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Abstract

Osteochondral (OC) defect refers to a focal area of injury that involves both the cartilage
and a piece of underlying bone, occurring often as a result of traumas or degenerative
illnesses such as osteoarthritis (OA). Currently, numerous orthopaedic procedures are used
for repairing the damage of the OC lesions, but none of these treatments have been able to
accomplish a full repair of an OC defect. Over the past two decades, the field of tissue
engineering has provided a prospective alternative strategy using biomaterials and cells in a
scaffold. Extrusion- based three-dimension printing (3D) technology has achieved
advancements in bone and cartilage reconstruction, providing a new strategy for restoring
joint function. The aim of this research was to design and manufacture a multi-material
graded OC scaffold that mimics the cartilage and bone interface with the specific graded
mechanical properties. A novel approach involves addressing the complexity of an OC
scaffold by aiming to mimic the four zones of the cartilage and the subchondral zone.
Following Kabir et al., discovery regarding the mechanical properties of the cartilage within
OC tissue, the research strategy proposed designing a scaffold with no bounding, this focus
on achieving the desired mechanical characteristics of an OC scaffold. Kabir et al., study
reported a compressive modulus of 10.60 + 3.62 MPa for cartilage within OC tissue under
unconfined compression, which served as a foundational reference. To implement this into
the strategy, the materials chosen were polycaprolactone (PCL) to provide structural support
and gelatin methacrylate (GelIMA) to act as a cell carrier. These materials possess properties
that make them well-suited to processing through the extrusion technique, utilising the 3D
Discovery RegenHu machine, allowing the co-printing of these two materials. Three
geometries, square, sinusoidal, and spiral, were investigated to vary the mechanical
properties in the OC scaffold. The results demonstrate intriguing trends in Young's modulus
across various scaffold geometries. Integration of these geometries into a unified OC
scaffold yielded a Young's modulus of 50.68 + 3.38MPa after 14 days of cell culture,
surpassing the mechanical properties of individual designs. Moreover, viability assessment
studies were performed on the PCL/GelMA scaffolds. The findings indicate that the scaffold
designs support cell proliferation, as shown in DNA quantification. The findings in this
thesis therefore support the feasibility of using extrusion-based 3D printed scaffolds for

repair of OC defects.
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Chapter 1. Introduction.

1.1. Background.

Osteochondral (OC) defects affect the articular cartilage and subchondral bone (Nooeaid et
al., 2012a; Seo et al., 2014a; Sun et al., 2016; Tamaddon et al., 2018; Xiao et al., 2019). The
most common cause is chronic osteoarthritis (OA); however, other causes are associated
with an injury in the knee or ankle (Brandt et al., 2006; Seo et al., 2014b). Currently,
numerous techniques such as microfractures, fixation, mosaicplasty, autologous
chondrocyte implantation, and matrix-induced autologous chondrocyte implantation are
used to repair the damage of the OC lesion. Although none of these treatments has been able
to accomplish a full repair of OC defect, the field of tissue engineering provides a prospective
alternative strategy using biomaterials and cells in a scaffold (Huang et al., 2017;
Levingstone et al., 2016; Nooeaid et al., 2012b; Zhou et al., 2020).

Several studies have explored different approaches based on a combination of synthetic and
natural polymers in order to fulfil the physical and biological properties of scaffolds (Archer
etal., 2021; Azimi et al., 2014; Wei & Dai, 2021; Woodruff & Hutmacher, 2010). A widely
explored biomaterial is polycaprolactone (PCL), which is used for bone tissue engineering
applications due to its notable biodegradability, biocompatibility, non-toxicity, and high
mechanical strength (Azimi et al., 2014). Additionally, the low melting point and chemical
properties of PCL allow it to be processed by different manufacturing techniques such as
extrusion (Beatrice et al., 2021; Viidik et al., 2021), inkjet, electrospinning (Ghasemi-
Mobarakeh et al., 2008; Serra, 2014; Tillman et al., 2009), freezing drying (Fereshteh et al.,
2016; Gercek et al., 2008; Li et al., 2020), phase separation (Borsge et al., 2012.; Munir &
Callanan, 2018; Zeinali et al., 2021), among others (Archer et al., 2021; Azimi et al., 2014).
A more recent method, solvent-cast 3D printing with peptide-polymer, has been employed
to fabricate spatially structured scaffolds for OC tissue engineering. This method can be used
to manipulate the spatial presentation of peptides known to promote cartilage and bone
growth on PCL materials (Camacho et al., 2019, 2021).

Gelatin Methacyloyl (GelMA) is one of the most common hydrogels used for cartilage tissue
engineering. Biocompatibility, cell adhesion, and fast photocuring are beneficial properties
providing an advantage of using GelMA compared with most other hydrogels. The
mechanical properties of GelIMA can be adjusted by using different concentrations and
photo-crosslinking time (Pepelanova et al., 2018; Ruiz-Cantu et al., 2020).
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Billiet et al.. used a novel photoinitiator (VA-086) to study 3D bioprinting of GelMA cell-
laden scaffolds. However, some variables that affect extrusion include hydrogel
concentration, printing pressure, printing speed, and printing temperature. The printing
speed was reported as the key factor that affected the shape and quality of the final scaffold.
The printing pressure and needle shape impacted the cell viability (Billiet et al., 2014).
Hehong Li et al.. investigated the differences between two types of scaffolds, GelMA/PCL
and GelMA/PCL/USPIO (Ultrasmall Super Paramagnetic Iron Oxide). Comparing
GelMA/PCL with GelMA/PCL/USPIO scaffolds, the GelMA/PCL/USPIO confirmed the
biocompatibility and appropriate mechanical properties of 5.03 kPa, which met the

requirements before implantation (Li et al., 2020).

Over the last decades, the OC scaffolds for tissue engineering has seen a progression in
scaffold design from monophasic to biphasic, triphasic, and multiphasic scaffolds (Jeon et
al., 2014). Graded scaffolds have also been developed to create a more sophisticated
imitation of the native OC tissue and increase the bond at the bone-cartilage
interface(Tamaddon et al., 2016). The interface between the calcified cartilage zone and the
subchondral zone is characterised by a change from a hydrogel (cartilage) to a hard tissue
(bone). (Loy et al., 2018). The literature has highlighted an issue in the construction of multi-
layered scaffolds, likely leading to layer delamination, known as poor interfacial strength
(Boushell, 2016; Boushell et al., 2017; Dellaquila et al., 2020; Nukavarapu & Dorcemus,
2013).

The manufacturing process used is critical for the structural strength at the interface (Schek
etal., 2004). Liu et al. described a successful approach of producing multi-layered scaffolds
by using extrusion-based multi-nozzle 3D printing technology. Different concentrations of
bio-ink but using the same materials, 15% GelMA, 20%/3% GelMA/nHA and 30%/3%
GelMA/nHA, were reported to improve the integration at the interface(J. Liu et al., 2019a).

Most of the manufacturing methods investigated have limitations including poor
reproducibility, irregular shapes, manufacturing difficulties and cost. In contrast, 3D printing
stands out as an exception to these limitations due to its ability to enhance reproducibility
and facilitate the fabrication of complex shapes. Notably, a scaffold created by 3D printing

may be used to create a replica of tissue engineering, in this case, an OC scaffold.


https://www.sciencedirect.com/topics/materials-science/three-dimensional-printing
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The research presented in this thesis outlines the steps undertaken to design and fabricate an
OC scaffold, with a focus on minimising the interface between its components (i.e., the
cartilage and bone zones). A 3D Discovery RegenHU extrusion printer was employed for
the fabrication of the OC scaffold. Mechanical tests were conducted to ensure that the
mechanical properties of the OC scaffold closely matched those of native tissue as
determined from the literature. The data collected from these tests help to create a FE
modelling of the scaffold, enabling to understand the behaviour and enabling to refined the
design. Additionally, cells (fibroblasts) were seeded onto the scaffold to assess their viability

and interaction with the scaffold.

1.2.  Aim and Hypothesis.

The aim of this thesis was to design and manufacture a multiphasic graded OC scaffold that
mimics the bone-cartilage interface with integrated, graded mechanical properties for these
two tissues. The core hypothesis was that by fabricating a graded interface using the same
materials throughout the scaffold, delamination will be minimised, and the mechanical
properties will match those of native tissue. This approach was designed to improve scaffold
durability and reliability and support cell integration within the scaffold structure.

The hypotheses of this work were:

1. The use of specific materials and optimized printing parameters will result in a single

manufacturing technique of the different OC tissue zones within a single scaffold.

2. Achieving the desired mechanical properties, such as a compressive Youngs modulus
similar to a native OC tissue, will be possible through scaffold design and materials

choice which will be influenced by the scaffold fabrication technique.

3. Key parameters and assumptions for the construction of an accurate Finite Element

Analysis (FEA) model aims to predict the mechanical behaviour of the OC scaffold.

4. Design parameters of different configurations PCL/GelMA scaffolds will promote
enhanced cell adhesion and proliferation, fostering a conducive environment for cellular
growth within the OC scaffold.
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To fulfil the hypotheses the following research question will be addressed:

1. What materials and printing parameters are most suitable for achieving a unified

integration between the different OC tissue zones within a single scaffold?

2. What are the specific mechanical properties (e.g., compressive Youngs modulus)
required to mimic the native OC tissue, and how can these be achieved in the

scaffold?

3. What are the key parameters and assumptions needed to construct an accurate Finite
Element Analysis (FEA) model for assessing the mechanical behaviour of the OC

scaffold?

4. How do the scaffold designs support cell adhesion and proliferation within the OC

scaffold?

These research questions are addressed by investigating the likely contribution of various
factors to the successful fabrication of 3D-printed OC scaffolds. The study investigates the
optimisation of 3D printing technology, with a priority on incorporating all OC tissue zones
while eliminating interfaces between them. Material selection, along with precise printing
parameters, is examined to achieve this goal. Additionally, the research scrutinises the
manufacturing process to produce the OC scaffolds with mechanical properties that closely
resemble those of a native OC tissue, ensuring their ability to withstand relevant mechanical
forces. The FEA model is developed to validate the 3D-printed OC scaffold. Furthermore,
the OC scaffold needs to encourage cell adhesion and proliferation, thereby creating an

environment conducive to tissue regeneration.
The thesis has four objectives:

e Manufacture an OC scaffold utilising 3D printing technology, enabling the
simultaneous construction of all OC tissue zones (cartilage: superficial,
intermediate, deep, calcified, and bone: subchondral) while eliminating interfaces

between them.

e Manufacture an OC scaffold that meets the mechanical properties required for

the native OC tissue.
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1.3.

1.4.

Develop an FEA model to rigorously assess and validate the mechanical
properties of the 3D-printed OC scaffold, providing a computational framework

for predictive analysis.

Design an OC scaffold with properties conducive to cell adhesion and
proliferation, fostering an environment where cells can seamlessly integrate and

grow within the scaffold, promoting tissue regeneration.

Paper.

Ferro-Barbosa, C., Segal, J., Rose, F. “Design, modelling and biofabrication of

scaffolds for osteochondral repair”. Pending Review, 2024

Attended Conferences.

3rd edition of the Bioengineering and Applied Mechanics Week 2022, by the
University of Guanajuato through the Division of Engineering Campus Irapuato-
Salamanca and in collaboration with the student chapter BMAS-SOMIB UG
DICIS. Online, oral presentation Ferro-Barbosa, C., Segal, J., Rose, F.
"Biofabrication of scaffolds for Osteochondral Defect" 23rd November 2022,

Salamanca Guanajuato, México.

Tissue Engineering and Regenerative Medicine International Society (TERMIS)
European Chapter Conference 2022. In-person poster presentation Ferro-
Barbosa, C., Segal, J., Rose, F. "Design, Modelling & Biofabrication of
Osteochondral Defect Repair”. Krakow, Poland, 28th June to 1st July 2022.

Future Investigators of Regenerative Medicine (FIRM) Symposium 2022. In-
person oral & poster presentation Ferro-Barbosa, C., Segal, J., Rose, F. "Design,
Modelling & Biofabrication of Osteochondral Defect Repair" Middleton Lodge,
North Yorkshire, UK. 23™ — 24" May 2022.

XVII1 Symposium of Mexican Studiers and Students in the UK 2021. Online oral
presentation Ferro-Barbosa, C., Segal, J., Rose, F. "Design, Modelling, and
biofabrication of Osteochondral Scaffolds™, Nottingham UK. 1 — 2 July 2021.

2nd edition of the Bioengineering and Applied Mechanics Week 2021, by the
University of Guanajuato through the Division of Engineering Campus Irapuato-
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Salamanca and in collaboration with the student chapter BMAS-SOMIB UG
DICIS. Online, oral presentation Ferro-Barbosa, C., Segal, J., Rose, F.
"Engineering as an essential part of the health sector” 12th November 2021,
Salamanca Guanajuato, México.

e 10th Symposium of CONACyYT Scholars in Europe 2021 by MUFRAMEX.
Online oral presentation Ferro-Barbosa, C., Segal, J., Rose, F. "Biofabrication of
Osteochondral Defect Repair". 7""-9" December 2021.

e Women in Engineering 2020 is an annual event by the University of Guanajuato
through the Division of Engineering Campus Irapuato-Salamanca and in
collaboration with the student chapter ASME-SOMIM UG DICIS. Online, oral
presentation Ferro-Barbosa, C., Segal, J., Rose, F. "Engineering as an essential

part of the health sector” 27th November 2020, Salamanca Guanajuato, México.

1.5. Outline of Thesis.

This thesis consists of 8 chapters related to addressing the above research questions.
Chapter 1 serves as an introduction to the overarching themes of this thesis. It begins by
providing an overview of the general topic and research context. The aims, objectives, and
central research questions of this study are clearly articulated, setting the stage for the
subsequent chapters' detailed exploration. Chapter 2 is a comprehensive review of the
relevant literature that informs this research. It encompasses an examination of the OC tissue,
various manufacturing techniques employed in the field, existing OC scaffold designs, and
the critical mechanical properties associated with these scaffolds. This chapter offers a vital
foundation upon which the subsequent chapters build. Chapter 3 describes the materials and
methodologies employed throughout this research are detailed. It provides an in-depth
exploration of the techniques used for material characterisation, 3D printing via extrusion-
based methods for OC scaffold fabrication, the mechanical testing procedures applied to
assess scaffold properties, and the methodologies used for cell viability assessments—a
crucial aspect of tissue engineering. Chapter 4 is dedicated to the thorough characterisation
of the materials at the core of this research: PCL and GelMA. By comprehensively
examining the properties and behaviours of these materials, the groundwork is laid for the
subsequent phases of the study involving 3D co-printing of the OC scaffolds. Chapter 5

describes the 3D co-printing of OC scaffolds and the subsequent evaluation of their
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mechanical properties. It offers insights into the intricacies of the 3D printing process,
including the characterisation of mechanical properties across various scaffold designs.
Moreover, this chapter studies the design elements that contribute to interlayer mechanical
properties, a key factor in optimising the OC scaffold performance. Chapter 6 introduces
the FEA approach employed to validate the structural designs of the OC scaffolds. This
modelling technique was employed to inform the required structural integrity and
mechanical properties of the scaffold. It serves as a critical step in the development of the
OC scaffolds that closely mimic native tissue mechanical properties. Chapter 7 focuses on
the assessment of cell viability within the OC scaffolds. It explores the scaffold's ability to
support cell adherence and proliferation, crucial factors in successful tissue engineering
endeavours. This chapter provides insights into the potential for these scaffolds to serve as
platforms for cellular growth and tissue regeneration. Chapter 8 discusses a comprehensive
summary of the key findings and their implications. It highlights the main conclusions
derived from the study, emphasising the contributions made to the field. Additionally, this
chapter acknowledges any limitations encountered during the research, providing valuable
insights for future work in this area.
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2.1. OC Tissue.

OC defects occur in articulating joint disease frequently presenting in the knee and ankle
(Osteochondritis Dissecans - Ortholnfo - AAOS, n.d.). OC defects involve damage to both the
articular cartilage as well as the underlying subchondral bone. The cause is often related to a
trauma correlated by an injury or a long-term chronic disease such as osteoarthritis (OA)
(Brandt et al., 2006; Seo et al., 2014b).

Worldwide, OA is one of the most common chronic diseases, affecting 15% of the global
population over the age of 30 (The Lancet, 2023.). The Global RA network suggests that more
than 350 million people are currently suffering from OA, and it is expected that this number
will increase due to the rise in life expectancy and the escalating levels of obesity (Csaki et al.,
2008; Global RA Network» About Arthritis and RA, n.d.; M. Y. Hu & Nukavarapu, 2019;
Kingsbury et al., 2014.; Y. Zhang & Jordan, 2010). In some cases, if the OA is left untreated,
it can damage not only the articular cartilage tissue but also the subchondral bone, ligaments,

periarticular muscles and sometimes the meniscus (Brandt et al., 2006).

Figure 2.1 shows the structure of the OC tissue, which consists of four distinct cartilage zones
(superficial, intermediate, deep and calcified) and the subchondral zone. All the zones have a

different composition of cells and extracellular matrix (ECM) (Yousefi et al., 2015a).
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Figure 2.1 OC tissue representation (re-drawn from Imhof et al..(Imhof et al., 1999)).

The superficial zone is characterised by non-calcified (hyaline) cartilage, comprising 10%-20%
of the articular cartilage. This zone's composition is established by the parallel orientation of
the collagen fibres to the articular surface and the presence of small and flattened chondrocytes.
Another feature is a lower proteoglycan concentration compared with other zones, with higher
fibronectin and water concentrations. In this zone, the cellular density of articular cartilage is
the highest and slowly diminishes through to the following articular zones, in contrast with
proteoglycan and cell volume, which increase from the superficial to the deep zone. All these
characteristics contribute to the development of properties such as high tensile stiffness and
strength, aiding in resistance to forces generated on the surface (Daly et al., 2017a; M.-Y. Hu
& Nukavarapu, 2019; W. D. Lee et al., 2015).

The intermediate zone is situated between the two articular cartilage zones, providing an
anatomic and functional bridge between them. This is the thickest zone, with the total cartilage
volume comprising 40% to 60%. In this section, the collagen fibres are thick, less organised
and are typically oblique to the articular surface. In contrast to the superficial zone, chondrocyte
morphology is more rounded, with higher proteoglycan content and a lower concentration of
water and collagen. One of the properties of this tissue is high compressibility, serving the
primary purpose of a cushioning effect for impacts (Daly et al., 2017a; M.-Y. Hu &
Nukavarapu, 2019; W. D. Lee et al., 2015).
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The deep zone represents approximately 30% of the articular cartilage volume, characterised
by the collagen fibres and chondrocytes oriented in vertical columns perpendicular to the
articular cartilage surface. This zone contains the highest concentration of proteoglycan and
the lowest concentration of water and collagen. Moreover, in this area, approximately a third
of cellular density is established compared to the superficial zone. The properties of this tissue
zone are related to greater stiffness and compressive strength, in contrast with the calcified
cartilage (Daly et al., 2017a; M.-Y. Hu & Nukavarapu, 2019; W. D. Lee et al., 2015).

The calcified zone, as the name implies, is composed of calcified cartilage, and the structure of
this zone begins with the collagen fibres transversing into the tidemark, representing a
transition from the deep zone to the calcified cartilage zone. Additionally, a smaller layer
contains radially oriented collagen fibres embedded in a calcified matrix. Moreover,
chondrocytes in this calcified zone typically express hypertrophic phenotype similar to the
growth plate, providing a buffer with intermediate mechanical properties between those of the
non-calcified cartilage and the underlying subchondral bone. With age, the number of
tidemarks in this zone increases (Kauppinen et al., 2019; Kosik-Koziot et al., 2019; W. D. Lee
etal., 2015).

The interface is one of the most essential components in the OC tissue structure between the
cartilage and subchondral zone, representing the connection between them. The first interface
in the OC defect goes from the deep zone, where the collagen fibres are oriented vertically, to
a calcified zone across a curvy tidemark. This description signifies a band between mineralised
and no mineralised cartilage, although these fibres do not penetrate the subchondral zone
(Lyons et al., 2005). The function of these fibres is to absorb and distribute the pressure carried
by the weight-bearing subchondral zone (Tamaddon et al., 2018b). Another interface in this
tissue is the cement line, acting as a barrier between the calcified zone and the subchondral
zone, with the thickness of the line varying depending on the joint (Bayrak & Ozcan, 2016; Di
Luca et al., 2015; Dormer et al., 2012).

The subchondral zone is stiffer and has a higher compressive strength due to its composition
and structure compared to the cartilage zones. The cartilage transmits loads into the underlying
subchondral bone, making it more compressible. The structure is composed of two parts: the
subchondral plate separating the articular cartilage and the marrow cavity, and the subarticular

spongia supporting the trabecula and the bone components, characterised by numerous holes
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with blood vessels supplying nutrients and oxygen(Duncan et al., 1987; Imhof et al., 1999;
Madry et al., 2010a).

2.2. OC Defect.

Currently, there are numerous treatments available for an OC defect, which depend on factors
such as the depth, size, and extent of damage to the OC tissue. The OC defect can be categorised
into three stages: partial-thickness defect, full-thickness defect, and OC defect, depending on
the depth of the damaged tissue (refer to Figure 2.2). Given their restricted ability to self-
repair, the majority of profound OC lesions lead to the manifestation of severe pain, joint
deformity, and impaired joint mobility (Ai et al., 2021; Niu et al., 2023; Schaefer et al., 2002;
W. Wei & Dai, 2021b).

Chondral defect Chondral defect Osteochondral Defect
(Partial thickness) (full thickness)

B
09
20
S

9

T

Stage | Stage Il Stage Il

Figure 2.2 Representative image of the stages of an OC defect: Stage | — Chondral defect
with partial thickness, Stage 11 — Chondral defect with full thickness, and Stage I111-OC
defect with cartilage and bone affected (re-drawn from Nukavarapu et al. (Nukavarapu

& Dorcemus, 2013b)).

In the treatment of the OC defects, the approach varies depending on the stage of the condition.
In stage one, the common treatment involves nonoperative methods, including
chondroprotective pharmacotherapy, nonsteroidal anti-inflammatory medication, and

physiotherapy. This type of treatment is preventive and may help reduce further damage.
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However, when the defect progresses to stages two and three, it is recommended that a surgical
approach be considered, which may include procedures such as microfractures, fixation,
mosaicplasty, autologous chondrocyte implantation, and matrix-induced autologous
chondrocyte implantation. The choice of the appropriate treatment method depends on the size
and depth of the lesion. Nevertheless, despite these interventions, none of the treatments are

able to achieve a full repair of an OC defect with hyaline cartilage similar to the native tissue.

Clinical treatment methods can be categorised based on the level of repair they provide to the
OC defect site, as represented in Figure 2.3. Palliative treatment methods generally do not
replace the defective cartilage and bone, while reparative treatment methods aim to replace the
defect area with biological material. Nevertheless, due to the unique nature of cartilage, bone,
and the cartilage-bone interface, the ideal repair method is a restorative treatment that helps
reconstruct the natural tissue(Brittberg et al., 1994; Cong et al., 2023; Leng et al., 2012; Madry
et al., 2010b; Richter et al., 2016; Sarin et al., 2018; J. Sun et al., 2016b; Toom et al., 2023;
Upmeier et al., 2007).

» Nanobots

* 3D-Prinitng

* Al-Based Techniques
» Novel materials

2012 Restorative treatment

- Restorative treatment . Denov% NT(/jET/ -
i Grade 1I/1H1/1V
* Microfracture
* palti weament (e 1) (S
« Arthroscpic Debridment
(Grade 1711 Palliative treatment
1975 . Chondroplasty 1997  Reparative treatment
(Grade 11/111) « MACI
1994 (Grade I1/111)

Reparative treatment

» Mosaicplasty
(Grade 11/111/1V)

- Restorative treatment

* Arthroscpic Debridment
(Grade I1/111)

(Grade I1/111)

Figure 2.3 Clinical methods for the OC defects treatments (re-draw from Deng et al.
2019 Deng et al., 2019).
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Therefore, there is a significant need for suitable surgical treatments and advancements in
technology, such as grafting and tissue engineering. Presently, the typical methods for
addressing the OC injuries predominantly involve surgical procedures, which vary based on
the size of the defect, as outlined in Table 2.1.

