further tests such as DNA

sequencing and FACs (Fluorescent Activated Cell sorting) would be required.

3D pellet F-actin labelling once more confirmed the features observed through H&E
staining. A compact arrangement of cells kept their expected circular shape, increased
cell numbers over the 14-day culture period, and cell death was observed at the

pellet’s core.

Alpha 1 and Alpha 4 F-actin labelling also showed the previously observed cell
distribution in H&E. Day 0 showed a uniform distribution of cells across the Peptilnks®
as well as the expected chondrogenic circular cell shape. Subsequent time points in
the Alpha 1 culture showed cell cluster formations, and increased size in the Peptilnk®
surface. Alpha 4 subsequent time points depicted the formation of cell sheets in the
Peptilnk® surface. These sheets were made of spread-out chondrocytes, which have
a fibroblastic morphology. Underneath these densely populated surface cell sheets

were HCHs which also presented a fibroblastic morphology and a random distribution.
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Day 1 Day 7 Day 14

2D control

3D control Not applicable
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Figure 3.5. F-actin labelling (red) and nuclei (blue) of HCHs in 2D and 3D controls
and Alpha 1 and Alpha 4 3D bioprinted structures across 14 days of culture. Day
1 is 24 hours post-bioprinting and cell seeding. 3D pellet control day 1 has no
image as there is no pellet formation at this time point.

3.4.3.3.2 SOX-9 labelling to assess the chondrogenic potential of Peptilnks®

SOX-9 was chosen as an early chondrogenic marker, illustrating the initial
chondrogenic potential of the Peptilnk® cultures. SOX-9 is an extensively studied
pivotal transcription factor for the development of adult cartilage 249, It has shown in
vitro and in vivo to ensure not only the differentiation of cells into the chondrogenic
lineage but also the avoidance of chondrogenic cells to differentiate into different cell

types, such as into the osteoblastic lineage 250,
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2D control cultures showed no SOX-9 expression, shown in Figure 3.6, indicating that
the cells expanded in this culture had a low chondrogenic potential. This explained
why their cell morphology appeared fibroblastic. 3D pellet control systems showed
SOX-9 expression on day 7 and day 14 of culture. This intracellular and intranuclear
expression made it difficult to visualise when labelling cell nuclei with DAPI. The SOX-
9 expression decreased from day 7 to day 14. However, further quantification through

comparative gPCR was required to confirm this observation.

Peptilnk® cultures presented low levels of SOX-9 expression on day 1 post-
bioprinting. SOX-9 expression increased drastically in Alpha 1 from day 7 to day 14,
Figure 3.6. Alpha 4 did not present SOX-9 expression, implying a low chondrogenic
potential. Based on these initial observations, Alpha 1 showed better potential
regarding chondrogenesis, and it was chosen as the material to develop the cartilage

in vitro model.
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Day 1 Day 7 Day 14

2D control

3D control Not applicable
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Alpha 4

Figure 3.6. SOX-9 labelling (red) and nuclei (blue) of HCHs in 2D and 3D controls
and Alpha 1 and Alpha 4 3D bioprinted structures across 14 days of culture. Day
1 is 24 hours post-bioprinting and cell seeding. 3D pellet control day 1 has no
image as there is no pellet formation at this time point. 3D control and Alpha 1
day 7 and day 14 data were previously published by Santos-Beato et al. [244],

3.4.3.3.3 Collagen type-ll and aggrecan labelling to assess primary extracellular matrix

cartilage protein production in Peptilnks®

Collagen type-Il and aggrecan labelling were performed to assess the expression of
later chondrogenic markers. 2D controls showed low levels of collagen type-Il both on
day 7 and day 14, Figure 3.7. The expression was intracellular and low compared to
the 3D pellet. Aggrecan expression was visible from day 1 and increased over the 14

days, Figure 3.8.
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The 3D pellet control presented collagen type-Il expression on the surface at day 7.
The expression increased and spread across the 3D pellet matrix until day 14. These
observations contradicted previous research, which stated collagen type-1l was initially
expressed at the core of the cell pellet and then spread across 2512521, Aggrecan
expression appeared across the 3D pellet from day 7 and was maintained on day 14,

which did comply with previous observations [251.252],

Peptiink® cultures showed different collagen type-Il expression patterns. Alpha 1
presented visible expression levels from day 1, which increased across the 14 days of
culture, being more prominent in the cell clusters formed on the Peptilnk® surface.
Alpha 4 showed no visible collagen type-Il and prominent levels of autofluorescence
from the Peptilnk® itself. Aggrecan expression had maintained intracellular levels in
the Alpha 1 system, whereas Alpha 4 aggrecan expression was observed from day 7

and maintained up to day 14.

These fluorescent antibody labelling protocols enabled quick assessment of the
presence of the chosen chondrogenic proteins. However, the nature of some of the
antibodies used, such as the polyclonal collagen type-Il antibody, could lead to false
positives. Additionally, these observations were merely qualitative. To quantify the
expression of these proteins, comparative gPCR measurements were done to assess

the mMRNA expression.
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Day 1 Day 7 Day 14

2D control

3D control Not applicable

Figure 3.7. Collagen type-Il labelling (green) and nuclei (blue) of HCHs in 2D and
3D controls and Alpha 1 and Alpha 4 3D bioprinted structures across 14 days of
culture. Day 1 is 24 hours post-bioprinting and cell seeding. 3D pellet control
day 1 has no image as there is no pellet formation at this time point. 3D control
and Alpha 1 day 7 and day 14 data were previously published by Santos-Beato
et al. 244,
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3D control Not applicable
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Figure 3.8. Aggrecan labelling (red) and nuclei (blue) of HCHs in 2D and 3D
controls and Alpha 1 and Alpha 4 3D bioprinted structures across 14 days of
culture. Day 1 is 24 hours post-bioprinting and cell seeding. 3D pellet control
day 1 has no image as there is no pellet formation at this time point. 3D control
and Alpha 1 day 7 and day 14 data were previously published by Santos-Beato

et al. [244],



3.4.4 Comparative qPCR analysis to assess chondrogenic mRNA

expression of HCHs embedded in Peptilnks®

Comparative gPCR was performed with the GAPDH gene as a housekeeping gene.
The analysis was performed by taking the 3D pellet mMRNA expression on day 7 or day
14 as the control sample. Markers assessed previously through immunofluorescence
labelling (collagen type-ll, aggrecan, SOX-9) were assessed to quantify the
chondrogenic behaviour of Alpha 1 against the 3D pellet control. Alpha 4 analysis was
not performed, as the chondrogenic markers did not show visible expression when
assessed through immunofluorescence labelling. Additional osteogenic markers
(collagen type-I, RUNX 2 and ALP) and hypertrophic markers (collagen type-X) were

also investigated to discard any changes in chondrogenic behaviour.

Firstly, the mRNA expression profile was compared across the “gold standard” time
points, using the 3D pellet day 7 profile as a control to assess day 14 mRNA
expression. Figure 3.9A shows no significant differences between the two time points
in any chondrogenic, osteogenic or hypertrophic markers. There was an upregulation
of collagen type-Il, aggrecan and SOX-9 expression from day 7 to day 14. However,
significance was not observed due to the large standard deviation across samples and
the low sample numbers (n =3). These non-significant changes in the 3D pellet control
across the 14 days of culture suggested that a potential increase in chondrogenic
MRNA expression was expected. However, a larger sample population was required

to confirm this behaviour.

Secondly, the mRNA expression profile of Alpha 1 was compared to the 3D pellet
control in the first 7 days of culture, Figure 3.9B. Significant (* - p < 0.05) upregulation
on collagen type-Il, aggrecan and SOX-9 mRNA expression was observed in Alpha 1.
No significant changes were observed in the osteogenic and hypertrophic mRNA
marker expression levels, further confirming the chondrogenic profile of the Peptilnk®
embedded cells.

Finally, the expression profile of Alpha 1 on day 14 was assessed by comparing it to
the 3D pellet control on day 14, Figure 3.9C. The expression observed in chondrogenic

MRNA markers in Alpha 1 showed non-significant changes with respect to the 3D
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pellet control. Collagen type-ll, aggrecan and SOX-9 mRNA expressions were
upregulated with respect to the 3D pellet control. However, the high variability across
the Alpha 1 samples on day 14 affected the statistical significance of these observed
differences. No significant differences were also observed in the additional osteogenic
and hypertrophic markers. This suggested that the embedded chondrocytes

maintained their chondrogenic profile and were not reversing into an osteoblastic

profile.
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Figure 3.9. A) Comparative gPCR showing fold change in all tested genes across
culture time in the 3D pellet control. B) Comparative gPCR showing fold change
in all tested genes on day 7. Alpha 1 mRNA expression on day 7 is compared to
MRNA expression of the 3D pellet on day 7. Significant differences (* - p < 0.05)
are seen in collagen type-Il, aggrecan and SOX-9 expression. C) Comparative
gPCR showing fold change in all tested genes on day 14. Alpha 1 mRNA
expression on day 14 is compared to mRNA expression of the 3D pellet on day
14. N = 3 for the 3D pellet control; N = 9 for Alpha 1. Multiple t-tests with the
Kolmogorov-Smirnov test were performed. 3D control and Alpha 1
chondrogenic genes data were previously published by Santos-Beato et al. 244,
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3.5 Discussion

Developing a human in vitro cartilage model is crucial to understand this tissue further
and combine it with other tissue models, such as bone, to develop osteochondral
tissue models. Moving away from animal-derived materials previously used, such as
gelMA [112.235-242] gand hyaluronic acid [163236.241] is vital to address the ethical and
sustainability issues that the current models present. Animal-derived materials have
advantages such as cell attachment properties and functionalisation. However, they
present disadvantages such as batch-to-batch variations and lack of control over the
chemical composition. Synthetic materials are a more promising alternative that can
be fully tuneable without these issues. Peptilnks® are self-assembling peptide
hydrogels which are synthetic, non-animal derived and have no batch-to-batch
variations. Two different Peptilnks®, Alpha 1 and Alpha 4, were tested here to
investigate their potential use as 3D bioprintable materials for cartilage tissue

modelling in vitro.

Initial viability tests post-bioprinting of both Peptilnks® showed higher than 50% cell
viability after 14 days of culture, Figure 3.1. Initial loss of cell viability in Alpha 1 post-
bioprinting suggested that the rheological properties of this material compromised the
initial cell survival. However, the loss of early cell viability was overcome in the first 7
days of culture, where viability increased from 33% to 46% and then to 60% on day
14. Alpha 4 on the other hand presented a high post-bioprinting viability (87%) but a
lower cell viability maintenance. It showed a cell viability loss in the first 7 days, down
to 35%, which then increased again on day 14 to 56%. Cells appeared to adapt and
survive or die within the first 7 days, unlike in Alpha 1, where cells seemed to recover

in the first 7 days.

Further DNA guantification confirmed the behaviour observed in the live/dead image
semi-quantification. A PicoGreen DNA quantification standard curve was developed
to assess whether the DNA extraction protocol of the Peptilnk® embedded cells was
successfully extracting the DNA material. Additionally, the standard curve enabled the
visualisation of any interferences that could arise from the Peptilnks® with the

PicoGreen dye. As seen in Figure 3.2A, the DNA material from Alpha 1 embedded
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cells was successfully extracted, and the DNA measurements were similar to those of
cell suspension controls. This suggested that the neutral charge of Alpha 1 did not
interfere with this quantification protocol. Alpha 4 measurements showed that the DNA
guantification using PicoGreen was not the best protocol to quantify DNA amounts
accurately. It was expected that the positively charged nature of Alpha 4 interfered
with the DNA material, which is negatively charged, and competed with the PicoGreen

dye, generating a lower signal.

The PicoGreen data showed a steady decline in DNA material in the 3D pellet,
confirming the observed cell death from the necrotic pellet core. Alpha 1 and Alpha 4
measurements showed a similar trend: cell death post-bioprinting and then cell
recovery over the subsequent 14 days of culture. Alpha 1 measurements accurately
represented what was observed in the semi-quantification of the live/dead images.
However, Alpha 4 measurements showed discrepancies, especially in the early post-
bioprinting results. These differences were observed in the standard curve, where
Alpha 4 interfered with the PicoGreen dye. Although exact values cannot be trusted,
the overall trend in DNA values corresponded to the semi-quantification values, further

confirming the general cell viability changes over the 14 days.

Once cell viability was assessed, histological information of both Peptilnks® and the
3D pellet control was obtained through H&E and Alcian blue staining, Figure 3.3 and
Figure 3.4, respectively. H&E stains of the 3D pellet control illustrated the circular
shape that HCHs had, the increase in cell pellet size over time, and the production of
the extracellular matrix that occurred. Overall, the 3D pellet control images showed
that the manufactured control was performing as expected. H&E images also
confirmed on day O the homogenous distribution of HCHs across the 3D bioprinted
Peptilnk® structures. On day 7 these images showed the critical differences observed
in both Alpha 1 and Alpha 4. Alpha 1 showed the initial formation of cell clusters on
the surface of the Peptilnk®, which increased in size and numbers on day 14. These
clusters resembled the structure of the 3D pellet control, suggesting that Alpha 1
promoted and facilitated the cell migration and self-assembling of HCHSs into cartilage-
like structures. Alpha 4 showed a completely different behaviour where HCHs

appeared on the Peptilnk® surface with a spread-out morphology. Over the 14 days,
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a cell sheet was formed over the surface of Alpha 4, presenting a cell morphology
different from the expected circular chondrocyte cell shape. The migration of these
cells towards the surface was potentially due to the higher availability of nutrients and
oxygen on the Peptilnk® surface, which was in direct contact with the cell culture
medium. Changes in the cell shape were also expected to be due to the charge
difference of Alpha 4, which did not promote a chondrogenic fate for the embedded
HCHs.

Alcian blue staining showed the expected GAGs production of the 3D pellet control
over the 14 days. Peptilnk® Alcian blue images showed complementary information
previously seen on the H&E staining. Alpha 1 sections on day 14 showed the presence
of surface 3D cell clusters, which had GAGs production within the clusters. No
production of GAGs was observed within the Peptilnk®, suggesting that the production
of this extracellular matrix component was dependent on the cell configuration and
density. Alpha 4 images showed the concentration of the HCHs along the Peptilnk®
surface and minimal GAGs production was observed both on day 7 and day 14. This
suggested once more that the chondrogenic potential of Alpha 4 was limited and lower
than that of Alpha 1.

Further histological information was gathered through immunofluorescence labelling
of cellular components such as F-actin filaments and cartilage key markers such as
collagen type-Il, aggrecan and SOX-9. F-actin labelling, seen in Figure 3.5, confirmed
the spread-out morphology characteristic of HCHs expanded in 2D cultures. This
morphology was reversed entirely on the 3D pellet control systems, where the HCHs
regained the expected circular shape, as seen in Figure 3.5. Peptilnk® images
depicted once more the cell homogenous distribution across the Peptilnks® on day 1,
and the changes in cell self-assembling between the two Peptilnks® over the 14 days
of culture. Alpha 1 showed the 3D cell clusters on day 7 on the Peptilnk® surface,
which enlarged on day 14. Alpha 4 showed the spread-out morphology of the HCHs
on the Peptilnk® surface and the random distribution of cells below this cell sheet,

especially visible on day 14.

SOX-9 is a transcription factor that determines the chondrogenic fate of HCHSs,

ensuring they maintain their chondrogenic phenotype and do not reverse into
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osteogenic lineages ?°%, The immunofluorescence labelling of this transcription factor,
shown in Figure 3.6, showed that cells in the 2D culture were not expressing SOX-9.
Minimal expression was also seen across the different time points of the Alpha 4
embedded HCHs. This low expression profile confirmed that the HCHs in 2D cultures
tended to dedifferentiate 2462481 A similar cell behaviour was expected to occur in
Alpha 4 cultures, as the SOX-9 expression was not visible. Low intra-nuclear
expression of SOX-9 was observed in the 3D pellet control, especially on day 7. Only
the Alpha 1 Peptilnk® culture showed visible levels of SOX-9 expression on the cell
surface clusters on day 14, confirming the chondrogenic potential that this Peptilnk®

presented.

Although SOX-9 expression is a good indicator of the chondrogenic potential that the
different culture systems have, further analysis of late chondrogenic markers is also
necessary. Collagen type-ll and aggrecan are the main components of the cartilage
extracellular matrix 253, Following a similar pattern as the SOX-9 labelling, 2D cultures
and HCHs embedded in Alpha 4 showed a low expression of collagen type-Il, Figure
3.7. Aggrecan expression was also low in the 2D culture but was visible in the Alpha

4 culture system, Figure 3.8.

The 3D pellet control showed collagen type-Il and aggrecan expression from day 7.
Aggrecan expression was constant across the 14 days of culture, being prevalent on
the 3D pellet surface and across the matrix. Collagen type-Il expression was more
prevalent on the 3D pellet surface on day 7 and spread across the matrix on day 14.
These observations differed from the previously reported work [251.2521, However, the
end product, where the specific matrix proteins were produced across the days of
culture, was the expected one. This behaviour was also observed in the cell clusters
that appeared in Alpha 1. Collagen type-ll was present on the HCHs across the
Peptiink® and primarily expressed in the surface clusters. Aggrecan expression was
visible on day 14 of the cell clusters on Alpha 1. Although visible on day 7, the
expression highly increased over the second week of culture, following the pattern on

the 3D pellet control.

These immunofluorescence images, although informative, give qualitative information.

Further quantification was required through alternative measurement techniques such
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as comparative gPCR. Alpha 4 had already shown low levels of all chondrogenic
markers. Therefore, mMRNA extraction and comparative gPCR analysis were not
performed in this Peptilnk®. Alpha 1 was chosen as the candidate for cartilage in vitro
tissue modelling based on the immunofluorescence results. Further characterisation
of the chondrogenic potential of Alpha 1 against the 3D pellet control was performed

through comparative gPCR.

Comparative gPCR results confirmed the chondrogenic behaviour observed in Alpha
1 and discarded any potential changes towards the osteogenic or hypertrophic
lineage. The 3D pellet control results showed the expected chondrogenic behaviour
of the 3D pellet across the 14 days of culture. Although the changes were not
significant due to the low sample numbers (n = 3), there was a general upregulation
of all chondrogenic markers (COL2, ACG, SOX9), suggesting that the chondrogenic
potential was increased across the culture time as the cell numbers and 3D pellet size
increased. The osteogenic and hypertrophic gene expressions had no significant
changes, suggesting no change in the HCHSs’ genetic expression across the 3D pellet

culture time.

Fold changes observed in the Alpha 1 culture against the corresponding 3D pellet time
points suggested a faster inducement of chondrogenesis in the Alpha 1 culture with
respect to the 3D pellet control, Figure 3.9. In the first 7 days of culture, there was a
significant increase (* - p < 0.05) in the chondrogenic marker expressions, which
became not significantly different on day 14. This suggested that HCHs responded
faster to the Alpha 1 culture and reached a phenotypic expression, which was
maintained and matched with the “gold standard” expression levels on day 14. No
significant changes in osteogenic or hypertrophic markers in either day 7 or day 14
suggested that HCHs maintained the expected phenotypic expression. These results
suggested that short-term cultures (7 days) were enough to obtain a chondrogenic
behaviour of the embedded HCHSs in Alpha 1 cultures.

Although these results were highly encouraging and further confirmed the previously
reported capacity of Alpha 1 to promote chondrogenic behaviour (184185  Alpha 1
presented multiple limitations. The most impactful one is the lack of long-term stability

of the Peptiink® when mixed with cells. Preliminary studies in Appendix A3.4
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demonstrated how the Peptilnk® was stable for up to 32 days in acellular conditions
but fully degraded by day 21 when mixed with cells. Multiple techniques to slow down
the degradation rate of this Peptilnk® were tested without conclusive results. One
involved mixing Alpha 1 with different ratios of Alpha 4, which showed excellent
stability over long-term cultures. However, the difference in Peptilnk® charges
generated a mix of cellular responses, and this approach was discarded. Peptilnk®
degradation was hypothesised to be due to an MMP (matrix metalloproteinases)-
mediated degradation mechanism. An additional preliminary experiment was set up
with ilomastat, a general MMP inhibitor, to address whether suppressing MMPs would
slow down the Peptilnk® degradation and affect the chondrogenic behaviour. The
overall conclusion from this short-term investigation was that the Peptilnk® degraded
at a comparable rate when MMPs were inhibited and that this inhibition compromised
the chondrogenic potential of Alpha 1. The lack of changes in Peptilnk® degradation
further confirmed a previously tested hypothesis, where Peptilnk® degradation was
proved to be cell endocytosis-mediated 24, HCHs embedded in the ilomastat-treated
Alpha 1 cultures also showed no self-assembly and lower chondrogenic expression,
suggesting that this treatment is not a recommendable approach to avoid Alpha 1

degradation. Full results can be found in Appendix A3.5.

Despite the observed instability of Alpha 1 when embedded with HCHs, this material
showed high cell viability and better chondrogenic potential than Alpha 4. Additionally,
comparative gPCR results showed that the mRNA expression of chondrogenic
markers was significantly higher after 7 days of culture than the current “gold
standard”. These observations fully supported the choice of Alpha 1 as the most
promising material choice for 3D bioprinting cartilage in vitro models.
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3.6 Limitations and Future Work

This chapter focuses on developing a 3D bioprinted cartilage tissue model in vitro
using Peptigels® Alpha 1 and Alpha 4. The presented investigations had multiple

limitations, further discussed here.

Firstly, the cells used to develop these cartilage tissue models were primary HCHSs.
Although these cells were representative of human physiology, they were from one
donor. Previous work has highlighted the donor-dependent differences that arise when
using primary HCHs [60255-2571 Therefore, the presented investigations should be
repeated with multiple cell sources to perform a more representative investigation.
Additionally, the cell viability observed post-bioprinting for Alpha 1 could be improved.
These changes in cell viability could be once again donor-dependent or process-
dependent. Therefore, in addition to testing multiple cell sources, 3D bioprinting
parameters could be further investigated to maximise cell viability. This specific future
investigation was also mentioned in Chapter 2, where cell-specific shear stress
damage was suggested to improve the computational 3D bioprinting process

optimisation.

Secondly, limitations arising from the use of Alpha 1 were prevalent. In the first place,
Alpha 1 was found to degrade, when mixed with HCHs, after 14 days of culture. This
limited the experimental time frame. An initial investigation to mitigate this degradation
using ilomastat, shown in Appendix A3.5, was unsuccessful. However, further
investigations should be conducted to slow down this degradation process to enable
longer culture times. These extended periods would enable a more mature
extracellular cartilage matrix to be secreted by the HCHs and have a better cartilage

tissue model.

Thirdly, limitations in the characterisation assays should be assessed and mitigated to
understand the manufactured tissue model better. In the first place, DNA quantification
using PicoGreen demonstrated interferences when measuring DNA levels in Alpha 4.
This was hypothesised to be due to the positive charge of Alpha 4, which would bind
to the negatively charged DNA, inhibiting its binding to the PicoGreen dye. Other DNA

guantification methods, such as electrophoresis or UV absorbance, should be tested
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to find a more accurate and reliable method. In the second place, GAG quantification
should be performed to corroborate the information obtained from the Alcian blue
staining. Protein extraction protocols should be optimised to quantify the production of
these GAGs and other proteins, such as collagen type-Il. Although protein extraction
was attempted using company protocols, no proteins could be quantified. Therefore,

no preliminary data is shown in Chapter 3 or in the Appendix.

Finally, limitations of the RNA extraction protocol were seen in the gPCR results. High
standard deviations were observed across some Alpha 1 chondrogenic gene
measurements (Figure 3.9). These could be due to differences across samples or
limitations arising from the RNA extraction protocol, which would compromise the final
gPCR results. Adding a 2D HCH control would enable the comparison between RNA
levels. Therefore, the RNA extraction method could be assessed in terms of effectivity.
Additionally, native tissue controls would allow for the experimental controls and the
tissue models to be compared to in vivo samples. This comparison would highlight the
key variables that have to be optimised to ensure the manufactured tissue model is

improved.
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3.7 Summary

Two Peptilnks®, Alpha 1 and Alpha 4, were used to develop in vitro cartilage tissue
models and compared to a 3D pellet control (current “gold standard”) in terms of cell
viability, histological features, chondrogenic protein production through
immunofluorescence and mMRNA expression. Based on these results, Alpha 1 was
chosen as the most promising Peptilnk® to manufacture cartilage tissue models in

vitro.

Alpha 1 and Alpha 4 showed high cell viability for HCHs cultured for up to 14 days.
Histological assessments showed that cells formed a cell sheet around the Alpha 4
culture system and had low production of chondrogenic proteins. Immunofluorescence
images of Alpha 4 showed its low chondrogenic potential and led to Alpha 1 being
chosen as the preferred material for cartilage in vitro tissue modelling. Histological
assessment of Alpha 1 showed that cells self-assembled into cell clusters similar to
the 3D pellet control. Chondrogenic protein production was assessed through
immunofluorescence and mRNA expression. Significant upregulation of chondrogenic

MRNA levels was observed in Alpha 1 cultures with respect to the 3D pellet.

Alpha 1 was chosen as the preferred material for 3D bioprinting cartilage tissue models
in vitro and subsequent manufacturing of osteochondral tissue models. Although it
presents issues such as long-term stability and fast degradation rate, short-term
cultures (7 days) have proven to be enough to obtain chondrogenic behaviour of the
embedded HCHs. The development of this cartilage tissue model, alongside the bone-
like tissue model results shown in Chapter 4, form the basis of the osteochondral
model manufacturing shown in Chapter 5.
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Chapter 4. Manufacturing and characterisation of a
hydroxyapatite-based scaffold and their evaluation

for developing an in vitro bone tissue model

4.1 Introduction

Bone tissue is formed of organic and inorganic compounds. Hydroxyapatite (HA) is
the main inorganic component, accounting for 65% to 70% of the dry weight of bone
[258] " Collagen type-l and water comprise the organic phase of bone [259260 The
amounts of each phase and additional extracellular matrix proteins vary with factors

such as age 21, gender 1262 and bone location 2631,

Bone is a tissue that can be affected by various diseases such as osteoporosis,
osteomalacia, bone tumours or bone cancer. Osteoporosis develops in older
populations when the bone mass and mineral density decrease and when the structure
and strength of bone change with age [%4. It is highly prevalent, affecting
approximately 10 million men and women in the USA [2%%, It is often not diagnosed
until a bone fracture happens [2%4, and current treatments focus on slowing down or
stopping the loss of bone density but not reversing it [2%¢1, Other diseases affect
younger populations, such as osteomalacia, which is characterised by vitamin D and
calcium level imbalances due to lack of sunlight exposure and incorrect diet [267],

leading to soft and weak bones [268],

Additionally, bone cancer is a rare type [2%9, which has different survival rates
depending on the type of cancer. Chondrosarcoma presents the highest survival, with
almost 70% surviving their cancer for 5 years or more after diagnosis. Osteosarcoma,
Ewing sarcoma and chordoma have a survival rate which varies between 40 and 55%
after 5 years or more of diagnoses 27, Most importantly, bone is a frequent site of

metastasis due to breast or prostate cancers 271,
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Overall, bone is subjected to various diseases, requiring further research to find
potential cures or understand their onset mechanisms. However, sources of variation
in bone characteristics make the choice of a generalised in vivo bone model extremely
difficult. Alternative approaches have focused on developing in vitro bone tissue
models to study healthy bone tissue, diseased bone tissue and bone remodelling

processes.

Bone in vitro tissue models are usually formed of scaffolds, cells and cytokines 2721,
Scaffolds provide a 3D temporary structure into which bone cells can form an
extracellular matrix and facilitate oxygen and nutrient delivery or waste removal 272,
Multiple techniques such as freeze drying [273-2771  solvent casting 275278 and
particulate-leaching 279280 have been used to manufacture porous structures to
develop bone tissue models. However, these approaches lack control over the pores’
size, distribution and interconnectivity #72, 3D printing is considered a promising
technique to overcome these limitations, as it enables control over the structure and

porosity of the scaffolds during manufacturing.

Current 3D printed bone tissue models have used organic materials such as alginate
[31,281-289] ' collagen [104281.285]  chitosan [282290] or gelatine [285:287-291] Some of these
have been mixed with HA to account for the predominant inorganic bone compound
and increase the compressive moduli and structural integrity of the 3D printed
structures [31.104.281.282]  However, the use of these natural materials presents
limitations such as poor mechanical properties [282292-294] " high degradation rates
[292.293] ‘and limited long-term stability [288.295-302] Therefore, HA alone has been further
investigated to circumvent these limitations whilst developing in vitro bone tissue

models.

HA has been previously used to 3D print bone models in vitro. Investigations regarding
HA as the only or main material to 3D print bone models in vitro are summarised in
Appendix A4.1 Table A4.1. Overall, 3D printing of these HA-based inks enables rapid
and consistent manufacturing of bespoke scaffolds. However, it requires long
processing times, including sintering, and it must be mixed with sacrificial materials
such as polymers to produce controlled architectures. The existing research has

demonstrated the capacity of 3D printing HA inks with different techniques, such as
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robocasting or extrusion-based 3D printing [%3-3081 and stereolithography or
photopolymerisation-based 3D printing [2%°-311, The reported 3D-printed HA scaffolds
have porous structures to ensure cell infiltration. Additionally, a cuboidal or square infill
pattern has increased the compressive strength [%. The reported compressive
strength of the 3D-printed scaffolds varies drastically from 22.5 MPa 2% to 750 MPa
[308] These are dependent on the sintering temperature and the porosity. Higher

sintering temperatures and lower porosities increase compressive strength [308.312],

Finally, HA is exceptionally stable, releasing low levels of calcium ions %4 and
increasing its compressive strength after submersion in simulated body fluid 3071,
Additionally, this material supports bone-like cell proliferation and osteogenic
behaviour in short-term studies (7 days) [305309-311] Nonetheless, these investigations
have focused on short-term cell cultures with non-human primary cells. Therefore,
further studies should focus on the effect of long-term human-based primary cell

cultures using these HA scaffolds.

Roopavath et al. 3% focused on developing an HA-based ink and optimising the
printing parameters to develop bone scaffolds using extrusion-based 3D printing.
Multiple infill patterns and densities were assessed 3%, and the effect of sintering
temperatures on the final scaffold compressive modulus. However, no in vitro cell
viability or osteogenic potential-focused investigations were performed on these
scaffolds. Additionally, there is no reported standardised HA ink preparation protocol.
Therefore, a protocol is proposed and used in this chapter for preparing the HA ink.
Using this optimised HA composition, this chapter focuses on characterising the
rheological properties of this material, the shrinking effect that sintering has on the HA

3D printed scaffolds, and characterising their compressive mechanical properties.

Additionally, this chapter focuses on assessing the HA scaffolds’ effect on bone-like
cells to develop a simplified bone-like tissue model in vitro. A long-term study was
performed using different bone-like cells to further develop these previously optimised
3D-printed scaffolds. Saos-2 cells were chosen as a starting point to test and
characterise their long-term viability and osteogenic behaviour when seeded on these
HA 3D-printed scaffolds. This well-established cell line is used for in vitro investigation

with various materials 313-3181 |t is the least cancerous cell line and has the most
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mature osteoblastic behaviour out of other cell lines, such as MG-63 313, However, it
differs from human osteoblasts in cell size and overexpression of osteogenic genes,
such as ALP B3l Further investigations using primary human osteoblasts (HOBS)
were also performed to confirm that these HA scaffolds could be used to develop

human bone tissue models in vitro.

4.2 Objectives and Hypotheses

This chapter aims to characterise the HA ink for 3D printing scaffolds and investigate

the use of these scaffolds to model bone tissue in vitro.

Objectives:

1. Characterise the used HA ink for extrusion-based 3D printing through
rheological assessment.

2. Physically characterise the HA scaffolds based on their size and compressive
modulus.

3. Perform a long-term biological characterisation of the HA scaffolds using 2 cell
types: Saos-2 cell line and HOBs.

Hypothesis:
1. An HA-based ink can be used to manufacture scaffolds with mechanical
properties similar to bone tissue.

2. HA scaffolds will support cell viability and osteogenic behaviour in the long-term
culture of Saos-2 cells and HOBs.
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4.3 Methods

4.3.1 HA-based Ink Printability
4.3.1.1 Ink materials and composition

The composition of the HA-based ink was adopted from previously published work
(303312 Briefly, The HA powder was provided by Ceramysis (Sheffield, UK).
Hydroxypropyl methylcellulose (HPMC) (Sigma Aldrich, H7509) was used in a
concentration of 1.5% w/vol in deionized water. 312, The inks were prepared by mixing
1.5% w/vol HPMC with the HA powder at a ratio of 1:2 (HPMC:HA) and mixing
manually using a spatula for 10 minutes. Inks were loaded into 3 mL printing cartridges
and subsequently used for 3D printing. This HA ink preparation process was
developed and standardised as there were no records of ink preparation in previous

research [303.312]

4.3.1.2 Rheological characterisation

Rheological analysis of three different batches of HA ink was performed to assess the
viscosity of the material and confirm the expected shear thinning behaviour. Oscillatory
shear rheometry was performed using a Kinexus pro+ rheometer (Netzsh, Germany).
A parallel 40 mm sandblast plate geometry was used with a 0.5 mm gap size.
Temperature equilibrium was maintained at 25°C, and a solvent trap was used to

prevent the ceramic ink from drying.

4.3.1.3 HA-based scaffold printing process

The HA ceramic ink was used to 3D print scaffolds with a geometry of 10x10x3 mm?3
with a rectilinear infill pattern and infill density of 50%. The printing pressure ranged
between 120-200 kPa, and the printing speed between 5-8 mm/s. The printing nozzle
used was a 22G needle. The print bed temperature was kept at 60°C to ensure the
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deposited filaments dried out and the material spreading was minimised. Scaffolds
were printed directly onto a glass Petri dish covered with a silicone mat (Toastbags,
silicone baking mat, Sainsbury’s). This was the best surface onto which scaffolds could
be printed and subsequently detached without scaffold cracking. The width of the
deposited HA filaments was quantified following the same method as Section 2.3.2.
Four different layer heights were assessed (0.41, 0.25, 0.2, and 0.15 mm), and a final

layer height of 0.15 mm was adopted to manufacture all samples.

4.3.2 HA-based scaffold post-printing processing

3D-printed scaffolds were left at 60°C overnight to dry and facilitate their subsequent
handling. Scaffolds were then sintered with a Carbolite RHF 1600 furnace. Scaffolds
were placed on alumina crucibles (Almath, SUB100100) and sintered at 1320°C. The
temperature was ramped up at a speed of 2°C per minute and held at 1320°C for 5
hours. This sintering process had previously been optimised [%, so further
optimisation was not required. Before cell seeding, 3D-printed HA scaffolds were

autoclaved. The full process is summarised in Figure 4.1.
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Figure 4.1. Schematic showing the different manufacturing and processing
steps for the HA scaffolds. Scaffolds are 3D printed and left overnight at 60°C to
dry. Sintering occurs in a furnace with a temperature increase of 2°C/min until
1320°C temperature is held for 5 hours. Scaffolds are then autoclaved, and
subsequent cell seeding takes place.
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4.3.3 Physical characterisation of HA-based scaffolds
4.3.3.1 Shrinkage post-sintering

3D-printed scaffold images were taken before and after sintering was performed. Fiji
ImageJ software (1.53t version) was used to measure the width of the scaffolds in
triplicate. A total of 24 scaffolds were measured, and the changes in size were

statistically analysed.

4.3.3.2 Mechanical testing

The compressive strength of the sintered scaffolds was investigated using a Zwick
Roell Z005 universal testing machine. Compressive tests were performed with a pre-
load setting of 1 N and 0.5 mm/min compressive speed. The compression limit was
set at 0.5 mm of deformation, 16.6% of the scaffold’s height. A total of 7 scaffolds were
tested, and their compressive moduli were calculated using the force value at which
the first scaffold crack was observed. This first crack was chosen as the “failure”

scaffold point.

4.3.4 Biological characterisation in vitro of HA-based scaffolds
4.3.4.1 Cell culture and HA-based scaffold cell seeding

Two cell types were used to characterise the 3D-printed scaffolds biologically. Initially,
the Saos-2 cell line was used to optimise the characterisation assays and consistently
characterise the 3D-printed scaffolds with a bone-like cell line. Subsequently, HOBs
were used to prove that these cells could be used to develop a bone model using

primary human cells. A summary of the culture conditions is shown in Table 4.1.

Saos-2 cells were used and cultured using aMEM medium (Sigma Aldrich, M6199-
500ML) supplemented with 10% FBS (Foetal Bovine Serum) and 1% penicillin-
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streptomycin during the expansion process at 37°C and 5% pCO.. The culture medium

was changed every 2-3 days during the cell expansion.

Autoclaved HA scaffolds were pre-conditioned in supplemented aMEM medium
overnight and placed in ultra-low adhesion 24-well plates (ScienceCell, 0383). A
density of 1x10° cells per scaffold was seeded on top of the HA scaffolds in a volume
of 50 uL. Scaffolds were left without additional medium for 1 hour to ensure cell
attachment. Finally, 1 mL of pro-calcifying medium (aMEM, 10% FBS, 1% penicillin-
streptomycin, 50 upg/mL ascorbic acid (Sigma Aldrich, A4544), 2 mM p-
glycerophosphate (Sigma Aldrich, G9422), 10 nM dexamethasone (Sigma Aldrich,
D4902)) was added per well. Scaffolds were cultured at 37°C and 5% pCO2.The pro-

calcifying medium was changed every 3 days.

HOBs were purchased from PromoCell (PromoCell GmbH, Germany) and cultured
using Cell Applications (Cell Applications, San Diego, CA) bone culture media
supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C and 5% pCO:.
Supplemented medium was changed every 2-3 days when HOBs were expanded in

2D culture.

HOBs were seeded on pre-conditioned HA scaffolds following the same steps and set-
up as with the Saos-2 cells. HOBs were seeded at the same cell density as Saos-2
cells (1x10° cells per scaffold). When seeded on top of the HA scaffolds, they were
cultured with the medium supplemented with the same previous supplements (50
Mg/mL ascorbic acid + 2 mM B-glycerophosphate + 10 nM dexamethasone in
supplemented Cell Applications bone culture medium), making the pro-calcifying bone

medium, changed every 3 days, at 37°C and 5% pCO:.

2D control cultures of Saos-2 cells and HOBs were performed in 12-well plates with a
seeding density of 1x10* cells per well. Cells were cultured at 37°C and 5% pCO:2 with
the corresponding pro-calcifying medium and with a medium change every 3 days. All
cell culture experiments were performed for 28 days, and the primary time points

assessed were day 1, day 14 and day 28.
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Table 4.5. Cell culture conditions summary table.

Cell type Saos-2 HOBs
Culture set-up 2D HA scaffold 2D HA scaffold
Cell seeding density 1x10* per 1x10° per 1x10% per 1x10° per
(cells) well scaffold well scaffold
Culture time 28 days 28 days

Expanding cell culture
medium

aMEM + 10% FBS + 1%
penicillin-streptomycin

Cell Applications bone
medium + 10% FBS + 1%
penicillin-streptomycin

Pro-calcifying bone cell
culture medium

aMEM + 10% FBS + 1%

penicillin-streptomycin +

50 pug/mL ascorbic acid +
2 mM B-glycerophosphate
+ 10 nM dexamethasone

Cell Applications bone
medium + 10% FBS + 1%
penicillin-streptomycin +
50 pug/mL ascorbic acid +
2 mM B-glycerophosphate
+ 10 nM dexamethasone

4.3.4.2 Cell viability and metabolic activity

Cell viability was assessed through live/dead assay and PrestoBlue measurements at
different time points.

Live/dead assay was performed 24 hours post-seeding and on day 14 to assess cell
viability over the first 14 days of culture. Samples were washed twice with PBS
(phosphate-buffered saline) (Gibco, 20012-019) and then incubated at 37°C for 30
minutes in live/dead cytotoxicity assay (Invitrogen, L3224) using a concentration of 5
pL of calcein-AM and 20 pL of ethidium homodimer per 10 mL of PBS. After
incubation, constructs were rinsed twice again using PBS and imaged using an

Olympus DP80 microscope.

Cell metabolic activity was measured using the PrestoBlue™ Cell Viability Reagent
assay (ThermoFisher, A13261). A 1:10 dilution of this reagent in the pro-calcifying
medium was used to incubate 2D and cell-seeded HA scaffolds for 1 hour at 37°C and
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5% pCO2. Acellular HA scaffolds were also incubated and used as blank
measurements. Fluorescence was measured at 560 nm excitation and 590 nm

emission.

4.3.4.3 Histological Assessment through SEM

Cell-seeded scaffolds at time points day 1, 14 and 28 and acellular scaffolds were
fixed overnight at 4°C in 10% formalin solution in neutral buffer (Sigma Aldrich,
HT501128). Subsequently, scaffolds were dehydrated with ethanol in increasing
concentrations by submerging them for 5 minutes in 6 ethanol concentrations (50%,
70%, 90%, 100%, 100%, and 100%). A gold coater (Polaron Equipment Limited,
E5000) was used to gold coat dehydrated scaffolds using 1.25 kV and coating for 90
seconds. Scaffolds were imaged using an SEM (Scanning Electron Microscopy) (Zeiss
Gemini) at 3 kV and at two magnifications to assess general cell morphology and cell-
specific interaction with the HA particles. Images were processed in Fiji ImageJ
software (1.53t version). Cells were highlighted in red using Adobe Photoshop (version
23.2) for ease of differentiation between them and the HA scaffold.

4.3.4.4 Histological assessment through immunofluorescence labelling

Cell-seeded HA scaffolds and 2D cell controls were fixed overnight at 4°C in 10%
formalin solution in neutral buffer. Subsequently, collagen type-l and F-actin labelling

were performed to assess collagen type-l production and visualize cell morphology.

Samples were rehydrated for 10 minutes with PBTD (PBS + 1.1% DMSO + 0.1%
Tween 20) and blocked for 1 hour at room temperature using PBTD and 5% bovine
serum albumin (BSA) (Sigma Aldrich, A2153). Primary antibody incubation was
performed overnight at 4°C. Collagen type-I primary antibody (Abcam, ab34710) was
diluted at a ratio 1:250 in the PBTD and 5% BSA solution. All samples were washed
in PBS for 5 minutes after primary antibody staining was performed.
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Secondary antibody incubation was performed at room temperature. AlexaFluor-488
goat anti-rabbit (Invitrogen, A11008) was incubated for 2 hours at a ratio of 1:200 in
PBS along with F-actin labelling AlexaFluor phalloidin (Invitrogen, A12381) at a ratio
of 1:200. All samples were then washed for 5 minutes in PBS and nuclei staining was
performed by incubating the samples for 3 minutes at room temperature with DAPI
(4',6-diamidino-2-phenylindole) (Thermo Fisher, 62248) diluted at a ratio of 1:200 in
PBS. Further rinsing with PBS was performed for 5 minutes after nuclei staining.
Samples were imaged using an Olympus DP80 microscope.

4.3.4.5 RNA Extraction and Comparative qPCR

RNA extraction of the 2D control samples was performed by trypsinising the cells to
detach them from the well-plate surfaces. Cell pellets were obtained after
centrifugation, and supernatants were discarded. Cell pellets were then processed
using the QIAGEN RNeasy Mini kit (74104, QIAGEN).

RNA extraction of the cell-seeded HA scaffolds was performed by washing the
scaffolds 3 times with PBS and then mixing the scaffolds with 1.5 mL of TRIzol™
(Thermo Fisher, 15596026) for 10 minutes at room temperature. Scaffolds were
slightly crushed with a spatula to ensure the TRIzol was in contact with the cells that
had penetrated the micropores of the scaffolds. Submerged scaffolds were vortexed
for 10 seconds and the TRIzol was taken and mixed with chloroform in a ratio of 100
ML per 1 mL of TRIzol. The mixture was vortexed for 10 seconds, and then left at room
temperature for 1 minute. Subsequent centrifugation at 12,000 g and 4°C was
performed for 15 minutes. The aqueous phase was mixed in equal parts with 70%

ethanol and processed using the QIAGEN RNeasy Mini Kit.

All extracted RNA was quantified using a Nanodrop spectrophotometer and converted
to cDNA using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher, 4387406) for
further comparative gPCR analysis. Collagen type-lI (Col-l1), RUNX2 (runt-related
transcription factor 2) and ALP (alkaline phosphatase) gene expression levels were

analysed by comparative PCR using GAPDH (glyceraldehyde-3-phosphate

152



dehydrogenase) as a housekeeping gene. Additional non-osteogenic markers
(aggrecan (ACG), collagen type-Il (Col-Il), collagen type-X (Col-X), and SOX-9) were
also assessed to discard phenotypic changes. Primer sequences are reported in Table
3.1 in Chapter 3. Gene expression fold of change was calculated by the comparative
cycle threshold (CT) method, using the expression levels of the 2D controls as the

reference for the 2-24Ct calculation.

4.3.5 Statistical analysis

GraphPad Prism 9 was used for the graphical representation of data and statistical
analysis. All graphs show error bars representing the standard deviation. For
metabolic activity measurements through PrestoBlue, a two-way ANOVA (analysis of
variance) was performed. For assessing the sintering effect on the sample size, a
Welch t-test was performed. For comparative qPCR analysis, multiple unpaired t-tests
with Mann-Whitney correction were performed. Statistical significance was calculated
with a confidence interval of p < 0.05.
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4.4 Results

4.4.1 HA ink rheological characterisation and printability assessment

Rheological measurements to characterise the viscosity of the manufactured HA inks
were performed for 3 different ink batches. Figure 4.2A shows the viscometry
performed with the three different inks. The material behaviour observed was shear-
thinning, which explained its ease of printability. The observed low standard deviation
depicted that the inks were consistent in terms of their viscosity profile, especially at
shear rates higher than 1 s
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Figure 4.2. A) Viscosity measurements of the HA ink. N =3. Error bars show
standard deviation. B) Photographs of 3D printed HA scaffolds with different

layer heights (0.41, 0.25, 0.20, 0.15 mm) from Rosanne Roys 37l The scale bar
is 10 mm.
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The 3D printing process was optimised firstly in 2D and then in 3D. 2D optimisation
focused on optimising the printing speed and the printing pressure. Different printing
pressures (120-200 kPa) were tested at two printing speeds (5 and 8 mm/s) to assess
the HA filament deposition. The filament width of the HA deposited in 2D was
compared to a theoretical filament width value equivalent to the diameter of the printing
nozzle. In this case, a 22G needle was used, with a diameter of 410 ym. These
filament widths are quantified in Appendix A4.1 Figure A4.1. The 2D quantification
showed the expected changes in filament width, where increasing pressure leads to
wider filaments and increasing printing speed to thinner filaments. The tested range of
pressures and printing speeds was used across the 3D printing of the HA scaffolds.
The change of values within these ranges enabled the printer user to ensure filament
continuity in case issues such as clogging or excessive material deposition happened.
The 3D optimisation was performed by testing different printing layer heights. Figure
4.2B shows images of the scaffolds manufactured at different layer heights. The
optimal layer height of 0.15 mm was chosen as it enabled the production of the
scaffolds with the expected pores. The infill density of 50% was chosen following
previously reported investigations, which described it as the optimal infill density for

cell infiltration and higher compressive modulus [393.312,318]

4.4.2 Physical characterisation of HA scaffolds
4.4.2.1 Quantification of the sintering effect on scaffold size

The sintering process, by which these scaffolds were subjected to very high
temperatures for long periods, generated the fusion of the ceramic particles. Scaffolds
are, therefore, expected to shrink. Here, the width and length of 24 samples were
measured before and after sintering to quantify the effect on scaffold size. As seen in
Figure 4.3A, there was a significant (**** - p < 0.0001) difference between the pre-
sintered and the post-sintered scaffolds, with a decrease of 15%. This graph, Figure
4.3A, also illustrates the printing reproducibility across the pre-sintered scaffolds.
These scaffolds presented less than 0.1 cm (10%) differences across their length,
further confirming the consistency and accuracy of the manufacturing technique.
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4.4.2.2 Mechanical characterisation of HA scaffolds through compressive

testing

The compressive strength of the scaffolds was assessed through compressive testing.
For this investigation, the “failure” point of the scaffolds was determined to be the point
at which the first scaffold crack appeared. The force corresponding to this initial failure
was used to compute the compressive modulus. As seen in Figure 4.3B, an average
of 0.28 MPa was obtained across the 7 analysed samples, which fell close to the lower

range limit of trabecular bone compressive strength (0.22 to 10.44 MPa) [319],
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Figure 4.3. A) Scaffold width measurements before (pre) and after (post)
sintering process. N = 24. Welch t-test was performed for statistical significance
(**** - p < 0.0001). B) Compressive moduli of 50% infill HA scaffolds post-
sintering. N=5. Error bars show standard deviation.
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4.4.3 Biological characterisation

HA scaffolds were biologically evaluated using 2 different cell types: Saos-2 cell line
and HOBs. Saos-2 cells were a starting point to test and characterise their long-term
viability and osteogenic behaviour when seeded on the HA 3D printed scaffolds. It is
a cell line which presents the least cancerous phenotype out of other bone-like cell
lines 313, such as MG-63, and has the most mature osteoblastic behaviour 31, |t
differs from bone, with smaller cell sizes and overexpressing osteogenic genes, such
as ALP B3] Fast cell proliferation and high expression levels of osteogenic proteins
such as collagen type-I, RUNX2, and ALP were expected to be observed when seeded
onto HA scaffolds. HOBs were also used to confirm that these HA scaffolds could be
used to develop human bone tissue models in vitro. Slower proliferation and lower
mineralisation levels were expected when seeding HOBs on HA scaffolds compared

to Saos-2 cells.

4.4.3.1 Saos-2 cell viability and metabolic activity assessment

Cell viability of the Saos-2 cells seeded on HA scaffolds was assessed through
live/dead staining and metabolic activity measurements. Figure 4.4A shows both the
2D control and the HA scaffold on day 1, 24 hours post-cell seeding and on day 14.
These photos showed that Saos-2 cells attached to the HA scaffold from day 1
proliferated and covered the scaffold over the first 14 days, presenting minimal cell
death. A similar and expected behaviour was observed on the 2D controls, where cells
proliferated and grew on top of one another.

Figure 4.4B depicts the metabolic activity measured across the 28 days of the
experiment. A significant increase in metabolic activity from day 1 to day 28 was
observed in both HA scaffolds and 2D control samples. The 2D control showed a
negative fluorescence value on day 1, potentially due to the minimal time given for the
cells to attach and metabolise. This was then significantly (*** - p < 0.001) increased

on day 14 and even more (**** - p < 0.0001) on day 28 with respect to day 1. However,
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there was no significant difference between day 14 and day 28, suggesting minimal

metabolic changes in the cells of the 2D control during the second week of culture.