Table 2.1 Surgical methods for OC repair based on defect dimensions (Howell et al..,
2021; Logli et al.., 2019; K. C. Wang et al.., 2016).

Surgical
Methods

Description

Issue

Defect
dimension

Microfracture

The arthroscopic
technique stimulates
the bone marrow
through a bone
perforation.

Although short-
term results appear
promising, over
time tend to
deteriorate.

Smaller than 2
cm?

Two stages of
surgery
Limited by the

Mosaicplasty One or many OC amount of donor
Autologous cylinders are rerr_loved tlssue._ N Between 2 cm?
Chondrocyte from a non-weight The viability of the 2
h . and 4 cm
Implantation bearing area to the OC chondrocytes from
(ACI) defect area a non-weight
bearing is
transferred to a
weight area.

Matrix-induced e Two stages of

Autologous A matrix is used to suraer Larger than 2

Chondrocyte cultivate the . Hi gh gost cm? and smaller

Implantation chondrocytes. g than 12 cm?
(MACI) e Hypertrophy

All the clinical methods mentioned in Table 2.1. are not suitable for long-term effectiveness.
Microfracture, ACI, and MACI often result in the formation of fibrocartilage instead of healthy
articular cartilage, which can adversely affect the patient's joint function (Makris et al., 2015).
Instead, today, numerous alternative strategies established in advancements in regenerative
medicine and tissue engineering have been suggested and put into practice for repairing and
regenerating the OC defects.

13
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2.3. Tissue Engineering Approaches.
2.3.1. Tissue Engineering Approaches for the OC Defect Repair.

Tissue engineering OC scaffolds are reported in the literature as a promising new method to
regenerate damaged tissue utilising scaffolds and cells (Nooeaid et al., 2012b). These scaffolds
aim to mimic the physiological properties and structure of both tissues, cartilage and bone.
Literature shows different approaches to manufacturing the OC scaffolds, which are usually
classified as monophasic, bi-phasic, tri-phasic or multiphasic scaffolds (Castro, Patel et al.,
2015; Deng et al., 2018a; M. Liu et al., 2013; Shimomura et al., 2014; Yousefi et al., 2015b; P.
Yu et al., 2017). Due to the complexity of the OC tissue, monophasic scaffolds cannot mimic
the native structure of OC tissue. For this reason, more than one material or layer with different
properties is required for the scaffold to be manufactured (Brittberg et al., 2016; Gille et al.,
2013). Several authors show that the benefits of using bi-phasic, tri-phasic and multiphasic
approaches help to mimic cartilage and bone tissue. This is done by separately optimising the
different components of a scaffold with the addition of osteogenic and chondrogenic growth

factors before in vivo implantation (Re'Em et al., 2012; Woodfield et al., 2002).

OC scaffolds feature a distinctive gradient structure that incorporates essential attributes,
including porosity, biodegradability, biocompatibility, mechanical characteristics, and the
ability to accommodate various growth factors or cells (Ai et al., 2021). One of the initial
methods for manufacturing an OC scaffold was the monophasic approach, where the scaffold
is produced using a uniform material throughout its graded structure, this can entail the use of
a single material or a combination of several materials merged into a unified composite.
Numerous studies have utilised common materials such as poly(lactic-co-glycolic acid) and
PCL (Im & Lee, 2010; Y. Cao et al., 2021a; Fares et al., 2018; H.-W. Kim et al., 2006; Kumai
et al., 2019; Suo et al., 2021). These materials enable the scaffold to support the attachment
and proliferation of chondrocytes and bone cells. Nevertheless, their mechanical properties are

insufficient for effectively replacing damaged OC tissue.

Another technique employed is the biphasic scaffold, inspired by the mosaicplasty technique,
which seeks to replicate both the cartilage and bone zones within a single scaffold,
encompassing gradient compositions and mechanical characteristics(Lopa & Madry, 2014).
Several authors have demonstrated success in preclinical animal studies using these types of

scaffolds. However, biphasic scaffolds do not fully emulate all the gradients present in the
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natural OC tissue (Bernhardt et al., 2018; Getgood et al., 2012; X. Li et al., 2015; X. Lin et al.,
2018; Perez-Silos et al., 2019; H. Zhou et al., 2020b).

Triphasic and multiphasic scaffolds incorporate the articular cartilage, calcified cartilage, and
subchondral bone, offering superior mechanical properties and improved in vivo regeneration
outcomes compared to biphasic and monophasic counterparts(Nooeaid et al., 2012c, 2014; B.
Zhang, Huang, & Narayan, 2020). However, the individual manufacture and subsequent
combination of triphasic and multiphasic components through techniques such as suturing,
glueing, and press-fitting have given rise to challenges associated with layer delamination

during mechanical testing (Nooeaid et al., 2012c, 2014; B. Zhang, Huang, & Narayan, 2020).

2.4. 3D printing in Tissue Engineering.
2.4.1. Additive Manufacturing Techniques.

Manufacturing the OC scaffolds have been produced using many techniques, as illustrated in
Figure 2.4, depicting commonly utilised methods such as freeze dryer, thermal-induced phase
separation (TIPS), Stereolithography (SLA), Selective laser sintering (SLS), Inkjet, Digital
Light Procession (DLP), Electrospinning, Fused Deposition Modelling (FDM) and Extrusion.
Numerous authors have extensively discussed these techniques. (Daly et al., 2017.; X. Du,
2018; Tappa & Jammalamadaka, 2018; Vijayavenkataraman, Yan, et al., 2018; B. Zhang et al.,
2019). The authors highlighted the precision of the methods and emphasised the capabilities
for reproducing the scaffold. Each method exhibits varying levels of versatility, offering
different opportunities to create either more or less complex structures.(Deng et al., 2018b;
Kilian et al., 2020; Kosik-Koziot et al., 2020a; Vijayavenkataraman, Zhang, et al., 2018). Table
2.2, illustrates a comprehensive analysis by various authors, highlighting the benefits and

drawbacks associated with different 3D printing techniques employed in scaffold development.

These techniques encompass key factors such as pressure, temperature, and speed, all of which
significantly impact the internal and external geometry of the scaffold. Despite reported
advancements in the OC scaffolds within the literature, the successful integration of the
cartilage and bone phases remains elusive. (Haaparanta, 2016; Levingstone et al., 2014a;
Levingstone, Thompson, et al., 2016b; Marras-Marquez et al., 2014; Re’Em et al., 2012; Zhai
etal., 2018).
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Figure 2.4 Schematics of representative 3D printing techniques: A) Freeze Dryer, B) ,

thermal-induced phase separation (TIPS), C) Stereolithography (SLA), D) Selective

laser sintering (SLS), E) Inkjet, F) Digital light procession (DLP), G) Electrospinning,
H) Fused Deposition Modelling (FDM) and I)Extrusion. (re-drawn from (Hussain et al.,
2022; Isaac et al., 2021; S. Park et al., 2022; W. S. Park et al., 1998; Sekmen et al.,
2022; Taskin, 2020; Zeinali et al., 2021)
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SLA stands as a versatile 3D printing technique for designing structures. Recent advancements
in more cell-friendly blue light and materials, alongside enhanced resolution and geometric
capabilities, make SLA a valuable tool in tissue engineering, including when cells are to be
included in the printing process (H. Lin et al., 2013; K. Zhang et al., 2015).

Different approaches employing SLA in the OC scaffold manufacturing have been explored.
Castro et al. developed a nHA/PEG-Da biomimetic nanocomposite scaffold, demonstrating
improved mesenchymal stem cell adhesion, proliferation, and OC differentiation (Castro,
O’Brien, et al., 2015). Similarly, Zhou et al. focused on designing a GelMA-PEGDA-nHA
TPNPs (TGFB1 encapsulated in PLGA NPs, nanoparticles) biphasic structure using 3D SLA
printing, promoting osteogenic and chondrogenic differentiation of human bone marrow
mesenchymal stem cells, along with enhanced gene expression associated with both

osteogenesis and chondrogenesis after 2 weeks in culture (X. Zhou et al., 2019).

DLP, another technique used for tissue engineering, closely resembles SLA, with the
distinction of using a DLP projector instead of UV light to project the entire cross-sectional
layer of the 3D structure (Pan et al., 2012). Schoonraad et al. demonstrated scaffold control
over modulus and well-integrated multilayered structures through the use of a single hydrogel-
based resin despite facing issues such as pillar buckling under strain. The arrangement of
vertical pillar structures fulfilled important criteria in terms of achieving high porosity and
regulating modulus. Although the design had deficiencies that caused the pillars to buckle when

subjected to strain, it did not result in complete structural failure. (Schoonraad et al., 2021).

Studies conducted by Lin et al., Skoog et al.,Valentin¢i¢ et al.,and K. Zhang et al. have
highlighted the general advantages and disadvantages of the DLP system, mirroring those of
the SLA method. Notably, the main advantages of DLP over SLA in scaffold fabrication
include lower system costs due to the absence of a laser and higher build speeds resulting from
the exposure of one layer at a time (H. Lin et al., 2013; Skoog et al., 2014; Valentinci¢ et al.,
2017; K. Zhang et al., 2015). However, Yantan Tang et al. observed that printed parts are
susceptible to deformation due to inhomogeneous curing with projection-based SLA (DLP)

with lower light intensity, resulting in less polymerisation(Tang et al., 2005).

Another manufacturing technique for the OC scaffolds is SLS, a laser-assisted printing

technology that selectively sinters powder particles with a high-intensity laser, producing 3D
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objects layer by layer (Fina et al., 2018). Successfully fabricated a simple integrated OC
scaffold using PCL microspheres (PCL50 and PCL150) without loading cells and growth
factors, obtaining excellent mechanical properties with the SLS technique (X. Gu et al., 2022a).
Likewise, Yingying Du et al. demonstrated that multilayer scaffolds with highly interconnected
porosity and desirable mechanical properties could induce articular cartilage formation by
accelerating early subchondral bone regeneration (Y. Du et al., 2017). One of the notable
drawbacks of both SLS and SLA equipment is their high cost (Eltom et al., 2019; Valentin¢i¢
etal., 2017).

Electrospinning utilises various principles such as electrospray, multi-jet, uni-axial, co-axial,
tri-axial, emulsion, melt, blending, and surface immobilisation. Electrospun materials are
appealing for the OC scaffold development due to their biomimetic properties, including
various fibre diameters, high porosity, variable pore sizes, and adaptability into different shapes
and sizes. However, the literature suggests that this technique lacks the precision of some other
methods, leading to challenges in accurately reproducing the same scaffold in addition to a lack
in mechanical properties of the resultant materials (X. Liu et al., 2014; Serra, 2014;
Subramanian et al., 2005; S. Zhang et al., 2009; Y. Z. Zhang et al., 2008).

FDM is employed for manufacturing porous scaffolds for tissue engineering. Several authors
have highlighted a key advantage of this process in terms of mechanical properties, as the
resulting scaffolds exhibit notable strength within the range of articular cartilage and calcified
cartilage (Cano-Vicent et al., 2021; Ceretti et al., 2017; Esposito Corcione et al., 2019; Winarso
etal., 2022; Zein et al., 2002)

However, the high processing temperatures associated with FDM prevent the incorporation of
cells during the printing process, which limits its application in bioprinting. Despite this, when
scaffolds produced using FDM were seeded with cells and cultured, the central sections of the
scaffold exhibited various lay-down patterns, altering the angles of the lines used to process
PEG-PCL-P(DL)LA scaffolds. This resulted in greater cell viability compared to control
samples. This difference has been attributed to the more effective diffusion of nutrients and
oxygen within the oriented pores of the FDM scaffold (Swieszkowski et al., 2007a).
Additionally, Bruyas et al. fabricated an OC scaffold using FDM, with one phase consisting of
PCL/B-TCP for the bone region and the other featuring PCL-fibrin for the cartilage region
(Bruyas et al., 2018). Gong et al. developed a bi-layer scaffold, the upper layer consists of an
interleukin-4 (1L-4)-loaded radially oriented GelMA scaffold, printed with DLP. Meanwhile,
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the lower layer features a porous PCL-HA scaffold, printed using FDM., which suggests that
scaffold structures printed with DLP enable higher infiltration and migration of surrounding

cells to the hydrogel compared to the FDM technique (Gong et al., 2020).

The inkjet technique is another method used to manufacture OC scaffolds, involving the precise
deposition of specific liquid volumes at exact locations on a substrate, achieved through
thermal or acoustic methods ejecting liquid droplets (Cui et al., 2014; Roth et al., 2004; Xu et
al., 2009, 2012). Inzana et al. have designed solid elliptical cylinders (1.2 x 2 x 3 mm) calcium
phosphate-collagen scaffolds with notable mechanical strength and cell viability benefits.
However, a decrease in the scaffold's strength has been attributed to the material's degradability
(Inzana et al., 2014).

Extrusion-based manufacturing has been most widely reported for constructing OC scaffolds.
This method operates by depositing bioink through a continuous nozzle via physical force and
pneumatic pressure, effectively emulating OC structures to enhance tissue (S. Chenetal., 2023;
F. Wang et al., 2022; Xu et al., 2013). It not only facilitates the development of highly
personalised 3D scaffolds but also ensures precision in the manufacturing process. Studies have
emphasised the ability of extrusion-based printing to closely replicate the mechanical and
biological properties of subchondral bone, underscoring its potential in the OC tissue
engineering. Nonetheless, it is imperative to acknowledge the limitations posed by the size of
the nozzle and the printing speed, as they can restrict the resolution achievable through this
method (S. Chen et al., 2023; Geng et al., 2019; P. Wang et al., 2023)

Liu et al. have demonstrated the regeneration of neo-tissue in the defect with an abundant of
collagen type Il in vivo using pneumatic extrusion with three different bio-inks, resulting in a
tri-layered scaffold for the OC defect (J. Liu et al., 2019b). In another study, a scaffold
produced using the extrusion technique with cell-laden GelMA hydrogels, exhibiting cell
proliferation and cartilage ECM secretion (Ruiz-Cantu et al., 2020b). Similarly, Susan
Critchley et al. have created an orthogonal biphasic scaffold (12 mm diameter and 6mm height,
with a spacing of 2mm) through extrusion, using PCL and PLA, with PCL serving as a
reinforcing network for both the osseous and endochondral structures, were evaluated in vitro
and in vivo, even was found the regeneration of hyaline, implants failure in vivo and

improvements in the designs are required (Critchley et al., 2020).
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Table 2.2 Summary of different 3D printing technologies for tissue engineering repair and their bio-inks.

3D prlptlng Advantages Disadvantages Bioink requirements Bioink examples References
technique
(Castro,
High resolution O"Brien, et al,
ang recision Limited choice of 2015; K. W.
P ' biocompatible Photopolymerisable PEGDA Leeetal.,
Smooth surface : . .
. . resins. resins that are (polyethylene glycol 2007; H. Lin et
Stereolithography finish. . . . - . )
. Additional post- biocompatible. Bioinks diacrylate) al., 2013;
(SLA) Suitable for . .
creating complex processing steps should be suitable for PCL Skoog et al.,
g. p for complete UV curing. GelMA 2014; Tang et
geometries with .
distinct regions curing. al., 2005; K.
gions. Zhang et al.,
2015)
High  precision
and complex
StI‘UCtL.JI’.e. Limited resolution A laser can sinter Hydroxyapatite
capabilities.
. . for small features. powdered (HA) (Y.Duetal.,
Selective Laser Can use a variety . . . . .
. i . i Higher cost biocompatible Poly(lactic-co- 2017; F. Liu et
Sintering (SLS) of biocompatible . . .
. compared to some materials, such as glycolic acid) al., 2018)
materials. other techniques ceramics or polymers (PLGA)
Suitable for ques. Poly '
creating  porous
structures
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Precise placement
of cells and
materials.

Ability to create

Limited in terms of

Biocompatible

complex.  multi- material choices. hydrogels or bio-inks (Cui etal.,
Inkjet 3D matepriaI’ Challenges  with that  support cell Alginate 2014; Roth et
Printing maintaining  cell viability and maintain GelMA al., 2004; Xu et
structures. N . :
. viability during the the desired structural al., 2009)
Potential for rinting process integrit
creating P gp ' griy-
functional tissues
with living cells.
High-speed lelted material
fnting due to options compared
p. g to other (Schoonraad et
simultaneous .

. i techniques. al., 2021,
curing of entire . ey
lavers Post-processing Valentin¢i€ et
E>)</cell.ent may be required to al., 2017, H.

Digital Light resolution and remove unreacted Photopolymer regms GelMA Linetal.,
i . resin. that are biocompatible 2013; Skoog et
Processing surface finish. . PEGDA
. . Force in  the and can be cured by a e al., 2014;
(DLP): High resolution e Silk-fibrin e
. . platform and a digital light source. Valentin¢i¢ et
Mild  condition
separate for the al., 2017; K.
for cells (85-95%) .
Fast fintin printed Zhang et al.,
speed P g Need of a 2015, Tang et
Suitable for cytotoxicity of al., 2005)

creating detailed

photoinitiator
surface
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and intricate
structures

Electrospinning

High surface
area-to-volume
ratio, mimicking
natural
extracellular
matrix.

Suitable for
creating nanofiber
scaffolds with
fine control over
fibre diameter.
Versatile in terms
of materials,
including
biocompatible
polymers and
natural materials.

Typically produces
2D or randomly
oriented fibres,
which may not be
suitable for all
applications.
Additional
processing to
create 3D
structures.

While
electrospinning
does not use
traditional bio-
inks, as seen in
extrusion-based or
inkjet-based
bioprinting, it is a
valuable technique
for creating
nanofiber scaffolds
that can support
cell adhesion and

Electrospinning  does
not involve the use of
traditional bioinks.
Instead, it uses polymer
solutions or melts that
are electrospuned into
nanofibers. These
solutions can include
biocompatible
polymers or blends.

(Buzgo et al.,
PCL . 2018; H.-W.
Poly(lactic-co- .
lycolic acigy | Kim etal.
?P{ oA 2006; Reneker
DH, Yarin AL,
Collagen

Fong H, 2000)
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tissue
regeneration. It is
often used in
combination with
other 3D printing
or scaffold
fabrication
methods to create
hybrid  scaffolds

FDM (Fused
Deposition
Modelling)

Relatively  low
cost and widely
accessible.
Suitable for a
range of
thermoplastic
materials.
Highly
scaffolds.
Suitable for
continuous
filament
deposition.

porous

with both
nanofiber and
macroscopic
structures.

Limited in

achieving  high-
resolution features
compared to some
other techniques.
Post-printing
processing to
achieve  desired
scaffold properties.

Thermoplastic

materials are for the
bone  region, and
biocompatible

hydrogels or polymers
are for the cartilage
region. Bioinks should
be extrudable at the

printing  temperature.
Filaments or strands
made from

biocompatible materials
that can be deposited
layer by layer.

PCL
GelMA
HyA-based

Polyurethane (TPU)

(Cano-Vicent
etal., 2021;
Winarso et al.,
2022; Zein et
al., 2002)
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Variety of
materials,
including
biocompatible
polymers and
ceramics.

Extrusion-Based
3D Printing

Versatile and
suitable for a wide
range of
materials,
including bioinks.
Affordable and
accessible
technology.

Can create multi-
material and
multi-cellular
scaffolds.
Improved shape
fidelity

Support cell-
laden bio-inks
Moderate-
resolution

Limitations in
achieving  high-
resolution
structures.

Prolonged printing
times for complex
scaffolds.

Cell viability of
40-80%
Expensive cost
Slow printing
speed

Challenges  with
maintaining  cell
viability  during
extended printing.

Bio-inks are
specifically formulated
for extrusion-based
printing, typically
hydrogels or polymer-
based materials that are

shear-thinning to
facilitate extrusion
while maintaining

structural integrity post-
printing. These bioinks
should also support cell
encapsulation and
promote tissue-specific
differentiation.

GelMA

Alginate
Hyaluronic (HyA).
Collagen

(Askari et al.,
2021; Bittner
etal., 2019a;
W. Liu et al.,
2017, 2018a;
Pepelanova et
al., 2018b; Yan
et al., 2022)
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2.5. Biomaterials for 3D Printing OC Scaffolds.

The biomaterials used in tissue engineering scaffolds can be classified as natural and
synthetic polymers, as represented on Table 2.3 (Yousefi et al., 2015c). Synthetic polymers
are the most used due to their low cost of processing and better functionality than natural
polymers. However, they have some disadvantages, such as the potential for causing an
immune response (G. Chen et al., 2006; Grigore, 2017a). Studies have suggested that a
combination of synthetic and natural polymers is a good strategy for biomimicking the
complex OC tissue (Daly et al., 2017a; Raeisdasteh Hokmabad et al., 2017; X. Wang et al.,
2004).

Bi-phasic OC scaffolds have been developed by Shen et al.. using a combination of natural
and synthetic materials; human fibrinogen, bovine thrombin and PCL microspheres were
used to prepare the fibrin scaffold, for the wollastonite scaffold 8% MgSiO3 (CS-Mg8) were
used. The study showed that after 18 weeks of implantation, neo-cartilage was found, good
integrity with the surrounding tissue, and a tidemark was identified when bone marrow

mesenchymal stem cells (BMSCs) were preloaded (Shen et al., 2018a).

Levingston et al. developed a tri-phasic OC scaffold, suggesting that the material used in
developing the scaffold has shown considerable regeneration and repair of the tissue. The
first phase (cartilage section) was made with collagen 1, collagen Il and hyaluronic acid
(HyA). For the second phase (intermediate zone), the materials used were collagen I,
collagen Il and Hydroxyapatite (HA). Finally, the third phase (subchondral zone) was
fabricated using collagen I and HA. This iterative layering technique enabled the fabrication
of scaffolds with independent characteristics of porosity, pore size and mechanical properties
in each layer of the scaffold while manufacturing. These characteristics permitted cellular
infiltration and flow of nutrients and stimulated the OC tissue regeneration (Levingstone et
al., 2014a).

The interface between the chondral and subchondral bone represents functionality in the long
term because of their essential integration. Wang et al.. study compared three biodegradable
scaffolds; the first one was made with poly-I-lactide (PLLA]), the second one used poly-d,
I-lactide (PDLLA) and the last one utilised collagen-hydroxyapatite (Col-HA). The scaffolds
were cultured for 15 weeks before analysing them. A similar structure of the three types was

shown in a macroscopic view. Although deformations and reductions of cell in-growth were
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observed in PLLA scaffolds, in PDLL and Col-HA scaffolds, an increase in cell infiltration
and the formation of a group of cells was seen. However, both types of scaffolds revealed a
collapse at week 11, and at week 15. Half of the PDLLA scaffolds were pore collapsed with
deformations in the structure, and the Col-HA construct shows cell clusters more distributed
than the PDLLA scaffolds (X. Wang et al., 2004). Likewise, several studies have shown that
the interface at different sections of the OC scaffolds is extremely complex and important in
transitioning mechanical load between unrelated tissues.(Dormer et al., 2012; Jia et al.,
2018a; Lausch et al., 2018a; Sahoo et al., 2011)
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Table 2.3 Characteristics of biomaterials used for the fabrication of OC scaffolds and their advantages and disadvantages

(* Low, ** Medium, ***High).

. Bio- Mechanical Highlight
Materials I . - Ref
compatibility  properties Advantage Disadvantage
(Carlaetal.,
2011; Kolambkar
. etal., 2011;
. Good water r_e tention. Limited mechanical strength Kosik-Koziot et
Alginate ** * Ease of gelation . .
Versatility in anolications Potential for ion release al., 2017; K. Y.
y Inapp Lee & Mooney,
2012; Reyes et
al., 2012)
(Dutta, 2015;
Limited control over Felfel etal,
Good mechanical strength dearadation rate 2019; Korpayev
Chitosan falea el Biodegradable Cq[otoxicit if. ot oroperl et al., 2020;
Mucoadhesive properties. alrified y property Pitrolino et al.,
P ' 2022; Varoni et
al., 2018)
Excellent biocompatibility. . : Lausch et al.
xcellent bioco patlbl_lty Weak mechanical properties. (Lausch et al.,
Promotes cell adhesion and i . 2018b;
. . Rapid degradation, )
Collagen faleka * tissue regeneration. Potential for immunogenic Levingstone,
Widely used in  tissue g Ramesh, et al.,

engineering.

responses. 2016; O’Brien et
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Collagen-Based

*kk

Collagen is a major component
of natural bone, making
collagen-based scaffolds
biocompatible. These scaffolds
can support cell attachment and
bone matrix formation.