The HA Saos-2 cell-seeded scaffolds presented a significant increase in metabolic
activity from day 1 to day 14 (** - p < 0.01) and to day 28 (*** - p < 0.001), being
significantly different as well between day 14 and day 28 (* - p < 0.1). This increase in
metabolic activity, alongside the live/dead images, confirmed an increase in cell
numbers on the HA scaffolds across the 28 days of culture and that the cells were
metabolically active. The metabolic activity was lower on the HA scaffolds than on the
2D control. Further DNA quantification would be necessary to normalise these
metabolic activity levels and understand if these differences are due to cell numbers

or substrate-dependent changes in metabolic activity.
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Figure 4.4. A) Live/dead staining of Saos-2 cells on a 2D culture well plate (2D
control) and seeded on HA scaffolds; on days 1 and 14. Green shows alive cells;
red shows dead cells. B) Metabolic activity measured through PrestoBlue assay
of Saos-2 cells seeded on 2D or HA scaffolds measured on days 1, 14, and 28.
N = 6. Error bars show standard deviation. Two-way ANOVA was performed; (* -
p <0.05; ** - p <0.01; ** - p <0.001; ****-p <0.0001).
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4.4.3.2 Saos-2 — HA cell-material interaction assessment through SEM

SEM imaging was used to analyse the morphology of the Saos-2 cells further when
seeded on top of HA scaffolds, as well as their scaffold coverage over time and
location within the micropores of the HA scaffolds. Overall, it was used to visualise the

interaction between the cells and the ceramic particles.

Figure 4.5 shows low and high-magnification images of the HA scaffold surface
seeded with Saos-2 cells. On day 1, cells are seen to adapt to the HA patrticles,
maintaining a spread morphology, visible in the higher magnification day 1 image.
After day 14, Saos-2 cells formed a monolayer cell sheet across the top surface of the
HA scaffold particles. The higher magnification day 14 image depicts tight cell
interactions with minimal gaps between cells. This cell monolayer surface coverage
increased on day 28, clearly seen in the higher magnification images. However, on the
higher magnification image, it is observed that the cells were appearing in between
cell particles and growing on top of each other. Assessment of potential mineralisation
could not be performed through alizarin red staining, as the scaffold composition
interfered with the dye and could not be distinguished from new mineral deposition.

This is shown in Appendix A4.2.
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Figure 4.5. SEM images of Saos-2 cells seeded on HA scaffolds on day 1, day
14, and day 28. Left column: images taken at a lower magnification depicting the
cell coverage. Right column: images taken at a higher magnification to depict
cell-specific response and bone nodule formations. Cell proliferation and
scaffold coverage can be seen in the initial 14 days. Additional cell growth on
top of existing cells can be observed from day 14 to day 28. Cells were
highlighted manually using Adobe Photoshop (version 23.2).
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4.4.3.3 Assessment of Saos-2 cells through immunofluorescence labelling

Collagen type-l is a principal bone matrix constituent alongside the HA mineral phase.
Collagen type-l immunofluorescence labelling was performed to assess the production
of this extracellular matrix protein. As expected, day 1 images show in both 2D control
samples and HA scaffolds that this protein had a minimal extracellular expression,
Figure 4.6. From day 14 onwards, the levels of collagen type-I, labelled in green,
increased. On day 28, the expression of collagen type-I was seen extracellularly. The
fluorescence levels were higher on the HA scaffold than on the 2D control, which only
appeared on cell clusters. This was expected to be due to the differences in cell
density.

HA scaffolds 2D control

Collagen type-I F-actin Collagen type-I F-actin

Figure 4.6. Immunofluorescence labelling of collagen type-I (green), F-actin (red)
and DAPI (nuclei in blue) of Saos-2 cells seeded on a 2D well-plate or a HA
scaffold. Images are taken on day 1, day 14, and day 28. Negative labelling
controls are shown in Appendix A4.3.
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4.4.3.4 Saos-2 Comparative gPCR analysis to assess osteogenic mRNA

expression

Further quantification of osteogenic mMRNA expression was performed through
comparative gPCR analysis at two different time points, day 14 and day 28. All
analysed genes were compared to a housekeeping gene (GAPDH), and the
comparative gPCR was performed with respect to the 2D control on the specified time
point. In Figure 4.7A, there was a significant (* - p < 0.1) difference between the 2D
control and the HA constructs for the osteoblastic markers (Col-I, RUNX2 and ALP).
These suggested that the HA constructs promoted osteoblastic behaviour further than
the 2D control conditions. The observed ALP expression was also highly different,
showing a 100-fold increase in the cells seeded onto the HA constructs on day 14. It
has been previously reported (13 that these cells overexpress specific markers,
including ALP. However, this 100-fold difference showed that the HA construct
promoted the expression of ALP mRNA expression and, therefore, the mineralisation
potential of these cells when seeded on these scaffolds.

No significant changes were observed across the chondrogenic genes, confirming that
these cells were not experiencing phenotypic changes. It was surprising to see that
there was a significant downregulation of collagen type-X expression when Saos-2
cells were cultured on HA scaffolds instead of 2D controls on day 14. The
downregulation of this mRNA expression suggested that the HA scaffold further
promoted the osteoblastic behaviour of Saos-2 cells than the 2D control culture.

Day 28 comparative qPCR results showed no significant differences across any
markers, Figure 4.7B. Although the differences in expression were not significant,
there was a general upregulation of collagen type-l, and ALP expression of Saos-2
cells seeded on HA scaffolds. These again suggested that the HA scaffold promoted

bone maturation, characterised by collagen type-l and ALP expression.
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Figure 4.7. A) Comparative gPCR showing fold change in all tested genes on
day 14. Saos-2 cells seeded on HA scaffolds mRNA expression on day 14 is
compared to the 2D Saos-2 cells control on day 14. Significant differences (* - p
< 0.05) are seen in collagen type-l, RUNX2, ALP and Col-X expression. B)
Comparative qPCR showing fold change in all tested genes on day 28. Saos-2
cells seeded on HA scaffolds mRNA expression on day 28 is compared to the
2D Saos-2 cells control on day 28. No significant differences are seen across
MRNA expression. For both A and B, N = 6. Error bars denote standard
deviation. Multiple t-tests with the Mann-Whitney test were performed.
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4.4.4 Biological characterisation with HOBs
4.4.4.1 HOBs — HA cell-material interaction assessment through SEM

An initial cell-material interaction assessment was performed through SEM imaging.
SEM imaging assessed the cell distribution, shape and proliferation over 28 days of
culture. HOBs appeared to form similar cell sheets to the Saos-2 cells. On day 14,
Figure 4.8, cells partially covered the scaffold. HOBs presented a spread-out
morphology, which enabled them to form these sheets. Day 28 images, Figure 4.8,
depicted this phenomenon on the pores and the areas where perpendicular filaments
converge. Cell coverage further increased from day 14 to day 28, and cells were seen

penetrating the microstructure of the HA scaffold.

Figure 4.8. SEM images of HOBs seeded on HA scaffolds at day 14 and day 28.
Left column: images taken at a lower magnification depicting the cell coverage.
Right column: images taken at a higher magnification to depict cell-specific
response and bone nodule formations. Cell proliferation and scaffold coverage
can be seen in the initial 14 days. Cells were highlighted manually using Adobe
Photoshop (version 23.2).
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4.4.4.2 Assessment of HOBs through immunofluorescence labelling

Bone-specific protein expression was assessed through immunofluorescence
labelling on the HOB-HA seeded scaffolds and compared to the 2D controls.
Immunofluorescence labelling of collagen type-I and actin filaments was performed to
visualise bone-like matrix deposition and cell morphology, respectively, Figure 4.9.
Day 14 and day 28 time points were assessed. The 2D control of HOBs showed the
cells producing low levels of collagen type-l deposition, with a few green areas
highlighted. Between day 14 and day 28, the 2D control cells changed morphology
and went from a more spindle shape to a flattened morphology. Collagen type-I
deposition in the 2D control was minimal, potentially due to low cell density. The HA
scaffolds showed collagen type-lI deposition from day 14 within cell clusters and
intracellularly. The levels of this protein increased on day 28, depicted by an increase
in the intensity of the green clusters. The presence of this protein appeared mainly in

the cell clusters.

HA scaffolds 2D control
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Figure 4.9. Immunofluorescence labelling of collagen type-I (green), F-actin (red)
and DAPI (nuclei in blue) of HOBs seeded on a 2D well-plate or on a HA scaffold.
Images are taken on day 14 and day 28. Negative controls are shown in
Appendix A4.4.
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4.4.4.3 HOBs RNA Extraction and Comparative gPCR analysis

Osteogenic genes mMRNA expressions were investigated to assess the HA scaffold’s
effect on the HOBs in terms of osteogenecity. Chondrogenic genes and hypertrophic
genes were also measured to ensure cell dedifferentiation was avoided. All mMRNA
expressions were compared to the expression of GAPDH, the chosen housekeeping

gene.

Figure 4.10A depicts the expression changes on day 14. Chondrogenic genes (Col-II,
AGC and SOX-9) were downregulated when HOBs were placed on the HA scaffold
compared to the 2D HOB control on day 14. A downregulation was also observed in
the hypertrophic-associated gene collagen type-X. The osteogenic genes Col-l,
RUNX2 and ALP were downregulated as well. Although this downregulation was not
significant, it was surprising, as the HA scaffold had been found to improve the
expression of these osteogenic genes in Saos-2 cells.

Figure 4.10B shows the mRNA expression observed on day 28 between the 2D control
and the HA scaffold. An upregulation of the chondrogenic genes was observed.
However, the large standard deviations of some of the measurements, such as in the
case of aggrecan, suggested that this experiment should be repeated with more
samples. All genes, Col-ll, ACG and SOX-9, were upregulated in the HA scaffold with
respect to the 2D control. There was also an upregulation of collagen type-X
expression, again showing a surprising phenomenon where the HOBs behaved less
bone-like than the 2D structures. It is still being determined whether this was because
of the differences in cell density or the limitations encountered when extracting the
RNA from these cells, which grow in the microstructure of HA. mRNA extraction in 3D
scaffolds was less efficient than in the 2D samples. Therefore, a more effective
extraction would lead to different results. This would require further optimisation of this

extraction method by fully pulverising the HA scaffold.

The expression of the osteogenic genes on day 28 was not significantly different. Only
the ALP activity and collagen type-l mRNA expressions were slightly upregulated;
however, these differences were not significant. All the measurements of mMRNA

expression in these HOB-based samples were based on a minimum “n” number of 3.
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More sample repetitions are required to fully characterise the behaviour of these cells

when seeded on HA scaffolds.
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Figure 4.10. A) Comparative qPCR showing fold change in all tested genes on
day 14. HOBs seeded on HA scaffolds mRNA expression on day 14 is compared
to mMRNA expression of the 2D HOBs control on day 14. B) Comparative qPCR
showing fold change in all tested genes on day 28. HOBs seeded on HA
scaffolds mRNA expression on day 28 is compared to mRNA expression of the
2D HOBs control on day 28. No significant differences are seen across mRNA
expression. For both A and B, N = 3. Error bars represent standard deviation.
Multiple t-tests with the Mann-Whitney test were performed
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4.5 Discussion

Bone has a complex hierarchical structure composed of organic and inorganic
materials, with multiple cell types that intricately interact with each other, making it an
extremely complicated tissue to mimic in vitro. The composition and architectural
distribution of this tissue, made of collagen type-l and HA, is complicated to recreate
due to the existing interaction between both components and their differences in terms
of material characteristics. 3D printing is a manufacturing technique which enables the
production of complex structures and control over variables such as porosity and
different material deposition. It has been extensively used to develop bone tissue
models in vitro (Section 4.1 and Appendix A4.1). Collagen type-I is the main organic
bone compound that presents complexities when used in manufacturing techniques
such as 3D printing and does not reach the required compressive moduli characteristic
of bone 201, To increase the compressive modulus of the manufactured constructs,
HA-based inks have been used in combination with sacrificial materials 1279321 and
other organic materials, such as alginate [31.281-289] collagen [104.281.285] chijtosan [282:290]
or gelatine 285287-291]  to mimic the structure of bone. However, the use of these
organic materials has been proven to have limitations such as poor mechanical
properties [282.292-294] ' high degradation rates [2922% and limited long-term stability
[288,295-302] of the produced scaffolds. Therefore, the use of HA as the primary and only
material to develop these bone scaffolds has been investigated (Appendix A4.1, Table
A4.1) to circumvent these issues.

Previous work by Roopavath et al. 3% and Sara Malferrari 312! focused on developing
and optimising an HA ink to 3D print structures which would be used in the future for
in vivo implantation (312, Critical steps in the manufacturing process, such as sintering
temperature and time, as well as infill pattern and density, had previously been
optimised and investigated. The work described in this chapter focuses on using this
optimised ink formulation and investigating its rheological properties, changes in size
post-sintering, compressive strength properties, and the effect of the 3D-printed HA

scaffolds on bone-like cells (Saos-2 cells and HOBS).
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Initial material characterisation was performed by rheologically measuring the
viscosity changes of the HA ink with respect to shear rate. Figure 4.2A shows that
three batches of HA inks were measured, and the expected shear-thinning behaviour
was observed. The overall shear-thinning material behaviour is the predicted one.
However, higher viscosity values were observed in lower shear stress levels (< 0.5 s
1) than those reported previously 12, This higher viscosity could be due to the ink
having a higher solid content and lower water percentage due to the ink preparation
process, as was manually mixed for 10 minutes to achieve a homogeneous
consistency. This amount of mixing time was not previously reported to be
standardised. Therefore, a standardised ink manufacturing protocol was developed

[317] leading to consistent results across HA ink batches.

Further material characterisation was performed by looking at the changes in size of
the printed scaffolds after the sintering process. HA scaffolds underwent a sintering
process before autoclaving and cell seeding. In this process, they were subjected to
high temperatures (> 1300°C), which led to a fusion of the HA particles, hardening the
HA scaffolds. This fusion of particles led to decreased inter-particle space and
decreased scaffold size. This decrease percentage must be characterised so an
accurate prediction of the scaffold size can be performed and variables, such as cell
seeding density, can be accurately calculated. Figure 4.3A shows the significant
difference between the 50% infill HA pre-sintered scaffolds and the post-sintered
scaffolds, showing a decrease in size. The high temperatures in the sintering process
make the HA particles fuse, and the HPMC, used as a polymeric binder, burn off,
leaving a pure HA construct. Previous research reported a decrease in scaffold size
of nearly 50% for the 50% infill density scaffolds when sintered at 1320 °C for 5 hours
[312 However, here it was found that the size change was closer to 15%, which
correlated closer to other reported literature which used similar sintering temperatures
((18-20%) at 1100-1300°C [304:321] or 25% at 1400°C [322)), The decrease in sintering
size could be due to the difference in HA ink solid content. The HA particle size was
the same as previously reported (~ 25 um) 2%, However, there is no prior information
regarding the HA ink preparation protocol used. Therefore, the changes in HA ink
manufacturing, where a 10-minute mixing period was performed, could lead to a loss
in solvent content due to evaporation and a higher solid content. This higher
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percentage of HA particles would lead to less inter-particle space and decreased

shrinkage post-sintering.

Additionally, the compressive moduli of the printed scaffolds were assessed and
calculated, taking the point of failure as the point where the first visible crack appears.
An average of 0.28 MPa of compressive modulus was obtained for the printed
scaffolds. These results differed by more than a factor of 10 from those previously
reported with this specific ink composition 32, which ranged close to 5 MPa. These
differences could be due to the data analysis and the point at which “failure” of the
scaffolds was determined in the previously reported research. Information regarding
determining failure points was not found in the previous research; therefore, a new

definition was set.

Regardless of the differences in rheological features and mechanical characteristics
of the printed scaffolds, the previously optimised ink composition demonstrated ease
of printability as well as scaffold reproducibility, observed in the sintering changes
which differed less than 0.1 cm (10%) between scaffolds, Figure 4.3A. Additionally, as
the intended use of these scaffolds was to develop an in vitro bone-like model,
changes in size post-sintering were less relevant than if these scaffolds were to be
implanted in vivo in specific size defects. The compressive moduli differences,
although relevant, were not concerning. The measured compressive moduli values fell
within the reported compressive characteristics of trabecular bone, 0.22 to 10.44 MPa
[319], However, the reported compressive strength of other HA-based scaffolds varies
drastically from 22.5 MPa [2% to 750 MPa [3%8] (Appendix A4.1, Table A4.1), showing
that the presented scaffold compressive strength is far from previously reported
values. Additional variables such as infill density, scaffold architecture, and sintering
parameters could be further investigated to increase the resulting compressive
strength of the manufactured scaffolds.

Initial cell-based investigations were performed using the Saos-2 cell line. This cell line
is the least cancerous and displayed the most mature osteoblastic behaviour out of
other cell lines, such as MG-63 323, It is a well-established cell line used for in vitro
investigation with various materials 13316 with a doubling time of 2-3 times greater

than HOBs 313, However, it also differs from bone in aspects such as cell size and
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overexpression of specific osteogenic genes such as ALP [l Based on the
advantages of this cell line, this cell type was used to initially optimise the assays used

and fully characterise the HA scaffolds’ behaviour on bone-like cells in vitro.

Saos-2 cells were cultured in 12-well plates as a 2D control and onto the HA scaffolds
at a cell density proportional to previously reported investigations 3231, Cell viability was
assessed qualitatively through live/dead staining on day 1 (24 hours post-cell seeding)
and day 14, Figure 4.4A. Day 1 images showed that the cell viability on the 2D control
was high and that a visible number of cells had attached to the HA scaffold. These
cells proliferated and kept the viability high on day 14, showing full coverage of the
well plate in the 2D control and nearly complete coverage of the HA scaffold. These
images showed initial promising results as the cells proliferated and kept high levels

of viability.

Further quantification of these observations was performed by measuring the
metabolic activity of the cells using the PrestoBlue ™ assay. In both the 2D control and
the HA scaffolds, a significant increase in metabolic activity from day 1 to day 28 was
observed; Figure 4.4B depicts the increase in cell numbers. The metabolic activity of
the cells seeded on HA scaffolds was lower than the 2D control. This is hypothesised
to be due to differences in cell density and potentially cell-material interactions.
However, further investigations are required to understand these differences fully. The
overall trend observed also further confirmed the reported increase in cell numbers

and cell viability across the 28 days of culture.

Cell-material interaction characterisation was performed visually through SEM
imaging of the Saos-2 cells seeded on HA scaffolds at different time points, Figure
4.5. Day 1 showed low cell coverage levels, suggesting cell attachment levels onto the
HA scaffold were lower than those observed on the 2D scaffold. This was expected
and attempted to be mitigated using low-adhesion well plates, which avoided cells
attaching to the well plate, forcing them to attach to the HA scaffold instead. Saos-2
cells had a spread-out morphology and adapted to the shape of the HA particles of
the scaffolds. Day 14 images showed the quick cell coverage of the HA scaffold. A flat

cell sheet covered most of the HA scaffold, with cells forming cell-cell interactions over
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the HA scaffold particles and covering the structure. Day 28 images show further

coverage and penetration of the Saos-2 cells into the micropores of the HA structure.

Additionally, higher magnification images show the formation of clusters, which are
thought to be calcification nodules. However, further analysis of the composition of
these nodules is required. Standard alizarin red staining was not a reliable analysis
method here as this staining protocol stains for calcium, which is the major component
of HA. Alizarin red staining was performed in both acellular HA scaffolds and day 28
Saos-2 seeded HA scaffolds. However, the differentiation between scaffold mineral
and cell-made mineralisation nodules was highly complicated to quantify (Appendix
A4.2). A retrieval of this staining was attempted by submerging the stained scaffolds
in acetic acid and measuring the neutralised retrieved dye through optical density.
However, inconclusive results were obtained (Appendix A4.2). Therefore, further
analyses based on mRNA expression or total calcium quantification should be

performed.

Alongside the production of calcification nodules, osteogenic behaviour could be
observed through the production of collagen type-l protein, the major organic
component of bone matrix 2592601 |nitial assessment of this protein production was
performed through immunofluorescence labelling of collagen type-l and F-actin
filaments to determine the expression of this protein and cell shape, respectively. Both
2D control and HA scaffold Saos-2 cells showed no production of collagen type-I on
day 1. Day 14 was the first time point where small amounts of collagen type-I were
observed on the HA scaffold, Figure 4.6. Both HA and 2D samples showed a higher
cell coverage. However, collagen type-l production was only evident on the HA
scaffolds, suggesting that this ceramic substrate promoted the expression of this

extracellular protein faster than the 2D culture method.

Furthermore, day 28 images showed higher levels of collagen type-I production on the
HA scaffold and initial cell clusters, which presented low levels of this protein in the 2D
control. The appearance of cell clusters in the 2D control was due to the high cell
density, which forced cells to grow on top of each other. It these nodules, the

production of collagen type-I appeared to be more prominent.
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Although the immunofluorescence labelling images were a good initial indicator for the
production of collagen type-l, further quantification was performed through
comparative qPCR in both samples. The 2D control sample was used as the baseline
comparison, and the endogenous housekeeping gene was GAPDH. Expression of
osteogenic and chondrogenic genes was performed on day 14 and day 28. Day 14
expression profile showed a significant upregulation of all osteogenic genes, Col-l,
RUNX2 and ALP activity, Figure 4.7A. A significant downregulation of collagen type-
X expression was observed, and no significant changes were seen across the
chondrogenic genes. The upregulation of both collagen type-I and RUNX2 showed
that the Saos-2 cells were in the proliferative state more than the 2D control. However,
the high upregulation of the ALP mRNA levels on the HA cell-seeded scaffold
suggested that cells in these scaffolds had exited mitosis and were in the
mineralisation stage. Overexpression of ALP on Saos-2 cells has been previously
reported 1331, However, here we were comparing two cell culture systems using Saos-
2 cells in both, suggesting that the increase of this expression was most likely due to
the effect of the HA substrate on the Saos-2 cells.

Comparative gPCR levels analysed on day 28 showed no significant changes across
measured mRNA levels, Figure 4.7B. However, both collagen type-l and ALP
expression were upregulated on the HA scaffold, suggesting further that the cells had
entered an extracellular matrix production state. Chondrogenic genes presented no
significant differences in expression. However, there was an upregulation of aggrecan
and SOX-9 on the HA scaffolds. SOX-9 is associated with the development of
malignant tumours and increased aggressiveness 324, The upregulation of this gene
on day 28 on the HA scaffolds suggested that the scaffold promoted the cancerous
behaviour of the cells. However, the upregulation of these chondrogenic genes has
already been reported, suggesting that this is normal behaviour on Saos-2 cells
cultured in a pro-calcifying medium [B24, Overall, the higher expression of the
osteogenic markers on day 14 suggested that the HA scaffold promoted osteogenic

behaviour faster than the 2D culture.

174



Although Saos-2 cells are a well-established cell line used for preliminary testing of
bone-related materials or preliminary investigations, it has been proven to not
resemble primary cell behaviour fully B3, Due to these differences, further
characterisation using HOBs was performed.

Cell-material interactions between the HOBs and the HA scaffold were investigated
using SEM imaging, Figure 4.8. Images on day 14 and day 28 showed that the HOBS,
larger than the Saos-2 cells 313, reached a cell coverage comparable to that observed
on the Saos-2 cells on day 28. Day 14 images showed that the HOBs also partially
formed cell sheets that covered the HA scaffold. These observations show a clear and
expected difference in cell proliferation rates using the same cell seeding density.
However, similar cell coverage is observed on day 28, suggesting that this culture time
is enough for the used HOB cell seeding density to populate the HA scaffold fully. Cell
clusters or nodules were also not observed on day 28 when using HOBs. The lack of
these formations is potentially due to the differences observed in cell density. Saos-2
cells’ high proliferation rate triggered the formation of these mineralisation nodules,
where cells grew on top of each other. However, this cell density is not achieved by
the HOBs in 28 days of culture. A longer culture time for this specific cell seeding
density or a higher cell initial seeding density could lead to a higher cell population and

the subsequent formation of mineralisation nodules.

Differences between 2D and HA-seeded HOBs were also observed in collagen type-I
production, Figure 4.9. 2D control HOB cultures showed low levels of collagen type-I
production despite the high cell density. Cells were seen to change from a more
elongated morphology to a spread-out conformation with low levels of collagen type-I
expression. HOBs seeded on the HA scaffolds showed expression of collagen type-I
from day 14 onwards. Although the cell density on day 14 was insufficient to cover the
whole HA construct, high collagen type-I levels were observed. These differences
depend not on cell density but on substrate and cell-material interactions. HA scaffolds
positively impact collagen type-lI production in HOBs compared to the 2D culture

controls.

Further quantification of the expression of osteogenic markers in HOBs was performed

through comparative gPCR. The control group was the 2D cultured HOBs with the
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endogenous housekeeping gene GAPDH. As this was a proof-of-concept model, low
numbers of samples (n = 3) were used in this analysis. Expression of osteogenic and
chondrogenic markers was assessed on day 14 and day 28. Day 14 expression,
Figure 4.10A, showed no significant differences in any of the genes and a general
downregulation of all tested genes in the HA scaffolds. Osteogenic markers’ (Col-I,
ALP and RUNX2) expression was downregulated, suggesting that the cells seeded on
HA scaffolds were proliferating less and mineralising less than those in the 2D culture
at this specific time point. This was speculated to be due to the differences in cell
densities. Day 28 expression levels, Figure 4.10B, also showed no significant
differences between the 2D control and the HA scaffolds. However, at this point, Col-
I, RUNX2, and ALP levels were similar to the control. This suggested that at this time
point, cells behaved similarly in both 2D and HA samples. However, these differences
were based on low sample numbers and were not significant. Therefore, further
samples should be measured to achieve a definite conclusion. Additionally, the fact
that the expression of these proteins in the HA scaffold images of immunofluorescence
can be seen but not in the comparative gPCR suggests that the mRNA extraction in
the 3D scaffold might not be retrieving all the RNA and, therefore, the values seen in

the comparative gPCR are lower.
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4.6 Limitations and Further Work

This chapter aimed to characterise the HA ink for 3D printing scaffolds and investigate
the use of these scaffolds to model bone tissue in vitro. However, multiple limitations

were found when undertaking and investigating the set objectives.

Firstly, the HA scaffold characterisation (scaffold shrinkage post-sintering and
compressive strength) showed multiple differences with previous work using this
specific HA composition 393312 and other reported investigations, which used HA as
the only manufacturing material for 3D printing scaffolds [3°8:309. Qverall, there needs
to be more information regarding the solid and water content of the HA ink used
throughout this chapter. Further characterisation of these parameters would enable a
better understanding of this effect on scaffold shrinkage post-sintering and mechanical
properties. Additionally, the compressive modulus of the presented HA scaffolds (0.28
MPa) falls in the lower range of bone mechanical properties (0.22 to 10.44 MPa [319]),
This difference in compressive strength is expected to affect the behaviour of HOBs
and Saos-2 cells. Therefore, further investigations to increase this compressive
modulus must be performed. Furthermore, HA scaffolds with different compressive
moduli could be investigated to corroborate that this variable affects Saos-2 cells and
HOBs.

Secondly, regarding the biological characterisation, the experimental set-up was
simplified by having the HA scaffolds compared to 2D cell culture on plastic well plates.
An additional 2D control with a layer or pellet of HA could be included. This would
enable further comparisons to be established and to determine whether the changes
seen are material-dependent or configuration-dependent (2D vs. 3D). This control
group would help to further understand the differences observed in the metabolic
activity of Saos-2 (Section 4.4.3.1). The results show lower metabolic activity in the
HA scaffolds, regardless of suspected higher cell numbers. Additional DNA
guantification assays should be performed to quantify cell proliferation over time.
Additionally, including this control could determine if this metabolic activity difference

is due to the material interactions.
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Thirdly, two main limitations were encountered in processing the HA scaffolds. In the
first place, the availability of microscopes and the thickness of the 3D printed samples
limited the imaging resolution when immunofluorescence labelling was performed.
Different microscopy set-ups could be investigated to improve the resolution and
magnification of the images. In the second place, RNA extraction methods could affect
the gPCR results. Due to the bone-like cells penetrating the HA scaffold pores,
complete RNA extraction becomes complicated. Fully pulverising the scaffold can
compromise the quality of the extracted RNA. However, not breaking the scaffold
enough would only extract the RNA of the surface cells. Therefore, multiple extraction

methods could be compared to ensure the most efficient extraction.

Finally, two key issues limited the presented investigation regarding the quantification
of mineralisation and the use of HOBs. The potential mineralisation of the seeded
Saos-2 cells and HOBs was not possible to quantify through standard methods such
as alizarin red staining. This specific method stains calcium deposits 3251, Calcium is
the main element in HA. Therefore, differentiation between new mineral deposits and
the original HA scaffold was challenging. Other analyses, such as calcium
guantification, should be investigated to characterise these models further.
Furthermore, using HOBs limited the investigation due to these primary cells’ low
availability and proliferation rate. To fully develop the bone tissue model, HOBs from

different donors should be tested, and the sample size should be increased.
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4.7 Summary

The 3D-printed HA constructs exhibited mechanical properties consistent with
trabecular bone. Moreover, during the initial 14 days of culture, they demonstrated a
superior capacity to support the growth and osteogenic behaviour of Saos-2 cells
when compared to 2D culture controls. Notably, these seeded scaffolds displayed cell

infiltration, propagation throughout the HA structure, and the deposition of collagen

type-I.

Furthermore, at day 14, Saos-2 cells cultured on HA scaffolds exhibited significantly
elevated expression levels of crucial osteogenic markers, including collagen type-l,
RUNX2, and ALP, in contrast to their 2D counterparts. These initial findings, derived
from cell line-based experiments, were promising, leading to subsequent

characterization with HOBs.

While the assessment involved limited samples, the HOBs showed cell proliferation
and collagen type-I production when cultured on HA scaffolds. Notably, no statistically
significant differences emerged in the comparative qPCR results, likely attributable to
the small sample size. Thus, further research is necessary to draw more robust
conclusions. Additionally, exploring variables such as cell seeding density will be
crucial to comprehensively understanding the relationship between cell density and
the osteogenic potential of HA scaffolds.

These findings show that 3D-printed HA scaffolds can support long-term bone-like cell
cultures. Therefore, these bone-like constructs were used to develop an osteochondral

tissue model, further explained in Chapter 5.
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Chapter 5: 3D Bioprinting proof of concept

osteochondral tissue models in vitro

5.1 Introduction

Osteochondral tissue units are made by the intersection of hyaline cartilage and bone.
They present distinct areas with specific structural differences [, which makes this
complex tissue challenging to mimic in vitro. This structure can be divided into four
areas, gradually changing from a smooth, surfaced cartilage into a calcified cartilage
connecting to the subchondral bone. Cartilage structure, previously described in
Chapter 3, changes in the cellular shape and distribution and the extracellular matrix
protein composition. As seen in Figure 1.1, chondrocytes go from an elongated shape
and distributed parallel to the cartilage surface to a randomised allocation with a
characteristic circular shape, which then turns into a columnar placement
perpendicular to the tide mark where chondrocytes become hypertrophic. The
tidemark zone joins the uncalcified and calcified cartilage and is connected to the

subchondral bone plate.

Tissue engineering techniques have been used to recreate osteochondral tissue
models in vitro (see Chapter 1 for more details). 3D bioprinting has been used within
them, as it enables control over the manufactured architecture, different materials, and
the homogeneous deposition of cells. A detailed literature review conducted and
published as a part of this thesis has confirmed that 3D bioprinting has been used to
manufacture osteochondral tissues in vitro, mainly using the techniques of extrusion-
based and jetting-based bioprinting 2. These techniques have been used combined
with different bioinks, cell types and additional GFs to develop these composite
tissues. The most recent investigations have adopted a combination of acellular and
cellular 3D bioprinting, enabling the simultaneous use of softer materials, such as
gelatine methacryloyl (gelMA) or hyaluronic acid, with more robust materials, such as
PLA (poly(lactic) acid) and PCL (poly-e-caprolactone) [>115162.326]  Thijs approach

enables the composite structures to achieve better mechanical properties, getting
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closer to physiological values. Additionally, these approaches focus on introducing
multiple cell types, which achieve better cell proliferation and tissue maturation 124, as

well as the formation of the required different tissues.

Although advances have been made in developing these composite tissues, specific
characteristics still need to be fully met. These include mechanical properties not
matching those of native tissue, the lack of interconnectivity between the cartilage and
bone sections, and the inability of these constructs to be kept in culture for long periods
of time (further explained in Chapter 1). Attempts to overcome these limitations have
been investigated, such as designing complex gradient structures that mimic the
connection between the two tissues 63271 adding extra components to the bone
section, such as vasculature "#4 or adding mechanical cues to improve the

mechanical properties of the samples #2441,

In an attempt to simplify the current approaches whilst tackling these issues, a 3D
bioprinted osteochondral model is presented. Following on the previously optimised
3D bioprinting process of the cartilage section (Chapter 3) and the previously
developed bone-like tissue mode in vitro (Chapter 4), this chapter focuses on combing
the information learnt from Chapters 3 and 4 to assemble a composite structure of
osteochondral tissue. Manufacturing these in vitro osteochondral models focuses on
developing simple structures that tightly interact, avoiding cartilage-bone
delamination. Additional objectives were not pursued at this initial stage, such as
achieving close-to-native tissue mechanical properties or adding vasculature in the

bone section.

This chapter focuses on developing an osteochondral tissue model in vitro using a
Peptigel® Alpha 1-based cartilage section and an hydroxyapatite (HA) scaffold-based
bone section. Multiple biphasic tissue models are presented and investigated
regarding cellular proliferation, protein expression, and mRNA expression. These
models include the combination of an Alpha 1-based cartilage section with either an
acellular-HA scaffold (Model-1), a Saos-2-seeded HA scaffold (Model-2), or a HOB-

seeded HA scaffold (Model-3). These conditions are summarised in Table 5.1
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The first experimental set-up, Model-1, consists of an initial characterisation of the
effect that the HA scaffold has on the cartilage section. This investigation was
performed using an HA scaffold in combination with a 3D bioprinted Alpha 1 section,
which had embedded primary human chondrocytes (HCHS). This first set of
experiments focused on assessing two manufacturing protocols (upright vs. inverted)
and characterising the interaction of Alpha 1 and HA. This was achieved by assessing
the chondrogenic protein expression of the Alpha 1 embedded HCHs through
immunofluorescence and gPCR when in contact with acellular-HA. These results were
compared to HCH-embedded 3D bioprinted Alpha 1 cultured alone as a control

(control Model-1), previously characterised in Chapter 3.

The second experimental set-up, Model-2, assessed the behaviour of Saos-2 seeded
on HA in combination with the HCH-embedded 3D bioprinted Alpha 1 section, which
was cultured for 21 days in an inverted set-up. Immunofluorescence labelling and
gPCR focused on assessing the expression of chondrogenic, osteogenic, and
hypertrophic markers in the Alpha 1 and HA sections. These results were compared
to HCH-embedded 3D bioprinted Alpha 1 cultured with Saos-2 cells in 2D (control
Model-2).

The third and final experimental set-up, Model-3, was a proof-of-concept for a fully
human primary cell-based osteochondral construct. An HCH-embedded 3D bioprinted
Alpha 1 section in combination with an HOB-seeded HA scaffold was manufactured.
Immunofluorescence labelling and gPCR focused on assessing the expression of
chondrogenic, osteogenic, and hypertrophic markers in the Alpha 1 and HA sections.
These results were compared to HCH-embedded 3D bioprinted Alpha 1 cultured with
HOBs in 2D (control Model-3).
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Table 5.6. Summary of experimental set-ups of various tissue interaction models
investigated in Chapter 5. lllustrations created with BioRender.

1st Experimental set-up

2"d Experimental set-up

Model-2

3'd Experimental set-up
Proof-of-concept

Model-1 Model-3
Control Control Control
Model-1 Model-1 Model-2 Model-2 Model-3 Model-3
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Alpha 1 )
with Alpha 1 with
HCHS HCHs + HA + + + +
2D Saos-2 | Saos-2+HA | 2D HOBs HOB+HA
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5.2 Objectives and Hypotheses

This chapter aims to combine cartilage and bone-like tissue models fabricated from
Chapters 3 and 4, respectively, and study various cell and material interactions for

optimised osteochondral tissue model fabrication.

Objectives:

1. Optimise the 3D bioprinting process to study the interaction between the
cartilage and the bone-like tissue models.

2. Develop three independent tissue models to study the interaction of various
materials and cells through immunostaining and short- and long-term protein
expressions.

Hypotheses:

1. Incorporating the ceramic scaffold in Model-1 will increase the osteogenic and
hypertrophic phenotype of Alpha 1 embedded HCHs.

2. Incorporating bone-like cells in Model-2 and Model-3 will decrease the
chondrogenic potential of Alpha 1 and increase the osteogenic phenotype of
HCHs.
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5.3 Methods

5.3.1 Cell culture

HCHs were used to manufacture the Alpha 1-based cartilage tissue model section.
Cell culture conditions remained the same as the ones explained in Section 3.3.1 of
Chapter 3.

Saos-2 cells were used in the cell seeding of the HA scaffold for the preliminary
characterisation of the osteochondral tissue construct. HOBs were used in the seeding
of the HA scaffold for the preliminary proof-of-concept osteochondral tissue system
development based on primary human cells. The culture conditions for both Saos-2
cells and HOBs are described in Section 4.3.4.1 in Chapter 4.

5.3.2 Composite structure printing set-up

The initial biphasic construct manufacturing set-up was designed to be a bottom-up
process. The HA construct would be placed at the bottom of the wells in the culture
well plate, and the Alpha 1 section would be 3D bioprinted on top. This procedure
presented complications such as the different positioning of the HA constructs within
each well and the movement of these constructs when the Alpha 1 3D bioprinting
occurred. Custom-made holders were designed and 3D printed using FDM (Fused
Deposition Modelling) PLA printing to circumvent these issues. These were fitted to
12-well plates with a rectangular base where the HA construct would be placed. Figure
5.1 shows the design schematic and photographs of the printed holders.
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Figure 5.1. 3D printed holder design for upright bioprinting of the osteochondral
constructs. A) Shows an isometric view of the holder’'s CAD (Computer Aided
Design). B) Shows side cross-section of the holder CAD design. C) Top view of
the CAD holder. D) Photograph of 3D printed holders.

These constructs enabled the 3D bioprinting of the biphasic constructs to be held in
place and have a better automated manufacturing process. However, the culture of
these constructs for 7 days as a biphasic entity showed multiple issues, such as the
constant detachment of the Alpha 1 section from the HA construct and a fast

degradation rate of the Alpha 1.

An alternative manufacturing strategy was assessed to overcome the observed issues
with an inverted manufacturing procedure. The construct was inverted, presenting the
Alpha 1 at the bottom of the well plate and the section HA on top. As previously
explained in Section 3.3.3 in Chapter 3, the cartilage structures were printed in 12-well
plates. Subsequently, HA scaffolds were manually placed on top of the cartilage
sections. This method not only eliminated the issue of delamination between the two
sections of the biphasic construct but also prevented Alpha 1 from floating. Gravity
pulled the HA construct down, held Alpha 1 in place, and facilitated the penetration of
the Alpha 1 cartilage section into the pores of the HA construct. Additionally, due to
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the lower surface area of the cartilage section being exposed, the degradation of Alpha
1 was decreased. The upright and inverted manufacturing methods are graphically

described in Figure 5.2.

HA scaffold manually placed

inside of 3D printed holder in a 335;2‘2“%??
12-well plate HCHs
T Removal of holder
with tweezers and
= addition of culture
y (,'v, o medlgm
Upright o
manufacturing
method — —
Inverted *
manufacturing ‘ e !
method L e
A% A B
3D Bioprinting HA scaffold manually
Alpha 1 with placed on top of the 3D
HCHs in 12-well bioprinted Alpha 1 and
plate addition of culture medium

Figure 5.2. Schematic diagram showing the upright and inverted manufacturing
methods. The upright method shows acellular HA scaffolds placed inside the
3D printed 12-well plate holders and Alpha 1 with embedded HCHs being 3D
bioprinted on top. The inverted method shows Alpha 1 with embedded HCHs
being 3D bioprinted in 12 well plates and the acellular HA scaffolds placed over
them before cell culture medium immersion. lllustrations were made with
BioRender.

5.3.3 3D Bioprinted models cell culture set-up.

Model-1 was manufactured using the inverted manufacturing method. In short, Alpha
1 with embedded HCHs was 3D bioprinted into 12-well plates. HA scaffolds were

manually placed over the 3D bioprinted samples. They were cultured for 7 days. Cell
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culture conditions remained the same as the ones explained in Section 3.3.1 of
Chapter 3.

Model-2 was manufactured using the inverted manufacturing method. Saos-2 cells
were seeded on the HA scaffold and cultured for 14 days. The culture conditions for
Saos-2 cells are described in section 4.3.4.1 in Chapter 4. On day 14, Alpha 1 with
embedded HCHs was 3D bioprinted into 12-well plates. The Saos-2 seeded and pre-
cultured HA scaffolds were placed over the 3D bioprinted Alpha 1 samples. They were
cultured for another 7 days in chondrogenic medium, as explained in section 3.3.1 of
Chapter 3. Control Model-2 was manufactured by seeding 2D Saos-2 cells in 12 well
plates, as described in Section 4.3.4.1 in Chapter 4. These cells were cultured for 14
days in pro-calcifying medium. On day 14, Alpha 1 with embedded HCHs was 3D
bioprinted over the 2D cell culture. They were cultured for another 7 days in
chondrogenic medium, as explained in Section 3.3.1 of Chapter 3. Model-2 and its

control were in culture for a total of 21 days.

Model-3 was manufactured using the inverted manufacturing method. HOBs were
seeded on the HA scaffold and cultured for 14 days. The culture conditions for HOBs
are described in Section 4.3.4.1 in Chapter 4. On day 14, Alpha 1 with embedded
HCHs was 3D bioprinted into 12-well plates. The HOBs seeded and pre-cultured HA
scaffolds were placed over the 3D bioprinted Alpha 1 samples. They were cultured for
another 7 days in chondrogenic medium, as explained in Section 3.3.1 of Chapter 3.
Control Model-3 was manufactured by seeding 2D HOBs in 12 well plates, as
described in Section 4.3.4.1 in Chapter 4. These cells were cultured for 14 days in pro-
calcifying medium. On day 14, Alpha 1 with embedded HCHs was 3D bioprinted over
the 2D cell culture. They were cultured for another 7 days in chondrogenic medium,
as explained in Section 3.3.1 of Chapter 3. Model-3 and its control were in culture for
a total of 21 days.

A summary of the culture set-up is shown in Figure 5.3.
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Figure 5.3. A) Manufacturing schematic of Model-1. B) Manufacturing schematic
of Model-2. C) Manufacturing schematic of Model-3. lllustrations were made with

BioRender.
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5.3.4 3D Bioprinted construct biological characterisation

The biological characterisation of the 3D bioprinted constructs was performed to
assess cell viability, histological features, protein production, and RNA expression.
Physical characterisation of the individual sections (HA scaffold and 3D bioprinted
Alpha 1) is not presented as it is expected to be the same as previously reported in
Chapters 3 and 4.

5.3.4.1 Cell viability and cell proliferation

DNA quantification was assessed using a Quant-iT PicoGreen dsDNA Assay Kit
(Thermo Fisher, P7589). Model-1 constructs were mixed with pre-warmed (37°C)
protease solution (10 mg/mL) (Sigma Aldrich, P5147-1G), crushed with a spatula and
vortexed until the Alpha 1 and the HA sections were dissolved and broken,
respectively. This mixture was then incubated at 37°C for 5 minutes. Sequentially,
these samples were mixed with 500 pL of 2X TE Buffer from the Quant-iT PicoGreen
dsDNA Assay Kit and 1% Triton X in UltraPure™ DNase/RNase-Free Distilled Water
(Thermo Fisher, 10977-035). Mixtures were then incubated at 37°C for 30 minutes
and placed at -20°C. Samples were subjected to three freeze-thaw cycles before the
assay was performed. DNA extraction of Alpha 1 control Model-1 was performed as
stated in Chapter 3, Section 3.3.7.

PicoGreen dye was diluted in a concentration of 1:200 in the 2X TE Buffer. 100 pL
from each sample were pipetted in a black/opaque 96 well-plate. An additional 100 pL
of the PicoGreen dye solution was added and left for 5 minutes under constant mixing
at room temperature. Fluorescence was immediately measured using a plate reader
at excitation and emission wavelengths of 480 and 520 nm, respectively. DNA

concentration was obtained from these measurements.
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5.3.4.2 Histological processing and cryosectioning

3D Bioprinted constructs were fixed overnight at 4°C in 10% formalin solution in neutral
buffer (Sigma Aldrich, HT501128). After fixation, samples were washed for 5 minutes
in PBS (phosphate-buffered saline) and left for 3 hours in 30% sucrose (Sigma Life
Sciences, S9378) solution in PBS (Gibco, 20012-019) to dehydrate them. They were
then submerged in a 50:50 ratio mixture of 30% sucrose solution and OCT (Optimal
cutting temperature) mounting media (VWR chemicals, 361603E) overnight at 4°C.
Samples were then placed in cryomolds filled with OCT mounting media and snhap-
frozen wusing liquid nitrogen. The samples were cryosectioned, using a
ThermoScientific cryotome FSE, in 8 um thick slices for further immunohistochemistry

processing.

Model-1 constructs were fixed overnight at 4°C in 10% formalin solution in neutral
buffer. Instead of being further dehydrated, embedded and cryosectioned, they were

directly immunofluorescently labelled as described below.

5.3.4.2.1 H&E staining

Previously optimised H&E (haematoxylin and eosin) staining of 3D bioprinted

constructs (Section 3.3.9 in Chapter 3) was performed on the cryosections.

5.3.4.2.2 Immunofluorescence labelling

Model-1 whole fixated samples were physically separated into Alpha 1 and HA parts
using a spatula. The labelling process on each part independently was the same as

the one described for the cryopreserved sections below.

Cryopreserved sample sections were rehydrated for 10 minutes with PBTD (PBS +
1.1% DMSO + 0.1% Tween 20) and subsequently fixed for 10 minutes using 10%
formalin solution in neutral buffer. Sections were then blocked for 1 hour at room

temperature using 5% BSA (bovine serum albumin) in PBTD (Sigma Aldrich, A2153).
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Primary antibody incubation was performed overnight at 4°C, keeping slides in a
humidity chamber. Antibodies were added in pairs onto the cryosections, matching
different antibody species. Collagen type-Il primary antibody (Invitrogen, PA1-36059)
was diluted at a ratio of 1:50; aggrecan primary antibody (Abcam, ab3778) was diluted
at a ratio of 1:100 with SOX-9 primary antibody (Abcam, ab185966) diluted at a ratio
of 1:100; collagen type-I primary antibody (Abcam, ab34710) was diluted at a ratio of
1:250 with collagen type-X primary antibody (Abcam, ab49945) diluted at a ratio 1:100.
All antibodies were diluted into PBTD with 5% BSA. All sections were washed in PBS

for 5 minutes after primary antibody staining was performed.

Secondary antibody incubation was performed at room temperature. For collagen
type-Il, SOX-9 and collagen type-I labelling, secondary antibody AlexaFluor-488 goat
anti-rabbit (Invitrogen, A11008) was incubated for 2 hours at a ratio of 1:200 in PBS.
For aggrecan and collagen type-X AlexaFluor 594 goat anti-mouse secondary
antibody (Abcam, ab150116) diluted at a ratio of 1:200 for 2 hours in PBS. Samples
labelled with collagen type-Il were incubated with the secondary antibody alongside
phalloidin (Invitrogen, A12381) at a ratio of 1:200 in PBS for 2 hours.

All sections were then washed for 5 minutes in PBS, and nuclei staining was performed
by incubating the sections for 3 minutes at room temperature with DAPI (4',6-
diamidino-2-phenylindole (Thermo Fisher, 62248) diluted at a ratio of 1:200 in PBS.
Samples were then washed with PBS for 5 minutes. Samples were imaged using an
Olympus DP80 microscope.

5.3.4.3 RNA Extraction and Comparative qPCR

3D pellet and Alpha 1 controls were processed as previously explained in Section
3.3.12 in Chapter 3. Saos-2 2D culture control was processed as stated in Section
4.3.4.5 in Chapter 4 to extract their mRNA. For Model-1, the RNA extraction was
performed as the Peptigel® extraction method (Section 3.3.12 in Chapter 3). In short,
the biphasic construct was mixed into pre-warmed (37 °C) protease solution (10

mg/mL) (Sigma Aldrich, P5147-1G) and vortexed for 30 seconds to ensure that the
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Alpha 1 section of the biphasic construct was digested. To initiate RNA extraction, 350
buL of the RNeasy lysis buffer with 1% B-mercaptoethanol was mixed with the
constructs and vortexed for 1 minute. Subsequently, the QIAGEN RNeasy Mini Kit
was used (QIAGEN, 74104), and the suggested instructions were followed.

For Model-2 and Model-3 samples, there was an initial physical separation of both
compartments. A spatula was used to peel off the cartilage section from the HA
compartment. Both sections were processed separately with different RNA extraction
protocols, following the previously optimised methods for each section. The Alpha 1
section was processed as previously stated in Section 3.3.12 of Chapter 3; the HA
construct was processed following the RNA extraction method from Section 4.3.4.5 in
Chapter 4. mRNA levels were quantified using a Nanodrop spectrophotometer. cDNA
was formed using the High-Capacity RNA-to-cDNA Kit (ThermoFisher, 4387406) as

specified by the manufacturer.

Gene expression levels of collagen type-Il (Col-Il), aggrecan (AGC), SOX-9 (SOX-9),
collagen type-l (Col-l), RUNX2 (runt-related transcription factor 2), ALP (alkaline
phosphatase), and collagen type-X (Col-X) were analysed by comparative gPCR using
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as a housekeeping gene.
Primer sequences are reported in Table 3.1, Chapter 3. Gene expression fold of
change was calculated by the comparative cycle threshold (CT) method, using the
expression levels of the 3D cell pellet or the bone-like 2D cultures for the cartilage and
HA sections, respectively, as the reference for the 224t calculation.

5.3.4 Statistical analysis

GraphPad Prism 9 was used for the graphical representation of data and statistical
analysis. All graphs show error bars representing the standard deviation. For DNA
guantification, a two-way ANOVA (analysis of variance) was performed. The statistical
significance of the gPCR analysis was calculated by doing one-way ANOVA with
multiple comparisons for each gene expression and manually plotting the different
significant levels in combined graphs. The Kruskal-Wallis one-way ANOVA was
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performed for those data sets that did not pass the normality test. Statistical

significance was calculated with a confidence interval of p < 0.05.
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5.4 Results

5.4.1 Optimisation of the 3D bioprinting set-up using Model-1: upright vs.

inverted.