Collagen scaffolds may have
weaker mechanical properties
and faster degradation rates,
necessitating  reinforcement
with other materials.

al., 2008; Parisi et
al., 2020; H.
Zhou et al.,
2020b)

Precise  control over gel
properties.
Suitable for cell encapsulation

Batch-to-batch variability in
properties and photoinitiator

(Ghorbani et al.,

GelMA faleke * . . used in the polymerisation 2020a; J. Liu et
and tissue engineering. :
. i process can potentially be al., 2019b)
Controlling mechanical .
. cytotoxic.
properties.
: I Fisch l.
Excellent biocompatibility, 2(01520 }iroe;ﬁ e’t
Hyaluronic Acid ability to retain water, and can Limited mechanical strength 109 _
ikl * . - . . al., 2007;
(HyA) be easily modified for drug  and rapid degradation in vivo. .
delivery and tissue engineerin Matsiko etal.
y g g 2012)
Hydroxyapatite § a
biocompatible ceramic often
combined with polymers to  HA alone is fragile, so (Khanarianetal.,
Hydroxyapatite - . improve bone scaffold  combining it with polymers is 2012; Pitrolino et
(HA) biocompatibility. HA-based  necessary to improve scaffold al., 2022; Suo et

composites can mimic the
mineral component of natural
bone.

flexibility and toughness.

al., 2021a)
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PCL is a biocompatible polymer
with good mechanical
properties. It has been used in
cartilage scaffolds due to its

PCL is relatively stiff and may
not precisely mimic the

. - mechanical  properties of  (Nowickietal.,
slow degradation rate, providing ) ) .
i native cartilage. 2020; H. Sun et
Polycaprolactone long-term support for cartilage al. 2006 F
(PCL) * falaled tissue regeneration. V\/.’an ot 1a| '
PCL's slow degradation rateand ~ PCL  alone  lacks  the 2022- g Wei.’et
mechanical strength make it  compatibility properties al’ 2'02 1)
suitable for bone scaffolds. It  required for cartilage B
provides long-term structural  regeneration, so combinations
support during bone  with other materials are
regeneration. needed.
. . . PLA can rittle, and i
PLA is biocompatible and ca. be_brittle, and .|ts
. degradation rate may not align
biodegradable. It can be used to i . .
with cartilage regeneration
create porous scaffolds for - . .
cartilage tissue engineerin timelines without ~ (Badami et al.,
Poly(lactic acid) g g g modification. 2006; H.-W. W.
* ** 1 1 1 1 .
(PLA) PLA is b|o<_:ompat|ble and can Similar to PCL, PLA may not Kim et_ al., 2008;
be wused in bone scaffold 055655 inherent Naghieh et al.,
fabrication. It is biodegradable p_ I . 2017)
. L biocompatibility ~ properties
and provides initial structural . .
. and may require additives or
support during bone
. surface treatments.
regeneration.
Poly(lactic-co- PLGA is a copolymer of lactic Pure PLGA may lack the (Liang et al.,
| iolic acid) - s and glycolic acids and offers  mechanical strength needed for ~ 2018a; Reyes et
g y(PLGA) good biocompatibility and  load-bearing bone applications al., 2012; P. Wei
controllable degradation rates. It ~ and may require reinforcement etal., 2021)
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can be loaded with bioactive
agents to enhance bone
regeneration.

or blending with  other
polymers.

PEG is a hydrophilic polymer
with good biocompatibility.

It can be modified to create
hydrogels that support cell

PEG hydrogels can be
mechanically weak and may

. . (C. Fan & Wang,
require  reinforcement  or

Polyethylene . . . . 2015; Han et al.,
Glycol . * S:;a:?jlg:tlé)sri\tionand cartilage  blending with other polymers. 2022: Riewruja et
(PEG) P | n _ al., 2022, Y.

. . Limited cell adhesion
Highly control of properties, . : Yang et al., 2020)
X i i properties without
resistance to protein adsorption, e .
L L modification, potential for
and minimal immunogenicity. . N
rapid clearance in vivo.
- (Panjapheree et
Good mechanical  strength, Id_elzmrgzgtion C?Z:(ZOI ote(r:;/i(; al., 2018; Pérez-
Silk Fibroin * il biodegradable, and g P Silos et al., 2019;

biocompatible.

allergenic responses in some

individuals. Xiao, huang, et

al., 2019)
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One of the materials frequently utilised by various authors in the field of tissue engineering,
especially for OC scaffolds is PCL. (Cipitria et al., 2011; Doyle et al., 2014a; Fereshteh et
al., 2016b; Gercek et al., 2008b; H. Li et al., 2020b; Nowicki et al., 2020; Patricio et al.,
2014; W. Wang et al., 2016; P. Wei et al., 2021). The properties of PCL, including its
physical, thermal, and mechanical attributes, can exhibit variation based on factors such as
its molecular weight and degree of crystallinity. Table 2.4 presents a range of physical and
mechanical properties of the PCL, reported in the literature. Similarly, the biodegradability
of PCL can span from a few months to several years, depending on its molecular weight,

crystallinity, and the rate of polymer degradation.

PCL has been used in a broad range of applications, driven by its material properties,
including hydrophobic, slow-degradability, compatibility with other polymers,
biocompatibility, and the potential to be synthesised from monomers derived from
renewable sources (Cao et al., 2021; Labet & Thielemans, 2009; Patricio et al., 2014; Prasad
& Pramanik, 2022), as a hydrophobic polymer due to its chemical composition. This
characteristic reduces it less level to hydrolysis compared to hydrophilic polymers. The rate
of hydrolysis in polymers is intricately linked to the type of chemical bonds present within
their molecular structure. As a slow-degrading, biocompatible synthetic thermoplastic
polymer, PCL's degradation mechanism primarily joints on the nature of these bonds
(Bartnikowski et al., 2019; Gopferich, 1996a, 1996b). Given its utility, PCL is considered a
highly advantageous polymer, provided that its properties can be effectively controlled, and

it can be manufactured cost-effectively (Ikada & Tsuji, 2000).
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Table 2.4 Properties of PCL.

Properties Range References
Gross & Kalra, 2002; Labet &
Density (p/g cm™3) 1.070 - 1.200 Thielemans, 2009; Van De Velde &
Kiekens, 2002a
Pillai & Sharma, 2010; Sinha et al.,
-66 - -60 2004; Van De Velde & Kiekens,
2002b)

Pillai & Sharma, 2010; Sinha et al.,
2004; Van De Velde & Kiekens,
Gross & Kalra, 2002; Labet &
Thielemans, 2009
Azimi et al., 2014.; Pillai & Sharma,

0.20 — 0.44 2010; Van De Velde & Kiekens,
2002b
Gross & Kalra, 2002; Labet &
Elongation at break (e/ Tr_]ielemans, 20009; \_/ar_1 De Velde &
%) 20 - 1000 Klekens, 2002a, Azimi et al., 2014.;
Pillai & Sharma, 2010; Van De Velde
& Kiekens, 2002b

Glass Transition
temperature (T, /°C)

Melting Point (T, /°C) 56 - 65

Youngs modulus (E/
GPa)

PCL is characterised by its low cost, good stability, and mechanical strength; however, it
has poor hydrophilicity and slow biodegradation (Cipitria et al., 2011; J. Gao et al., 2019;
Hiep & Lee, 2010; H. Sun et al., 2006). Combining PCL with other biomaterials has been
used as a strategy to increase the biocompatibility and modulate the degradation rate, but
these composites often exhibit inferior mechanical properties. Swigszkowsk et al.
demonstrated the potential efficacy of porous PCL and PCL-TCP scaffolds in stimulating
bone regeneration. However, significant challenges persist in the domain of cartilage repair
and replacement. Despite advancements, joint replacements have yet to fully replicate
natural cartilage, leaving room for complications and underscoring the imperative for further

research in scaffold development.(Swieszkowski et al., 2007Db).

PCL/PLGA scaffolds were made with different proportions (1:90, 50:50, 70:30, 90:10),
showing successful characteristics for chondral tissue reported by several authors,
(Gonzalez-Gonzalez et al., 2023; Peng et al., 2018; Sanchez-Pech et al., 2020). All studies
reported the combination of these materials could provide scaffolds with the desired
degradation properties, surface characteristics, and biocompatibilities, demonstrating
potential in tissue engineering as they are non-toxic. Gonzalez-Gonzalez et al. focuses on

the combination of PCL/PLGA (80:20) scaffolds, manufactured by electrospinning for
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chondral defect repair, a drop of a high level of F-actin was presented after 28 days of

culture.(Gonzélez-Gonzélez et al., 2023).

GelMA has emerged as a prevalent material for promoting cartilage tissue formation within
the OC scaffolds through the incorporation of chondrocytes and mesenchymal stem cells
(MSCs), as noted in the research conducted by M. Costantini et al. (Costantini et al., 2016)
While Costantini's work revealed the capability of GelMA in facilitating cartilage tissue
formation, it also highlighted the tendency of this bioink to foster the development of a
fibrocartilaginous tissue variant, characterised by elevated levels of collagen type |
production. Daly's study further accentuated GelMA's potential, emphasising that the
supplementation of GelIMA with hyaluronic acid and chondroitin sulphate significantly
enhances chondrogenesis (Daly et al., 2016). This supplementation not only improves the
chondrogenic potential but also augments the bio-ink viscosity, thereby enhancing its
printability, as supported by Schuurman and Levett's research. Consequently, the
incorporation of additional components in GelMA-based bioinks offers a promising avenue
for steering cartilage tissue formation towards a more desirable outcome while concurrently
enhancing the printability of the bioink (Daly et al., 2016; Levett et al., 2014).

The results from Shien et al. demonstrate the capability to control both the mechanical and
swelling attributes of the material. Additionally, the observed high cell viability, coupled
with the growth of cartilaginous tissue, positions GelMA as a promising candidate for
applications in cartilage tissue engineering. By integrating viscosity-enhancing additives
like hyaluronic acid (HA) and a reinforcing framework such as PCL, and GelMA can be

structured into layered formations (Shie et al., 2020).

De Ruijter et al. and Ruiz-Cantu et al. took a similar approach fabricating a bioprinted
scaffold by extrusion composed of GelMA and reinforced with PCL fibres. The authors
showed that the inclusion of these techniques had no negative effects on cell viability and
proliferation for cartilage. In fact, cells maintained the ability to produce GAGs and collagen

even after the bioprinting process, as cells were deposited into the GELMA bioink.

Therefore, the inclusion of PCL with this technique may be a good option to increase the
mechanical properties of scaffolds for cartilage regeneration (de Ruijter et al., 2019; Ruiz-
Cantu et al., 2020b). Yanyan Cao et al. findings further establish the efficacy of a
PCL/GelMA biphasic scaffold with a co-culture of BMSCs and chondrocytes in mitigating
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mechanical pain associated with the implantation in cartilage defects observed in the gait
analysis, underlining its potential for cartilage regeneration. These comprehensive studies
emphasise the multifaceted role of PCL and GelMA in cartilage tissue formation. (Y. Cao
etal., 2021)

These studies underscore the multifaceted role of PCL and GelMA in cartilage and bone
tissue formation, shedding light on the intricate relationship between its composition, the
resulting tissue type, and the feasibility of its application in bioprinting technology. While
GelMA alone might tend to support fibrocartilaginous tissue development, the incorporation
of specific components such as hyaluronic acid and chondroitin sulphate serves as a
promising approach to steer the tissue formation towards a more desirable articular

chondrogenic outcome.
2.6. Design of the OC Scaffold.

Manufacturing an OC scaffold is dependent on the fundamental design of the scaffold. The
design in turn must support the growth, adhesion, migration and differentiation of cells to
support the generation of the OC tissue. To fulfil the requirements for an OC scaffold, the
design has to consider the biocompatible and degradable materials, the mechanical

properties, the pore structure, and the interface integration between phases (Seo et al., 2014c¢)

The design of a scaffold has been done by combining the manufacturing process with a
computer design (CAD) and imaging software, which allows for the production of the same
scaffold. These tools have been very useful in accurately developing the shape of the
scaffold internally and externally. At the same time, the prototype can be developed exactly

as the previous one, creating an easy methodology to manufacture scaffolds.

Significant attention has been directed towards the criticality of achieving a balance in
stiffness for scaffolds, as highlighted by Heuijerjans et al. The critical nature of stiffness
matching lies in preventing the emergence of high shear stresses at the interfaces of the
implant and the surrounding tissue, thus averting potential instances of implant failure.
Additionally, differences in stiffness or errors in surgical implementation can contribute to
irregular displacement, subsequently leading to complications, including the uneven wear
of articular cartilage surfaces that would otherwise remain healthy. This underscores the
necessity of meticulous considerations in scaffold design and implementation to ensure a

harmonious interaction between the implant and the host tissue.(Heuijerjans et al., 2018)
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A combination of rapid prototyping manufacturing techniques with computer-aided systems
for tissue scaffolds (CASTS) has been used by Naning et al.. The CASTS software
demonstrated an advantage of CAD and medical imaging techniques together using a rapid
prototype technique. Pore size, porosity, surface area and interconnectivity within the
scaffold are some of the characteristics that have been controlled by the author (Naing et al.,
2005)

In 2020, Margaret Nowicki et al. demonstrated that manipulation of both mechanical
properties and cell performance can be achieved through the utilisation of bio-ink and 3D
printing process. This approach enhances mechanical properties and improves human
mesenchymal stem cell (hMSC) adhesion, growth, and differentiation (Nowicki et al.,
2020).

In the pursuit of advanced OC scaffold design, Xiang Gu's research uncovered an integrated
scaffold characterised by an inconsecutive channel structure and vascularised modulation.
The study emphasised the pivotal role of the channel pattern not only in determining
mechanical strength but also in influencing the infiltration of bone marrow, consequently
facilitating a synergistic repair process for the OC defects (X. Gu et al., 2022b). In a parallel
vein, Yuging Gu's work showcased the successful application of digital light processing
(DLP) for the one-step 3D printing of a bilayered scaffold. By competently manipulating
the pore sizes, the mechanical properties of the scaffold could be fine-tuned, thus
showcasing the potential of this technique for facilitating the OC regeneration (Yuging Gu
etal., 2023)

Concurrently, the literature highlighted the potential of combining cells, novel small-
molecule drugs, and various gradient synthesis materials for the development of gradient
scaffolds. Notably, the study advocated for the adoption of a continuous gradient scaffold
over a discrete gradient scaffold, attributing its superior ability to mimic the native tissue
structure without abrupt layer changes for the fabrication of an OC tissue(L. Chen et al.,
2023).

Collectively, these studies contribute significantly to the evolving landscape of scaffold
design, each providing valuable insights into the optimisation of mechanical properties,
replication of native tissue structure, and integration of novel materials to advance the realm

of an OC regeneration.
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2.7. Finite Element Modelling.

Mathematical modelling has emerged as a pivotal tool for assessing the mechanical
properties of scaffolds to validate these biomimetic scaffold designs (Gibson, Ashby, &
Harley, 2010). The choice of modelling approach is inherently tied to the specific structure
and materials utilised in the scaffold, a parameter that offers considerable variability (Fu et
al., 2020; Wasyleczko et al., 2020). These materials encompass both synthetic and natural
options, including thermoplastics, hydrogels, and decellularised tissue (Hutmacher et al..,
2001; Ren et al.., 2016). For modelling hydrogels and decellularised tissue, poroelastic
models prove effective(lsobe et al., 2018; Vidal-Lesso et al., 2012) while numerous polymer
scaffolds designed with porous foam structures can have their mechanical properties
approximated via cellular solids modelling approaches (Cano-Vicent et al., 2021; Doyle et
al., 2014b; Marcelino et al., 2023; Nowicki et al., 2020).

Vijayavenkataraman et al. describe a design method established by parametric optimisation
approaches which consider requirements such as porosity, Youngs modulus, and pore size.
The study focuses on three distinct designs such as primitive, gyroid and diamond geometry,
these in a cubic form, by three applications tissue-specific scaffolds, scaffolds for stem cell
differentiation, and functionally graded scaffolds with biomimetic functional gradients. The
results revealed by the commercial software Abaqus/Standard was a high mechanical
stiffness for the straight Youngs modulus of all designs. However, decreasing Youngs
modulus is related to the rise of porosity, and the high permeability has been achieved by a
bigger pore, such as a primitive cubic form. The diamond scaffold presented the best surface
area and a higher Youngs modulus than primitive and gyroid cube scaffolds, so this would
expand the porosity and diminish the weight. Utilising the results of the geometry models,
a functional gradient design could be achieved for the OC defects (Vijayavenkataraman,
Zhang, et al., 2018). On the other hand, Shipani et al.. used fused deposition modelling as
the manufacturing process and the PCL as the material. Even though FE modelling was
made to approach the key aspects of geometry and material behaviour, a modelling strategy
was developed. The pre and post manufacture shown critical inconsistencies in the

geometric and mechanical behaviour of 3D printed scaffolds (Schipani, Nolan, et al., 2020a).

Hairui Suo et al. conducted FE simulations demonstrating a biomimetic strengthened
structure with a deformable cartilage layer, signifying advancements in the design and
manufacture of biopolymer-based OC biomimetic scaffolds. This work underscores the
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importance of integrating computational modelling techniques to not only understand the
structural mechanics of these complex scaffolds but also to drive their innovative design.
The deformable cartilage layer offers a promising avenue for more realistic biomechanical
simulations, thereby aiding in the optimisation of scaffolds for improved tissue.

Lastly, the estimation of effective and shear modulus of scaffolds, underlining the
significance of considering microstructural features such as surface roughness and
microporosity in determining scaffold properties using CAD models in ABAQUS software.
The outcomes of their research shed light on the intricate relationship between the
microarchitecture of scaffolds and their mechanical behaviours, emphasising the importance
of thorough material characterisation and microstructural analysis in the design and

evaluation of scaffolds for tissue engineering applications (Cahill et al., 2009).

2.8. Mechanical Properties of the OC Tissue.

Extensive research efforts have been directed towards the reconstruction of the cartilage and
bone regions in the OC tissue, underscoring the importance of comprehending their
changing mechanical characteristics throughout the tissue structure (Ansari et al., 2019).
When considering the changing mechanical properties of the OC tissue, it is essential to
consider factors such as the tissue source, including human, bovine, porcine, equine, and
others, alongside the tissue's age and specific conditions during measurement. It has become
increasingly apparent that these variables can significantly impact the measurements
obtained, thereby rendering the ideal mechanical properties requisite for the OC tissue
transplantation somewhat uncertain, as reported by different authors as presented in Table
2.5. As a result, the establishment of a comprehensive understanding of the dynamic
mechanical profile of the OC tissue remains a critical requirement for advancing the efficacy
and precision of tissue engineering and regenerative medicine interventions for the OC

defect repair.

In the investigation of articular cartilage, both Korhonen et al., and Jurvelin et al., employed
unconfined compression testing methodologies, yielding similar compression modulus of
0.80 + 0.33 MPa and 0.85 £ 0.35 MPa, respectively. One study utilised a bovine humeral
head, while the other employed a human femoral condyle, showcasing the consistency of
results across species (Korhonen et al., 2002, Jurvelin et al., 2003). In contrast, Bartnikowski
et al., reported a notably higher compression modulus of 1.72 + 0.27 MPa in 5 samples of

human cartilage. The disparity between the findings of Bartnikowski and Jurvelin may be
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attributed to variations in the age of the specimens or the specific conditions under which
the tissue was obtained for the experiment, emphasising the critical influence of these factors

on mechanical testing outcomes (Bartnikowski et al., 2015).

The study conducted by Kabir et al., presented a comprehensive investigation into the
mechanical behaviour of the cartilage in the OC tissue, demonstrating distinct compressive
Youngs modulus of 1.03 + 0.48 MPa for indentation testing and 10.60 + 3.62 MPa for
unconfined compression. The study specified the tissue being measured as the OC cartilage,
obtained from donors, with the subchondral bone manually removed from the collected the
OC tissue samples. However, the manual removal technique introduces an element of
uncertainty, potentially leading to errors, as certain fragments of the subchondral tissue may
remain, or a portion of the cartilage tissue could accidentally be removed during the process,
potentially impacting the accuracy of the measurements (Kabir et al., 2021).
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Table 2.5 Summary of studies representing Youngs modulus of an OC tissue for each region depending on the type and age of tissue and the

mechanical test carried out.

OC Region Type of Tissue Mechanical Test Youngs Modulus References
tissue Age
Ankle . 10.6 £5.6 MPa -15.6 + 7.6
(Human) 33-80y Indentation MPa
Knee :
33-80y Indentation 6 £3.1 MPa -11.8 +4.8 MPa
(Human)
Knee . 45 +1.2MPa -10.2 *
(Human) 33-80y Indentation 2.5MPa Shepherd & Seedhom,
Femoral . 31+0.4 MPa - 100 £26 1999
patellar 33-80y Indentation
MPa
(Human)
Femoral
. 43+1.4MPa -13.0 £4.2
condyles 33-80y Indentation 3 I\/Ii’a 30
Articular Cartilage (Human)
Humeral .
head NM Unconfined 0.80 + 0.33 MPa
. Compression
(Bovine)
Humeral
head NM Confined Compression 0.81 + 0.34 MPa
(Bovine) Korhonen et al., 2002)
Humeral
head NM Indentation 1.15 + 0.33 MPa
(Bovine)
Pate_lla NM Unconflnfed 0.57 + 0.17 MPa
(Bovine) Compression
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Pate'lla NM Confined Compression 0.62 £ 0.19 MPa
(Bovine)

Pate_lla NM Indentation 0.83+0.17 MPa
(Bovine)
Femoral .

condyle NM Unconfined 0.31 +0.18 MPa

; Compression

(Bovine)
Femoral

condyle NM Confined Compression 0.34£0.17 MPa
(Bovine)
Femoral

condyle NM Indentation 0.55 £ 0.18 MPa
(Bovine)
Femoral .

f
condyles  23-50y Unconfined 085+ 0.35 MPa
(Human) compression
Jurvelin et al., 2003

Femoral
condyles 23-50y  Confined Compression 1.237+0.486 Mpa
(Human)
Femoral

Head 73-8ly  Confined Compression ~0.26MPa Boschetti et al., 2004
(Human)

Tibial 6mo Micro-indentation ~2MPa Cao et al., 2006
(Rabbit) B
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Femoral
Head
(Human)

73-8ly

Unconfined

~0.25MPa

Boschetti et al., 2004

Patella
(Human)

55-73y

Indentation

0.64 + 0.30 MPa

Kiviranta et al., 2008

Femoral
Head
(Human)
Femoral
Head
(Porcine)
Femoral
Head
(Bovine)
Femoral
Head
(Ovine)

NM

NM

NM

NM

Indentation

Indentation

Indentation

Indentation

4.89 +£0.76 MPa

1.18 +0.17 MPa

1.86 *+0.44 MPa

3.94 £ 2.52 MPa

Taylor et al., 2012

Femoral
Head
(Rabbit)

6mo

Indentation

5.7+1 GPa

Campbell et al., 2012

Femoral
condyles
(Human)

NM

Unconfined
compression

1.70-2.75 MPa

Bartnikowski et al., 2015

(Human)

71y

Unconfined
compression

1.63 £ 0.26 MPa

Bas et al., 2017

Calcified Cartilage

Patella and
femur
(Bovine)

NM

Three-point bending

0.32+0.25 GPa

Mente & Lewis, 1994
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Femoral
head
(Human)
Patella
(Human)
Femoral
Head
(Human)
Femoral
Head
(Human)
Distal
condyle
(Equine)

55-89 y

39-54y

73-8ly

73-81y

12-18mo

Indentation

Indentation

Confined Compression

Unconfined

Indentation

19.01+0.29 GPa Ferguson et al., 2003

13 GPa Gupta et al., 2005

~0.39MPa
Boschetti et al., 2004
~0.36MPa

12.9+1.66 GPa Doube et al., 2010

Articular / Calcified
Cartilage

Femoral
condyles
(Human)
Femoral
condyles
(Human)

71-77y

71-77y

Indentation

Unconfined
Compression

1.03 +0.48 MPa
Kabir et al., 2021
10.60 + 3.62 MPa

Subchondral Bone

Femoral
Head
(Human)
Femoral
Head
(Human)

73-8ly

73-81y

Confined Compression

Unconfined

~0.50GPa
Boschetti et al., 2004
~0.49GPa
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Subchondr

al / tibia
(Human)

Patella and

femur
(Bovine)
Femoral

head
(Human)

Patella
(Human)

Distal
condyle
(Equine)
Femoral

Head
(Rabbit)

NM

NM

55-89
years

39-54y

12-18mo

6mo

Three-point bending

Three-point bending

Indentation

Indentation

Indentation

Indentation

1.15+ 0.8 GPa

5.7+1.9 GPa

19.05+0.39 GPa

25 GPa

14.57+1.76 GPa

22.8+1.8 GPa

Choi 1990

Mente & Lewis, 1994

Ferguson et al., 2003

Gupta et al., 2005

Doube et al., 2010

Campbell et al., 2012

Cartilage/Subchondral

Patella
(Bovine)

Patella
(Bovine)

Patella
(Bovine)

NM

NM

NM

Three Point bending

Indentation

Nanoindentation

9.96+4.99 GPa

1.47+0.13 GPa

1.91+0.36 GPa

Hargrave-Thomas et al.,
2015
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2.9. OC Scaffolds.