Two printing strategies were evaluated to manufacture the osteochondral tissue
models: upright, where 3D bioprinted Alpha 1 with HCHs is over the HA scaffold; and
inverted, where Alpha 1 with HCHs is 3D bioprinted in 12 well plates and the HA

scaffold placed over it; Figure 5.2.

Upright 3D bioprinted samples were manufactured using the 3D-printed custom
holders (Figure 5.1). Although this manufacturing strategy showed to be effective by
keeping the HA samples in place, it presented other issues, such as the low adhesion
between both sections of the biphasic constructs, leading to Alpha 1 delamination,
(shown in Appendix A5.1 Figure A5.1). Additionally, even if the samples were kept
connected during the culture time, they would rapidly dissolve due to the high Alpha 1
surface area exposed to the culture medium, both above and below, through the pores

of the HA construct, as seen in Figure 5.4A.

An alternative inverted manufacturing method was tested to promote adhesion
between the two sections of Model-1 and reduce the Alpha 1 surface area directly
exposed to the culture medium to avoid degradation. For the inverted approach, the
Alpha 1 section was 3D bioprinted at the bottom of the well, and the HA construct was
manually placed on top, Figure 5.2. This strategy facilitated the adhesion between
both sections due to the force of gravity compressing the HA construct towards Alpha
1. This kept Alpha 1 in place, prevented it from floating and promoted its infiltration in
the pores of the ceramic structure. The surface area interaction was reduced by having
the bottom of Alpha 1 attached to the well plate and the top in contact with the ceramic
section, slowing down the degradation rate, Figure 5.4B. Due to these advantages,

the inverted manufacturing method was used to perform further experiments.
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1cm

Figure 5.4. Photographs of Model-1 samples manufactured with A) the custom
holders using the upright method and B) manufactured using the inverted
method. For ease of comparison, the inverted manufactured biphasic construct
is imaged with the HA scaffold at the bottom. Black arrows depict the Alpha 1
section after 7 days of culture. Red arrows depict the acellular HA scaffold
section.

5.4.2 Characterisation of Model-1 to assess the effect of HA on Alpha 1
embedded HCHs

5.4.2.1 DNA Quantification of Model-1

DNA gquantification was used to assess the effect of including an HA construct in direct
contact with Alpha 1 on the HCHs viability. Figure 5.5 shows no significant differences
between day 0 and day 7 time points when comparing Model-1 and its control. There
was a further decrease in the DNA concentration of Model-1; however, this was not
significant. These measurements confirmed that the inclusion of this ceramic
compartment did not significantly affect the viability of HCHs embedded in Alpha 1

samples.
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Figure 5.5. DNA quantification was obtained with PicoGreen of the control
Model-1 (Alpha 1 with HCHs) and Model-1 (Alpha 1 with HCHs cultured with HA)
over 7 days of culture. N =9 for Alpha 1; N = 3 for Alpha 1 + acellular HA. ** - p
< 0.01. Diagrams are added for clarity, made with BioRender.

5.4.2.2 Histological Assessment of Model-1

5.4.2.2.1 H&E staining for cell morphology, extracellular matrix deposition and Alpha

1 penetration assessment in Model-1

Routine H&E was performed on Model-1 and Model-1 without cells as a comparison.
This was performed to investigate the cell morphology, matrix deposition on the
cartilage section, and Alpha 1 penetration in the HA pores. Figure 5.6 shows the H&E
stains performed on cross-sections of samples. The first panel showed the cross-
section of a fully acellular Model-1 after being cultured for 7 days in chondrogenic
medium. When performing the sectioning and subsequent staining protocol, the HA
section dissolved and could not be stained or imaged. This first set of images (Figure

5.6A and B) shows how the acellular Alpha 1, stained in pink, penetrated the ceramic
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structure, resulting in a wavy pattern on the bottom surface. Additionally, ceramic
particles, imaged as black speckles, were visibly in direct contact with Alpha 1 and
penetrating in the contact surface (Figure 5.6). However, whether this was a
phenomenon representative of what happens in vitro or if it resulted from the staining

protocol was unclear.

The second set of images (Figure 5.6C and D) shows Model-1 after 7 days of culture.
This set of images also presented signs of Alpha 1 penetration in the HA construct
and the infiltration of ceramic particles into Alpha 1. The patrticle infiltration was higher,
making it complicated to discern cell nuclei from ceramic particles due to the
similarities in colour post-staining. Regardless, the Alpha 1 section showed a smaller
size than its acellular equivalent, further confirming the phenomenon previously

observed, where cellularised Alpha 1 degraded faster than acellular ones (Chapter 3).

Figure 5.6. A) Low magnification and B) high magnification H&E staining image
of acellular Model-1 after 7 days in culture. C) Low magnification and D) high
magnification H&E staining image of Model-1 over 7 days of culture. The
squares in the bottom images depict the described phenomenon of Alpha 1
penetration in the HA scaffolds and the HA particles (indicated by blue arrows)
that dissolved into Alpha 1 during the staining protocol.
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5.4.2.2.2 Histological assessment through immunofluorescence labelling in Model-1

Immunofluorescence labelling was performed on Model-1 and compared to its control.
The HA section, when sectioned, fully dissolved as labelling protocols were performed.
Therefore, the labelling was performed in the samples, whole, to avoid histological
information loss. Figure 5.7 shows the immunofluorescence labelling images of both
sections of these biphasic constructs.

5.4.2.2.2.1 F-actin labelling for cell morphological assessment in Model-1

F-actin labelling was performed to assess cell morphology. Figure 5.7A shows the
Alpha 1 section, depicting the expected circular cell morphology of the embedded
HCHs and their self-assembly into cell clusters. Figure 5.7B shows the HA section,
which presented HCHs that migrated from the Alpha 1 section. These cells presented
a spread-out fibroblastic morphology. This change in morphology was expected, as a

stiffer substrate makes HCHs adopt this configuration [328],

5.4.2.2.2.2 SOX-9 labelling to assess changes in chondrogenic potential of Alpha 1 in
Model-1

SOX-9 labelling was performed to assess the chondrogenic behaviour of the HCHs.
Figure 5.7C shows an extremely low expression of SOX-9 in the cells embedded within
the Alpha 1 section. This was unexpected as the expression levels observed in Alpha
1 cultures previously showed high levels of this transcription factor (Chapter 3).
However, as these constructs were labelled and imaged as a whole, there was a
limitation when performing image acquisition due to refraction from Alpha 1. Further
guantification analysis of the expression levels of SOX-9 was later performed to

confirm the observed results.

Figure 5.7D shows that the cells that migrated onto the HA section also showed

minimal to no expression of SOX-9, as expected. The substrate change can promote
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hypertrophic behaviour in chondrocytes [328l; hence, a lower expression of SOX-9 was

expected.

5.4.2.2.2.3 Collagen type-ll labelling to assess chondrogenic extracellular matrix

production in Model-1

Collagen type-ll labelling was performed to assess the production of this key
chondrogenic extracellular matrix protein. Figure 5.7E shows the expression of
collagen type-ll appearing mainly inside the cell clusters. This expression was
consistent with previous observations in the Alpha 1 culture alone, Section 3.4.3.3.3
of Chapter 3. Elevated levels of collagen type-Il expression in the cell clusters were
shown, indicating chondrogenic extracellular matrix deposition. Figure 5.7F shows
lower levels of collagen type-Il expression on the HCH cells which migrated into the
HA scaffold.

5.4.2.2.2.4 Aggrecan labelling to assess chondrogenic protein extracellular matrix

production in Alpha 1 in Model-1

Aggrecan labelling was performed to assess the production of the chondrogenic
extracellular matrix. Figure 5.7G shows elevated levels of aggrecan expression in
Alpha 1 with increased red fluorescence, making the surface cell clusters visible and
clear. This indicated further chondrogenic extracellular matrix production in these
clusters. Low levels of aggrecan expression were also seen in the cells that had
migrated onto the HA scaffold, Figure 5.7H. However, these were visibly lower than
the expression observed in the cell clusters, confirming that this marker is mostly

expressed in those cells which are part of cell cluster formations.
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5.4.2.2.2.5 Collagen type-| labelling to assess changes in HCH behaviour towards an

osteogenic phenotype in Model-1

Collagen type-l was immunofluorescently labelled to assess the expression of this
osteogenic protein in HCHSs. Figure 5.71 shows minimal levels of collagen type-I in the
Alpha 1 section, represented by a faint glow. This indicated that the HCHs phenotype
was healthy and not fibrotic [32°, Figure 5.7J shows elevated levels of collagen type-|
expression on the cells that migrated from Alpha 1 onto the HA section, suggesting a

phenotype change towards an osteogenic lineage.

5.4.2.2.2.6 Collagen type-X labelling to assess changes in HCH behaviour towards a

hypertrophic phenotype in Model-1

Collagen type-X labelling was performed to assess the transition of the HCHs into a
hypertrophic state. Figure 5.7K shows no collagen type-X in the Alpha 1 section,
suggesting this protein was not expressed. This indicated that chondrocytes were not
becoming hypertrophic close to the interface or when in contact with the HA section.
Figure 5.7L shows a minimal expression of collagen type-X on the cells that migrated

onto the HA section, depicting no HCH hypertrophy in the HCHs attached to HA.
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Figure 5.7. F-actin (red) and nuclei (blue) labelling of HCHs (A) in Alpha 1 (arrows
point at the cell clusters) (B) and in the HA section. SOX-9 (green) and nuclei
(blue) labelling of HCHs (C) in Alpha 1 and (D) in the HA section. Collagen type-
Il (green) and nuclei (blue) labelling of HCHs (E) in Alpha 1 (arrow depicts
production in cell clusters) and (F) the HA section. Aggrecan (red) and nuclei
(blue) labelling of HCHs (G) in Alpha 1 and (H) in the HA section. Collagen type-
I (cyan) and nuclei (blue) labelling of HCHs (I) in Alpha 1 and (J) in the HA
section. Collagen type-X (red) and nuclei (blue) labelling of HCHs in (K) the
Alpha 1 section and (L) the HA section. Samples were imaged after 7 days of
culture. (Negative controls are shown in Appendix A5.2, Figure A5.2.)
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5.4.2.3 mRNA expression assessment through comparative qPCR of Model-1

Comparative gPCR of all chondrogenic, osteogenic and hypertrophic chondrogenic
genes was performed on Model-1 and compared to the control Model-1 and 3D pellets.
Figure 5.8 shows the expression profile of the Alpha 1 section in Model-1 after 7 days
of culture. Data previously reported in Chapter 3 comparing Alpha 1 alone culture
(control Model-1) to the 3D pellet is not described here, only compared against new

data.

Figure 5.8A shows the expression of chondrogenic genes. This first graph depicts the
expression of collagen type-Il, aggrecan and SOX-9, comparing the new results to
those reported in Chapter 3. Non-significant upregulation of collagen type-Ii
expression was observed between the 3D pellet and the Alpha 1 section in Model-1.
This suggested a higher degree of chondrogenic extracellular matrix production.
Aggrecan mRNA expression showed no significant downregulation when compared
to control Model-1 and no significant upregulation with respect to the 3D pellet control.
This suggested that the Alpha 1 section was still promoting the expression of aggrecan
MRNA. However, incorporating the ceramic scaffold diminished the chondrogenic
potential of the Alpha 1, producing less chondrogenic extracellular matrix.

SOX-9 expression was significantly (* - p < 0.05) upregulated in Model-1 with respect
to the 3D pellet control, suggesting that the incorporation of Alpha 1, regardless of the
adjacent HA incorporation, promoted and maintained chondrogenesis better than the

3D pellet after 7 days of culture.

Figure 5.8B shows the expression levels of osteogenic markers, collagen type-I,
RUNX2 and ALP. Significant downregulation (** - p < 0.01) of collagen type-lI was
observed between the control Model-1 and Model-1. This suggested that the
chondrogenic profile of Model-1 was healthier than the control, avoiding fibrotic
cartilage production 329, RUNX2 and ALP expressions showed no significant
differences across samples. The expression levels in both markers followed a similar
pattern, being upregulated in Model-1, suggesting the ceramic sections’ introduction
drove the upregulation of these osteoblastic genes. However, these differences were
not significant.
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Figure 5.8C shows the expression of the hypertrophic marker, collagen type-X. This
marker, characteristic of hypertrophic chondrocytes, which appear closer to the
interface of the osteochondral unit, was expected to be upregulated in Model-1.
However, the opposite expression was observed. There was a significant
downregulation (** - p < 0.01) between the 3D pellet control and Model-1, as well as
between the control Model-1 and Model-1 (* - p < 0.05), showing that the introduction

of a ceramic section did not promote hypertrophy.
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Figure 5.8. Comparative qPCR showing fold change in chondrogenic (A),
osteogenic (B), and hypertrophic (C) genes in the Alpha 1 section of Model-1 on
day 7 compared to 3D pellet control and control Model-1. N = 3 for the 3D pellet
control; N = 6 for Alpha 1 (control Model-1), Model-1; One-way ANOVA

performed with Kruskal-Wallis for each gene. * - p <0.05; ** - p <0.01.
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5.4.3 Characterisation of Model-2 to assess the effect of Saos-2 seeded on
HA on Alpha 1 embedded HCHs

5.4.3.1 Histological assessment of Model-2 and control Model-2

5.4.3.1.1 H&E staining for cell morphology, extracellular matrix deposition and Alpha

1 penetration in Model-2

Model-2 presented a similar Alpha 1 penetration into the HA scaffold pores as the
Model-1. However, due to the limited Alpha 1 volume left and the high degree of
ceramic particle infiltration, it became extremely difficult to differentiate cell types.
Figures 5.9A and B depict the Alpha 1 section’s remains and some parts of the Saos-
2+HA section. Unlike Model-1, the HA section in Model-2 dissolved less than in Model-
1, and the HA studs were still visible. This was potentially due to the Saos-2 cells
generating their matrix, which, post-processing, stayed attached to the microscope
slide. Additionally, it was difficult to discern cell morphology or distribution from the
sample sections due to Alpha 1 degradation and HA patrticle interference, hence other

imaging techniques were required.

Model-2 was compared to a control Model-2, made of Alpha 1 co-cultured with Saos-
2 in a 2D cell layer. Control Model-2 presented features similar to the ones seen on
day 7 of Alpha 1 (control Model-1). Cells in the centre of Alpha 1 retained the expected
circular shape, and cell clusters started to be visible on the surface, Figure 5.9C and
D. This suggested that when Alpha 1 was cultured in co-culture with bone-like cells
(Saos-2 cells), its chondrogenic behaviour was not compromised. The nature of the
HA patrticles and this staining made it hard to differentiate them from cells. Therefore,
additional imaging analyses were performed to visualise cell morphology and

configuration.
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Figure 5.9. H&E staining images of (A) and (B) Model-2, and (C) and (D) control
Model-2 over 21 days of culture in total. A and C show images at a lower
magnification. B and D show images at a higher magnification, corresponding
to the highlighted squares in A and C, respectively.

5.4.3.1.2 Histological assessment through immunofluorescence labelling of Model-2

5.4.3.1.2.1 F-actin and collagen type-Il labelling for cell morphological assessment and

extracellular matrix protein production in Model-2

Immunofluorescence labelling of actin filaments and collagen type-Il was performed
to assess cell morphology and cartilage-specific extracellular protein production.
Figure 5.10 shows fluorescent images of labelled collagen type-Il in green and the
actin filaments labelled with phalloidin in red. The control samples, control Model-2,
further confirmed what was observed in the H&E staining. Cell clusters were present,
similar to those observed in the Alpha 1 (control Model-1), Figure 5.7. These presented

elevated levels of collagen type-Il expressed inside, and the F-actin labelling depicted
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the cell morphology change from the circular-shaped cells in the centre of Alpha 1 to

a more spread-out morphology in the cell clusters.

Model-2 samples were cryosectioned to assess the interactions happening at the
interface between Alpha 1 and the ceramic construct. Figure 5.10 shows a transition
from circular-shaped cells on the Alpha 1 section to more spindle-shaped cells when
in contact with the HA scaffold. These observations coincided with the ones seen in
Model-1. The intersection photos showed distinct levels of collagen type Il expression,
with lower levels inside the cells close to the interface but higher intensities on the HA
section. Negative control images (Appendix A5.2, Figure A5.2) confirmed that this was
collagen type-Il deposition, not autofluorescence from the HA particles. Therefore,
there was an extracellular deposition of collagen type-ll which attached to the HA

section.

Control Model-2 Model-2

Figure 5.10. Collagen type-Il (green) and F-actin (red) labelling and nuclei (blue)
of HCHs in Alpha 1 co-culture with 2D Saos-2 cells control (control Model-2) and
Model-2. The top row shows a lower magnification with highlighted sections in
red, which are shown in the bottom row at a higher magnification. Samples were
imaged on day 21. Negative control labelling is shown in Appendix A5.2, Figure
A5.2. Diagrams of models are added for clarity, made with BioRender.
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5.4.3.1.2.2 SOX-9 labelling to assess changes in chondrogenic potential of Alpha 1 in
Model-2

SOX-9 expression was assessed to determine the chondrogenic potential and
behaviour of the Alpha 1 embedded HCHs in Model-2. SOX-9 expression was
observed in the cell clusters of control Model-2, Figure 5.11. In Model-2 constructs,
SOX-9 expression was seen in the cells which formed the interface on the Alpha 1
side but not on those attached to the HA section. It was difficult to visualise the
expression of this marker further away from the interface due to the limitations of the
labelling protocol. Some of the Alpha 1 sections tended to wash away, making
assessing that section of the construct complicated. Once again, further analysis
techniques, such as qPCR, were required to quantify the expression levels of this

transcription factor.

5.4.3.1.2.3 Adggrecan labelling to assess chondrogenic protein extracellular matrix

production in Model-2

Aggrecan labelling was performed to assess cartilage-specific extracellular matrix
protein production. Aggrecan labelling on the control Model-2 showed an expression
on day 7 similar to that observed in Alpha 1 (control Model-1). There were higher
expression levels on the surface cell clusters, but lower levels are seen in the cells
embedded in the middle of Alpha 1, Figure 5.11. Model-2 constructs presented
prominent levels of aggrecan in the cells on the surface of Alpha 1 and those HCHs
closer to the interface. Saos-2 cells, still attached to the HA section, appeared to
express this marker, a phenomenon previously reported in the literature 3241,
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Control Model-2 Model-2

20 pm

Figure 5.11. Aggrecan (red) labelling and SOX-9 (green) and nuclei (blue) of
HCHs in Alpha 1 co-culture with 2D Saos-2 cells control (control Model-2) and
Model-2. The top row shows a lower magnification with highlighted sections in
red, which are shown in the bottom row at a higher magnification. The bottom
row shows the images divided by channels for easier differentiation of the green
(SOX-9) channel. Samples were imaged on day 21. Negative control labelling is
shown in Appendix A5.2, Figure A5.2. Diagrams of models are added for clarity,
made with BioRender.

5.4.3.1.2.4 Collagen type-l and collagen type-X labelling to assess changes in HCH

behaviour towards an osteogenic or hypertrophic phenotype in Model-2

Collagen type-l and collagen type-X expression were assessed on control Model-2.
Collagen type-l was expressed in the cell clusters which appeared on the surface of
Alpha 1 but less intensely on the cells within Alpha 1, which were not in clusters, Figure
5.12. This suggested a transitioning towards a more fibrotic chondrogenic extracellular
matrix expression on the cell clusters [32°1, Additionally, no expression of collagen type-
X could be observed in either the cell clusters or the cells embedded within Alpha 1.
This depicted no chondrogenic hypertrophy in these cells.

Model-2 sections showed similar behaviour, where collagen type-l was highly
expressed on the cells near the interface and on the cells that remained attached to

the HA structure, Figure 5.12. However, only minimal collagen type-X was observed
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in the interface of the construct but not in direct contact with the HA section, suggesting
HCHs did not hypertrophy when in contact with Saos-2+HA constructs. Although these
images gave an initial understanding of these proteins’ expression levels, it was not
possible to discern different cell types or quantify the expression levels. Additional
analysis techniques, such as qPCR, were required to further quantify these expression

levels on each section of the osteochondral constructs.

Control Model-2 Model-2

Figure 5.12. Collagen type-I (cyan) and collagen type-X (red) labelling and nuclei
(blue) of HCHs in Alpha 1 co-culture with 2D Saos-2 cells control (control Model-
2) and Model-2. The top row shows a lower magnification with highlighted
sections in red, which are shown in the bottom row at a higher magnification.
Samples were imaged on day 21. Negative control labelling is shown in

Appendix A5.2, Figure A5.2. Diagrams of models are added for clarity, made with
BioRender.

5.4.3.2 mRNA expression assessment through comparative gPCR of Model-2

and control Model-2

Comparative gPCR of all chondrogenic, osteogenic and hypertrophic chondrogenic
genes was performed on both the cartilage and bone-like sections of Model-2 and
compared to the corresponding controls, 3D pellets for the cartilage section and the

2D Saos-2 cell culture for the bone-like section. Figure 5.13 shows the expression
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profile of the Alpha 1 section, and Figure 5.14 shows the HA section of Model-2. It
must be noted that the Alpha 1 section is referred to as being cultured for 7 days.
Although the total culture period for the biphasic construct was 21 days, Alpha 1 was
added on day 14 and cultured for just 7 days. Data previously reported in Chapter 3

and Chapter 4 is not described here, only compared against new data.

Figure 5.13A shows the expression of chondrogenic genes in the Alpha 1 section of
Model-1, Model-2, and control Model-2. This first graph depicted the expression of
collagen type-Il, aggrecan and SOX-9, comparing the new results to those reported in
Chapter 3. Non-significant upregulation of collagen type-Il expression was observed
between the 3D pellet and the Alpha 1 section of Model-2. This suggested a higher
degree of chondrogenic extracellular matrix production. However, the fold change of
Model-2 was lower than Model-1, suggesting that the introduction of Saos-2 cells
downregulated the expression of this protein. Additionally, a significant downregulation
from Alpha 1 (control Model-1) to the Alpha 1 section from control Model-2 further
confirmed that the introduction of this bone-like cell generated a change in the genetic

expression of the embedded cells within Alpha 1.

Aggrecan mRNA expression showed no significant differences in Model-2 and control
Model-2 when compared to the 3D pellet control. The expression of aggrecan in all
these samples was downregulated with respect to the Alpha 1 (control Model-1), and
not significantly upregulated with respect to the 3D pellet control. This suggested that
the Alpha 1 section was still promoting the expression of aggrecan mRNA. However,
incorporating Saos-2 cells and the ceramic scaffold diminished the chondrogenic

potential of Alpha 1, producing less chondrogenic extracellular matrix.

SOX-9 expression was upregulated in all samples with respect to the 3D pellet control,
suggesting that the incorporation of the Alpha 1, regardless of additional conditions,
promoted and maintained chondrogenesis better than the 3D pellet after 7 days of
culture. There were no significant differences in the expression of SOX-9 between
Model-1 and Model-2. This suggested that the HA scaffold’s cellularisation did not
compromise this key marker’s expression on the Alpha 1 section. However, there was

a significant downregulation (* - p < 0.05) between control Model-2 and Alpha 1
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(control Model-1) and Model-1. This downregulation suggested that any observed

changes came from the introduction of Saos-2 cells and not from the HA scaffold.
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Figure 5.13. Comparative gPCR showing fold change in chondrogenic (A),
osteogenic (B) and hypertrophic (C) genes in the Alpha 1 section of Model-1 and
Model-2 on day 7 compared to 3D pellet control and respective controls. N =3
for the 3D pellet control; N = 6 for Alpha 1 (control Model-1), Model-1; Model-2,
control Model-2. One-way ANOVA was performed with Kruskal-Wallis for each
gene. *-p <0.05; *-p <0.01; ** -p <0.001; *** - p <0.0001. Note that Alpha 1
day 7 in the biphasic constructs, is equivalent to day 21 of the biphasic
construct.

Figure 5.13B shows the expression levels of osteogenic markers, collagen type-I,
RUNX2 and ALP. The expression of these markers was expected to be lower or similar
to those seen in the 3D pellet control. Higher upregulations were expected to be seen

on the Alpha 1 section of Model-2 compared to Model-1.
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Significant downregulation (**** - p < 0.0001) of collagen type-l was observed between
the Alpha 1 (control Model-1) and Model-2, as well as (*** - p < 0.001) compared to
control Model-2. This suggested that the chondrogenic profile of Model-2 and the
control were healthier than Alpha 1 (control Model-1), avoiding fibrotic cartilage
production 291, The expression of collagen type-I was lower in Model-2 and its control
than in Model-1, suggesting that introducing Saos-2 cells was the main driving force
for the downregulation. RUNX2 and ALP expressions showed no significant
differences across samples. The expression levels in both markers were
downregulated in Model-2 and its control with respect to Model-1. This suggested once
again that Saos-2 cells were responsible for this change. However, these differences

were not significant.

Figure 5.13C shows the expression of the hypertrophic marker, collagen type-X. This
marker was expected to be upregulated in Model-2. However, the opposite expression
was observed. There was a significant downregulation between Model-2 and the 3D
pellet control (** - p < 0.01) as well as against Alpha 1 (control Model-1). This showed
that introducing ceramic sections and Saos-2 cells did not promote hypertrophy. The
effect of Saos-2 cells was greater than the ceramic effect, as the downregulation of

control Model-2 was the largest fold change value.

The HA section of Model-2 was also assessed. Figure 5.14A shows the expression of
chondrogenic markers in the HA section and compares it to the previously reported
expressions of Saos-2 cells on day 14 in 2D cultures and on HA scaffolds (Chapter 4).
These samples were compared to the expression of the HA section in Model-2 and
the control Model-2 (2D Saso-2 cells co-cultured with Alpha 1). The main difference
across these samples relied on the change of chondrogenic media that took place
from day 14 to day 21. Due to the lack of sample data on day 21 of the bone-like
samples, which were cultured with osteogenic pro-calcifying media, the data from day
14 was used. It was assumed that by making this media change, the osteogenic
potential of the 2D culture and HA scaffolds would be halted, and any changes

observed were due to the changes in the medium.

No significant differences in collagen type-ll and SOX-9 expression were observed

across Saos-2 cell samples. This was expected, as they are a bone-like carcinogenic
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cell line, which is not characterised by the expression of cartilage-like markers. Only
aggrecan expression, previously reported 124 to increase in Saos-2 cells when
cultured in chondrogenic media, had significant changes. A significant upregulation
appeared between Saos-2+HA scaffolds cultured up to day 14 and Model-2 on day
21, after 7 days of chondrogenic medium. This upregulation showed that the medium
change impacted the phenotypic expression of Saos-2 cells. It was highly increased

when the Alpha 1 compartment was introduced in direct contact with Saos-2 cells.

Figure 5.14B shows expression levels of the osteogenic markers, collagen type-I,
RUNX2 and ALP. The main differences were seen in co-culture samples, which
experienced the chondrogenic medium change. Collagen type-l was significantly
downregulated (**** - p < 0.0001) between the 2D culture Saos-2 control on day 14
and the control Model-2. Additionally, a further significant downregulation (**** - p <
0.0001) appeared between the control Model-2 and Model-2 on day 21, suggesting
that the inclusion of the cartilage-like section further decreased the bone-like
behaviour of Saos-2 cells and the production of a bone-like matrix, rich in collagen

type-I.

RUNX2, a marker that directs immature bone growth formation 3%, presented no
significant differences between the 2D control on day 14 and Model-2. However,
significant downregulations (*** - p < 0.001) were observed between the HA scaffolds
on day 14 and Model-2 on day 21. No significant differences were seen across the 2D
control samples on day 14 and control Model-2, suggesting that the change in culture
medium had no significant effect on the expression of this marker, but the inclusion of

a cartilage compartment in direct contact with the HA scaffold did.

A significant ALP downregulation (**** - p < 0.0001) between the HA scaffold on day
14 and Model-2 on day 21 was observed, suggesting that the medium change highly
interfered with the ALP activity of Saos-2 cells. This lower ALP activity suggested a
lower degree of bone matrix mineralisation and maturation. No changes were seen
between the 2D control cultures on day 14 and control Model-2. Additionally, no

changes were seen between control Model-2 and Model-2.
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Figure 5.14C shows the changes in collagen type-X expression. No significant
changes were observed, but upregulations were observed in both samples in
chondrogenic medium for 7 days, potentially suggesting that this change promoted the
expression of this hypertrophic gene in Saos-2, which is not characteristic of this bone

cell line.
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Figure 5.14. Comparative gPCR showing fold change in chondrogenic (A),
osteogenic (B), and hypertrophic (C) genes of Model-2 on day 21 compared to
control-Model-2 Saos-2 cells and day 14 data from Chapter 4 (2D and HA). N =6
for the 2D Saos-2 Day 14, Saos-2 Day 14 in HA scaffold, Model-2 and control
Model-3. One-way ANOVA was performed with Kruskal-Wallis for each gene.* -
p <0.05; ** - p <0.01; *** - p <0.001; ****-p <0.0001.
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5.4.4 Characterisation of Model-3 to assess the effect of HOBs seeded on
HA on Alpha 1 embedded HCHs

5.4.4.1 Histological assessment through immunofluorescence labelling of
Model-3 and control Model-3

Due to the low availability, high cost, and slow proliferation of HOBs, experiments
regarding the incorporation of these cells in the biphasic tissue model have lower
experimental repeats, and the analysis performed focused on understanding the
tissue-specific characteristic that happened during the culture process rather than

focusing on more extensive analysis.

5.4.4.1.1 F-actin and collagen type-Il labelling for cell morphological assessment and

extracellular matrix protein production in Model-3

F-actin filaments were immunofluorescently labelled to assess cell morphology. The
samples labelled with phalloidin were also labelled with collagen type-ll to assess
cartilage matrix production. Figure 5.15 shows control Model-3. The characteristic cell
clusters on the surface of the Alpha 1 were observed, and low levels of collagen type-
Il were expressed inside these clusters. Additionally, lower expression levels were
observed in individual cells embedded in the centre of the Alpha 1. This suggested

that the co-culture with 2D HOBSs affected the chondrogenic potential of Alpha 1.

Model-3 was assessed through the immunofluorescence labelling in cryosections,
Figure 5.15. The F-actin labelling depicted the existence of cell clusters in the Alpha 1
section as well as the existing interaction between HCHs and ceramic particles at the
interface. Elevated levels of collagen type-1l expression were seen, especially along
the interface, corresponding to the ceramic particles. These images suggested that
the extracellular matrix protein expression adhered to the ceramic particles; however,

further tests should be performed to confirm this hypothesis.
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Figure 5.15. Collagen type-Il (green) and F-actin (red) labelling and nuclei (blue)
of HCHs in Alpha 1 co-culture with 2D HOBs cells control (control Model-3) and
Model-3.The top row shows a lower magnification with highlighted sections in
red, which are shown in the bottom row at a higher magnification. The white
arrow points the cell cluster in Alpha 1. Samples were imaged on day 21.
Negative control labelling is shown in Appendix A5.2, Figure A5.2. Diagrams of
models are added for clarity, made with BioRender.

5.4.4.1.2 SOX-9 and aggrecan labelling to assess changes in chondrogenic potential

and expression of cartilage matrix proteins in Model-3

Aggrecan expression was observed in the control Model-3. The expression of this
marker did not differ from the intensities observed in Alpha 1 (control Model-1),
suggesting the incorporation of 2D HOBs did not affect the expression of this marker.
The Model-3 sections showed that this marker was highly expressed on the interface
but less in those cells further away from the interface, Figure 5.16. SOX-9 expression
was visible in control Model-3. The intensities were lower than those observed in Alpha
1 (control Model-1), potentially due to the lower numbers of cell clusters in Alpha 1.
Cryosections of Model-3 presented low levels of SOX-9, making it difficult to discern

the expression from cell nuclei, Figure 5.17.
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Control Model-3 Model-3

Figure 5.16. Aggrecan (red) labelling and nuclei (blue) of HCHs in Alpha 1 co-
culture with 2D HOBs cells control (control Model-3) and Model-3.The top row
shows a lower magnification with highlighted sections in red, which are shown
in the bottom row at a higher magnification. Samples were imaged on day 21.
Negative control labelling is shown in Appendix A5.2, Figure A5.2. Diagrams of
models are added for clarity, made with BioRender.

Control Model-3 Model-3

Figure 5.17. SOX-9 (green) labelling and nuclei (blue) of HCHs in Alpha 1 co-
culture with 2D HOBs cells control (control Model-3) and Model-3. The top row
shows a lower magnification with highlighted sections in red, which are shown
in the bottom row at a higher magnification. Samples were imaged on day 21.
Negative control labelling is shown in Appendix A5.2, Figure A5.2. Diagrams of
models are added for clarity, made with BioRender.
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5.4.4.1.3 Collagen type-l and collagen type-X labelling to assess changes in HCH

behaviour towards an osteogenic or hypertrophic phenotype in Model-3

Collagen type-I labelling was performed on the control Model-3 (Figure 5.18), and a
similar expression pattern was observed in the control Model-2. Collagen type-I
expression appeared inside the cell clusters which formed on the surface, and it was
lower in the cells embedded within the gel. The expression of collagen type-l was also
observed in Model-3, both in the cell clusters that appeared on the top surface of the
construct and the interface. No interaction of this protein with the ceramic particles
was observed here, as opposed to in the collagen type-ll images. Figure 5.19 shows
the fluorescent labelling of collagen type-X. Both in control Model-3 and Model-3, the
expression of this protein was minimal. This suggested that the expression of this
protein was not promoted either on Alpha 1 alone or in combination with the

cellularised HA scaffold, neither at the surface nor the interface.

Control Model-3 Model-3

Figure 5.18. Collagen type-I (cyan) labelling and nuclei (blue) of HCHs in Alpha
1 co-culture with 2D HOBs cells control (control Model-3) and Model-3. The top
row shows a lower magnification with highlighted sections in red, which are
shown in the bottom row at a higher magnification. Samples were imaged on
day 21. Negative control labelling is shown in Appendix A5.2, Figure A5.2.
Diagrams of models are added for clarity, made with BioRender.
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Figure 5.19. Collagen type-X (red) labelling and nuclei (blue) of HCHs in Alpha 1
co-culture with 2D HOBs cells control (control Model-3) and Model-3. The top
row shows a lower magnification with highlighted sections in red, which are
shown in the bottom row at a higher magnification. Samples were imaged on
day 21. Negative control labelling is shown in Appendix A5.2, Figure A5.2.
Diagrams of models are added for clarity, made with BioRender.

5.4.4.2 mRNA expression assessment through comparative qPCR of Model-3

Chondrogenic and osteogenic markers were assessed in Model-3 and its control
against the 3D pellet control and the 2D HOB culture controls. These values are shown
alongside previously obtained values to compare Model-1 and Model-2 with Model-3.
Figure 5.20 shows the qPCR performed on the Alpha 1 section, and Figure 5.21 on
the HA section of Model-3.

Chondrogenic marker expression is shown in Figure 5.20A. Collagen type-l
expression showed that the expression observed in control Model-3 was similar to that
of control Model-2. This depicted a similar level of chondrogenic extracellular matrix
production. The expression of the control Model-3 was also significantly
downregulated in comparison to Alpha 1 (control Model-1) (** - p < 0.01). However,

the expression of collagen type-1l in Model-3 showed similar expression levels as the
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ones observed in Model-1. These levels were higher than those observed in Model-2,
suggesting that HOBs promoted chondrogenesis better than Saos-2 cells in biphasic

constructs. However, these differences were not significant.

A similar trend was observed both in aggrecan and SOX-9 expressions. Aggrecan
expression in control Model-3 presented lower values than those observed in Model-
3. Model-3 presented values similar to those of Model-1 and control Model-2. This
suggested once more similar levels of chondrogenic extracellular matrix production.
SOX-9 expression was significantly downregulated with respect to Alpha 1 (control
Model-1) when cultured in control Model-3 (** - p < 0.01). However, the expression
levels observed in Model-3 aligned with those observed in Alpha 1 (control Model-1),
Model-1 and Model-2. Overall, including HOBs alongside the HA construct had an

upregulating effect in the three analysed chondrogenic markers.

Osteogenic markers were also assessed in the Alpha 1 section, Figure 5.20B.
Collagen type-I expression was significantly downregulated (* - p < 0.05) in Model-3,
with respect to Alpha 1 (control Model-1). The expression levels were similar to those
seen in the Model-2 in both the Model-3 and its control. This suggested that the
phenotype of the embedded HCHs was maintained healthy and did not transition

towards fibrotic cartilage 321,

RUNX2 expression was significantly downregulated in control Model-3 with respect to
Model-1 (** - p < 0.01). Additionally, the expression levels observed in Model-3 were
upregulated similarly to those in Model-1 and Model-2. This suggested that these
chondrocytes would be subsequently transitioning towards a hypertrophic phenotype
and that the expression of this bone proliferation marker was highly dependent on the
incorporation of the HA substrate. The expression of this marker in HCHs could imply

a dedifferentiation of these HCHs into a bone-like lineage when in contact with HA [331,

ALP activity expression levels remained low in control Model-3, similar to control

Model-2. There was a significant increase in the ALP expression in Model-3 with

respect to the Alpha 1 (control Model-1) (** - p < 0.01). These levels were higher than

those seen in Model-1 and Model-2, suggesting that the increase in these expression

levels was due to the inclusion of HOB cells in direct contact with the Alpha 1 section.
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Additionally, this depicted once more the potential transition of HCHs towards a
hypertrophic state. However, it is also possible that some HOB cells had migrated into
Alpha 1 and that the expression that can be seen here came from these cells rather

than from the HCHs themselves.

Finally, collagen type-X expression was assessed, Figure 5.20C. Following a similar
trend, both the control Model-3 and Model-3 were downregulated in collagen type-X
expression with respect to the 3D cell pellet. Model-3 showed a downregulation similar
to Model-1. The control Model-3 showed a higher expression than Model-3, showing
that when in contact with 2D HOB cells, the Alpha 1 embedded HCHs became more

hypertrophic than when in contact with HA scaffolds.
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Figure 5.20. Comparative gPCR showing fold change of chondrogenic (A),
osteogenic (B), and hypertrophic (C) markers in the Alpha 1 section of all tested
models with respect to the 3D pellet control on day 7. N = 3 for the 3D pellet
control; N =6 for Alpha 1, Model-1; Model-2, control Model-2. N = 3 for Model-3,
control Model-3. One-way ANOVA was performed with Kruskal-Wallis for each
gene. *-p <0.05; *-p <0.01; **-p <0.001; **** - p <0.0001.
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Comparative gPCR measurements were also performed on the HA section of Model-
3 and on the 2D HOBs of control Model-3. The main aim was to assess the medium
change’s effect on the bone-like expression and behaviour of the HOBs. As expected,
chondrogenic markers, collagen type-Il, aggrecan and SOX-9 presented no significant
differences between the samples on day 14 and day 21, Figure 5.21A. However,
aggrecan downregulated when these cells were seeded on HA scaffolds compared to

the 2D culture equivalents.

Osteogenic marker expression showed slight differences, Figure 5.21B. Collagen
type-l expression was significantly upregulated in Model-3 after the 21 days of culture
with respect to the HA day 14 sample (* - p < 0.05). This was surprising, as the results
from Model-2 showed that the medium change highly affected collagen type-I
production. With HOBs, this upregulation depicted that bone-like matrix production,

rich in collagen type-l, was maintained regardless of the medium change.

RUNX2 expression appeared to be significantly downregulated in control Model-3 on
day 21 with respect to the 2D control on day 14 (* - p < 0.05). This could be due to the
medium change. However, there were no significant changes between the HA
samples on day 14 and Model-3 on day 21. Although the RUNX2 levels were
downregulated with respect to the 2D day 14 control, these differences were not
significant, suggesting that the bone growth was not highly affected by this culture

medium change.

ALP levels also presented no significant changes. However, there was a visible
upregulation of this marker in Model-3 day 21, compared to both 2D and HA samples
on day 14, suggesting that the medium change did not affect the ALP activity of the
HOBs for the final 7 days of culture. This ALP activity upregulation showed that HOBs

were still mineralising and maturing the bone-like extracellular matrix.

Finally, collagen type-X presented no significant differences across samples, Figure
5.21C. However, there was a visible downregulation on day 21 control Model-3 with

respect to the 2D control on day 14 of the HOB culture. Surprisingly, there was a slight
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upregulation on day 21 Model-3 compared to day 14 of the HA construct alone. This

could suggest that the medium change slightly affects the osteogenic behaviour of

HOBs.
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Figure 5.21. Comparative qPCR showing fold change in chondrogenic (A),
osteogenic (B), and hypertrophic (C) markers in the HA section of Model-3 with
respect to 2D HOB control and HOB+HA scaffolds on day 14. N = 3 for all sample
types. One-way ANOVA was performed with Kruskal-Wallis for each gene. * - p

<0.05.

A summary of the results found for the various models is shown below in Table 5.2
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Table 5.7. Summary of results from all tested models. Main immunofluorescence
labelling and mRNA expression measured with qPCR are summarised and
briefly compared across models. Diagrams were made with BioRender.

Diagram Protein gPCR A_Ipha 1 gPCR HA section
expression section
Lower levels of collagen
Expected collagen tvoe-1l and agarecan
type-ll and aggrecan yp 99 ’
(1axpressmn A2 SOX-9 expression was
' maintained.
o ausiclicly s Decreased collagen
[ section showed high | & "~ ressior? N/A
S levels of collagen yp P :
= type-I. Increased in ALP and
Cell shape changed RUNX2 expression.
fro_m circular @ HA section decreased
sfelmel® waem [ the chondrogenic
SOMEBIE YT A potential of Alpha 1.
Decreased collagen
type-| a_nd aggrecan Increased expression
expression.
. of aggrecan.
Interface expression
of collagen type-lI, SOX-9 expression was D q .
aggrecan and maintained ecreased expression
N - ' of all osteogenic
- e collagen type-I.
] ¥ 31 e . markers.
S | Decreased expression
§ : ,)‘& Decreased SOX-9 of osteogenic markers Chond .
L2 and collagen type-X | and collagen type-X. ondrogenic
. medium for 7 days
expression across decreased the
the model. Saos-2 on HA further .
osteogenic phenotype
decreased the
. : of Saos-2 cells.
chondrogenic potential
of Alpha 1.
Maintained expression
levels in chondrogenic
proteins as Model-1. Chondrogenic
Interface expression medium for 7 days did
of collagen type-II, Higher chondrogenic not affect the
o™ aggrecan and expression than Model- | chondrogenic HOB
5 - collagen type-I. 2. phenotype.
o )
§ ' ,’i}’ Decreased SOX-9 Increased expression of | Decreased RUNX2
~ and collagen type-X | osteogenic markers. expression,
expression across suggesting a
the model. HOBs increased the decrease of HOB
chondrogenic potential proliferation.
of Alpha 1 more than
Saos-2.
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5.5 Discussion

Current osteochondral tissue models have focused on developing bone and cartilage
compartments that gradually mix together to mimic the in vivo setting as closely as
possible 1125:327.332] These studies have mainly focused on addressing issues such as
the delamination and lack of continuity across the interface of both tissues [125.327.332]
and achieving similar to in vivo cell behaviour in the distinct osteochondral sections
[60,333-335] ' Although these approaches have shown significant advancements towards
reproducing these osteochondral tissues, they are complex and require various
manufacturing processes. These include manufacturing an osteochondral construct
with decreasing porosities 12 or 3D printing multiple materials, which require extra
manufacturing steps such as PCL hydrolysing 1332, Additionally, most of them rely on
the use of animal-derived materials [?, which questions the sustainability and ethical

implications of their manufacturing process.

To simplify these osteochondral models whilst addressing issues such as tissue
interface delamination and sustainability, this chapter investigates three biphasic
models that use non-animal-derived materials. This chapter combines previously
optimised cartilage tissue model manufacturing using self-assembling peptide Alpha
1 (Chapter 3) with a previously characterised bone-like tissue model made with HA
(Chapter 4). Three different models have been investigated: one using the 3D
bioprinted Alpha 1 with HCHs in combination with an acellular HA scaffold (Model-1);
a biphasic construct with HCHs embedded in 3D bioprinted Alpha 1 with Saos-2 cells
seeded on the HA scaffold (Model-2); and another biphasic construct with HCHs
embedded in 3D bioprinted Alpha 1 with HOBs seeded on the HA scaffold (Model-3).
Model-1 aimed to understand the effect of the HA scaffold on the Alpha 1 section, as
reported in previous investigations [60.33%6]  Following previous investigations
[64.122,327.332] ' Model-2 and Model-3 aimed to understand the interaction between the
HCHs embedded in Alpha 1 and the bone-like cells seeded onto the HA scaffold.

Initial optimisation of the culture conditions of these 3D-printed biphasic models was
performed to address and mitigate the effect of tissue interface delamination between

the Alpha 1 and HA sections. Preliminary tests (Appendix A5.1, Figure A5.1) showed
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that 3D bioprinting of HCH embedded Alpha 1 on top of the acellular HA scaffold
(Model-1) led to Alpha 1 detaching from the scaffold within the first 3 hours of culture.
This led to fast Alpha 1 degradation and loss of interaction between the two tissues.
An inverted approach was tested where the Alpha 1 section was in contact with the
bottom of the culture well plate, and the HA section was placed over Alpha 1 in the
culture well, Figure 5.2. This approach, not previously reported in the literature,
enabled the penetration of Alpha 1 inside the HA scaffold pores, prevented Alpha 1
from floating in the culture medium, and decreased the degradation rate. Based on the
advantages of the inverted approach, it was adopted as the culture condition
arrangement. Previous investigations focused on developing gradient porous
structures between the cartilage and bone sections to avoid delamination [122.337.338]
Although this approach was successful, it required complex patterns to be designed
and manufactured. Here, a simpler design is presented, ensuring a connection

between the sections.

In the development of these biphasic tissue models, two variables were assessed: the
effect of the HA scaffold and the effect of co-culturing different cell types. Additional
variables such as culture time and culture medium type were not optimised but based
upon previous findings. Firstly, the HA scaffolds’” manufacturing optimisation and cell
culture investigation had previously been characterised (Chapter 4). Based on those
findings, it was found that 14 days of culture had a significant increase in osteogenic
behaviour in HA-seeded Saos-2 cells and full cell coverage of the HA scaffolds. It was
concluded that 14 days of pre-culture of Saos-2+HA scaffolds was enough to get
Saos-2 cell coverage and osteogenic behaviour on the HA scaffolds.

Regarding the cartilage section, the manufacturing optimisation and culture time
assessment were performed in Chapter 3. These findings reported that
chondrogenesis was achieved faster in the Alpha 1 culture than in the corresponding
“gold standard” 3D pellet control 244, Comparative gPCR on day 7 showed significant
differences in chondrogenic genes, suggesting that 7 days of culture of HCHs on Alpha
1 was enough to achieve chondrogenic behaviour. Based on these timelines, it was
decided that a pre-conditioning of the bone compartment would be done for 14 days

in pro-calcifying medium. Subsequently, an additional 7 days of culture with the
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cartilage section incorporated was performed in chondrogenic medium to ensure the
cartilage section developed as expected. A longer culture period demonstrated the
loss of Alpha 1 due to degradation. Therefore, 21 days of culture for these biphasic

constructs was chosen, and longer culture periods were not pursued.

Multiple control types were set to investigate the effect of specific variables, including
different cell types in co-culture and the effect of the HA scaffold. To assess the
chondrogenic behaviour changes observed in the Alpha 1 section in the three
experimental set-ups, this section was compared to the “gold standard” 3D pellet, the
Alpha 1 cultured alone (control Model-1), and the corresponding model controls. The
effect of including a new cell type in co-culture was observed in the co-culture control
of Alpha 1 with 2D cultured bone-like cells. However, in these samples, Alpha 1
detachment from the 2D bottom well plate surface made the direct interaction with the
2D culture of bone-like cells difficult. The effect of the HA scaffold was observed
through the changes in Model-1. The combination of HA and bone-like cells was seen
through Model-2 and Model-3 constructs. To assess changes experienced in the
bone-like cells (Saos-2 or HOBs) when subjected to the change in culture medium,
control samples were taken from day 14 time point data presented in Chapter 4. At
this time point, both 2D controls and HA-seeded scaffolds had only been subjected to
pro-calcifying media. Additional data from Chapter 4, showing the behaviour of cell-
seeded HA scaffolds for 21 days under pro-calcifying medium, was unavailable.

Therefore, day 14 time points were used.

The first investigation focused on understanding the HA construct’s effect on the
cartilage compartment. Cell proliferation, cell distribution, matrix production and
genetic expression in Model-1 were assessed. Cell proliferation showed no significant
differences between the Alpha 1 control and Model-1 after 7 days. This confirmed that
the HA scaffolds did not affect HCH viability in the Alpha 1 section. Kilian et al. [6]
showed similar HCH viability when alginate-based hydrogels with HCHs were 3D
printed onto an HA-based scaffold. HCH numbers were maintained over 21 days of
culture 69 suggesting that longer cell culture periods of Model-1 would not

compromise cell viability.
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Further histological investigations in Model-1 encountered issues in processing, such
as the dissolution of the HA section when cryosectioned. Figure 5.6, which shows the
H&E staining of these samples, presents the interference between the washed HA
particles and the cell nuclei. Although HCHs in the Alpha 1 area are still visible,
differentiation between HA particles and cells was not clear. Model-1 constructs were
immunofluorescently labelled to circumvent this issue as a whole scaffold (without
cryosection) to visualise further the extracellular matrix protein expression on the

Alpha 1 and the HA section without HA patrticle interference.