The OC tissue represents a complex integration of cartilage and bone layers, with a significant
portion of its composition attributed to water content (cartilage). Several studies have
demonstrated that engineered scaffolds can closely emulate the intricate structure of an OC
tissue. Considering the fundamental role of water in both tissues, cartilage and bone, of the OC
tissue, the utilisation of diverse polymers with varying water absorption capabilities emerges
as a promising strategy for the effective replication and regeneration of this complex tissue.
Particularly for cartilage tissue engineering, the development of hydrogels exhibiting high
water swelling properties has garnered attention. These hydrogels are similar to the native
cartilage tissue, characterised by the presence of polymer chains of glycosaminoglycans and
collagens immersed within a substantial water content, accounting for approximately 60-80%
of the cartilage tissue. Conversely, for bone tissue, which typically comprises a mere 10%
water, scaffold fabrication necessitates the use of polymers possessing low water swelling
properties or tailored hydrogels engineered to exhibit heightened mechanical strength(Neill,
2016; Patel et al., 2019; Schoonraad et al., 2021)

Various studies have reported differing Youngs modulus for their OC scaffolds. Levingstone
et al. constructed a scaffold using Type I collagen/HA for the first part, Type | & Il collagen/HA
for the second part, and Type | & Il collagen/HyA for the bone layer, leading to a compressive
modulus of 0.51 + 0.03 kPa, indicating an enhanced modulus due to the presence of HA
(Levingstone et al., 2014b). Similarly, J. Liu et al. adopted a comparable approach but utilised
30/3% GelMA/nHa for subchondral zone, 20/3% GelMA/nHa for interface zone, and 15%
GelMA solely for cartilage zone, resulting in a higher Youngs modulus of 550 + 74.70 kPa,
attributed to the variation in materials and their proportions within the combination (J. Liu et
al., 2019b). Conversely, Gao et al. developed PLGA-based scaffolds with suboptimal
mechanical properties, which were significantly improved with the combination of PLGA-g-
PC-PEG, leading to a notable increment in the mechanical properties of the scaffold, acquiring
a value of 220 + 30 MPa. Additionally, Cometa et al. (2021) produced a PCL/HA/CD scaffold
demonstrating a compressive Youngs modulus of 106 + 11 MPa, highlighting the provision of

more suitable mechanical properties for the bone tissue(J. Gao et al., 2021).

Kosik-Koziot et al. emphasise the mechanical properties of a triphasic OC scaffold, delineating
each zone. The scaffold is composed of 2.5% Alginate, 2% PLA for the non-calcified cartilage,
4% Alginate, 6% GelMA, 0.5% B-TCP for the calcified cartilage, and polycaprolactone for the
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subchondral bone. In terms of mechanical properties, the study reveals a compression modulus
of 33.39+7.76 kPa, 3.69+0.88 kPa, and 22,935.10+1888.45 kPa, respectively, for each zone
(non-calcified cartilage, calcified cartilage, and subchondral scaffolds). Conversely, the
triphasic scaffold exhibits a compression modulus of 16.02+3.52 kPa, indicating relatively

poorer mechanical properties in the intermediate zone (Kosik-Koziot et al., 2020b).

The literature indicates that several structures have been investigated and carried out to solve
the OC defect, as shown in Table 2.6. The manufacturing processes and materials used vary;
nonetheless, all authors, according to the calculations and designs, try to model an OC scaffold
with the main characteristics of the OC tissue. The porosity and the size of the pore can vary,
but a core issue to address in this type of scaffold is the interconnectivity. The OC tissue
structure is complex since it has four cartilage zones plus the subchondral zone. Each author
tries to develop these areas using bi-phasic, tri-phasic, or multiphasic scaffolds.
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Table 2.6 Summary of studies representing Youngs modulus of an OC scaffold depending on the tissue target using a specific
manufacturing technique and the specific compression mechanical test.

Fabrication Target Compression Youngs —
Scaffolds Technique Tissue test Modulus Application Remarks References
The presence of HA in
the
Type |
e
Type | & | . . 0.51+£0.03 i Levingstone
collagen/HA- Freeze-drying OC Tissue NS KPa OC Defect compressive modulus. et al., 2014b
Tvoe | & The bone layer was
yp found to have the highest
Ilcollagen/HyA .
compressive modulus of
approximately 0.95 kPa
Thermal-induced Cartilage 951+112.64 The compressive
Multilayered hase separation Layer NS kPa modulus of the core-
y phase Sep 4 sheath PLGA/TCP
scaffold
Cartilage matrix scaffolds T. Zhang et
g. OC Defect was higher than that of ' g
& Chitosan- al., 2017
core-sheath Low-temperature Bone Layer NS 805.7+ pure
PLGA/TCP deposition 17.47 kPa PLGA scaffolds, but

lower than that of
PLGA/TCP scaffolds
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Cartilage
PLGA NS O'&J‘gl
scaffold
PLGA was used for the
Subchondral cartilage layer scaffold
5.6+0.3
PLGA Fabricated by NS and PLGAHA
MPa subchondral layer
scaffold room-temperature .
. . scaffold. Scaffolds were  Liang et al.,
compression- OC tissue OC Defect q telv and 2018
Subchondral  Moulding/porogen- prepared separately an
_ 12.4+1.0 then glued by
PLGA/HA leaching NS MPa dichl h
e
. 2.8£1.7 (CH2CI2) to obtain a
Bilayer scaffold bilayer scaffold.
MPa (dry)
PLGA- NS
PLGA/Ma 20.3+0.7
P MPa (wet)
The compressive
modulus of the
Multilayered multilayered scaffolds
Scaffold Thermal-induced . 0.773 = showed remarkable Jiaetal,
ACECM- phase separation OC Tissue NS 0.068 MPa OC Defect enhancement of the 2018b
PLGA/TCP mechanical properties

supporting well-
organised OC repair.
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Tri-layered

scaffold . . which is similar to or i

- . + 74, . ) L I,

GelMA/nHa- igjrr::tllté nfﬁ:ﬁ OC Tissue cL(JJrr]r::OrTslgiZ?l 550K 7a4 70 OC Defect  exceeding that of native ; 0 1|9u eta
GelMA/nHa- P P g P P human articular cartilage

GelMA

+
PCL Scaffolds NS 10&;;1
The PCL/HA/CD
PCL/HA 108 £ 10 scaffolds produced via
NS _ o
Scaffolds MPa _ BioCell Printing
BioCell printing OC tissue Osteoporotic displayed adequate Cometa et
PCL/CD 220+ 30 Bone . . al., 2021
NS mechanical properties for
Scaffolds MPa .
the regeneration of

PCL/HA/CD NS 228 + 27 cancellous bone tissue.

Scaffolds MPa

Bilayered

Porous Scaffold . The addition of HA
015+ . l.

GelMA- (EE()thsI?c:i; OC Tissue NS 314559071i . OC Defect  enhanced the mechanical ;;(?20 1et a
GelMA/HA ' P properties of the scaffold

scaffolds
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2.10. Knowledge Gaps.

In the field of osteochondral scaffold manufacturing, several knowledge gaps were found
for an articular cartilage in the OC gradient scaffold fulfilling the mechanical properties of
the OC tissue. Firstly, insufficient strength at the bounding has frequently been cited as an
issue in the construction of multilayered scaffolds, potentially resulting in the separation or
delamination of these layers (Cui et al., 2012; Holmes et al., 2014; Jia et al., 2018c;
Levingstone et al., 2014b; Shen et al., 2018b; W. Wang et al., 2018; T. Zhang et al., 2017D).
Kosik-Kosik et al. manufactured a hybrid triphasic OC scaffold by producing each of the
zones separately with different materials in each zone (non-calcified cartilage, calcified
cartilage, and subchondral bone). These zones were integrated using fibrin glue to
manufacture the hybrid triphasic scaffold. The design of these scaffolds maintained the
perpendicular alignment of successive zones. However, the compressive modulus in the
triphasic scaffold shows poor mechanical properties, particularly in the intermediate zone
(Kosik-Koziot et al., 2020). A lack of comprehensive understanding concerning the
mechanical interactions and potential failure points between different zones within these
scaffolds remains. Various authors have utilised fibrin glue, and they have reported similar
issues with its mechanical properties, attributing these challenges to the rapid degradation of
fibrin glue. (M. Lee & Wu, 2012; Swieszkowski et al., 2007c).

Methodologies for creating interface-free gradients in osteochondral scaffolds have been
targeted using different techniques. One of the techniques, as demonstrated by Schoonraad
et al., was to showcase the capability of a hydrogel-based resin to print two distinct phases
utilising the same soft hydrogel. They modified the formulation slightly to create both
cartilage-mimetic and bone-mimetic hydrogel scaffolds and to bind them, the scaffolds were
filled with the same soft hydrogel. This approach allowed for the control of modulus and the
creation of well-integrated multilayered structures within a scaffold. However, exhibited
pillar buckling during strain (Schoonraad et al., 2021). On the other hand, with a similar
approach from Liu et al. which fabricate a tri-layered scaffold using the same GelIMA/nHA
hydrogel but with different GelMA/nHA ratios and photo-crosslinked after printing by UV
light irradiation. The graded scaffold shows integrity and interfacial bonding strength;
however, a fracture strength is reported when at 20KPa of interfacial strength (J. Liu et al.,
2019c).

49



Chapter 2 — Literature Review

PCL and GelMA are widely used in osteochondral scaffolds because of their properties. PCL
is a biocompatible synthetic polymer with slow degradation, excellent mechanical strength,
and 3D printing compatibility, used for osteochondral scaffolds for the support and intricate
structures (Doyle et al., 2014a; Patricio et al., 2014; H. Sun et al., 2006; F. Wang et al.,
2022). GelMA is a natural polymer that combines degradation, hydrophilicity, and 3D
printing capabilities, mimicking the extracellular matrix and promoting cell adhesion. The
use of these materials has been employed as materials for scaffolds for tissue engineering,
(Elomaa et al., 2020; M. Fan et al., 2023; Ghorbani et al., 2020b; Jiang et al., 2021; H. Li et
al., 2020c; J. Liu et al., 2019c). However, the use of these two materials together in extrusion-
based 3D printing for an OC has been limited, some authors have integrated an additional
material, such as Pluronic, used by Daly & Kelly, with an equilibrium modulus of
approximately 3000KPa using unconfined compression testing (Daly & Kelly, 2019).
Moreover, current designs predominantly feature rectangular scaffolds with angle variation
for extrusion 3D printing. Some designs with staggered configurations show decreased
mechanical properties when compared with aligned scaffolds (Ahmadi Soufivand et al.,
2023; Bittner et al., 2019b; H. Chen et al., 2023; Daly et al., 2017b; Qin et al., 2021; Suo et
al., 2021b; X. Yang et al., 2023). However, the use of double layer configuration increased

both scaffold compressive modulus and yield stress.

This research project focus on developing a multiphasic graded OC scaffold, which is
distinct from previous studies on graded structures. The project aims to replicate the bone-
cartilage interface with integrated, graded mechanical properties, addressing challenges in
achieving comparable mechanical properties to native articular cartilage in OC tissue. Unlike
traditional manufacturing methods, which often face limitations such as poor reproducibility
and irregular shapes, 3D printing offers an efficient solution by enhancing reproducibility
and fabricating complex shapes. The thesis details a meticulous process of designing and
fabricating the OC scaffold, with particular attention to minimising interfaces between its
components and ensuring that the mechanical properties closely match those of native tissue.
To achieve these goals, the project focuses on material selection, optimised printing
parameters, achieving desired mechanical properties, and supporting cell adhesion and
proliferation within the scaffold structure. A key strategy involves incorporating diverse
geometries within the scaffold, utilising the same materials throughout, to create a more
complex representation of the desired mechanical characteristics in articular OC tissue, with

varying properties across different zones of the articular cartilage.
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3.1. Introduction.

This chapter presents a comprehensive description of the methodology employed throughout
the research. The methodology involves material characterisation, 3D extrusion, scaffold
design, printing parameters, compression testing, finite element analysis (FE), and cell
culture. The methods relevant to each research objective are presented in Figure 3.1,
together with the inputs to and outputs from each method.

Research Aim

Novel design for a multiphasic graded interface free cell OC scaffold with the graded mechanical
properties of the OC tissue.

Research Objective Input parameters Methods pa?;rﬁ:al::rs
Manufacture an OC -Rheology :\g\fvce(?lsilrt]y
I scaffold without mm) -Bioinks mm) -Characterisation De rade?tion
interface -NMR 9 _
-Methacrylation

Fulfil the mechanical

" properties of the OC = -Designs

[ =) -Compression Test ™#-Young’s module
scaffold -Formulations

Develop a FE model

validating the Mechanical [;:\élsg:tr;:;s
111 mechanical properties mmlp ) . =) . - ’
prop properties - CAD designs Young’s module

for the printed OC

v

scaffold

OC scaffold with
adherence and
proliferation of cells.

-Cell Viability
‘ -Proliferation

- Data compare

- Metabolic Activity
ﬂ- Cell Viability
- Proliferation

-Cell Viability
‘-Proliferation

Figure 3.1 Link between aim - objectives and specific methods and parameters.
(Abbreviation as follows: OC- Osteochondral, FE- Finite Element, CAD- Computer-
Aided Design NMR- Nuclear Magnetic Resonance )

These methods specify the range of the related parameters which allow an extruded 3D

bioprinted OC scaffold to achieve the mechanical properties required by the tissue. These
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methods contribute to increasing the capability and matching the requirements of novel
applications in tissue engineering. Figure 3.2 shows the experimental design employed
throughout the thesis.

Feedstock
Identification

Structural

Mechanical

Biological

Research of Additive
manufacturing parameters

Scaffold Materials Scaffold Design Biofabrication
R FEA Model  __________ PR Scaffold Testing . ____________
| Geometries Validation/Calibration | ! | Mechanical Testing Cell Viability Analysis i

Figure 3.2. Flowchart of the key steps in the development of scaffolds.

A detailed outline of steps in the methodology of manufacturing an OC scaffold is
presented in Figure 3.3. Materials were selected for their mechanical and biological
properties to create an OC scaffold. First, a characterisation of the bio-ink was made to
evaluate the properties and printability of the materials to be extruded on the RegenHu
3D Discovery™ G5 bio-printer (RegenHu, Villaz-St-Pierre, Switzerland) using the
pneumatic and screw extrusion printheads. The characterisation to ensure printability of
the materials was carried out. For the PCL material, rheology analysis was performed to
analyse the viscosity and shear thinning behaviour. For GelMA, both rheology and H-
NMR tests were conducted. H-NMR tests assisted in adjusting the degree of
methacryloylation, resulting in a hydrogel with tailored solution viscosity, equilibrium

degree of swelling, and mechanical strength. Compression tests were then performed to
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compare and modify the designs to achieve the desired mechanical properties of the
scaffold. The scaffolds were seeded with cells, tested, and analysed to verify the cell
viability in the scaffolds. Finally, all the data collected regarding the materials were added
to the FE ABAQUS model to create a validation of the scaffold. The procedural methods

are explained in more detail in the following sections.

PCL / Bioink Properties | |_ Ink ‘I l Bioprinting
! GelMA 0‘ pCL 0. | A Py
I HydmgeU | " BiocaD ﬁ ;:l/i" @
| l l | Designs
| [ i
| -
Rheology | | Printability
i i

r I E /U
B ==
\ | — . : :
=1 L preumatic srew Mechanical Properties
. . | Extruder Extruder |
Characterisation | ’ :
‘ | |
| -
. | . ~
e O
| : — | Cell Viability Analysis
: Extrusion-based bioprinting :
\ J
|
Modelling

A sSiMmuULIA
A\ Abagus

Figure 3.3 Schematic illustration of the methodology for developing the 3D OC
scaffold.

This chapter provides an overview of the thesis methodology and the importance of the
materials and processes involved, such as the material characterisation for the 3D extrusion
base printing parameters. It describes the methodology used to create the designs to meet the
mechanical properties, as well as the cell viability in the scaffold. In addition, the finite
element (FE) of the scaffold is a tool to validate subsequent scaffolds using the same
techniques. This extensive methodology contributes to the advancement of knowledge in
scaffold fabrication, mechanical behaviour, and cell interaction, specifically within the field

of OC tissue engineering and regenerative medicine.
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3.2. Materials.

The materials were provided by different suppliers. Skin porcine gelatin (~175g Bloom, type
A, G2625), Methacrylic anhydride (MA) (94%, 276685), Sodium Carbonate (222321),
Sodium hydrogen carbonate (1.06329.0500), Polycaprolactone (PCL) pellets (Mn 45,000,
704105) and Toluidine Blue O (T3260-G5) were purchased from Sigma-Aldrich.
Methylated Spirit Industrial (IMS) (74 OP.) M/4550/17 was acquired from Fisher. Irgacure
® 2959, 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone by BASF. Quant-iT™
dsDNA Assay Kits, high sensitivity (HS) (2561635), Live/Dead™ Viability/Cytotoxicity
Kit for mammalian cells (2261453) and Presto Blue™ Cell viability Reagent (2413466) were
purchased from ThermoFisher Scientific.

3.3.  Methods of Materials Synthesis and Characterisation.

This section presents the characterisation of the materials, specifically PCL and GelMA.
Their physical and chemical properties were determined through a series of tests, including
rheological analysis and assessment of the degree of methacrylation. This characterisation
phase laid the foundation for subsequent stages of the project.

3.3.1. Gelatin Methacrylate.
3.3.1.1.  Procedure for Synthesis of GelMA

GelMA was synthesised in-house via a precipitation method following Jopeth Ramis
protocol with some modifications (RAMIS, 2021). Briefly, 10% (w/v) gelatin solution
(porcine skin gelatin ~175g Bloom, type A, G2625, Sigma-Aldrich) was prepared in 0.25M
carbonate-bicarbonate buffer prepared with sodium carbonate, sodium hydrogen carbonate
and distilled water (sodium carbonate, 222321, Sigma-Aldrich) (sodium hydrogen
carbonate,1.06329.0500, Sigma-Aldrich). After one hour, methacrylic anhydride (276685
Sigma-Aldrich) was added dropwise at a speed of 0.5 ml/min to the gelatin solution and
allowed to react for two hours at 60 °C. To stop the reaction, precipitation of the solution
was carried out dropwise into Methylated Spirit Industrial (IMS) (74 OP); the volume of the
IMS was 10x the volume of the reaction. The precipitated GelMA was filtered by
compressing it with filter paper to remove as much liquid as possible. In order to remove
any unreacted methacrylic anhydride (MA), the mixture was dialysed against distilled water
1/5 of the first volume reaction, and the precipitation was repeated 3x more times to ensure

the removal of any unreacted methacrylic anhydride. To ensure all the IMS had been
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removed, GelMA was introduced to the vacuum oven at room temperature(RT) for one day
and then dissolved again with distilled water and storage in the -80°C freezer overnight.
Finally, the solution was freeze-dried for four days, blended, and stored in a —80 °C freezer.

Figure 3.4 summarises the methodology followed for GeIMA synthesis.

Gelatin/CB buffer +tMMA
1aN

Vacuum for
1 day

GelMA
Synthesis

Dropwise
precipitation into
IMS

Freeze sample
overnight at -80°C

Remove IMS with Freeze dry
a filter paper for 3-4 days

Re-dissolution of Blend and
precipitated GelMA storage at -80°C

Figure 3.4 Visual summary of GelMA synthesis workflow. The precipitation protocol to
produce GelMA was used to eliminate the unreacted MA; the precipitation was repeated
three times, as stated in steps 2 to 4. Samples were in the vacuum oven at room
temperature (RT) for a day to remove any remaining liquid and then added to the -80°C
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freezer overnight. Finally, samples were lyophilised for three to four days, and the final

product was blended and stored in a -80°C freezer.

3.3.1.2. Characterisation of GelMA.

Nuclear Magnetic Resonance (H-NMR) is a powerful analytical method used to investigate
the structure and composition of organic molecules. H-NMR runs by detecting the magnetic
properties of hydrogen nuclei protons in the sample. The resonance of the proton's magnetic
moments in an applied magnetic field and the proton's absorption of energy when exposed

to radiofrequency radiation are the underlying principles of H-NMR spectroscopy.

H-NMR was used to determine the quantity of methacryloyl groups in the different batches
of GelMA. Before being analysed by the Bruker Avance AVIII HD 400MHz NMR
spectrometer, a mixture of 15-25mg of porcine gelatin and GELMA powder was dissolved
on 700ul of warm deuterated- dimethyl sulphoxide (DMSO). This concentration was used
on the in order to determine the degree of methacrylation of each batch and analysed using
Mestre-Nova software. The degree of methacrylation (DM) was defined as the percentage
of g-amino groups of gelatin (lysine, hydroxylysine) that are modified in the GelMA
molecule. For the quantification of the DM by 1H-NMR, the spectra were normalised to the
phenylalanine signal (6.5-7.0 ppm), representing the gelatin concentration. The lysine
methylene signals (2.8-3.15 ppm) of gelatin spectra and GelMA spectra were integrated to
obtain the areas [A (lysine methylene of unmodified gelatin)] and [A (lysine methylene of
GelMA)]. Following the method published by Li et al, 2016, Equation (1) was used to
calculate the DMs of the GelMA batches.

(A(lysine methylene of GelMA))
A(Lysine mehtylene of unmodified gelatin)

DM[%] = (1 )X 100 (1)

3.3.1.3.  GelMA Hydrogel Preparation.

Different concentrations of GeIMA hydrogels (5, 10, 15 and 20% w/v) were prepared by
dissolving the required amount of GelMA powder in distilled water. The photoinitiator
Irgacure ® 2959 was added to the different GeIMA solutions at a concentration of 0.5% wi/v

at 60 °C with 0.5% w/v of food colouring for 20 min.

3.3.1.4.  Rheological Test.
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Rheological evaluation of the GelMA hydrogels (5, 10, 15 and 20% wi/v) was performed on
a Hamilton Microlab Star Let (Automated Liquid handling workstation) with two different
batches to evaluate the viscosity and the surface tension. Each concentration was added 1ml
to the machine to determine the viscosity of different concentrations of GeIMA. The test was
carried out using 200 pl; surface tension was used at 100 pl. Viscosity and surface tension

measurements were carried out using a 3X droplet for each concentration.

The Malvern Kinexus Pro Rheometer was used to measure the viscosity of the GeIMA
hydrogels (5, 10, 15 and 20% w/v) with and without dye. To evaluate the viscosity, different
concentrations of GelMA with and without dye were tested under a 25 mm diameter parallel
plate with a gap of 0.5 mm. The viscosity was measured at each temperature while the gels
were subjected to a temperature ramp decrease in the range of 37—15 °C with a decrease rate
of 5 °C/min at a constant shear rate of 100s. All measurements were conducted in

triplicates.