Immunofluorescently labelled images of the Alpha 1 section of Model-1 showed similar
levels of expression of chondrogenic proteins, collagen type-ll and aggrecan to those
seen in control Model-1. However, interferences due to light scattering in Model-1
impeded the visualisation of SOX-9 expression. Cells in this section maintained the
expected circular shape and low levels of collagen type-l expression. HCHs, which
migrated to the HA scaffold, changed to a spread-out morphology and expressed
collagen type-l. As reported previously, collagen type-X was expected to be
expressed, as the ceramic scaffold was expected to induce hypertrophy in the HCHs
[339.340]  However, no expression was observed. These initial images suggested that
the chondrogenic behaviour of Alpha 1 was maintained regardless of the HA scaffold
addition and that only the cells directly in contact with HA changed phenotype.

gPCR analysis of Model-1 was performed to quantify and confirm the behaviour seen
through immunofluorescence. This data confirmed that the Model-1 Alpha 1 section
had a similar SOX-9 expression compared to the control Model-1. Lower levels of
collagen type-ll and aggrecan than the control were also observed. Osteogenic gene
expression assessment showed lower levels of collagen type |, with higher RUNX2
and ALP expression. These results depicted that adding the HA scaffold compromised
the chondrogenic potential of Alpha 1 and induced minimal phenotypical changes
towards osteogenic behaviour in the embedded HCHs. However, further
understanding of the spatial location of these expression levels would clarify if the
changes observed were happening across all Alpha 1 or near the interface. Kilian et
al. % showed gPCR results comparing a similar biphasic set-up as Model-1, made

with alginate, to alginate alone. The gPCR results of one HCH donor showed similar
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fold change differences in collagen type-Il, aggrecan, collagen type-Il, and collagen
type-X as Model-1 compared to its control. However, a different donor showed the
opposite observations. Therefore, multiple donors should be used to manufacture
Model-1 and have a better representation. Overall, Model-1 assessment showed that
the HA section did not affect cell viability and slightly affected the expression profile of
HCHs, lowering their chondrogenic expression and increasing their osteogenic

behaviour close to the surface.

The second investigation focused on incorporating the previously characterised Saos-
2 cell line in the biphasic system. This investigation aimed to understand the effect this
cell line could have on the Alpha 1 section and if the changes in culture medium in the
last 7 days affected Saos-2 behaviour. Model-2 constructs were histologically
assessed and compared to co-culture controls of Alpha 1 with 2D Saos-2 cells (control
Model-2). H&E sections showed a lower degree of HA patrticle dissolving, potentially
due to the matrix deposition of the Saos-2 cells, which facilitated the attachment of the
cryosections to the microscope slides, Figure 5.9. Overall, Alpha 1 penetration was
observed in the HA pores, and the control samples showed the expected formation of
HCH clusters in the Alpha 1 surface. Further immunofluorescence labelling focused

on understanding the interface of Model-2 constructs.

Control Model-2 showed the expected HCH cluster formation with high levels of
collagen type-Il, aggrecan, and SOX-9, as previously seen in control Model-1.
Collagen type-lI was also observed in these clusters but at a lower intensity than
collagen type-Il. This suggested that the inclusion of Saos-2 cells in a 2D surface did
not change the expression profile of the Alpha 1 embedded HCHs. However, due to
the Alpha 1 tendency to float in the culture medium, there was no direct contact
between the 2D Saos-2 cells and Alpha 1 in this Control Model-2. The lack of this
direct contact most likely affected the behaviour of the Alpha 1 embedded HCHs.

Model-2 constructs immunofluorescence labelling showed cell shape differences in
the interface. Cells at the interface presented an elongated cell shape, and high levels
of collagen type-ll deposition and aggrecan were seen across the interface (Figure
5.10). SOX-9 expression appeared faint at the interface, showing this location’s

decrease in chondrogenic potential. Collagen type-I was also highly expressed at the
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interface. Overall, there was a change in the cell morphology close to the interface,
and a higher degree of osteogenic protein expression was observed near this area.
However, it was surprising to see no collagen type-X expression, characteristic of
hypertrophic HCHs which reside close to the mineral interface. Collagen type-X
expression was expected to appear at the interface as the HA section was expected

to induce hypertrophy in the HCHs as reported previously [339:340]

The gPCR analysis conducted on the Alpha 1 section of Model-2 revealed reduced
collagen type-1l and aggrecan levels compared to the Alpha 1 control group in Model-
1. Importantly, SOX-9 expression remained consistent, indicating that the
chondrogenic potential of Alpha 1 was not compromised by the introduction of Saos-
2 cells on the HA scaffold. Furthermore, diminished levels of collagen type-l, RUNX2,
and ALP suggested that including this cell line did not induce osteogenic behaviour in

the HCHSs, contributing to the formation of less fibrotic cartilage 3291,

A prior study by Lutter et al. 341 demonstrated that HCHs when co-cultured with Saos-
2 cells, led to an augmentation in hyaline cartilage production. This finding is
corroborated in Model-2 by the reduced expression of collagen type-lI, RUNX2, and
ALP in HCHSs. Nevertheless, a longer culture duration is required to ascertain whether
the expression of chondrogenic proteins, which are characteristic of hyaline cartilage,

experiences an upregulation.

The gPCR analysis performed on the HA section of Model-2 showed significantly
increased levels of aggrecan than day 14 expression in Saos-2 cells seeded on HA.
This phenomenon was previously reported 224, showing significantly higher aggrecan
and collagen type-ll expression after culturing Saos-2 cells for 21 days in
chondrogenic medium. Reduced levels of osteogenic proteins, collagen type-I,
RUNX2, and ALP showed that the change in the chondrogenic medium over the last

7 days of culture decreased the osteogenic potential of this cell line.

Model-2 showed lower levels of chondrogenic expression in the Alpha 1 section than

Model-1. This suggested that the effect of this cell line compromised the ability of Alpha

1 to induce chondrogenesis in the embedded HCHs. Additionally, the change of

culture medium from pro-calcifying to chondrogenic affected the osteogenic potential
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of the HA section. Further investigations regarding cell culture medium composition
should be performed to ensure both compartments of Model-2 perform closer to

cartilage and bone behaviour.

Model-2, manufactured with Saos-2 cells, was demonstrated to be a starting point for
developing simplified osteochondral in vitro tissue models. However, Saos-2 cells are
still cancerous and an immortalised cell line which does not fully represent the
behaviour of HOBs. Nonetheless, HOBs’ behaviour highly depends on the donor 342,
making them an inconsistent cell type. Chapter 4 data presented a proof-of-concept
bone-like model that depicted minimal differences between the 2D control cultured
HOBs and those cultured in HA scaffolds. However, these results confirmed that the
HA scaffolds supported HOBs and encouraged their proliferation and the expression
of osteogenic proteins. The third model focused on assessing the effect that the
chondrogenic culture medium had on HOB+HA and the effect that HOBs had on the
Alpha 1 embedded HCHs. Immunofluorescence labelling and comparative gPCR

analysis were performed, and co-culture controls were assessed.

Immunofluorescence labelling of control Model-3 revealed the characteristic cell
cluster formations with increased collagen type-I, aggrecan, and SOX-9 expression.
Reduced levels of collagen type-Il were seen in control Model-3, whilst no collagen
type-X expression was observed. Cell shape changes in Model-3 were difficult to
visualise due to HA particle interference. However, immunofluorescence labelling
displayed increased expression of collagen type-Il, collagen type-l, and aggrecan
along the interface. Decreased expression of SOX-9 was observed across the
interface and in the Alpha 1 section of Mode-3, with no expression of collagen type-X
visible. This was expected following the previously characterised expression of this

protein in the Saos-2-based osteochondral and control models.

The gPCR analysis of the Alpha 1 section in Model-3 showed similar collagen type-Il,
aggrecan and SOX-9 expression levels as Model-1, slightly higher than Model-2.
Control Model-3 displayed similar collagen type-Il expression to the control Model-2
and lower aggrecan and SOX-9 expression, suggesting that HOBs in 2D culture
affected the chondrogenic properties of Alpha 1. These results differ from previous

literature 343, where co-culture of osteoblasts and chondrocytes led to higher levels of
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expression of chondrogenic proteins after 14 days of culture. However, due to the
differences in culture time, it would be necessary to expand the presented

experimental culture time to compare the obtained results fully.

Osteogenic marker expression of the Alpha 1 section of Model-3 was also
investigated. Collagen type-l was significantly downregulated in Model-3 to similar
levels as those of Model-2, suggesting once more a less fibrotic tissue formation 329,
No other differences were observed in RUNX2 and ALP expression. In terms of
chondrogenic potential, Model-3 performed better than Model-2, as the observed

behaviour was closer to that of Alpha 1 alone.

The gPCR analysis of chondrogenic markers in the HA section of Model-3 did not
show significant differences. The change to chondrogenic medium for the extra 7 days
of culture did not show significant differences in the 2D HOBs (control Model-3).
Model-3 sections showed an upregulation of collagen type-Il, aggrecan and SOX-9 on
day 21. However, the differences were non-significant. A larger sample size is required

to confirm the observed results further.

gPCR analysis of osteogenic genes showed differences in collagen type-l and RUNX2
expression. A significant upregulation of collagen type-l expression in Model-3 with
respect to day 14 HA control was observed. Additionally, RUNX2 expression was
significantly downregulated on the 2D HOB control Model-3 on day 21 with respect to
day 14, showing the effect of media change on the proliferation rate of HOBs. No other
significant differences were observed for ALP or collagen type-X expression; however,

a larger sample population should be analysed to confirm these observations further.

These results confirmed that an osteochondral biphasic model made with human
primary cells can be manufactured and maintained in culture for up to 21 days. The
chondrogenic potential of Alpha 1 when in contact with HOB+HA compartments was
not compromised. Additionally, the differences observed in the osteogenic markers on
the HOB+HA section after the culture medium change did not show significant
changes, confirming that the bone compartment osteogenic behaviour was

maintained. Although the sample size was reduced due to the low availability of HOBs
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and their reduced proliferation rate, these results were a starting point and they

confirmed that this model is viable.

The three presented models focused on understanding the interaction between the
cartilage section Alpha 1 and the HA section and the cellular interaction between the
HCHs embedded in Alpha 1 and the bone-like cells seeded onto HA. Although
histological evaluations and protein expression analysis through immunofluorescence
labelling and qPCR were performed, additional variables should be assessed to
improve this characterisation. These include using different cell seeding densities in
both sections, cell culture medium composition, and external cues such as
compressive loading or fluid flow. In a prior study, Xue et al. 3% developed an
osteochondral construct in vitro with a cell seeding density 5 times higher than the one
used in these investigations. Additionally, they used a bioreactor chamber to separate
the cell culture medium given to the cartilage and bone sections whilst applying fluid
flow 344, Although chondrogenic and osteogenic markers were not assessed, the

culture set-up showed a promising strategy to ensure tissue-specific cell culture.

Other set-ups, such as the one reported by Yu et al. 343, showed a different approach
to separating the chondrogenic and osteogenic media to feed an osteochondral
construct in vitro. Using a PCL membrane, they reported media separation, which
increased the expression of chondrogenic and osteogenic markers in the cartilage and
bone section after 28 days [34%l. Additionally, their cell seeding density was 5 times
higher than the one used here B4l Therefore, the effect of cell seeding and
compartmentalisation of the culture media should be further assessed in the models
presented in this chapter to understand better and characterise the manufactured

osteochondral model.
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5.6 Limitations and Future Work

The presented chapter focuses on developing an osteochondral tissue model in vitro
following the data presented in Chapters 2, 3, and 4. Throughout the performed

investigations, multiple limitations were encountered.

Firstly, the experimental design, cell culture conditions and time frame to which these
biphasic constructs were subjected could be further refined. Although the timeline
follows previously reported findings, longer culture times, especially in the bone-like
section, could have been implemented to ensure further bone maturation. However,
to simplify the manufacturing of these osteochondral biphasic constructs and minimise
the culture time, the minimal time points at which significant changes had previously
been observed were implemented. Additionally, the change in culture medium type on
day 14 was a variable that was not further investigated, but that should be further
optimised. A full change from pro-calcifying medium to chondrogenic medium was
performed, assuming that the 14-day culture time was enough for bone-like cells
(Saos-2 or HOBs) to proliferate and start mineralisation. The cartilage section
development was prioritised due to the short culture time, and therefore, this full media
change was performed instead of using various culture medium mix ratios [129:346.347]
or media separation 344345 However, further optimisation of this second stage of the
osteochondral biphasic construct culture should be performed to ensure cartilage

development without compromising bone maturation.

Secondly, the culture conditions require further investigation to understand the
observed interactions. On the one hand, the inverted manufacturing set-up facilitated
the adhesion of the Alpha 1 and HA sections. However, the HA section’s compression
on Alpha 1 must be characterised. Further experimental set-ups should be tested
where an upright orientation of these biphasic constructs is maintained, avoiding Alpha
1 delamination and degradation. A comparison of both upright and inverted set-ups
could be performed to understand the effect of the compression on the Alpha 1 section.

On the other hand, the controls used in the second and third investigations relied on
the co-culture of Alpha 1 with 2D cell cultures of Saos-2 cells or HOBs. Due to the

tendency of Alpha 1 to float, direct contact with the 2D cultured cells was not always
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achieved. Therefore, the crosstalk between the 2D cells and the Alpha 1 section was
limited to interactions through the cell culture medium. A control set-up with direct
contact between Alpha 1 and the 2D cultured cells should be investigated for a better

comparison.

Thirdly, characterisation of the HA section using qPCR was performed by comparing
day 14 data from Chapter 4 to day 21 from these investigations. This was due to
insufficient data on HA scaffolds cultured in pro-calcifying medium for 21 days. Further
data should be obtained of the HA scaffolds on day 21 after being cultured in only pro-
calcifying medium. The current comparison only depicts the differences from day 14
to day 21 when changing the cell culture medium. An extra comparison would enable
us to see differences between scaffolds if the HA section had been kept in pro-
calcifying medium for an extra 7 days. Additionally, there were low sample numbers
of the biphasic constructs with HOBs, which were not representative. A larger sample
size and HOBs from different donors are required so a better characterisation is
performed.

Finally, although the immunofluorescence labelling enabled the visualisation of the
Alpha 1 section, the interface, and the HA section, the qPCR did not allow for spatial
analysis. Further spatial-dependent characterisation of the mRNA expression across
the biphasic constructs should be investigated. This would more accurate data
acquisition as different parts of the Alpha 1 section, the interface, and the HA scaffold
could be investigated separately. Additionally, other characterisation techniques, such
as compression testing, calcium quantification, and protein quantification, would
enable the characterisation of the mechanical properties of the different models,
assessment of cell mineralisation in the bone and interface section, and quantification

of extracellular matrix protein deposition, respectively.
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5.7 Summary

3D bioprinted Alpha 1-based cartilage sections were combined with acellular and
cellularised HA scaffolds to develop biphasic tissue models in vitro. The manufacturing
process was optimised, and an inverted approach was adopted to avoid cartilage-
bone delamination and decrease Alpha 1 degradation. Initial cell viability and protein
expression were assessed in Model-1. Two different cell types were used to

manufacture Model-2 and Model-3, Saos-2 cells and HOBS, respectively.

Introducing a HA scaffold (Model-1) did not affect cell proliferation or chondrogenic
behaviour of the Alpha 1 section, which showed chondrogenic mRNA expression
levels not significantly different than those previously reported for Alpha 1 alone. The
introduction of Saos-2 cells on the HA section (Model-2) showed downregulation of
chondrogenic MRNA expression compared to the Model-1 samples. However, these
levels were still higher than the cartilage gold standard. The Saos-2+HA section
showed significant downregulation of osteogenic marker expression, depicting that
further optimisation of the culture medium composition should be assessed to

encourage bone formation.

Finally, HOB+HA scaffolds were used to develop Model-3. Although a reduced sample
size was used to assess the effect of these primary cells, immunofluorescence
labelling and comparative gPCR showed comparable levels of expression in both the
cartilage and bone sections as the samples manufactured with Saos-2 cells (Model-
2). These results confirmed that a fully human primary cell-based osteochondral model
could be developed. However, a larger sample size is required for detailed
characterisation and repeatability of the behaviour of these composite tissues.
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Chapter 6: Conclusion

The work presented in this thesis focuses on developing a human osteochondral
tissue in vitro model using a non-animal-derived commercial self-assembling peptide
(Peptigel®) and an in-house optimised hydroxyapatite (HA) bioink. Current
osteochondral tissue models are developed using tissue engineering-based
techniques which lack control over the geometry of the sample and have limitations
such as heterogeneous cell distribution. The presented work, 3D bioprinting is used
as the main technique to circumvent these issues and manufacture the tissue models
with a scalable technology. Within the existing 3D bioprinted osteochondral tissue
models, issues such as delamination between the cartilage and bone sections and
limitations coming from using animal-derived materials are prevalent. Therefore, this
work focused on developing a simplified 3D bioprinted osteochondral tissue model
which did not rely on animal-derived materials and ensured adhesion between the
cartilage and bone sections.

Firstly, three Peptigels® were hypothesised to be successfully screened as potential
bioinks according to viscosity, diffusion and pH properties. This hypothesis was proved
as these three parameters enabled the selection of two Peptigels® (Alpha 1 and Alpha
4) as bioinks (Peptilnks®), based on their shear-thinning and lower viscosity profile,
neutral pH (6.5-7.5), and fast diffusion properties. The 3D bioprinting optimisation of
Alpha 1 and Alpha 4 was assessed through deposited filament width according to
extrusion pressure and printing speed. As expected, higher printing speeds led to
thinner filaments. Higher printing pressures led to wider filaments and more material
deposition. The filament width was compared to the theoretical value (diameter of the
printing nozzle 25G). A printing pressure window of 8-10 kPa was optimal for both
Peptigels®. Although high printing speeds (10 mm/s) led to a better printing resolution,
a slower printing speed (5 mm/s) was chosen to enable the printer user to change
printing pressure values without compromising filament continuity. Additionally, in
silico modelling was hypothesised to be useful for understanding the shear stresses
and pressure forces arising in the extrusion process. A CFD (computational fluid

dynamics) model was successfully developed, and clear contour maps enabled the
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visualisation of these forces, confirming that high shear stresses detrimental to cell

viability (> 120 Pa) would only be reached at the tip of the printing nozzle.

Secondly, using the two selected Peptigels®, a 3D bioprinting protocol was developed
to manufacture cartilage tissue models in vitro. Human primary chondrocytes (HCHs)
were mixed with Alpha 1 and Alpha 4 and 3D bioprinted into circular disc structures.
These samples were assessed regarding their cell viability post-bioprinting, DNA
guantification,  histological  structure, and protein  expression through
immunofluorescence labelling. They were compared to the current “gold standard” in
cartilage in vitro tissue modelling, a 3D chondrocyte pellet. These results found 33%
cell survival post-bioprinting for Alpha 1, which increased significantly in the 14 days
of culture to ~60%. Alpha 4 showed high levels of cell survival post-bioprinting (~87%),
which decreased significantly over the 14-day culture period, down to 35% in the first
7 days and 56% on day 14.

Additionally, the gold standard showed decreased cell viability due to core pellet
necrosis, reaching 54% viability on day 14. DNA quantification confirmed the observed
cell viability trend. The histological assessment confirmed the homogeneous cell
distribution post-bioprinting as well as showing the differences in cell morphology
between Alpha 1 and Alpha 4. Alpha 1 showed the initial formation of cell clusters on
the surface, similar to the control. Alpha 4 showed a fibroblastic cell morphology with
cells congregating along the surface, forming a cell sheet. Immunofluorescence
showed that Alpha 1 presented the expected chondrogenic protein expression (SOX-
9, collagen type-ll, and aggrecan). Alpha 4 showed no expression for SOX-9 or
collagen type-Il, which led to discarding this material as a chondrogenic Peptilnk®.
Further assessment of the chondrogenic profile of embedded Alpha 1 HCHs was
performed through gPCR. A significant increase in chondrogenic markers with respect
to the gold standard was observed in the first 7 days of culture, confirming the

chondrogenic behaviour of Alpha 1.

Thirdly, the bone section of the osteochondral model was developed using a
previously optimised HA ink. The mechanical characteristics of this material were
assessed and compared to previous studies. Rheological assessment showed the

expected shear-thinning trend with higher viscosity values in low shear stress levels
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(< 0.5 s1) than previously reported. Additionally, changes in the size of the 3D-printed
constructs post-sintering were found to shrink by 15%, as opposed to 50% as
previously reported. Finally, the mechanical properties were assessed through
compressive testing, finding a 0.28 MPa modulus, 10 times lower than previously
reported but within the range of bone compressive moduli. Subsequently, Saos-2 cells
were seeded onto the HA scaffolds and cell viability, metabolic activity, cell-material
interaction and protein expression were assessed. High levels of cell viability and
increasing metabolic activity across the 28 days of culture were observed.

Furthermore, full HA scaffold cell coverage was achieved after 28 days of culture,
showing high levels of collagen type-I expression. Finally, gPCR showed that Saos-2
cells seeded onto the HA scaffolds had upregulated expression of collagen type-l,
RUNX2, and ALP, compared to the 2D control. Based on these promising results,
primary human osteoblasts (HOBs) were used to develop a proof-of-concept bone-
like model using primary cells. These cells demonstrated proliferation over the 28 days
of culture, although slower than the Saos-2 cells. Additionally, even though collagen
type-l expression was observed through immunofluorescence labelling, qPCR showed
downregulation of osteogenic genes in the first 14 days of culture, which then
increased and matched the expression levels of the 2D control on day 28. This
demonstrated that the HA scaffolds supported these cells and promoted osteogenic
behaviour. However, a larger sample population is required to characterise this

behaviour fully.

Finally, the cartilage and bone-like sections were combined to form the 3D bioprinted
osteochondral tissue model. An inverted manufacturing approach was used to ensure
adhesion between the Alpha 1 and the HA sections. Placing the HA scaffold on top of
Alpha 1 ensured the interaction of both sections without delamination and reduced
degradation of Alpha 1. Once this manufacturing process was optimised, the effect of
the HA scaffold on HCHs embedded in Alpha 1 (Model-1) was assessed through
immunofluorescence and gPCR. The addition of this section did not interfere with cell
cluster formation in Alpha 1. The expression of SOX-9 was maintained as Alpha 1
alone cultured. Collagen type-Il and aggrecan expression were slightly downregulated

compared to Alpha 1 alone. Additionally, collagen type-I expression was seen on those
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HCHs which migrated onto the HA scaffold. However, the expression of this marker
was downregulated when assessed through gPCR. Finally, as expected, RUNX2 and

ALP expression was slightly upregulated due to the addition of this ceramic section.

Saos-2 cells were added to this biphasic construct, and the effect of this cell addition
was investigated (Model-2). gPCR was the most informative analysis technique. It
showed a further decrease in collagen type-ll and aggrecan expression in the cartilage
section, whilst SOX-9 was maintained. Furthermore, collagen type-X was significantly
decreased. However, all chondrogenic markers were upregulated with respect to the
gold standard, maintaining the expected chondrogenic potential of Alpha 1. The profile
of Saos-2 cells was also assessed to investigate the effect of the cell culture medium
change on day 14. An upregulation of aggrecan and downregulation of collagen type-
I, RUNX2 and ALP were observed as expected. This depicted the need to optimise
the cell culture medium further to ensure the HA scaffold’s osteogenic potential was

not compromised.

A final proof-of-concept model (Model-3) was manufactured and assessed using only
human primary cells (HCHs and HOBs). The chondrogenic expression levels of the
cartilage section were upregulated compared to those of the Saos-2-based samples.
Overall, these primary cell models behaved in the cartilage section similarly to the
Model-1, confirming that HOBs had a better impact on the HCH chondrogenic profile
than Saos-2 cells. The changes observed on the HOB bone-like section were minor.
Upregulation of collagen type-lI, RUNX2, and ALP was observed on these samples
after those 7 days of chondrogenic medium immersion compared to the previous day
14 time point. This showed that the HOBs were more resilient to this medium change

and continued expressing the expected osteogenic proteins.

Overall, this investigation showed the potential of Peptigel® Alpha 1 as a Peptilnk® to
develop a cartilage tissue model and its subsequent combination with an HA-based
bone-like section. Although using Saos-2 cells was useful to characterise these
models initially, HOBs were observed to be better at ensuring the chondrogenic
behaviour of the Alpha 1 section and maintaining an osteogenic profile despite the
chondrogenic medium change after 14 days of culture. These models have

demonstrated the expected expression profile using human primary cells and non-
242



animal-derived materials. Further comparison of these models with osteochondral
tissue samples should be performed to investigate how close they are to native tissue.
Additionally, the inducement of diseases such as osteoarthritis (OA) on these samples
should be investigated to explore their potential use as OA human disease models in

vitro.
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Appendices

Appendix 1: ENGD Requirement Chapter

Al.1 Industrial and commercial learning outcomes - Impact of

developing 3D bioprinted cartilage tissue models

This doctoral in engineering thesis focused on developing an osteochondral tissue
model in vitro for subsequent use as an osteoarthritis (OA) disease model. The
osteochondral tissue models were developed using a combination of commercial
synthetic self-assembling peptides, or Peptigels®, for the cartilage section and an in-
house optimised hydroxyapatite (HA) ink for the bone compartment. The development
of these tissue models had an impact industrially and commercially. The industrial
impact relies on the new field of application and novel investigations regarding the
Peptigels®. A novel screening of multiple Peptigels® was performed to assess the
potential use of these hydrogels as bioinks, further expanding previous investigations
(1901 Following this, Alpha 1 and Alpha 4 were selected for investigation as bioinks for
developing human cartilage tissue models in vitro. These novel investigations
regarding the use of the Peptigels®, specifically Alpha 1, had multiple academic,

economic, and societal impacts, further discussed below.
Al.1.1 Academic impacts

Multiple Peptigels® were screened for their potential application as bioinks (Chapter
2). This novel investigation further expanded the academic knowledge regarding the
physico-chemical properties of the different Peptigels®, Alpha 1, Alpha 2, and Alpha
4, especially their printability. Rheological assessments demonstrated a decrease in
viscosity when mixed with cell culture medium of Alpha 1 and Alpha 4. The viscosity
of Alpha 2 was found not to change significantly, regardless of the cell culture medium
added. Additionally, pH and diffusion rate analyses found that Alpha 1 and Alpha 4
maintained physiological pH in culture and had a fast diffusion rate. Alpha 2, on the
other hand, demonstrated an acidic pH nature and slow diffusion rates, discarding it

as a potential bioink. Printability investigations of Alpha 1 and Alpha 4 showed that
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when using a 25G nozzle, both bioinks could be 3D bioprinted with optimised

bioprinting settings using 5 mm/s printing speed and a printing window of 8-10 kPa.