3.3.1.5.  Swelling Analysis.

Water absorption capacity is an essential metric for hydrogel-based materials . GeIMA cubes
(10 x 10 x 10 mm) were cast and photo-crosslinked using the Firefly 25x10AC365-1.5W for
3min. PCL/GelMA scaffolds photo-crosslinked samples were manufactured as stated in
section 3.4. The swelling behaviour of the samples was evaluated at 37°C. The initial weight
of the crosslinked hydrogels was measured (Wi) and soaked in distilled water solution for
24 hours. After removing the surface water using tissue paper, the final swelling weight (Ws)
was measured, and the degree of hydration was estimated using Equation (2). The volume
change after rehydration was further calculated using Equation (3), where Vi and Vs are the
initial volumes of the printed scaffolds and the hydrated hydrogels after swelling.

, . . Ws — Wi
Swelling Ratio or Degree of Swelling = Wi X100 )
Volume Swelli L
olume Swelling ratio = Vi 3)

3.3.1.6.  Degradation Analysis.

In the same manner as described above, the GelMA hydrogel cubes (10 x 10 x 10 mm) for a
degradation study to quantify the rate of hydrogel degradation. The hydrogels were
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incubated in distilled water at 37°C. Gross images and mass loss were measured in order to
calculate the degradation regarding the initial weight of the hydrogel (Wi) and the degraded
weight (Wq) using Equation (4).

. . Wi—-wd 4)
Biodegradation = Wi X100

3.3.2. Polycaprolactone.

PCL used in this thesis was purchased from Sigma-Aldrich (Queenstown, Singapore). The
granular PCL had a weight average molecular weight (Mw) of 69,000, an average molecular

weight (M) of 45,000 g mol™ with a melting point of approximately 60°C.
3.3.2.1.  Rheological Measurements.

Thermoplastic polycaprolactone pellet samples of different molecular weights (Mw) (45 000
80 000, and 120,000) were subjected to rheological testing using the Kinexus Pro
Rheometer(Malvern, Worcestershire, UK). The viscosity of PCL was measured in response
to temperature changes by increasing temperature from 60°C to 160°C at a constant shear
rate of 100 s™%. A stainless steel 65 mm flat plate with a CP4/40 cone plate (40mm diameter
with a 4° angle) was used with a measuring gap of 1 mm. To study the rheological properties
under shear force, shear rate was increased from 0.01 to 1000 s at a constant temperature
of 160°C.

3.4. Scaffold Design, Fabrication and Analysis.

This section is focused on the mechanical properties of each zone within the tissue
engineering scaffold, the design, fabrication, and analysis process aimed to create a construct
that mimics the mechanical behaviour of the native tissue, as represented in Schematic of
the OC tissue indicating physical property changes across the different zones. From top to
bottom, chondrocyte size, fibre diameter and stiffness increase gradually between each zone,
whereas water absorption, collagen Il and chondrocyte number, as presented in Figure 3.5.
This approach was followed to ensure that the scaffold could adequately support
compressive load bearing and provide an environment conducive to cellular activities,
ultimately enhancing the potential for successful tissue regeneration and functional tissue

engineering outcomes.
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Figure 3.5 Schematic of the OC tissue indicating physical property changes across the
different zones. From top to bottom, chondrocyte size, fibre diameter and stiffness
increase gradually between each zone, whereas water absorption, collagen Il and
chondrocyte number increase from the bottom to the top -(image re-drawn from
Imhof et al.(Imhof et al., 1999) (Bartnikowski et al., 2015; Boschetti et al., 2004;
Jurvelin et al., 2003; Korhonen et al., 2002).

OC PCL-GelMA scaffold was designed on the BioCAD software (RegenHU, Switzerland)
and manufactured with the RegenHU 3D Discovery™ G5 (Villaz-St-Pierre, Switzerland)
detailed in section 3.4.1 and 3.4.2. The 3D extrusion printing method was used to create
intricate scaffold architectures with precise control over structural features and material
composition. By tailoring the design parameters, including pore size, porosity, and fibre
alignment, it was possible to manufacture the scaffolds and modify the mechanical properties

of specific zones by the analysing the Youngs modulus of the designs.

In the printing setup, PCL pellets were employed along with 10% w/v GelMA. The
dimensions of the OC scaffold were standardised at 8mm in diameter and 4.6mm in
thickness. Nonetheless, each zone's design was individually evaluated, with dimensions

measuring approximately 8mm in diameter and 1.2mm in thickness.
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3.4.1. Scaffold Design.

Scaffolds were designed using the BioCAD (RegenHU) software, which allows the
designing of different shapes and customises diverse parameters such as layer thickness,
spacing between strands and alignment of each print head. A unique G-code is generated by
the BioCAD software for the printing patterns of the design. Cylindrical PCL/GelMA
scaffolds were created using the BioCAD software. Multiple designs were created as shown
in Table 3.1 with different strand spacing, and their corresponding G-codes were generated.
The dimension of the printed scaffolds was separated into two groups. The first group had a
dimension of approximately 8mm in diameter and 1.2 mm in thickness, and this group was
divided into three subgroups depending on the design (square, sinusoid, and spiral). The
second group was designed with a combination of the previous designs for the OC scaffold

with a dimension of 8mm in diameter and 4.6 mm in thickness.

Table 3.1: Multiple designs using various geometries: square, sinusoidal, and spiral.

Sample Design

Sample Design
Code P g

Geometry A — Square

Geometry B — Sinusoidal

Geometry C - Spiral
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3.4.2. Extrusion-based 3D printing.

The RegenHU printer system was used for extruding thermoplastic polymers and hydrogels
with a precision extrusion deposition, using two printheads. The BioCAD software creates
a G-Code model to manufacture the scaffolds using different tools on the machine, such as
screw extrusion, pneumatic extrusion, and UV light. Screw extrusion was used to print the
PCL component; 3gr of PCL pellets were added to the heating chamber, the PCL material
was heated and liquefied, and compressed air used to push the material through the
printhead. On the printhead, the material is pushed through the nozzle by controlling the
movement of the screw to deposit the material on the build plate. Pneumatic extrusion was
used to print GeIMA,; a 10 ml syringe containing the GelMA hydrogel and a needle were
loaded into the cartridge cooler, and then inserted into the cartridge holder on the left-hand
side of the RegenHU machine. The cartridge cooler is connected to the cooling unit, which
is a tank of temperature-controlled liquid used to cool down the material. Photocuring is
achieved by UV light incorporated within the RegenHU system emitting a wavelength of
365nm with a maximal optical output power of 500mW.

Each material required different parameters to set up the RegenHu machine, such as needle
gauges, pressures, temperatures, and the material used for depositing the material on the
platform. All of these parameters help to generate the filament, which creates the structure
of the scaffold. The temperature of the material is one of the most important parameters, as
each material has its viscosity parameter. Figure 3.6 represents the 3D bioprinting setup of
the RegenHU; as mentioned before, the PCL pellets were added to the heated chamber set
at 100°C, and the printing temperature was set at 80°C, where the screw printhead moved
the material to the G32 nozzle and a first layer of PCL. Then, the pneumatic extrusion of
10% wi/v of GelMA hydrogel was performed by introducing the material to a 10 ml syringe
with a 32G needle. The syringe was inserted into the cartridge cooler for 30 min before
starting the printer to stabilise the material at 18°C. The GelMA filament was printed on the
same layer as the PCL and then exposed to the UV light to crosslink the GelMA, with an
exposure time of around 4 min per layer of GeIMA. The procedure was repeated for each
layer until the OC scaffold was manufactured. The parameters for manufacturing a
PCL/GelMA scaffold are presented in Table 3.2; to identify these parameter values, multiple

experiments were undertaken, altering each parameter.

61



Chapter 3 — Methodology.

3D Bioprinting
Setup

Heating system

Cooling syste

10% w/v GelM
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Figure 3.6 3D Bioprinter RegenHU setup. Schematic showing the complete process to
manufacture a dual material scaffold using two printheads, one with GeIMA and the
other with PCL and UV light (365nm wavelength).

Table 3.2. RegenHU parameters for the extrusion-based 3D printing of PCL/GelMA.

Needle Machine Printhead
Condition Conditions
Material Temperature Tape
Inner Feed Manual Extrude
SR Diameter Lenmin rate Pressure Pressure Feed
Heater
printhead = )
PCL 322  0lmm 475mm 175 MO 80.0°C No 350 Double
pressure pressure rev/m  sided tape
Heater tank
=100.0°C
Cooling Double-
GelMA 32 0.1 mm 6.35mm 35 0.516MPa System= 18 Pressure NA .
e sided tape
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3.4.3. Surface Morphology.

Scanning Electron Microscopy (SEM) was used to determine the morphology of the
materials fabricated. This type of microscopy employs electron energies ranging from 10-40
KV to create a beam of high-energy electrons interacting with the sample's atoms. This
interaction results in the emission of secondary electrons and radiation in the form of X-rays.
Detectors collect the emitted secondary electrons and provide information on the topography
of the sample's surface; backscattered electron detectors use scattered electrons to produce

an image of the sample's composition.

An SEM tabletop microscope TM3030 Plus Hitachi (Hitachi, Tokyo, Japan) was employed
in this research to study the properties and surface morphology of the materials. Samples
were fixed onto sticky carbon tabs to the SEM specimen stub and coated with gold (Au) for
secondary electron mode viewing using an Agar sputter coater A7260 B7340 240V/50Hz
instrument. High-magnification images of 500x were captured for each material and

analysed on ImagelJ.

3.4.4. Mechanical Properties.

Compression testing was conducted using an Instron C 5966 Universal Testing Machine
(Instron Ltd.) with a 10KN load cell and a 0.1 mm/min displacement rate. Unconfined
compression tests were performed on three different types of scaffolds such as PCL without
GelMA, PCL with GelMA and PCL/GelMA with cells. Samples (n=6), OC scaffolds of
8mm in diameter with 4.6mm in thickness and square, sinusoidal and spiral scaffolds of

8mm in diameter and 1.2mm in thickness, were placed between the platens, as in

Figure 3.7 and carried out with the compression test for each design and the OC scaffold.
Tested under compression makes an approximation of the biomechanical behaviour of

osteochondral tissue, as it could maintain structural integrity under compressive stresses.

4 L

Figure 3.7 Unconfined compression setup. Conducting the unconfined test, A) the sample
is placed between B) the two stainless steel platens and compressed.
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The PCL/GelMA scaffolds were kept in PBS, and the PCL/GelMA/Cells were kept in media
at 37°C for one week to ensure that the GelMA and cells were fully hydrated. The influence
of GelMA and cell conditions on the Youngs modulus in an unconfined compression were
compared using PCL, PCL/GelMA, and PCL/GelMA/Cells scaffold groups. Mechanical
tests were performed at a constant compression rate of 0.05 mm/s to a maximum strain of

35%. All tests were carried out for each design and the OC scaffolds.

3.4.5. Porosity.

The morphologies of 3D-printed PCL/GelMA scaffolds were observed under the
microscope. Then microscope images of three scaffolds of each geometry were processed
using the ImageJ software (version 1.53t, National Institutes of Health, USA) to calculate
the scaffold's printed porosity (PP.) using the Equation 5.

p ity = Area of poresX 100%
OTOSty = = tal area 0 (%)

3.4.6. Finite Element Software — Abaqus.

The Finite Element Analysis (FEA) software package ABAQUS/CAE 2019 (Abaqus
Standard; Dassault Systemes SIMULIA Corp.) was used to create a model to predict
deformation to predict the deformation behaviour of the OC scaffold under unconfined
compression. Figure 3.8 represents the steps to create and run the model on ABAQUS.
Briefly, the scaffold design model was developed using SolidWorks modelling software
based on the BioCAD RegenHU designs. Scaffold design geometries were imported and
modelled using ABAQUS/CAE 2019. The geometries assembly were set up to simulate the
unconfined compression enclosed between two platens. Compression was performed for
PCL and PCL/GelMA scaffolds, with a dimensions of 8mm in diameter and 1.2 mm in
thickness and 8mm in diameter and 4.6 mm (n=6), as explain previously in Section 3.4.4. In
addition, with the analysis of the PCL and GelMA cube-cast compression tests, this
information was added to a customised library of the material, such as linear stiffness, elastic

modulus, and elastic modulus.
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The centroid of the top compression plate was locked in place for all directions, but the
vertical and the centroid of the bottom compression plate were constrained. For a
compressive load of magnitude, 5SKN and 10KN were simulated on the top plate to create
the deformations of the material. To prevent sliding, the model was subjected to universal

contact conditions with a 0.1 coefficient of friction.

MATERIAL -CAST N

GelMA PCL

3D PRINTING

PCL/GelMA

UNCONFINED
COMPRESSION TEST

nnnnnnnnnnnnnnn

2
DS SOLIDWORKS

Figure 3.8 Overview of workflow for FE modelling in ABAQUS. A) Cast and printed
scaffolds of each material were performed for B) experimental analysis of PCL and
GelMA mechanical behaviour under unconfined compression to access materials
properties and validate numerical predictions. C) BioCAD software was used to create
the designs, and the geometries that were copied to D) Solidworks CAD designs and
then imported to ABAQUS to do the FEA model.
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3.5. Mammalian Cell Culture and Viability Analysis.
3.5.1. Cell Culture.

Mouse embryonic fibroblast cells 3T3-E291 (originally obtained from the European
Collection of Authenticated Cell Cultures ECACC) were cultured in tissue culture treated
flasks using DMEM (1X) Dulbecco's Modified Eagle Medium with 10 % Fetal bovine serum
(FBS), 1% Antibiotic/Antimycotic (solution contained 10,000 units penicillin, 10 mg
streptomycin and 25 pg amphotericin B per mL, BioReagent from Merck Life Science UK
Ltd), L-glutamine (LG) at 37°C, 5% COz in air. The media was replaced every three days,
and the cells were extracted when required for experiments or when 80% confluent (for
expansion) from the flasks using 3ml of trypsin-EDTA solution. A haemocytometer was
used to count the cells using the Trypan Blue to evaluate the viability of the cells. 3T3 cells
were chosen for their cost-effectiveness and availability, serving as a preliminary step to

assess scaffold viability.

3.5.2. Scaffold Sterilisation.

Scaffolds were cured during fabrication with the UV light (365nm) of the RegenHU, as
explained in section 3.4.2, based on the infection detected in the scaffolds the methodology
applied was immersed in dH20 the scaffold right after printing to keep the GelMA hydrated.
Afterwards, the scaffolds were removed from the dH20O and placed into the 24-plate well for
final sterilisation. The scaffolds were exposed to UV light for 40 minutes to sterilise them
with a wavelength of 254nm using the UV Clave Ultraviolet Disinfection Chamber (B1450
(-E)) Benchmark Scientific, which includes six 4W UV-C bulbs, three on the top and three
on the bottom of the chamber allowing >90% UV-C light transmission and highly reflective

chamber walls, resulting in 360° exposure with no blind spots.

3.5.3. Scaffold Seeding and Culture.

Scaffolds were assessed for the ability to support cellular attachment, cellular colonisation,
and matrix deposition using fibroblast cells. Each scaffold, after sterilisation, was top-seeded
by pipetting the cells onto the scaffolds, depending on the surface dimension area. For the
4.6mm high scaffolds, 0.3x10° cells were added; for the 1.2mm high scaffolds, 0.1x10° cells
were added. The top-seeded scaffolds were left for three hours at 37°C in a humidified

incubator allowing the cells to settle and attach to the scaffolds. Afterwards, 1000ul of the
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culture medium (section 3.5.1) was placed into the wells cultured statically for seven days

in 37°C 5% CO: in air in a humidified environment.

3.54. Assessment of Cell Viability and Proliferation.

Cell viability and proliferation experiments are assessed to verify the mammalian cell
viability when cultured on their scaffolds as an indicator of their biocompatibility. Cells were
seeded onto the printed scaffolds and cultured under controlled conditions to assess cell
adhesion, and proliferation, within the scaffold environment. This step ensures that the
designed scaffolds possess suitable mechanical properties and the ability to support cell

attach .

3.5.4.1. Metabolic Activity.

The metabolic activity of the 3T3 o fibroblasts on the scaffolds was assessed using Presto
Blue® Cell Viability Reagent (Invitrogen by Thermofisher). The protocol was developed
following the manufacturer’s instructions. Briefly, scaffolds were removed from the well
plate well and added to a new one (so that only cells adherent to the scaffold were detected
by the assay). Presto Blue® dye was added at a 1:10 ratio (in culture media) to cover the
samples (1 mL). As controls, dilute Presto Blue® reagent was added to empty wells of the
well plate (blank), and to scaffolds with no cells seeded (scaffold blank). Dilute Presto Blue®
reagent was also added to the wells where the scaffolds were originally seeded. The samples
were incubated at 37°C, 5% CO in air for 30 min in a dark environment; each sample 200
ul aliquots were transferred into a 96-well plate and fluorescence measured at an excitation
of 560nm and an emission of 590 nm using a Tecan M200 plate reader (TECAN, Austria
GmbH) on days 1, 3 and 7. Total cell numbers for the presto blue standard curve were
quantified by adding cell concentrations of 0, 0.075x108, 0.15x10°, 0.3 x10°, 0.6 x10°, and
1.2 x10° cells to the plate well with Presto blue aliquot, standard curve is displayed in

Appendix B.
3.5.4.2.  Toluidine Blue O.

Histological staining of cell seeded scaffolds was conducted on days one, three, and seven
using Toluidine Blue O. Toluidine Blue O working solution was prepared by dissolving 0.1
g of Toluidine Blue O powder with 100 ml of distilled water while stirring. The samples

underwent fixation in 4% paraformaldehyde for an hour at RT. Once fixed, they were washed
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in PBS and stained with the toluidine blue aliquot for an hour, followed by 3X washing in

PBS. The samples were then sliced in half and observed under the microscope.
3.5.4.3.  Cell Viability.

The scaffolds were assessed on day one, day three and day seven. Cell viability was assessed
using a LIVE/DEAD™ Viability/Cytotoxicity Kit, for mammalian cells (Molecular Probes,
ThermoFisher Scientific, Inc.) as per the manufacturer's protocol. The steps followed which
included washing the cell-seeded scaffolds in phosphate-buffered saline (PBS) followed by
incubation in the dark at RT in the dilute dye solution (10ml of PBS, 5 ul of Calcein AM
and 20ul Ethidium Homodimer-1) for 30 min. and then fixed in 4% paraformaldehyde(PFA)
for an hour at RT. Measurements were performed on a Zeiss LSM T-PMT 880 Confocal
Fluorescence Microscopy (Jena, Germany) for 488-530 nm excitation and fluorescence 530-
561 nm with a Leica TCS LSI 0306809 Laser Scanning Confocal Microscope. Live cells
were stained green, and dead cells were stained red.

3.5.4.4. DNA Content as a Measure of Cell Number/Proliferation.

DNA content was assessed using the Quant-iT dsDNA HS kit (Invitrogen), following the
manufacturer’s instructions. DNA content was measured as an indicator of cell proliferation
on the scaffolds at day one, day three and day seven. Figure 3.9 indicates the steps followed;
the scaffolds were cut into small pieces and placed in Eppendorf tubes. Lysis freezing
solution was prepared by diluting 1.5x Trizma® hydrochloride solution with 8.5x dH.O and
adding 1% Triton X100, this was then mixed until the liquid was homogeneous. This
solution was centrifuged at the 4400 rpm for 5 min to stabilise the liquid and to remove
bubbles. To each Eppendorf tube (containing scaffold) 1000ul Lysis freezing solution and
frozen at - 80°C.

The samples were defrosted and frozen three times prior to starting the Quant-iT dSDNA HS
assay. Samples were first centrifuged at 1000 rpm for 5 min. Using the Quant-iT dSDNA HS
kit (Invitrogen), the Quant-iT dsDNA HS buffer was prepared by diluting the reagent 1:200
in dH20. A 96-well pate was loaded with 180 pl of the buffer and reagent, and then 20 pl
scaffold lysis aliquot in duplicate. Fluorescence was measured with a plate reader (Tecan
M200 plate reader (TECAN, Austria GmbH) at the excitation and emission wavelengths of

485 and 535 nm, respectively. Total cell numbers for the DNA standard curve were
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quantified using Quant-iT dsDNA HS kit (Invitrogen) from the lysates of known cell number
0, 5, 10,20,40,60,80 and 100 ng/ul, standard curve is displayed in Appendix C2.
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Figure 3.9 Schematic of the DNA quantification using QuantiT dsDNA kit. (1) media
was removed, and samples were transferred to the Eppendorf tubes. (2) Samples were

sliced and mashed, and (3) 1000ul of Lysis freezing solution was added to each
sample. (4) Samples were frozen and defrosted 3X at -80°C (5) 20ul of the sample
aliquot and 180ul of Quant-iT reagent were transferred to a 96 well plate. (6)
fluorescence was measured at a: 502/523 nm (7) and analysed.

3.6. Data Analysis and Statistical Analysis.

GraphPad Prism 9 [GraphPad Software Inc., San Diego, USA] was used for the statistical
analysis and graphical plotting of data. Compression data is expressed as the average *
standard deviation (S.D.), N=6, n = 3 unless otherwise stated, and analysed for statistical
significance using an analysis of variance (ANOVA) test analysis to compare between 3 or
more data sets. For cell data £ standard deviation (S.D.), N=3, n = 3 unless otherwise stated,
and analysed for statistical significance using an analysis of variance (ANOVA) test analysis
to compare between 3 or more data sets. A corresponding p value of < 0.05 * represented a
statistically significant difference. is expressed as the average Further levels of statistical

significance evaluated included **p < 0.01, ***p < 0.001, ****p < 0.0001 *.
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Chapter 4. Characterisation of Polycaprolactone and
GelMA for 3D co-printing.

This chapter presents material characterisation work to fully understand the physical
properties and behaviour of PCL and GelMA, for the extrusion-based 3D printing scaffolds
produced on the RegenHU machine. The materials' rheological properties, swelling ratio,
and degradation rates are quantified, since these properties directly influence the mechanical
properties and cell behaviour for tissue regeneration. In addition, the implication for design
scaffolds to create novel designs for extrusion-based printing and to customise the

architecture to meet the required mechanical properties of the tissue.

4.1. Introduction.

An essential element of tissue engineering are the biomaterials that mimic the structure of
the native extracellular matrix, promoting cell growth and tissue regeneration. While bone
and cartilage differ in composition and mechanics, they converge in the osteochondral tissue.
Therefore, the requirements for scaffolds must be meticulously assessed, considering factors
such as chemical composition, biological and structural characteristics, degradation
behaviour, and fabrication process . (Dwivedi et al., 2020; Grigore, 2017b; E. J. Lee et al.,
2014).

Biomaterials for the OC scaffolds can be natural or synthetic, and they can be biodegradable
or non-biodegradable. Various synthetic, biodegradable polymers, such as poly lactic acid
(PLA) (Esposito Corcione et al., 2019; Kosik-Koziot et al., 2017; Tamaddon et al., 2016),
poly-L-lactide (PLLA), PCL (Nowicki et al., 2020; Patricio et al., 2014; Peng et al., 2018;
F. Wang et al., 2022), and poly lactic-glycolic acid (PLGA)(Hiep & Lee, 2010; Kwak et al.,
2016; Liang et al., 2018a; Nie & Wang, 2007) copolymers, have been utilised to enhance
biomaterial properties in diverse applications. However, their hydrophobic nature often
limits their ability to encapsulate cells within physical constructs. Among these synthetic
materials, PCL has recently garnered significant attention for the OC applications
(Janmohammadi & Nourbakhsh, 2019; Janouskova, 2018; Prasad & Pramanik, 2022).

On the other hand, natural polymers, mostly hydrogels, possess a natural three-dimensional
structure and are hydrophilic. Hydrogel biomaterials are being extensively researched due
to their resemblance to the extracellular matrix (ECM)(Bryant & Anseth, 2002; Costantini

et al., 2016), similar water content, and mechanical properties similar to natural tissues.
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Hydrogels derived from sources such as gelatin(Chang et al., 2004; J. Liu et al., 2019b),
collagen(Bernhardt et al., 2018; Levingstone, Thompson, et al., 2016c¢; Parisi et al., 2020),
chitosan (Singh & Dutta, 2015; Varoni et al., 2018), cellulose(L. Gu et al., 2020; Isobe et
al., 2018), alginate(Filardo et al., 2018; W. Liu et al., 2022), and hyaluronic acid (HyA)
(Fischer et al., 2012; Flégeau et al., 2022; Kogan et al., 2007). find broad applications in
biological contexts, thanks to their cell viability, cellular interactions, and biodegradability
Nevertheless, their limitations include low mechanical strength, uncontrolled structural
degradation, susceptibility to contamination, and batch-to-batch variability(Ahmed, 2015;
Hoffman, 2012; Vedadghavami et al., 2017).

The aim of this chapter is to investigate and analyse the mechanical properties of PCL and
GelMA, specifically focusing on their swelling degradation behaviour and extrudability.
This investigation is crucial for understanding the suitability of these materials for OC

scaffolds.

4.2. Characterisation of 3D Printing Polycaprolactone.

PCL is characterised in this section by its rheology qualities; it is a flexible thermoplastic
semicrystalline polymer that is frequently employed for its advantageous properties such as
biocompatibility, biodegradability and simplicity of processing. The glass transition
temperature of PCL has been determined to be -60 °C, while the melting point varies
between 56 and 65 °C, as mentioned in chapter 2, Table 2.4.

4.2.1. Rheological Properties.

Material viscosity is one of the most important parameters in 3D printing. The viscosity of
the PCL was measured by changing the temperature from 60 °C (melting temperature) to
160 °C. The measured damping function was employed in the constitutive modelling of the
viscoelastic behaviour of the PCL. Molecular weight is the main parameter influencing the
flow behaviour of a polymer at temperatures above the glass transition temperature for
amorphous materials or melting temperature for semicrystalline polymers (Vinogradov &
Malkin, 1980); therefore, different MWs of PCL were investigated.

To study the rheological properties under shear force, the viscosity of PCL with different
Mw was measured as a function of increasing shear rate. A constant temperature of 160 °C,

was maintained , following the approach of Arraiza et al, to ensure the material a molten
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state for accurate viscosity measurements (Arraiza et al., 2007). The shear rate was increased
from 0.01 s-1 to 1000 s-1 was applied to PURASORB PC12 ( Mw 120,000 g/mol), PCL 45
(M 45,000) and PCL 80 (M, 80,000). PURASORB PC12, compared to the others, is more
unstable and extremely viscous in these conditions, oscillating on the 2000 Pa*s (Figure 4.1
A). Due to the high viscosity of the PURASORB PC12 material and the limitations of the
rheometer, the test was stopped at a shear rate of 10 s, and PURASORB PC12 was
discarded. PCL 45 showed shear-thinning behaviour at very low shear rates, and a transition
to Newtonian behaviour was observed (31Pa*s)( (Figure 4.1B). Similar activity was

observed for PCL 80 but with a higher viscosity (143Pa*s) (Figure 4.1 C).
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Figure 4.1 Shear viscosity of the PCL. A) PURASORB PC12 B) PCL45, C)PCL 80.
Results denote mean+ SD (n=3, N=3).

The viscosity of the PCL with different Mw was measured as a function of increasing

temperature from 60 °C to 160°C at a constant shear rate of 100 s™.The shear rate was held
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at a constant 100s* for PURASORB PC12 ( Mw 120,00), PCL 45 (M, 45,000) and PCL 80
(Mn 80,000). PURASORB PC12 was not able be measure due to the high viscosity.

The viscosity of PCL depends on temperature and molecular weight; the viscosity values of
PCL 45 decreased from 250 Pa-s to 28.65 Pa-s—and PCL 80 viscosity values from 5000 Pa-
s to 101 Pa-s (as shown in Figure 4.2).
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Figure 4.2 Effect of temperature on the PCL. A) PCL45, B)PCL 80. Results denote
meanz SD (n=3, N=3).

PCL 45 and PCL 80 have previously been demonstrated as printable materials (Domingos
et al. 2009, Hutmacher et al. 2001). Of the two materials, PCL 45 was chosen because the
processing temperature is lower than PCL 80, and it prevents thermal degradation.

4.3. Characterisation of 3D Printing GelMA.

The characterisation of GeIMA was conducted through an assessment of the degree of
methacrylation and rheological analysis. The degree of methacrylation determined its
crosslinking potential, influencing its suitability for 3D bioprinting applications., while the

rheological testing provided insights into its flow and viscoelastic properties.

4.3.1. Degree of Methacrylation — GelMA.

The DM was measured as stated in section 3.3.1.2. The 1H-NMR spectra can be observed
in Figure 4.3; the phenylalanine signal has been highlighted in red, the methacrylic groups
signal in green and the lysine methylene signal in blue. Three different batches of GeIMA

were compared with gelatin. The phenylalanine signal was used for normalisation.
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Compared to unmodified gelatin, new signals could be observed in the spectra of GelMA at
5.3-5.7 ppm, representing the new methacrylate groups and the decreasing of the lysine
methylene signal at 2.8 ppm. The data suggest that the gelatin was successfully modified on
the molecular level by the conversion of the amino groups. From the quantitative analysis of
the NMR spectra, it was calculated that the DM for GelMA 1, 2, 3 and 4 batches was 75%,
87.5 %, 98.13% and 99.88%, respectively. The variation in the DM of the different samples
could have been caused by user variability when adding the methacrylic anhydride dropwise.
Nichol et al., 2010 showed that the DM affects the mechanical properties of the final GeIMA
structures, showing that a high degree of DM (81.4%) was best for micro-patterning
applications, and a low degree (20%) formed very fragile gels. They also showed that the
compressive modulus of high DM was 2-fold higher than medium and 6.6-fold higher than
low. Given that the DM has a big effect on the final structures, it is very important to be able
to control it and consequently have less batch-to-batch variation. It was therefore decided
not to use batch 1 because the DM was very low compared to 2, 3 and 4. The synthesis
protocol for the four batches was the same so human error might have caused the

discrepancies in DM.
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Figure 4.3 1H-NMR spectra of gelatin and GELMA batches. Signals have been
highlighted, in red for the phenylalanine signal, the green for the methacrylic groups

signal and in blue for the lysine methylene signal.

4.3.2. Rheological Properties.

The effect of different concentrations of GelMA was analysed by conducting rheology

measurements over a range of shear rates, between 0.01 s to 1000 s determining the

different viscosities of GeIMA concentrations, as shown in Figure 4.4. With a higher

concentration of GelMA, there is a significant viscosity increment (p < 0.0001) between

them. All formulations exhibited shear thinning properties, desirable for extrusion-based
printing, at a shear rate of 10° values ranging from 0.0025 +0.0001 to 0.0311 +0.0054 with

increasing concentrations between 5% w/v to 20% w/v of GelMA. However, the data prior

shear rate of 10° was not considered due to the system equilibration, this initial data was

considered inaccurate as the system was stabilising.
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Figure 4.4 Shear rate vs. viscosity for GELMA concentration A) 5%, B) 10%, C) 15%
and C) 20%. Results denote meant SD (n=3, N=3).

During extrusion-based printing, it was anticipated that sufficiently high shear rates would
be experienced for the ink viscosity to be applicable. The pressure exerted by the RegenHu
machine on the formulations during printing would be constant, although, during periods of
inactivity, it could fluctuate at the beginning of the printing. In addition, the results suggest
that the GelMA 20% (w/v), due to its high viscosity, may be difficult to print. Table 4.1

summarises the viscosity values for each GelMA concentration at shear rates of 10°, 10%,
102,
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Table 4.1 Viscosity at different shear rates of the four different concentrations of
GelMA. Results denote mean+ SD (n=3, N=3).

GelMA Viscosity at Shear Rate
% (W/V) 10° 10! 10?
5% 0.0025 +£0.0001 (Pa*s) 0.0020 +0.0002 (Pa*s) 0.0044 +0.0002 (Pa*s)
10% 0.0060 +£0.0003 (Pa*s) 0.0058 £0.0002 (Pa*s) 0.0059 £0.0004 (Pa*s)
15% 0.0142 £0.0078 (Pa*s) 0.0140 £0.0062 (Pa*s) 0.0140 £0.0034 (Pa*s)
20% 0.0311 +£0.0054 (Pa*s) 0.0338 +0.0077 (Pa*s) 0.0344 +0.0088 (Pa*s)

Temperature can also alter the viscosity of GelMA, tests were performed by increasing
temperature from 10°C to 50°C with a constant shear rate of 100 s™*. GelMA 5% (w/v) shows
a really low viscosity, which prevents extruding a filament (Figure 4.5 A). GeIMA 15%
(w/v) and GelMA 20%(w/v) show instability and high viscosity peaks, presenting a change
in gelation behaviour when the data are collected at a different set of temperatures (Figure
4.5 C and Figure 4.5 D). In contrast to the 10% (w/v), which shows higher temperature
stability and gives a temperature range of 15°C to 20°C at which the viscosity is suitable for
printing (Figure 4.5 B).
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Figure 4.5 Temperature vs. viscosity for GELMA concentration A) 5%, B) 10%, C)
15% and C) 20%. Results denote meant SD (n=3, N=3).

The viscosity behaviour of GelMA at a concentration of 10% (w/v) was systematically
investigated to assess its printability under varying temperature conditions. Within the
temperature range of 15°C to 20°C, GelMA 10% (w/v) exhibited a viscosity of 3052.67
Pa*s. Notably, as the temperature surpassed 20°C, a discernible reduction in viscosity
occurred, rendering the material less conducive to the printing process. Conversely, when
temperatures dropped below 15°C, the viscosity significantly increased to an unstable extent,

rendering the material impractical for printing applications.

A comprehensive summary of viscosity values for GelMA at different concentrations is
provided in Table 4.2 around the temperature spectrum from 10°C to 50°C. This tabulated
data effectively captures the concentration-dependent viscosity trends, further contributing

to a general understanding of GelMASs' rheological behaviour under distinct thermal
conditions.
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Table 4.2 Viscosity at different temperatures of the four different concentrations of
GelMA. Results denote mean+ SD (n=3, N=3).

Viscosity at GelMA GelMA GelMA GelMA
5 % (w/v) 10 % (w/v) 15 % (w/v) 20 % (w/v)

10°C 1553.33 7728.33 1701.23 3081.69
15°C 910.54 3052.67 7183.33 1103.12
20°C 256.67 1053.62 4791.67 9004.00
25°C 0.12 44.43 798.88 2553.00
30°C 0.33 0.02 0.034 0.10
35°C 0.13 0.02 0.013 0.05
40 °C 0.04 0.03 0.02 0.05
45 °C 0.04 0.01 0.02 0.049
50 °C 0.01 0.02 0.01 0.03

Surface tension analysis constitutes a crucial facet of the GelMA characterisation process,

providing insights into its physicochemical properties. The experimentation was conducted

under controlled conditions at RT, involving the assessment of an average of three droplets

per sample. In Figure 4.6, a graphical representation is presented for Ethylene Glycol and

GelMAs' pressure-versus-time trend, exposing the measured surface tension values

corresponding to different GeIMA concentrations. The 10% (w/v) GelMA shows a parallel

behaviour with potential rheological attributes similar to the Ethylene Glycol, providing

anticipation of its flow dynamics under similar conditions with predictable viscosity

behaviour.
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Figure 4.6 Pressure difference in time for the 5% (w/v), 10% (w/v), 15% (w/v) and

20% (w/v). Results denote mean £ SD (n=3, N=3).

The evaluation of surface tension yielded distinct values across the range of GelMA

concentrations. Specifically, the surface tension measurements were determined as follows:
59.833 £ 3.836 mN/m, 54.796 + 3.253 mN/m, 59.348 + 3.136 mN/m, 59.171 £ 2.552 mN/m
for GelMA concentrations of 5% (w/v), 10% (w/v), 15% (w/v), and 20% (w/v), respectively.

These outcomes are detailed comprehensively in Table 4.3, highlighting the concentration-

dependent variations in surface tension characteristics for the GelMA composite.

Table 4.3 Superficial tension, viscosity, and density of GelMA concentrations. Results
denote mean £ SD (n=3, N=3).

Density Drop mass  Surface Tension Viscosity
% (w/v) GelMA

P) (9) (mN/m) (mPa*s)

Ethylene glycol 1110.0  10.711 + 4.489 45.633 11.196

(Control)

5% 839.5 14.041£0.903 59.833 + 3.836 4.957

10% 881.5 12.861+£0.790 54.796 + 3.253 10.399

15% 881.5 13.932 £ 0.767 59.348 + 3.136 20.964

20% 904.0 13.889 £ 0.615 59.171 + 2.552 38.172
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As previously, 10% (w/v) GelMA shows 881.5 g/mL of density, 10.39865595 mPa*s of
viscosity and 54.796 + 3.253 mN/m for the surface tension. The behaviour of this hydrogel

leads to lower capillary forces and thus decreases water absorption and swelling, making
suitable for printing.

Co-printing will be done with PCL, white filament, and GelMA, transparent filament; dying
the GelMA was done to provide greater visibility of the material. The added dye
concentration was analysed so as not to affect the printing properties and to be as close as
possible to the 10% already selected. 10% (w/v) GelMA with different percentages of dye,
0.5%, 1%, 1.5% and 2%, was analysed using the rheometer and at increasing temperature
from 10°C to 50°C with a constant shear rate of 100 s, as shown in Figure 4.7A. As well
as the rheology over a range of shear rates, between 0.01 s to 1000 s at 15°C, determining
the difference viscosities, as shown in Figure 4.7 B.
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Figure 4.7 10% (w/v) GelMA with and without dye, A) Temperature vs viscosity of
0% and 2% of dye. B) Shear rate vs. viscosity of 0% and 2% of dye. Results denote
meanz SD (n=3, N=3).

The graphical depictions presented in Figure 4.7 provide a visual representation of the
limited extent of modification discernible in the viscosity attributes when a dye is introduced
to the hydrogel. These graphs vividly demonstrate that alterations in temperature or shear
rate yield only marginal changes in the viscosity characteristics, highlighting the inherent

stability of the hydrogel-dye composite system.
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4.3.3. Swelling Analysis

The swelling capacity of a hydrogel is of considerable importance, as it provides an indirect
insight into its water absorption capabilities. This feature, in turn, has the potential to serve
as a predictive marker for the hydrogel's degradation timeline. Various factors, including the
degree of crosslinking and the dimensions of the pores, play a significant role in influencing
the hydrogel's swelling behaviour. It is crucial to emphasise that both the swelling capacity
and degradation rate stand as key attributes for the optimal performance of hydrogel
scaffolds. The GeIMA cast cubes were immersed in dH20 at 37°C to understand the swelling
behaviour. As shown in Figure 4.8, swelling ratios of the hydrogels remained mostly
swollen between week two and week four; afterwards, degradation started to occur to each
of the hydrogel samples. The UV crosslinking significantly affects the network structure,
with higher UV exposure leading to more robust crosslinking, which can influence the

porosity and swelling behaviour of the hydrogels.
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Figure 4.8 Swelling behaviour analysis of GeIMA-cast cubes at various
concentrations (5% (w/v), 10% (w/v), 15% (w/v), and 20% (w/v)) with 2% (w/v) dye.
A) Cube weight variation over the initial 5-week period, investigated at 37°C. B)
Percentage swelling ratio at weeks 1, 2, 3, and 4. The graphs provide valuable insights
into the swelling characteristics of the GeIMA composite across different

concentrations and temperature conditions. Results denote mean = SD (n = 3).

For a more comprehensive characterisation, an investigation into the swelling behaviour was
conducted, involving a sequential process of dehydration followed by rehydration aimed at
elucidating the hydrogel's response. The dataset presented in the accompanying Table 4.4
delineates the weights corresponding to their original preparation, the dehydrated state, and
subsequent rehydration, conducted at 37°C. Observations reveal a notable reduction in
volume during the dehydration phase, ranging from 87.5% to 90.5% across the
concentration. As well, the rehydration phase exhibited an increase in volume spanning from

0.5% to 3.2%, depending upon the specific concentration.
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Table 4.4 Mass swelling data collected from casted cubes of different concentrations
of GelMA, 5%, 10%, 15%, and 20% (w/v). Raw data valuesvat 37°C for each
concentration, mass (g), were used to calculate swelling ratio results. Swelling ratio

is calculated using Equation (3. Results denote mean + SD (n = 3).

GelMA samples Mass(g) as Mass (g) as Mass (g) as
(Yowl/v) cast dried rehydrated

5% 0.5419 +0.0599 0.0561 +0.0007 0.5550 +0.0921

10% 0.6801 +0.0030 0.0851+0.0009 0.6932+0.0242

15% 0.6507 £0.0521 0.0763%0.0004 0.6638+0.0936

20% 0.6997 £0.0473 0.0752+0.0005 0.7028+0.0897

Figure 4.9A shows the dehydration process through an illustrative graph, providing a visual
representation of the Kinetics involved. Particularly, the graph reveals a stabilisation
occurring as early as the first day of the dehydration process, understanding the materials
swelling under varying conditions. Additionally, images were captured to show the gradual
reduction in volume of the casted cube. On the contrary, Figure 4.9B illustrates the
rehydration process, showing the cubes return to their original dimensions. From this
interpretation, it can be deduced that the shape of the cube does not undergo substantial
changes following the cycle of dehydration and rehydration. These observations collectively

underscore the robustness of the materials' structural integrity throughout these processes.
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Figure 4.9 Swelling behaviour of 10% (w/v) GelMA + 2% (w/v) dye cubes. A)
dehydration of cast cubes over a 24-hour period, and B) hydration of cast cubes
within 24-hour timeframe. Rapid response of the material changes in moisture
conditions, providing insight into its swelling behaviour. Results denote mean + SD (n
=3).
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4.3.4. Degradation Analysis

The stability of the GelMA hydrogel within a physiological context was evaluated through
a degradation test. This degradation was performed by immersing all samples in 5 ml of
dH-0 for a duration of 25 weeks at 37°C. Findings reveal a distinct trend wherein higher
concentrations of GelMA exhibited comparatively slower rates of degradation when
compared against lower concentrations, as shown in Figure 4.10. These outcomes highlight

the potential implications of GelMA concentration in adapting the materials'
biodegradability.
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Figure 4.10 Biodegradation analysis of GeIMA-cast cubes at varying concentrations
(5% (w/v), 10% (w/v), 15% (w/v), and 20% (w/v)) with 2% (w/v) dye. (A) Evolution
of cube weight observed over a 25-week period at 37°C. (B) Percentage
biodegradation ratio at weeks 5, 10, 15, and 20. Results denote mean + SD (n = 3).

86



Chapter 4 — Characterisation of Polycaprolactone and GelMA for 3D co-printing.

Table 4.5 provides an insightful interpretation of the biodegradation patterns associated with
the different concentrations of GelMA, 5%, 10%, 15%, and 20% w/v with 2% (w/v) dye.
The recorded data highlights a consistent trend of progressive disintegration across all
concentration levels throughout the observational period; however, there is a general trend
of slower mass degradation observed as GelMA concentration increases. Comparing GelMA
5%, 10%, 15%, and 20% (w/v) at 37°C, the mass degradation progresses from 55.11%,
78.67%, 21.33%, to 57.95%, respectively, by week 15, concentration-dependent behaviour
suggests that higher GelMA concentrations might offer less structural stability and resistance

to biodegradation.

Table 4.5 Mass degradation data collected from cast cubes of different concentrations
of GelMA, 5%, 10%, 15%, and 20% (w/v), with 2%(w/v) dye until week 20. Raw data
values at 37°C for each concentration, mass (g) used to calculate swelling ratio
results. Results denote mean + SD (n = 3).

GelMA
Mass(Q) Mass(Q) Mass (g) Mass (g) Mass (g)
samples
as cast Week 5 Week 10 Week 15 Week 20
(Yow/v)
S 0.5419 0.5562 0.3907 0.0767 0.0046
0
+0.0599 +0.0559 +0.0183 +0.0098 +0.0012
109 0.6801 0.8428 0.5147 0.1923 0.0646
0
+0.0030 +0.0507 +0.0643 +0.0113 +0.0124
150, 0.6507 0.6834 0.5806 0.5216 0.5020
(0]
+0.0521 +0.0662 +0.0800 +0.0425 +0.0432
200¢ 0.6997 0.7174 0.6454 0.4195 0.3096
0
10.0473 +0.0346 +0.0361 +0.0308 +0.0289

One of the key observations from the data is the impact of GelMA concentration on the
degradation rate of hydrogels. Generally, higher GelMA concentrations exhibit slower
degradation rates compared to lower concentrations. For instance, the 5% GelMA samples
experienced significant mass loss over the 20-week period, with the mass decreasing from
0.5419 g to 0.0046 g. In contrast, the 20% GelMA samples displayed relatively slower
degradation kinetics, retaining a higher mass at the end of the observation period (0.3096 g).
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In particular, the interest in the behaviour of 10% (w/v) GelMA with 2% (w/v) dye, subjected
to an incubation environment at 37°C, was represented in Figure 4.11. Within this context,

by week 20, a substantial swelling ratio degradation level of 89% is discernible.
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Figure 4.11 Stages of 10% (w/v) GelMA degradation, A) as cast, B) swelling in PBS
at 37°C after five weeks, C) signs of degradation at week 15 and D) week 20, E)
finally, full degradation at week 25. F) 10% (w/v) GelMA graph during the period of

swelling and degradation. Results denote mean = SD (n = 3).

4.4. Conclusion

This chapter presented the characterisation of PCL and GelMA, both critical materials in 3D
printing for the OC scaffolds. The ability to precisely control architecture and composition
in 3D printing has revolutionised tissue engineering, opening avenues for constructing

intricate structures with tailored mechanical properties. This research incorporated a wide
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array of properties and behaviours of PCL and GelMA, each contributing to the optimisation

of extrusion-based 3D printing of the OC scaffold.

Rheological properties stand at the forefront of material performance in 3D printing. The
analysis of PCL with varying molecular weights showcased significant differences in shear
viscosity and flow behaviour under shear force. Notably, PCL 45 emerged as the ideal
candidate for printing, with a favourable viscosity profile and processability, as previously
demonstrated by other authors (Domingos et al., 2017; Hutmacher et al., 2001; Ruiz-Cantu
et al., 2020b). The dependence of PCL viscosity on temperature and molecular weight

illuminated the complex interplay guiding its behaviour.

Similarly, the characterisation of GeIMA unveiled its unique qualities. The degree of
methacrylation served as a predictor of crosslinking potential, a critical determinant of 3D
bioprinting suitability. Rheological testing provided insights into GelMA's viscoelastic
properties and flow dynamics, showing a shear thinning behaviour as previously
demonstrated by Liu et al., 2017. Meanwhile, a sudden decrease of shear rates upon
deposition causes a sharp increase in viscosity, resulting in a high printing fidelity (Z. Chen,
2017; Elomaa et al., 2020)

Based on literature and rheological tests the 10% (w/v) concentration showcases favourable
behaviour for 3D printing. Likewise, swelling, degradation, and water absorption capacity
demonstrated the performance and stability of the material in the scaffold.

In conclusion, this chapter presents integrated work done on material characterisation,
scaffold design and 3D printing optimisation. The incorporation of these insights enables the

development of biomimetic scaffolds with tailored mechanical properties.
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for 3D printing of multi-material for osteochondral defect.

This chapter describes the optimisation process for PCL, GeIMA and PCL/GelMA scaffolds
through 3D printing extrusion using the 3D Discovery RegenHu machine. This optimisation
comprises fine-tuning parameters such as feed rate, pressure, heating and cooling
temperatures, which are crucial for achieving precise control over scaffold fabrication. One
of the primary objectives of this chapter is to investigate the mechanical properties of these
materials and assess how diverse design configurations and pore structures affect their
compressive modulus. This knowledge is indispensable to be able to match the mechanical

properties of the engineered constructs with those of the target cartilage on the OC tissue.
5.1. Introduction.