Furthermore, Alpha 1 and Alpha 4 were also investigated as potential bioinks for
developing human cartilage tissue models in vitro (Chapter 3). The chondrogenic
behaviour of Alpha 1 has already been reported with different non-human cell types,
such as bovine nucleus pulposus cells 184185 However, no investigations on using
Alpha 1 or Alpha 4 with human primary chondrocytes (HCHs) had been previously
reported. These investigations contributed academically to further understanding the
potential applications of Alpha 1 and Alpha 4 to develop these human cartilage tissue
models. A novel strategy for 3D bioprinting human cartilage tissue models without
animal-derived materials was developed. This further expanded the academic
knowledge regarding materials and bioinks used to develop these tissue models more
sustainably and ethically than current animal-derived models, which use animal

industry by-products such as gelatine [,

Moreover, these models were combined with bone constructs to develop
osteochondral tissue models, expanding the field of osteochondral tissue engineering.
This thesis has elucidated the complex interaction of cells and materials to fabricate a
complex composite tissue, such as the osteochondral tissue. The various models
developed and presented in this thesis using different cells and materials (Chapter 5)
have added understanding and further progressed the osteochondral tissue
engineering field. Alpha 1 demonstrated the ability to maintain and promote
chondrogenesis in the embedded HCHs better than the current gold standards,
regardless of the addition of the HA scaffold with or without bone-like cells.
Furthermore, adding the bone section to the osteochondral constructs showed a
reduction of fibrotic cartilage markers, such as collagen type-I, expressed in the Alpha
1 section. The combination of both sections promoted a better development of healthy
cartilage. However, issues regarding the structural stability of Alpha 1 after 14 days of
culture have conditioned the possible culture time of these constructs. Therefore,
further work regarding the long-term effect between these two osteochondral sections
has not been able to be investigated in this thesis.
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Finally, although these models were not directly tested as disease models, their
potential use to develop disease models and drug testing platforms would greatly
impact academically in the future. These platforms represent a simple model that could
accelerate disease modelling and drug discovery research.

Al.1.2 Economic impacts

The Peptigels® used in this thesis are commercial products from Manchester Biogel
Ltd (MBG). MBG developed their peptide sequences, manufactured the hydrogels,
and performed quality checks. The investigations reported in this thesis did not focus
on improving any of these manufacturing steps but expanded the potential applications
of these Peptigels®.

Economically, the main impact of these investigations focused on improving the sales
of these materials by testing and characterising their potential use further. Alpha 4 was
assessed regarding its potential use to develop cartilage models. The results showed
that this specific Peptigel® was not optimal for developing these models. Alpha 1, on
the other hand, was further investigated as a potential bioink and material for
developing human cartilage models. These investigations commercially have an
impact because MBG can confidently advise customers to choose Alpha 1 as the best
candidate to develop cartilage tissue models over Alpha 4. This new information
communicated through peer-reviewed research articles 24, presents solid knowledge
that new customers who wish to develop cartilage models using non-animal-derived
materials for future applications can read.

Additionally, slight batch-to-batch variations were found throughout the investigations
performed. This information was fed back to MBG, and better manufacturing and
quality control procedures were implemented. The quality of the manufactured
Peptigels® was subsequently improved. Furthermore, already existing
characterisation protocols were optimised further. The newly developed strategies
were communicated to MBG, which used them in-house and shared with other clients.
These included histological processing, immunofluorescence labelling, and bioprinting

process protocols.

284



Overall, these new investigations gave MBG new knowledge to be used as case
studies to further commercialise its products and guide and advise customers more

efficiently.

Al1.1.3 Societal impacts

These osteochondral tissues were investigated to develop an OA disease model. OA
is a disease that affects one in ten adults in the UK 3% and 54.4 million adults in the
US 131 and whose prevalence increases with age (further information in Chapter 1).
The current knowledge about the disease progression and the potential therapies is
limited. No drugs reverse the symptoms; the prescribed treatment focuses on
symptomatic relief. Developing these osteochondral tissue models opens a door for
personalised medicine, where osteochondral tissue models of patients’ cells could be
developed. Personalised disease models could be made, and different drug types

could be tested to assess which one could be the best one for that specific patient.

Furthermore, these models could be made from healthy cells, and the disease could
be induced in different ways, mimicking in vitro diverse OA stages. These OA models
could be used to develop and test new drugs to help reverse or halt specific symptoms.
Overall, the main societal impact of this project is based on the potential application
that osteochondral tissue models would have on further understanding osteoarthritis
and developing treatments against it. Drug trials, which tend to fail in the last clinical
stages [*8], could be shortened and made more efficient by having a validated human
disease model in vitro 4], However, quantifying the financial and societal effects that

these disease models could have is extremely complex.
Al.2 Practical application of 3D bioprinting of osteochondral tissues

The development of these osteochondral biphasic constructs had a practical
application for MBG in such a way that this new use of the Peptigels® expanded the
current knowledge. Alpha 1, as a bioink to develop a human cartilage tissue model,
has a practical application for MBG as further information regarding Alpha 1 properties

such as degradation, chondrogenic potential, and printability has been characterised.
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Full printability characterisation and optimisation were performed for Alpha 4 and
Alpha 1, giving useful commercial information such as rheological properties and
optimal printing parameters to achieve the best printing resolution. Additionally, the
chondrogenic characterisation of Alpha 1 was achieved by optimising multiple
processing protocols regarding cryosectioning, immunofluorescently labelling, mRNA
extraction, and comparative gPCR. Although some of these processing protocols were
previously supplied by MBG, further optimisation and troubleshooting were performed
throughout the EngD course to achieve consistent results. These refined protocols

were fed back to MBG and adopted for future use by their growing customer base.
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Appendix 2: Additional data from Chapter 2

A2.1 Convergence study of CFD model

The CFD model developed for simulating the fluid flow in the extrusion process of the
Peptigels® was tested for mesh convergence. The variable chosen to assess mesh
convergence was maximum strain. Figure A2.1 shows the maximum strain versus the
number of mesh nodes. The design with fewer nodes was chosen when the mesh
presented less than 5% variation in the maximum strain between the last two sets of

nodes tested. The final number of nodes for the full-dimension designs was 11371 for
the nozzle.
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Figure A2.1. Mesh convergence test in the nozzle section of the CFD model.
Maximum strain vs. number of nodes is presented.
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A2.2 Amplitude sweep characterisation data of Peptigels®

Amplitude sweep rheological measurements were performed in the three tested
Peptigels® in their pure form and mixed with cell culture medium in the two ratios of
interest (1:10 and 1:5). These amplitude sweeps enabled the visualisation of the
storage modulus (G’) and loss modulus (G”). These two moduli were measured in a
strain interval between 0.5 and 100 %. All Figures, Figure A2.2, A2.3, A2.4, show the
expected cross over between the G’ and G” moduli within the strain range of 10-100%.
This crossover was expected, showing that at higher strain levels the Peptigels®
behaved like a fluid and behaved like a solid in lower strain levels, confirming once
again the shear-thinning behaviour of the Peptigels®. These data sets were excluded
from the main body of the thesis due to differences in material batches and erratic data

obtained in high strain levels.

Firstly, the batches tested here were provided by MBG at a pH of 4, which was then
not used in the 3D bioprinting and cell culture processes shown in Chapter 3. Although
previous research has shown minimal rheological differences in Peptigels® at different
pH levels, this data is shown in the Appendix to ensure coherence and continuity in
material use across the thesis. Further measurements with Peptigels® at a pH of 7

should be tested to compare potential rheological differences across batches.

Secondly, erratic data was obtained in strain levels higher than 100% for some
materials such as Alpha 4 (Figure A2.4), Alpha 2 (1:5) (Figure A2.3C), and Alpha 1
(Figure A2.2A). This data behaviour is potentially due errors in the rheometer software
or insufficient amount of material added for testing. Therefore, these Figures are
indicative and further measurements should be performed to confirm the observed

data.
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Figure A2.2. Amplitude sweep data (A) Alpha 1, (B) Alpha 1in a 1:10 ratio mixed
with cell culture medium, (C) Alpha 1 in a 1:5 ratio mixed with cell culture

medium.
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Appendix 3: Additional data from Chapter 3

A3.1 Assessment of cell viability in non-printed Peptigels®

Initial live/dead assessment of cell viability in non-printed Peptigels® focused on
addressing the cytocompatibility of these materials for HCHs. As shown in Figure A3.1,
cells thrived in both materials, presenting some cell death on day 3, which then
decreased on day 7, showing a higher cell viability. These were compared to the 2D
HCHs culture, which depicted no cell death across that cell culture time, suggesting
that the cell culture medium chosen and the culture conditions were optimal for cell

survival.

2D control

Alpha 1

Alpha 4

Figure A3.1. Live/dead staining of human primary chondrocytes (HCHs) across
7 days of culture. 2D control cells show close to 100% viability. Alpha 1 and
Alpha 4 were pipetted, not printed, Peptigels®; they show initial cell death at day
1, maintained across to day 7. Green shows alive cells and red shows dead cells.
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A3.2 Complete staining of gels and 3D pellets with Alcian blue for
GAG quantification

To assess GAG production, 3D chondrocyte pellets, Alpha 1 and Alpha 4 Peptigels®,
were stained whole with Alcian blue. A staining time of 15 minutes was performed,
and then samples were washed in PBS for 1.5 hours. Figure A3.2 shows the full
staining of both acellular and cellularised Alpha 1 and Alpha 4. Acellular Peptigel®
Alcian blue staining confirmed that there was background staining from the Peptigel®
and that GAG production could not be accurately determined with this staining

protocol.

Alpha 1 acellular Alpha1day 7 3D pellet day 7

- 2

Figure A3.2. Photographs of Alcian blue stained acellular Alpha 1 and Alpha 4;
HCH embedded Alpha 1 and Alpha 4 after 7 days of culture; 3D pellet control
after 7 days of culture.

A3.3 Optimisation of the RNA extraction process

Comparative gPCR required mRNA material to be isolated from all systems. The
peptide hydrogel manufacturer, MBG, suggested a specific protocol and the QIAGEN
RNAeasy kit. The suggested protocol involved digesting the Peptigel® with pronase
and mixing it with the lysis buffer provided in the QIAGEN kit for 3 minutes under 3,000
rpm centrifugation. This protocol was compared to an alternative standardised RNA
extraction method. This standard alternative consisted of digesting the samples with
protease solution and continuing with a standard TRIzol and chloroform RNA
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separation. Subsequently, the same steps from the QIAGEN RNAeasy kit were
followed. As seen in Figure A3.3, the protocol from MBG gave higher levels of RNA

extraction; therefore, this method was used for all RNA extraction.
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Figure A3.3. RNA levels were obtained through two different RNA extraction
protocols. The standard RNA extraction protocol followed TRIzol and
chloroform-based extraction. The MBG recommended extraction protocol used
protease solution to digest the Peptigel® and the QIAGEN RNAeasy Kit.

A3.4 Alpha 1 stability acellularly for 32 days.

Acellular Alpha 1 degradation was assessed for 32 days in vitro. This Peptigel® was
found to degrade when mixed with HCHs promptly. To further assess whether this
degradation was material-dependent or cell-mediated, a long-term study of acellular
Alpha 1 degradation was performed. Images of Alpha 1 were taken at different time
points, Figure A3.4. Some samples degraded between days 13 and 26, but others
were stable for up to 32 days. This further confirmed that the degradation was cell-

mediated and not material-dependent.
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Figure A3.4. Photographs of acellular Alpha 1 across 32 days of culture to
assess acellular Alpha 1 degradation rate.

A3.5 llomastat experiment

A preliminary experiment was set up with Alpha 1 in culture with ilomastat, a general
MMP inhibitor, to address whether suppressing MMPs would decrease Alpha 1
degradation and affect its chondrogenic behaviour. llomastat was added into the
chondrogenic medium in a 10 yM concentration, chosen based on previous literature
[350-353] The effect of this inhibitor on cell viability was assessed through live/dead
assay and DNA quantification, Figure A3.5. This Figure depicts low levels of cell death

and comparable levels of DNA between Alpha 1 and Alpha 1 with ilomastat.
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Figure A3.5. A) Live/dead staining of human primary chondrocyte cells at day 7
on the 3D pellet control and Alpha 1 3D bioprinted hydrogel. These systems
were cultured in the commercial chondrocyte medium with 10 uM of ilomastat.
Green shows alive cells and red shows dead cells. B) DNA concentration
measurements obtained through PicoGreen assay across 14 days of culture of
human primary chondrocytes in the 3D pellet control and 3D bioprinted Alpha 1
cultured in chondrocyte culture medium. Alpha 1 ilomastat is Alpha 1 cultured
with chondrocyte culture medium and 10 pM ilomastat. Error bars show
standard deviation. Two-way ANOVA was performed; **** - p < 0.0001. N = 6 for
3D pellet; N =9 for Alpha 1; N = 3 for Alpha 1 ilomastat.

H&E staining was performed in the Alpha 1 sections and compared to those Alpha 1
cultured in normal conditions to assess whether adding this inhibitor decreased the
rate of Alpha 1 degradation. Figure A3.6 shows that Alpha 1 cultured with ilomastat
had bigger sections on day 14, suggesting less degradation. However, day 7 samples
appeared smaller when cultured in ilomastat than in normal conditions. These

discrepancies between culture days concluded that these results were not conclusive.
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Further tests and a larger sample population with ilomastat culture conditions should
be tested to confirm the effect on Alpha 1 degradation. A main difference was observed
between the two culture set-ups: ilomastat conditions did not promote the formation of
Alpha 1 surface cell clusters. This suggested that the chondrogenic behaviour

observed in these cell clusters was missing from the ilomastat culture conditions.

Alpha 1 — normal conditions Alpha 1 - ilomastat conditions

Day 7 Day 14 Day 7 Day 14

Figure A3.6. H&E staining images of Alpha 1 cultured in normal conditions and
Alpha 1 cultured with ilomastat over the 14 days of culture. The top row in each
sample shows images at a lower magnification, and the bottom row has higher
magnification images corresponding to the highlighted squares in the images
above.

Further tests regarding this inhibitor’s effect on the chondrogenic behaviour of Alpha
1 were performed through immunofluorescence labelling of chondrogenic markers. F-
actin and collagen type-Il expression were assessed, Figure A3.7. F-actin labelling
confirmed the lack of cell cluster formations in the Alpha 1 samples cultured with
ilomastat and the maintenance of circular cell shape of chondrocytes when embedded
in samples treated with ilomastat. Additionally, collagen type-1l showed lower intensity
values observed in the ilomastat cultures, suggesting that the lack of cell cluster
formation compromised the chondrogenic behaviour of the Alpha 1 embedded
chondrocytes. Aggrecan and SOX-9 were also immunofluorescently labelled, Figure

A3.8. Both aggrecan and SOX-9 showed a lower expression than the one observed in
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Alpha 1 cultured in normal conditions. This further confirmed that by inhibiting MMPs,
Alpha 1 embedded cells could not self-assemble in cell clusters and lost chondrogenic
potential. Based on these observations, further analysis was not performed, and this
strategy for decreasing Alpha 1 degradation was not pursued as it compromised the
chondrogenic ability of Alpha 1.
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Figure A3.7. Left: F-actin labelling (red) and nuclei (blue) of human primary
chondrocytes in Alpha 1 3D bioprinted structures across 14 days of culture in
normal conditions and cultured with 10 pM ilomastat supplementation. Right:
Collagen type-ll labelling (green) and nuclei (blue) of human primary
chondrocytes in Alpha 1 3D bioprinted structures across 14 days of culture in
normal conditions and cultured with 10 pyM ilomastat supplementation.
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Figure A3.8. Left: Aggrecan labelling (red) and nuclei (blue) of human primary
chondrocytes in Alpha 1 3D bioprinted structures across 14 days of culture in
normal conditions and cultured with 10 pM ilomastat supplementation. Right:
SOX-9 labelling (red) and nuclei (blue) of human primary chondrocytes in Alpha
1 3D bioprinted structures across 14 days of culture in normal conditions and
cultured with 10 pM ilomastat supplementation.
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Appendix 4: Additional data from Chapter 4

A4.1 Additional literature review on 3D printed HA-based scaffolds for bone tissue modelling

Table A4.1. Summarising table of 3D printing HA-based scaffolds investigations.

Cell type

Cell

3D printing technique

used in
vitro

time

culture

Findings

Reference

Photopolymerisation-
based

Rat
BMSCs

7 days

HA-based scaffolds were manufactured with 70% porosity. Different
pore shapes were compared, and the cubic pore-shaped scaffolds
showed the highest compressive strength (22.5 MPa) and modulus
(400 MPa). They also showed the highest metabolic activity of the
rat BMSCs after 7 days of culture. However, no long-term (> 28
days) culture investigations or testing for osteogenic differentiation
of the rat BMSCs was performed.

[309]

Photopolymerisation-
based

Rat
BMSCs

7 days

HA-based scaffolds were 3D-printed, and different sintering
atmospheres were tested. They found that a wet CO2 atmosphere
improved the densification process and led to better mechanical
properties for HA (flexural modulus of 3.24 GPa). Additionally, this
wet CO2 atmosphere enhanced the biological activity of the seeded
cells. However, no long-term (> 28 days) culture investigations or

testing for osteogenic differentiation of the rat BMSCs was
performed. Additionally, no information on the compressive strength
was reported.

[310]

Photopolymerisation-
based

MG-63

3 days

Pure HA scaffolds and pellets were manufactured and compared
against HA and TCP biphasic samples. MG-63 cells were used to

test in vitro the biocompatibility of the pellets. These samples were

[311]

also tested in vivo in a cranial rat model. Cells were cultured for
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only 3 days, and no long-term in vitro culture was performed. The 3-
day experiment showed that cells that adhered to the HA scaffolds
were viable and metabolically active. However, no compressive
strength assessment was performed.

Extrusion-based

No cells

N/A

A clinically approved HA ink was optimised, and different printing
parameters, such as printing speed, extrusion pressure, accuracy,
and infill density, were tested. They found the existing relationship
between the different infill densities and the shrinkage level post-
sintering of the scaffolds. Additionally, they showed the accuracy of
the prints by 3D printing a patient-specific bone defect from CT
scans. However, no in vitro cell-based experiments were performed
to investigate the effect of these scaffolds on bone-like cell
behaviour, short or long-term.

[303]

Extrusion-based

No cells

N/A

The characterisation of calcium and phosphate release of 3D-
printed HA scaffolds was performed. They compared pure HA to
beta-TCP and different HA/beta-TCP ratios. Pure HA showed the
lowest release of Ca ions in the culture medium, showing the low
dissolution behaviour of HA and its long-term (14 days) stability

compared to the different ratios. No cytocompatibility or
compressive strength assessments were performed.

[304]

Extrusion-based

HOBs

7 days

HA 3D-printed scaffolds are compared to TCP 3D printed scaffolds.
HOBs were cultured for 7 days on the samples, and proliferation
and cytotoxicity were measured. No assessment of the mechanical
characteristics of the 3D scaffolds was performed. However, HOBs
were shown to be more proliferative in the HA scaffolds during the 7
days. Further long-term cultures and assessment of bone-specific
markers should be performed.

[305]

Extrusion-based

No cells —
in vivo

8-16
weeks

Two HA 3D-printed scaffolds with different spacing between rods
were tested in vivo in New Zealand White rabbits. Tissue response
was evaluated at 8 and 16 weeks through micro-computed
tomography, histology and SEM. Although no in vitro assessment or

[306]
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mechanical characterisation is reported, in vivo implantation

showed bone healing, suggesting that this material promoted bone
regeneration. However, further tests in vitro should be performed.

Extrusion-based

No cells

N/A

Two 3D-printed scaffolds made of HA or beta-TCP were compared
regarding their compressive strength, elastic modulus and stability
in simulated body fluid for 3 weeks. HA demonstrated higher
compressive strength, which increased from 50 MPa to 110 MPa
after being immersed in simulated body fluid. This demonstrated the
ability of HA as a better load-bearing material than beta-TCP.
However, no cell-based experiments were performed. Therefore,
cell cytocompatibility should be further investigated.

[307]

Extrusion-based

No cells

N/A

Pure HA lattices were 3D printed as load-bearing scaffolds for bone
repair were manufactured. They shaped the scaffolds into
computed tomography-based maxillary implants. The scaffolds
demonstrated different compressive strength values depending on
the sintering temperature and the microporosity. 1300°C and no
microporosity showed to generate the higher compressive strength
~750 MPa. No cytocompatibility studies in vitro with bone-like cells

were performed prior to implantation.

[308]
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A4.2 2D optimisation of the 3D printing of HA scaffold

2D filament deposition of the HA ink was tested with a range of pressures (120-200
kPa) at two printing speeds (5 and 8 mm/s). The filament width of the deposited
filaments was calculated and plotted. These values were compared to the theoretical
value of 410 um, corresponding to the diameter of the 22G needle used. Figure A4.1
shows the filament with HA deposited with the selected parameters. Due to the large
standard deviations shown, the range was kept, and the printer user adjusted the
printing parameters according to the behaviour of HA.
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Figure A4.1. Filament width deposition of HA at two different printing speeds (5
and 8 mm/s). Error bars show standard deviations. The theoretical value
corresponds to the diameter of the 22G needle used to 3D print the filaments.

A4.3 Staining of Alizarin Red

Alizarin red is a common staining to visualise calcium deposition, a bone
mineralisation characteristic. However, when this staining is performed in the HA
scaffolds, there is interference from the scaffold, which is largely made of calcium.

Staining with alizarin red and subsequent retrieval of this dye was performed to
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investigate whether this labelling process could be used to investigate mineralisation.
Acellular HA and Saos-2 cell-seeded scaffolds cultured for 28 days in a pro-calcifying
medium were stained. Alizarin red immersion was performed for 30 minutes, and
alizarin red retrieval using 10% acetic acid and 10% NH4OH neutralisation was
performed. The solutions’ optical density was measured at 405 nm, but acellular
scaffolds gave higher intensity levels than the cellularised samples. The staining of
Saos-2 cell-seeded HA scaffolds and the acellular scaffold were inconsistent.
Additionally, there were no clear differences between acellular and cellularised
scaffolds before and after retrieval measurements. Therefore, this technique was not

used to determine the mineralisation on HA scaffolds.

HA day 28 — stained HA day 28 -
with Alizarin red after retrieval

Control -
Acellular HA

Samples — Saos-2-HA

Figure A4.2. Left: Alizarin red stained acellular and Saos-2 cell-seeded scaffolds
after 28 days of culture. Right: Samples after retrieving Alizarin red staining.
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A4.4 Negative immunofluorescence labelling of samples

Negative immunofluorescence labelling of 2D control cultures and HA scaffolds was
performed to assess the autofluorescence of the seeded cells and the HA particles.
Figure A4.2 shows images of 2D cultures and cell-seeded HA scaffolds where the
secondary antibody for collagen type-l labelling (green) was added alongside
phalloidin. Minimal green autofluorescence was detected, confirming that the green

intensities in Figures 4.6 and 4.9 are collagen type-| depositions.

Negative control — Saos-2 Negative control - HOBs
2D
control
HA
scaffolds

Figure A4.3. Negative Immunofluorescence labelling of collagen type-I (green)
and F-actin (red) of Saos-2 cells seeded on a 2D well plate or an HA scaffold and
HOB seeded on a 2D well plate or an HA scaffold. The cell nuclei are depicted in
blue.
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Appendix 5: Additional data from Chapter 5

A5.1 Delamination issues with upright manufacturing

Upright manufacturing of the biphasic osteochondral construct demonstrated multiple
disadvantages, such as the detachment of the Alpha 1 section from the HA scaffold
and the fast degradation experienced by Alpha 1. Figure A5.1 showed this
phenomenon, depicting multiple samples delaminated and degraded after 7 days of

culture.

Figure A5.1. Photograph of osteochondral biphasic constructs manufactured
upright after 7 days of culture. Arrows point to the Alpha 1 sections, which have
delaminated from the HA constructs and have heavily degraded.

A5.2 Negative staining control of samples

Negative immunofluorescence labelling of osteochondral biphasic constructs was
performed to assess the autofluorescence of the seeded cells and the HA particles.
Figure A5.2 shows images of both osteochondral biphasic constructs manufactured
with Saos-2 cells and HOB cell-seeded HA with the secondary antibody AlexaFluor

488, AlexaFluor 555, and AlexaFluor 594. These secondary antibodies were used for
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immunofluorescently labelling proteins of interest, as explained in section 5.3.3.2.
Minimal green autofluorescence was detected, Figure A5.2, confirming that the
intensities seen across the immunofluorescently labelled cryosections represented the

proteins labelled.

Negative control — AlexaFluor Negative control —
488 and phalloidin AlexaFluor 555 and 594

Figure A5.2. Left: negative Immunofluorescence labelling of AlexaFluor 488
(green) and F-actin (red) of HOB-HA osteochondral biphasic construct. Right:
negative Immunofluorescence labelling of AlexaFluor 455 (green) and
AlexaFluor 594 (red) of HOB-HA osteochondral biphasic construct. The cell
nuclei are depicted in blue.
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