3D bio-printing is an important tool that uses biocompatible materials, cells, and supporting
components to fabricate complex 3D-printed scaffolds (Mani et al., 2022). The AM
technique of extrusion-based bioprinting is characterised by complex geometry that can be
fabricated layer-by-layer using two or more biomaterials with the ability to mix cells and
biomaterials in the bioink(X. B. Chen et al., 2023; Vanaei et al., 2021). This technique can
manipulate different biomaterials, at the same time creating hybrid scaffolds mimicking
native tissues in their mechanical and biological properties. Several studies have worked on
diverse types of tissues, neuronal tissue, heart valves, cartilage (Duan et al., 2013, 2014;
Kesti et al., 2015; W. Liu et al., 2018b; Lozano et al., 2015; Markstedt et al., 2015; F. Wang
etal., 2022; Yue et al., 2016)among others, using mechanical or pneumatic pressure (S. Chen
et al., 2023; Jo et al., 2023; W. Liu et al., 2018a), to dispense bioink through micro nozzles
with an extensive range of materials such as hydrogels, pellets, spheroids, and strands
(Flégeau et al., 2022; Malekpour & Chen, 2022). Printing parameters, for instance, printing
speed, print orientation, layer thickness and extrusion rate, have been observed to
significantly impact both the mechanical and structural properties of the product, as noted in
several studies (Brenken et al., 2018; Kichloo et al., 2022; Sing & Yeong, 2021)

Despite the positive results of in vivo studies regarding 3D printing extrusion-based
deposition for OC scaffolds (F. Gao et al., 2018; J. Liu et al., 2019c; Monroy et al., 2018;
Natarajan et al., 2021), specific challenges have arisen, including limited mechanical and

physical stability that can lead to potential scaffold collapse and deformation. Notably, the
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utilisation of fibrin glue has exhibited promising improvements in the press-fit fixation of
scaffolds during surgery (Filardo et al., 2014), prompting some studies to consider the
separate printing of cartilage and bone scaffolds, followed by their combination using fibrin
glue. This approach has been implemented due to the previously mentioned issues of limited
mechanical and physical stability, which render the scaffolds vulnerable to collapse and
deformation. Therefore, the introduction of a monophasic scaffold employing two or more
materials may serve as a potential solution to address these concerns. Additionally, the
design of the scaffold, particularly in the case of a multiphasic OC scaffold, involves the
incorporation of a gradient scaffold, wherein each phase seamlessly transitions into one

another, as opposed to a distinct separation (O'Connell et al., 2018).

The previous chapter examined the crucial material components, PCL and GelMA, within
the context of 3D printing for tissue engineering. The thorough characterisation of these
materials, including rheological properties, cross-linking potential, viscoelastic behaviour,
water absorption capacity, and degradation analysis, informed the specific requirements for

the extrusion-based 3D printing manufacturing of the OC scaffold.

The aim of this chapter is to consistently and repeatably control the surface porosity and pore
size in 3D-printed scaffolds. These surface characteristics are intricately linked to the path
taken by the printheads in each layer during the 3D printing process. Therefore, the research
has investigated various geometric designs for 3D-printed scaffolds. Through experiments,
the modification of surface porosities and pore sizes, all in a concerted effort to the elaborate
interaction between these parameters and the resultant mechanical properties of the
scaffolds. This chapter is the gateway to a deeper understanding of the steps to engineer

osteochondral scaffolds with their mechanical properties.
5.2.  RegenHU Bioprinting Configuration.

It is first necessary to examine the configurations and equipment offered by the 3D
Discovery RegenHu bioprinter. The configuration of a 3D bioprinting machine is a pivotal
factor that profoundly impacts its capabilities and its suitability for achieving specific
research objectives. This chapter examines the printability of PCL, GelMA, and a co-printing
of PCL and GelMA, which will be employed to construct the OC scaffold. The focus here

91



Chapter 5 — 3D Bioprinting: Characterisation of GeIMA/PCL for 3D printing of multi-
material for osteochondral defect.

is on the individual configuration of printheads, which enables the precise deposition of each

material.

The essential components of the RegenHU bioprinter for the OC scaffold fabrication include
the following elements: printer heads (DD-135N, HM300H, CF300), build platform, control
software, heating system, cooling system, pressure regulator, and UV light source (UV-
365NM), as visually represented in Figure 5.1. Each of these components plays an integral

role in ensuring the success of the printing.

Printhead
DD-135N c
(GELMA) Printhead RegenHu Software’s
(HM-300H) * BioCAD

| . BioCAM

PCL
Hi + 3D Discovery HMI

O

L Pressure Regulator
Platform — -

= e —— 8

|

Figure 5.1 3D Biodiscovery RegenHU System Configurations and Equipment.
Overview of the configurations and equipment associated with the 3D Biodiscovery

RegenHU system, offering an understanding of the technological setup employed.

An outline of the specific configurations and parameters employed for the chosen materials
in the bioprinting process, namely PCL and GelMA, use different parts of the printer and are
discussed in this section. For the extrusion-based deposition of PCL, the thermo-polymer
extruder, HM300H, was selected because of its ability to precisely control the heating system
within the printhead and regulate the deposition of PCL pellets. Parameters such as the feed
rate, extruder rate and pressure regulation can be adjusted to achieve the desired scaffold
properties and structure. In the case of GelMA, the Direct Dispenser (DD-135N) printhead
was used in conjunction with the Light Curing Kit (UV-365NM) for photo-polymerisation.
The DD-135N printhead is equipped with a round cartridge cooler body connected to a
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cooling unit, allowing precise temperature control based on set points, process requirements
and internal temperatures. Further customisation can be achieved by adjusting valve dosing,
opening, closing, and pressure regulation. Control over UV light parameters such as

exposure time and distance are essential for photo-polymerisation.

Figure 5.2 visually represents the configurations and parameters utilised for bioprinting PCL
and GelMA materials. This provides valuable insights into the system's versatility and
capabilities for biomaterial printing, fundamental to manufacturing an OC scaffold that meet

the specific mechanical requirements.
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Figure 5.2 3D Biodiscovery RegenHU system tools and variable parameters for PCL
and GelMA Printing enable the precise printing of both materials, depending on the
printhead.

In the following sections, the experimental results and outcomes of the bioprinting
demonstrate how these meticulously selected configurations and equipment have

contributed to the successful fabrication of OC scaffolds with tailored properties.
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5.3. Optimisation of Polycaprolactone Printing Process.

As mentioned previously, the printhead used to print to extrude the PCL is the thermo-
polymer extruder-based (HM-300H) printhead. This printhead exhibits a variety of
distinctive characteristics. Firstly, its viscosity range depends on the screw design, ensuring
adaptability to a wide range of material viscosities. The printhead has a heated 10ccm tank
for fluid storage, facilitating precise temperature control during printing. Furthermore, the
nozzle and needle diameter can be adjusted, ranging from 120pum to 800um, allowing for
flexibility in print resolution. The heater integrated into this printhead can reach temperatures
of up to 240°C, and it offers individual temperature control for both the tank and the barrier
screw, enhancing the control over material extrusion. The dispensing mode employed by
this printhead is contact dispensing, ensuring accuracy and consistency in material

deposition.

As previously highlighted, the HM-300H printhead possesses many distinctive
characteristics that provide both versatility and precision in material deposition. The printing
parameters will be further optimised in the following sections to ensure the highest quality

and precision in the PCL-based 3D printing processes.

Figure 5.3 presents a visual representation of the strategic selection and utilisation of two
needle gauges, G30 and G32, as integral components in the optimisation process of the
printing methodology. These needles play a pivotal role in facilitating the creation of precise
strands, enabling the formation of printed lines. These lines serve as invaluable indicators,
offering a unique perspective into the width dimension of the printed lines.
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Figure 5.3 Needles optimisation used for the Thermo-Polymer (HM-300H) Printhead.
Al- B1) Filaments while printing G32 and G30, showcasing the material flow
characteristics. A2i - B2i) Needle dimensions are illustrated in millimetres (mm),
providing precise measurements for reference. A2ii-B2ii) Scaled representation of the

filament, with a 2mm scale bar.

Based on the designs presented on Chapter 3-section 3.4, the gauge chosen to make the
optimisation to create different shapes is G32, giving a 250 um of thickness of the material
deposit, which enables the highest levels of accuracy and consistency in the 3D printing,
ultimately contributing to the enhancement of the printing processes and the quality of the

printed output.
5.3.1. Feeding Rate and Building Speed Optimisation.

Several critical factors require meticulous control to achieve the formation of strands.

Among these are two primary variables: the feeding rate and the building speed. The feeding
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rate is quantified by the rotations per minute (rpm) of the screw, while the building speed

pertains to the velocity of the printing head along the x and y axes.

Figure 5.4 illustrates the pronounced impact of varying rpm values on strand shape. Notably,
when the rpm was set at 5 rpm, 10 rpm, and 15 rpm, insufficient material deposition
produced notably thinner and structurally weaker strands. Consequently, a decision was

made to opt for a more optimal rpm value, settling on 17.5 rpm for the extrusion of PCL.

D

4mm

Figure 5.4 3D printing PCL samples at varied feeding rates. A) At 5 rpm, B) 10 rpm,
C) 15rpm, and D) 17.5 rpm. The scale bar represents 4mm.

Additionally, the influence of varying building speeds was explored, as depicted in Figure
5.5. Among the tested speeds, 20 mm/s emerged as the parameter that yielded the most
consistent and uniform strand deposition. These findings emphasise the critical role of both
feeding rate and building speed, controlling the dimensions and structural integrity of the

generated strands.
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Figure 5.5 3D printing PCL samples at different nozzle speeds. A) At 10mm/s, B)

15mm/s, C) 18mm/s, and D) 20mm/s. The scale bar represents 4mm.

5.3.2. Optimisation of Space Between Strand’s Layer Thickness.

The 3D RegenHU printer uses the BioCAD software for printing path design. BioCAD
offers freedom in shape and printing path design; however, it requires manual drawing of
3D models within the software. Various functions within the software can be manipulated
to create complex 3D models. Given the need for a personalised OC scaffold to meet specific
mechanical properties, two critical parameters were identified for optimisation: layer

thickness and the ratio between strand diameters.

Figure 5.6 explores PCL scaffolds characterised by a layer thickness of 200pum and varied
space ratios, offering crucial insights into their structural attributes. Figure 5.6 A offers a
comprehensive view of the complete scaffold, delivering an overview of its structure of a
dimeter of 8mm. In Figure 5.6 B, the focus shifts to the vertical layers, enabling a detailed
examination of the printed filaments within a single layer, supported by a microscope scale
bar of 500um for precise dimensional assessment. Figure 5.6 C further elucidates the
scaffold's intricate architecture by showing the vertical and horizontal filaments within a
single layer. This comprehensive visualisation contributes to a deeper understanding of the
scaffold's complexity and structural components. Additionally, it is noteworthy that between
two PCL strands, there is a consistent space of 1500 um, emphasising the precise

arrangement of structural elements within the scaffold design.
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4mm

4mm

Figure 5.6 Scaffolds with a layer thickness of 200um and varied space ratios. A) Full
scaffold view, providing an overview of the structure (scale bar is 4mm). B) Vertical
layers, showcasing the printed filaments within a single layer, allowing for detailed
examination. C) Vertical and horizontal filaments are in a single layer, highlighting
the complex architecture of the scaffold. A scale bar of 500um is included in B and C

to aid dimensional assessment.

Examining the 500 um spacing (Figure 5.6-0.5) between strands in a range of space ratios,
it was observed that a ratio of 1 resulted in a structure with tiny pores and nearly solid
characteristics (Figure 5.6-0.5 C). Conversely, a ratio of 0.5 at a spacing of 1000 pum led to
pores forming of approximately 500 um (Figure 5.6-1.0 C). Furthermore, when the spacing
between strands was increased to 2000 pm, a ratio of 0.25 resulted in more prominent pores,
approximately 1500 um in size (Figure 5.6-2.0 C).
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Besides, an essential parameter under consideration is the layer thickness of the scaffold.
Since the OC scaffolds are designed to be more than 4mm in height, exploring different layer
thicknesses is imperative to optimise the printing conditions for scaffold fabrication. The
investigation into layer thickness revealed notable variations in strand spacing between
layers. In Figure 5.7, a spacing of 250 um between layers was observed. Notably, the layers
displayed deposition issues, particularly in samples with greater height dimensions, leading
to the diminished print quality of the strands, where circular and star-shaped strands are well-
deposited within a scaffold that reaches a height of 2mm, demonstrating significantly

improved printing quality.

4mm 4mm 4mm

4mm 4mm 4mm

Figure 5.7 Scaffold thickness variation for machine setting parameters. A) layer
thickness of 0.25mm, B) scaffold with a thickness of 1.25mm and C) scaffold with a
layer thickness of 3.25mm. 1) represents the top view, and 2)the isometric view. Scale

bars = 4mm.
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5.3.3. Effects of the Heating System on PCL during 3D Printing Process.

High temperatures in 3D printing can lead to various extrusion-related errors. For instance,
excessive heat can cause filaments to become overly liquid, resulting in stringing between
printed parts and unsightly blobs or zits on the print's surface. It can also exacerbate issues
like warping in some cases because the material is extruded at 80°C and then cooling down
and solidify making the material shrink. Moreover, extremely high temperatures can make
filament too soft within the hot end, potentially leading to clogs and causing the extruder
motor to click or skip steps. To avoid these problems, finding the right balance between
temperature and extrusion settings is crucial, adhering to manufacturer-recommended
temperature ranges for the specific filament being used and ensuring that the printer is

calibrated correctly and maintained.

The presence of delamination and stringing within specific scaffolds was detected as
presented in the Figure 5.8. These issues were rooted in the critical necessity of meticulously
controlling the temperature of the previously deposited layer, which effectively serves as the
foundational base for the subsequent layer during the 3D printing process. Maintaining this
temperature just slightly below the thermoplastic material's solidification point is principal
to secure strong interlayer adhesion, as elucidated in the research of Stansbury & ldacavage,
2015.

4mm

Figure 5.8 3D printing PCL sample with delamination. The scale bar represents 4mm.

In the subsequent phase, the primary objective was to regulate the printing tank and printhead
temperature dynamics. These experiments investigated a diverse range of temperature

settings and printing durations designed to accommodate various scaffold sizes from small,
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medium, and tall structures. This rigorous exploration aimed to find the precise temperature

conditions required for achieving optimal interlayer bonding.

Figure 5.9 shows examples of some challenges encountered during the experimentation
process. This includes instances where the scaffolds exhibited less than ideal printing quality
and cases of clogs within the scaffold structures. These challenges highlight the importance
of temperature control in 3D printing. At higher temperatures, the material takes longer to
cool down after deposition, resulting in clogs in the scaffold structures, as depicted in Figure
5.9. These insights highlight the critical role of temperature control in successfully
fabricating 3D-printed scaffolds, thereby advancing the understanding and refinement of this

manufacturing process.
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Figure 5.9 3D printing PCL samples using different printhead temperatures. A)
Printhead temperature set at 80°C, B) Printhead temperature set at 90°C, and C)

Printhead temperature set at 100°C. Scale bar = 4mm.

The optimal temperature conditions for the samples were established with the printhead
temperature maintained at 80°C. This value was chosen to prevent layer delamination, and
improve the interlayer adhesion, and prevent layer collapse, all while ensuring that the PCL
material remained in a sufficiently molten state during the successive layer deposition

process.

Figure 5.10 provides a visual illustration of a scaffold with specific dimensions, featuring a

height of 4.6mm and a diameter of 8mm. This particular scaffold serves as a tangible
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representation of the successful optimisation of the temperature parameters discussed earlier.

It exemplifies how these carefully calibrated temperature conditions are well-suited for

achieving the desired scaffold dimensions, underscoring their importance in fabrication.

Figure 5.10 PCL Scaffold characteristics and microscope closeup. PCL scaffold with
specific dimensions, featuring a thickness of 4.6mm and a diameter of 8mm.
Additionally, a microscope closeup view allows for an in-depth exploration of the

scaffold's layers at a scale of 500um.

5.4. Optimisation of Gelatin Methacrylate Printing Process.

As mentioned in section 5.2, the printhead used for extruding GelMA is the Time-Pressure
dispensing DD-135N (900 002 772) printhead. This printhead boasts several distinctive
features, making it well-suited for the task. It operates on a "Time-Pressure" dispensing
system, enabling precise dosing directly from the cartridge. The DD-135N (900 002 772)
printhead offers versatility in terms of viscosity range, accommodating fluids within the
range of 50 to 200,000 mPa*s. Additionally, it supports fluid storage in cartridges of 10ccm,
providing ample capacity for the intended application. The nozzle and needle diameter
options, ranging from 60um up to 800um, allow for fine-tuned control over the extrusion
process. Contrasting some printheads, this one does not include a heater; however, a cooling
unit (Huber CC-K®6 by the Pilot ONE controller) is required to print the GelMA hydrogel.

The cooling unit's controller needs an initial setup to ensure seamless operation. This setup
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includes configuring essential parameters, such as temperature set point limits, where a

minimum of 5°C and a maximum of 35°C are crucial.

Furthermore, the controller facilitates temperature regulation based on an external process
sensor. Lastly, the pump speed, pivotal for controlling both cooling efficiency and noise
levels, can be adjusted for optimal results achieved when setting the pump speed to 3500
rpm. This comprehensive setup ensures the cooling unit operates at peak performance,
successfully maintaining the precise thermal conditions required to fabricate GelMA

scaffolds.

Furthermore, the GelMA material is photo cross-linked using the Light Curing lamp UV365-
NM (900 002 771), which comprises the Light Curing Kit (900 002 771). This kit facilitates
the photo-polymerisation and hydrogel cross-linking required for scaffold formation. The
Light Curing lamp emits light at a wavelength of 365nm with a power output of 360mW,
ensuring efficient cross-linking. The kit includes essential components such as a control unit
and safety goggles to maintain a controlled and safe working environment during cross-
linking. These specialised tools and equipment collectively contribute to the precision and

success of the GelMA scaffold fabrication process.

The optimisation of the GelMA printing process emerges as a critical undertaking. The
chosen DD-135N printhead lays the foundation for this optimisation journey. As previously
highlighted, this printhead possesses many distinctive characteristics that promise versatility
and precision in material deposition. These parameters for printing will be further optimised
in the following sections to ensure the highest quality and precision in the GeIMA- 3D

printing processes.

The printability results of the rheology test for GelMA 5% wi/v, 10% w/v, 15% w/v, and
20% wi/v reveal significant viscosity differences among these concentrations. Specifically,
5% wi/v exhibits remarkably low viscosity, while 20% w/v demonstrates exceptionally high
viscosity. Consequently, a decision was made to evaluate the printability of 10% w/v and
15% w/v concentrations under various printing conditions, including different needle types
and pressure settings. The analysis reveals that the 10% w/v concentration is the only suitable

option for printing within the RegenHu machine's specified conditions. In contrast, the 15%

103



Chapter 5 — 3D Bioprinting: Characterisation of GeMA/PCL for 3D printing of multi-
material for osteochondral defect.

w/v concentration demands a higher temperature within the cooling system, rendering it less

practical for 3D printing.

Figure 5.11 depicts a graphical representation of the strategic inclusion and application of
three gauges, G27, G30, and G32, within the optimisation framework of the printing
methodology for the 10% w/v GelMA. These gauges (Figure 5.11 A2i-B2i-C2i) assume a
central role in streamlining the generation of accurate strands, ultimately creating well-
defined printed lines. These lines serve as indispensable tools, providing a distinctive insight

into the width aspect of the printed lines.

B
7

ALELERLEREET

ATTTTEE
AL TR

Figure 5.11 Needles optimisation used for the Time-Pressure dispensing DD-135N
printhead. A1-B1-C1) Filaments during the printing of G32, G30 and G27
showcasing the material flow characteristics and the influence of needle optimisation
on the printing process. A2i-B2i-C2i) Needle dimensions are illustrated in millimetres
(mm), providing precise measurements for reference. A2ii-B2ii- C2ii) Scaled
representation of the filament, with a 2mm scale bar. D) UV light distance of 4mm for
the photocuring of the hydrogel.

Derived from the conceptualisation that GelMA filaments will be positioned between two
PCL filaments and utilising G32 as the selected gauge, yielding a width of 0.250mm. This
choice underscores the detection of the best precision and uniformity of GelMA 3D printing.
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5.4.1. Effects of the Cooling System on GelMA during 3D Printing Process.

The viscosity of GelMA is a fundamental characteristic of a hydrogel extrusion, so
maintaining consistent viscosities for all GelMA concentrations during 3D printing is
achieved by adjusting the temperature based on rheological findings. Previous research has
demonstrated the feasibility of 3D printing lower GelMA concentrations without
deformation by lowering the temperature to 4°C (W. Liu et al. 2017). However, the cooling

unit's lower limit is 5°C.

The influence of GelMA viscosity on filament formation is notable. GeIMA at 5%w/v
concentration exhibits low viscosity, requiring temperatures lower than the cooling system's
capacity. Conversely, 15% w/v and 20%w/v GelMA concentrations have higher viscosities,
demanding temperatures beyond the system's capabilities. To create filaments with the 10%
w/v of GelMA, the cooling system is set to an 18°C target to ensure stability, with cooling
initiated 30 minutes before scaffold printing. Also, a spread of 10% w/v of GelMA filaments
is that upon contact with the substrate, the material's viscosity immediately decreases as it

encounters the ambient RT.
5.4.2. Pressure and Speed Optimisation.

An optimisation process is essential to create the formation of strands through the Time-
Pressure dispensing printhead, with crucial variables being the pressure and building speed.
Pressure corresponds to the dispensing force, while building speed relates to the movement
speed of the printing head along the x and y axes. Given the suitability of the 10% w/v
GelMA concentration, as illustrated in Figure 5.12, it is evident that filaments tend to spread
and merge upon deposition. Complete filament merging occurs when a pressure of 2 bar is
employed. The impact of different speeds, as depicted in Figure 5.12, further underscores
this point. At slower speeds, more material is extruded, leading to merging of the material
as presented in Figure 5.12 A where the nozzle speed is set at I mm/s. However, among the
different tested speeds, 3.5 mm/s is the parameter consistently and uniformly deposits

strands, as shown in Figure 5.14.
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These results underscore the crucial roles played by both pressure and building speed in

governing the dimensions and structural integrity of the generated strands.

4mm

Figure 5.12 3D printing GelMA samples at varied nozzle speeds. A) 1Imm/s, B)
2mm/s, and 3 mm/s. The scale bar represents 4mm.

Figure 5.13 presents valuable insights into scaffolds characterised by a 200um layer
thickness and varying space ratios, specifically comparing the 500 um, 1000 um, and 2000
um layer spaces between strands. The figure provides a comprehensive view of the entire
scaffold in Figure 5.13 A, offering an overview of the structure with a reference scale bar
of 4mm. Figure 5.13 B shows a closeup of the vertical layers, providing a detailed
examination of the printed filaments within a single layer with a scale bar of 500um. In the
case of Figure 5.13 0.5, where a spacing of 500um is used, both images A and B show no
pores. However, for Figure 5.13 1.0 and Figure 5.13 2.0, a closer inspection reveals a more
precise depiction of the GelIMA filaments. This insight is particularly significant for co-
printing with PCL in scaffold design, where the strand width is approximately 350um. It
offers crucial information for optimising the co-printing process, enhancing scaffold design,

and facilitating improved control over structural characteristics.
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A B

Figure 5.13 Scaffolds with a layer thickness of 200pum and varied space ratios. A) Full
scaffold view at a scale of 4mm, providing an overview of the structure with a scale
bar of 4mm. B) Vertical layers, showcasing the printed filaments within a single layer,

allowing for detailed examination. Scale bar of 500um.
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Figure 5.14 GelMA Scaffold characteristics and microscope closeup. GelMA scaffold
with specific dimensions, featuring a thickness of 4mm and a diameter of 8mm with a
feed rate of 3.5 mm/s. A microscope closeup view for an in-depth exploration of the

scaffold's layers at a scale of 500um.

5.5. 3D printing of PCL/GelMA scaffolds.
55.1. Design of PCL/GelMA Scaffolds.

The methodological approach employed in the initial fabrication of scaffold designs was
supported by a rigorous screening process, strategically implemented to evaluate their
printability before subjecting them to a comprehensive round of mechanical characterisation.
Designs ideas were evaluated across the literature of different geometries , Cabreira &
Santana presented some of the geometries they used to evaluate performance, while Joyce
et al., also contributed to the selection of the designs from a mechanical perspective.
However, some designs were disqualified due to limitations of the RegenHu printe and the
challenge of the simultaneous printing of PCL and GelMA within the same layer, as one of
the primary focus was to ensure the feasibility of simultaneous printing of both materials,
which greatly narrowed down the design options. Although infinite possibilities exist, the
six chosen structures represent those deemed most feasible and compatible with the printing
process. This evaluative phase, rooted in parametric considerations, aimed to discern the
printability of diverse scaffold designs. During this examination, the triangle, hexagon, and
caracol designs underwent meticulous assessment and were found to exhibit a significant
number of interlayer intersections, visibly indicated by numerous toolpath starts, as
highlighted by red circles in Figure 5.19 A, Figure 5.19 B, Figure 5.19 C. Notably, these
intricate toolpaths resulted in a non-homogeneous build-up of material at specific points,
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presenting a distinctive by-product attributed to extrusion-based 3D printing process.
Consequently, owing to these inherent challenges and material irregularities, the triangle,

hexagon and caracol designs were excluded from further in-depth characterisation.

A Triangle B Hexagon C Caracol

@ O

D Sinusoidal E Square F Spiral

Figure 5.15 Design and fabrication of PCL scaffolds for an OC repair. A,B,C,D)
Representative images of single-layer design with a diameter of 8 mm. A) Triangle, B)
Hexagon, C) Caracol, D) Sinusoidal, and E) Square, D) Spiral. A, B, C) Highlighting
points of intersection and excessive toolpath start and stop points in red circles. D, E,F)

3D-printed PCL scaffolds of sinusoidal, square, and spiral, respectively.

In contrast, square (Figure 5.19 D), sinusoidal (Figure 5.19 E), and spiral (Figure 5.19 F)
scaffolds showcased a more favourable characteristic, featuring continuous and non-
intersecting toolpaths between layers. This design attribute, considered within the broader
parametric framework, proved crucial in mitigating the issues observed in the disqualified
designs. Recognising the structural integrity and efficiency of square, sinusoidal, and spiral
scaffolds, which were identified as promising candidates and, subsequently, advanced for
further stages of mechanical testing. This parametric approach, which systematically
considered the interplay of design elements, facilitated an understanding of how specific

parameters impact the fabrication process.

Personalised scaffolds were constructed after successfully optimising the 3D printing
process for PCL and GelMA. These scaffolds incorporated three designs, each individually
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printed and subsequently combined into one OC scaffold, as illustrated in Figure 5.16. The
combination of different geometries is illustrated in Figure 5.17, Figure 5.18, Figure 5.19,
Figure 5.20. These figures provide a detailed layer-by-layer representation of how the
square, spiral, and sinusoidal designs are integrated, as well as how these three designs are
combined to create the OC scaffold. This visualisation offers a clear demonstration of the
sequential assembly process, highlighting how each design contributes to the final structure.
The combination of different designs are illustrated in Figure 5.17, Figure 5.18, Figure
5.19, Figure 5.20, it describes a detailed layer-by-layer representation of how the square,
spiral, and sinusoidal designs are integrated to form the OC scaffold represented in Figure
5.16. This visualisation offers a clear demonstration of the sequential assembly process,
highlighting how each design contributes to the final structure. Throughout this process, the
printing parameters remained consistent with the specifications outlined in sections 5.3 and
5.4. Variations are observed in porosity and strand spacing among the different scaffold
designs, as represented in Figure 5.16. Despite sharing a uniform 8 mm diameter, each
design exhibited unique characteristics in strand spacing. The square design consistently
featured a 1 mm spacing between strands, with GelMA deposition occurring between two
layers. In contrast, the sinusoidal design incorporated a base layer of PCL with 1 mm spacing
between strands, followed by two subsequent layers spaced 2 mm apart, allowing for GeIMA
deposition between these layers. Finally, the spiral design began with a base layer resembling
the sinusoidal pattern, followed by two layers of PCL separated by a 1 mm gap, facilitating
the introduction of GelMA between these layers.
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Figure 5.16 Schematic Representations of Multi-Material Bioprinting Designs for
PCL/GelMA Composite Scaffolds. A)Frontal view provides a frontal perspective of
the scaffold, with a diameter of 8 mm. C) Top view of a single layer D) Cross-section
view highlighting the spacing between two PCL strands, varying between 1mm and
2mm depending on the design. C) Cross-section view highlighting the gap between
PCL and GelMA strands, ranging from 0.22mm to 0.72mm, depending upon the

specific design.

This approach enabled the exploration of diverse structural configurations within a single
scaffold, offering insights into their influence on cellular behaviour and potential for tissue
regeneration. The variations in porosity and strand spacing underscored the fine-tuning
possibilities for crafting scaffolds tailored to specific applications. Integrating these unique
designs into the personalised OC scaffold represents a significant advancement, showcasing
the potential for customised scaffolds with precisely controllable mechanical properties in

tissue engineering.
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5.5.2. BioCAD Design.

The scaffold designs encompassed three patterns: square, sinusoidal, and spiral. Each of
these designs shared a typical overall size, with an 8mm diameter and a 1.2mm thickness.
However, the OC scaffolds possessed slightly new dimensions, featuring an 8mm diameter
and a 4.6mm thickness. To create these scaffolds, PCL pellets sourced from Sigma-Aldrich,
UK, underwent extrusion at an 80°C temperature, extruding at a rate of 18 mm/s, with a
chamber pressure of 2 bar applied to the PCL. The printing strategy involved positioning
PCL strands 1mm apart, with GelMA deposited between two adjacent PCL strands in the
central region. Notably, one layer of GeIMA was printed following every two consecutive
layers of PCL, a pattern reflected in Figure 5.16.For detailed analysis, each scaffold
consisted of six layers of PCL and two layers of GelMA, as represented in Figure 5.17,
Figure 5.18 and Figure 5.19. The cross-linking of GeIMA was executed within a brief 1-
minute timeframe for each layer. In the case of the OC scaffold represented in Figure 5.22,
the configuration consisted of 15 layers of PCL and six layers of GelMA, with the 1-minute

cross-linking duration applied in each GelMA layer.

Figure 5.17, Figure 5.18, Figure 5.19 and Figure 5.20 provide a detailed sight of the
layering process and an indication of the thoughtful incorporation of various materials to
realise the desired structural and functional properties in the BioCAD designs. Each image
serves as a visual narrative, elucidating how PCL and GelMA are meticulously connected
layer by layer, resulting in the complex architecture of this biofabricate structure. These
illustrations encapsulate the essence of precision and synergy between materials,
representing a critical aspect of successfully implementing this 3D printing technique in

tissue engineering and regenerative medicine applications.
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Figure 5.17 Square BioCAD design layer-by-layer provided a comprehensive visual
insight into its intricate construction. This design is distinguished by the selective use
of two distinct materials. Blue filaments- correspond to PCL serve as the structural
framework of the design, providing stability and support. Magenta filaments-
represent GelMA layers, which are strategically placed between the layers of PCL, as
indicated by the black arrows. These GelMA layers facilitate specific functionalities

and biological interactions within the construct.
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Figure 5.18 Sinusoidal BioCAD design layer-by-layer provided a comprehensive

visual insight into its intricate construction. This design is distinguished by the
selective use of two distinct materials. Blue filaments- correspond to PCL serve as the
structural framework of the design, providing stability and support. Magenta
filaments- represent GelMA layers, which are strategically placed between the layers
of PCL, as indicated by the black arrows. These GelMA layers facilitate specific
functionalities and biological interactions within the construct.
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Figure 5.19 Spiral BioCAD design layer-by-layer provided a comprehensive visual

insight into its intricate construction. This design is distinguished by the selective use
of two distinct materials. Blue filaments- correspond to PCL serve as the structural
framework of the design, providing stability and support. Magenta filaments-
represent GelMA layers, which are strategically placed between the layers of PCL, as
indicated by the black arrows. These GelMA layers facilitate specific functionalities
and biological interactions within the construct.
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Figure 5.20 OC BioCAD design layer-by-layer represented to emulate the structure of

the OC tissue. This design is characterised by the selective use of two distinct
materials. Blue filaments- correspond to PCL serve as the structural framework of the
design, providing stability and support. Magenta filaments- represent GelMA layers,
which are strategically placed between the layers of PCL, as indicated by the black
arrows. These GelMA layers facilitate specific functionalities and biological

interactions within the construct.
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5.5.3. Co-printing.

3D printing a combination of PCL and GelMA, issues like warping can be particularly
challenging. PCL is a thermoplastic polymer known for its high melting temperature and
rigidity, while GelMA is a water-based material with distinct mechanical properties.
Achieving successful PCL/GelMA scaffolds with dissimilar materials requires precise
temperature control, optimised printing settings, and possibly support structures to
counteract warping tendencies. Additionally, experimenting with different PCL/GelMA
combinations and refined the printing parameters to produce more reliable dual-material
prints.

5.5.3.1.  Effects of Co-printing a Hydrogel with a Polymer.

Co-printing a hydrogel with a polymer, such as GeIMA and PCL, using an extrusion-based
3D printing process, it is essential to consider the effects of combining materials with vastly
different properties. This combination can present significant challenges, including the
potential for warping. As mentioned, contrasting material characteristics often lead to
warping during the printing process (Figure 5.21D, Figure 5.21E). Warping occurs because
PCL typically requires a higher printing temperature, which can cause localised heating and
cooling variations when applied alongside the hydrogel. These temperature fluctuations can
lead to uneven shrinkage and adhesion problems, resulting in warping and poor interlayer
bonding, as shown in Figure 5.21 Samples 3D co-printed PCL/GelMA. The scale bar top
row represents 4mm and the bottom row 4mm. Successfully co-printing these materials
requires careful consideration of extrusion temperatures, optimal print settings, and
potentially the use of support structures to address warping issues and achieve accurate and

reliable multi-material prints.
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Figure 5.21 Samples 3D co-printed PCL/GelMA. The scale bar top row represents

4mm and the bottom row 4mm.

A strategic design approach is proposed to eliminate the issues depicted in Figure 5.16,
specifically addressing warping and suboptimal interlayer bonding. In this approach, a
singular layer of GelMA was systematically integrated into the printing process, and this
GelMA layer was printed between every two consecutive layers of PCL. This novel design
strategy was predicted as a viable solution to enhance scaffolds' overall structural integrity
and printing performance. By combining the advantageous properties of PCL and GelMA,
a successful co-printing of PCL/GelMA scaffolds was made, ultimately addressing the

abovementioned challenges associated with warping and subpar interlayer bonding.
5.5.4. Surface Morphology and Porosity Characterisation

The surface morphology and porosity characterisation of PCL/GelMA scaffolds constitute
critical aspects of the investigation, offering essential insights into the structural features
influencing scaffold performance. Understanding these scaffolds' surface topography and
porosity holds significance in assessing their suitability for tissue engineering applications.
This characterisation examines the scaffold architecture, illuminating factors such as surface

roughness, pore size distribution, and interconnectivity. Such information proves
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instrumental in optimising scaffold design to enhance cellular interactions, tissue ingrowth,

and overall regenerative potential.

Figure 5.22 provides a comprehensive characterisation of PCL/GelMA scaffolds featuring
various designs, including square, sinusoidal, spiral, and OC. Each design shows a
fundamental aspect contributing to the scaffold's structural and functional attributes. In the
associated SEM images in Figure 5.22 A, B, C, and D, a scale bar of 500um offers an
overview of the scaffold's overall structure. Further exploration is facilitated through images
Figure 5.22 A1, B1, C1, and D1 and Figure 5.22 A2, B2, C2, and D2, which focus on the
GelMA and PCL pores within the scaffold, respectively, with a scale of 200um. These
images closely examine the individual components, enabling a more detailed understanding

of the scaffold's intricate composition and architecture.
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Figure 5.22 Characterisation of PCL/GelMA scaffolds with different geometries,
including square, sinusoidal, spiral and OC. Each design A) Square, B) Sinusoidal, ,
C) Spiral , and D) OC, represents a fundamental aspect of the scaffold's structural and
functional attributes. A-D) Scanning Electron Microscopy (SEM) images of section of
the PCL/GelMA scaffolds. The scale bar in these images is set at 500um. A1-D1)
GelMA pores within the scaffold. The scale for these images is set at 200um,
providing a closer look at the GeIMA component. A2-D2) PCL pores within the
scaffold. Similar to A1-D1, the scale is set at 200um for a detailed examination of the

PCL component.

The analysis reveals consistent trends across the various scaffold designs. GelMA
consistently demonstrates higher porosity than PCL, with percentages ranging from 8.65%
t0 6.65% (as represented in Figure 5.22 A1, B1, C1, and D1). This higher porosity indicates
GelMA's ability to create more interconnected pores within the scaffolds. Additionally,
GelMA tends to have larger particle sizes, contributing to its structural characteristics.
Conversely, PCL (as represented in Figure 5.22 A2, B2, C2, and D2) exhibits lower
porosity, ranging from 6.46% to 6.65%, and a filament width of approximately 190.879 *
10.7635 pum. The lower porosity in PCL suggests a denser scaffold structure compared to
GelMA. Analysing the interconnection between GelMA and PCL within the scaffolds
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(represented in Figure 5.22 A, B, C, and D), it becomes evident that the combination of
these materials maintains a porosity of approximately 6.65%. This relationship between
GelMA and PCL increases overall scaffold porosity while preserving the structure's

integrity.
5.5.5. Swelling and Degradation.

Experiments were conducted to assess the swelling and degradation behaviour of scaffolds
co-printed with PCL/GelMA in various designs, including the OC scaffold, over time. Both
the swelling capacity and degradation rate are critical attributes for optimal hydrogel
performance in these scaffolds. These tests aimed to understand GelMA's long-term

behaviour within the scaffolds and its potential impact on cell viability.
5.5.5.1. Swelling.

The hydrogel's swelling capacity is a significant importance as it indirectly reflects its water
absorption capabilities. To assess the swelling of the scaffolds, PCL/GelMA scaffolds were
submerged in dH20 at 37°C. The hydrogel swelling ratios predominantly maintained their
swollen state on the fourth week, with subsequent degradation in all the hydrogel samples,

as shown in Figure 5.23
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Figure 5.23 Swelling behaviour analysis of PCL/GelMA-scaffolds. PCL/GelMA-
scaffolds weight variation over the initial 5-week period, investigated at 37°C.
Providing valuable insights into the swelling characteristics of the designs of
PCL/GelMA scaffolds and temperature conditions. Results denote mean+ S.D.
(n=6,N=3).

The observed variations in scaffold dimensions over the five weeks highlight the significant
influence of time on scaffold morphology. The data, collected at weekly intervals for
different scaffold geometries including square, sinusoidal, and spiral configurations,
demonstrate fluctuations in dimensions. For instance, in the square and sinusoidal scaffold
designs, it was observed slight increases in dimensions over the first few weeks, followed
by relatively stable dimensions thereafter. Conversely, the spiral scaffold design exhibits
more pronounced fluctuations in dimensions throughout the observation period. These
findings emphasise the importance of considering scaffold geometry and its fundamental
properties when designing tissue engineering scaffolds, as variations in dimensions can

impact cell behavior and tissue regeneration processes.
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Conversely, subjecting scaffolds to dehydration before cell culture has been identified as a
potential cause of cell infections, as discussed in detail in Chapter 7. Consequently, this
dehydrating test was excluded from the considerations and solely relied on the swelling test

results to assess scaffold performance.

5.5.5.2.  Degradation.

The stability assessment of the PCL/GelMA scaffold was conducted through a degradation
test involving the immersion of all samples in 5 ml of dH2O for ten weeks. Experimental
conditions were rigorously maintained at 37°C. Subsequent observations were conducted to
analyse the evolution of scaffold degradation behaviour over time within these specified
temperature conditions. The obtained results unveiled a distinct trend, with the different
geometries of the scaffolds incubated at 37°C exhibiting notably slower degradation rates
than their counterparts maintained at lower temperatures, as visually depicted in Figure 5.24.
These findings underscore the critical role played by the specific design configurations and
temperature conditions in influencing the biodegradability of the PCL/GelMA scaffold,

offering essential insights into its long-term stability.
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Figure 5.24 Biodegradation analysis of PCL/GelMA scaffolds. (A) Evolution of cube
weight observed over ten weeks at 37°C. (B) Percentage biodegradation ratio at
weeks 4, 6, and 8. Comprehensive insights are presented into the biodegradation
behaviour of the GelMA composite under different conditions and concentration

levels. Results denote meant S.D. (n=6, N=3). Statistical analysis and significance

levels are indicated as *** p < 0.01 and **** p < 0.0001.

Similarly, the OC scaffolds, which incorporate the three distinct designs, offer valuable
insights into scaffold degradation behaviour. Notably, as illustrated in Figure 5.24, the
degradation of the different geometries reveals notable trends in GelMA degradation.

Initially, all scaffold designs exhibit relatively stable dimensions, with minimal changes
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observed in the first few weeks. However, as the observation period progresses, a gradual
decrease in dimensions is observed across all scaffold geometries. Notably, the spiral
scaffold design displays the most pronounced decrease in dimensions over time, with an
average decrease of approximately 0.0064 gr per week, followed by the sinusoidal and
square configurations, which exhibit average decreases of approximately 0.0057 mm and
0.0053 mm per week, respectively. Table 5.1 presents a comprehensive analysis of the
biodegradation characteristics exhibited by the scaffolds, including square, sinusoidal,
spiral, and OC. The data underscores a consistent pattern of gradual disintegration observed
over the designated period. However, a notable trend emerges, indicating that scaffolds
exhibit a slower degradation rate. Comparing the degradation rates of these diverse scaffolds
at 37°C, it becomes evident that they display varying degrees of resistance to biodegradation.
Specifically, by the eighth week of the observation period, the mass degradation for the
square, sinusoidal, spiral, and OC scaffolds stands at 53.44%, 39.73%, 30.2640%, and
68.61%, respectively. This comparative analysis elucidates how the distinct design
configurations interact with the biodegradation process, emphasising the particular

resistance of the OC scaffolds to biodegradation at this condition.

Table 5.1 Mass degradation data collected of PCL/GelMA scaffolds, square,
sinusoidal, spiral, and OC until week 8. Raw data values at 37°C for each scaffold,
mass (g) used to calculate swelling ratio results. Results denote mean + SD (n = 6,

N=3).
GelMA samples Mass(Q) Mass(Q) Mass (g) Mass (g)
(Yowl/v) as cast Week 4 Week 6 Week 8
0.0617 0.0647 0.0624 0.0564
Square
+0.0020 +0.0022 +0.0023 +0.0020
_ ) 0.0724 0.0760 0.0722 0.0685
Sinusoidal
+0.0644 +0.00661 +0.0057 +0.0049
Spiral 0.0784 0.0873 0.08266 0.0756
ira
P +0.0008 +0.0039 +0.0034 +0.0052
oc 0.2125 0.2282 0.2174 0.2007
+0.0005 +0.0125 +0.0227 +0.0046
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The OC scaffold, comprising square, sinusoidal, and spiral designs, demonstrates varying
degradation patterns under different incubation conditions. Several notable trends become
apparent when evaluating the mass loss of the OC scaffold over an 8-week period.The OC
scaffold initiates with a mass of 0.2125g, progresses to 0.2282g by Week 4, and then reaches
0.2274g by Week 6 and by Week 8 a mass of 0.2007g, showing the degradation of the
scaffold. This evaluation, as explained in Table 5.1, highlights the influence of incubation

temperature on the degradation behaviour of the OC scaffold.

5.6. Mechanical Testing.

5.6.1. Polycaprolactone.

The mechanical properties of a scaffold for the OC defect repair play a pivotal role in its
effectiveness and long-term success. These properties comprise key characteristics such as
stiffness, elasticity, and load-bearing capacity. An ideal scaffold must mimic the mechanical
behaviour of natural osteochondral tissue to provide adequate support during the healing
process. This is crucial because improper mechanical properties can lead to issues such as
stress shielding, where the scaffold absorbs too much load, preventing the surrounding tissue
from bearing its natural share of mechanical stress. Conversely, if the scaffold is too
mechanically weak, it might fail to provide the necessary structural support, hindering tissue
regeneration. Therefore, achieving the right balance of mechanical properties is imperative
to facilitate optimal tissue growth, integration, and functional restoration, making it a critical
aspect of scaffold design for osteochondral defect repair. In Figure 5.25, an unconfined
compression testing overview is presented for both cast PCL cubes and cylindrical printed

scaffolds.
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Figure 5.25 Mechanical testing of PCL structures comprising cast cubes and
cylindrical printed scaffolds. A-B) PCL cast cubes (10mmx10mmx10mm). C)
Illustrates the unconfined compression testing of the PCL cube under axial load. D)
Cylindrical scaffolds with varying designs (1.2 mm, 3.6 mm, and 4.2 mm) offer a
comparative analysis of their size-dependent mechanical properties. E) Unconfined

compression testing of the cylindrical scaffolds.

The compressive mechanical properties of the scaffolds constructed using different materials
are graphically presented in Figure 5.26. This comprehensive analysis offers valuable
insights into the scaffolds varying stiffness and structural characteristics. To contextualise
these findings, the Youngs modulus of the PCL casted cubes, as depicted in Figure 5.26 was
determined to be 35.25 + 2.09 MPa. Comparatively, previous research by Dziadek et al.,
2015. reported a Youngs modulus of approximately 38 MPa for pure PCL, aligning with the

results obtained in this study.
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Figure 5.26 Mechanical properties of PCL 3D printed scaffolds and a PCL casted
cube. A) Representative stress/strain curves illustrating deformation, the elastic
(proportionality) limit, and the plastic region. B) Youngs modulus represents printed
samples' compressive stress/strain curves. Results denote mean+ S.D. (n=6,N=3).
Statistical analysis and significance levels are indicated as ** p < 0.024 and **** p <
0.0001.
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The most notable aspect lies in the considerable variations in stiffness observed across the
different scaffold designs. A clear trend emerges when assessing the compressive
mechanical properties of the various scaffold designs. In the square, sinusoidal, spiral, and
OC designs, the Youngs modulus values were measured as, 36.38 + 4.40 MPa, 36.44 +
3.42MPa, 33.13 * 3.14 MPa, and 49.46 * 3.62 MPa, respectively as presented on Table
5.2 . This substantial variation underscores the influence of the different geometries designs

on scaffold stiffness.

Table 5.2 Comparative analysis of Youngs modulus for diverse structures, including
cast PCL cubes and 3D-printed scaffolds with square, sinusoidal, and spiral designs.
Likewise, including OC scaffolds with multiple designs extends the investigation,
showcasing the mechanical implications of different geometries. Results denote
meanz S.D. (n=6,N=3).

Dimensions Youngs Modulus
PCL Samples
(mm) (MPa)
Cast cube 10mm x 10 mm x 10mm 35.25+2.09
==8.38+£0.10
Square
h=1.12+0.21 36.38 + 4.40
] ) = =8.55+0.07
Sinusoidal
h=1.25+0.11 36.44 + 3.42
) ==8.30+£0.15
Spiral
h=1.25+0.10 33.13 +3.14
= =8.44+0.20
OoC
h=4.68 + 0.07 49.46 *3.62

The variability in Youngs modulus values was reported in the literature for similar materials.
These discrepancies are often attributed to differences in manufacturing techniques, designs
and dimensions of the scaffolds, and environmental conditions during testing, as the type of
test. As a result, the findings underline the critical importance of carefully selecting scaffold
design and material properties, ensuring they align with the specific requirements of diverse
tissue engineering applications. This knowledge contributes significantly to understanding

scaffold mechanics and informs the selection of appropriate scaffold designs.
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5.6.2. Gelatin Methacrylate

Similarly to the evaluation conducted for PCL, an essential examination of GelMA was
undertaken to comprehend its impact on the mechanical properties of the OC scaffold. In
this context, 10% GelMA compression-casted cubes, each measuring 1x1x1 mm, were
subjected to rigorous testing. Figure 5.27 A-B visually represents the GelMA casting
process, while Figure 5.27 C portrays a GelMA cube post-unconfined compression,

highlighting the force-induced fracture.

Figure 5.27 Mechanical testing of GelMA casted cubes comprising. A-B) GelMA casted
cubes (Lmmx1mmx1lmm). C) Ilustrates the unconfined compression testing of the GeIMA

cube under axial load.

The stress-strain curves characterising the GeIMA samples exhibited notable noise and
nonlinearity, as evident in Figure 5.28. A linearised average stress-strain relationship was
employed to calculate compression Youngs modulus, yielding a value of 0.25 + 0.14 MPa
(refer to Table 5.3 for further details). This comprehensive evaluation contributes to a deeper
understanding of GelIMA's mechanical behaviour within the context of the OC scaffold
development.
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Figure 5.28 Mechanical properties of 10% w/v GelMA casted cube. A)
Representative stress/strain curves illustrating deformation, the elastic
(proportionality) limit, and the plastic region. B) Youngs modulus representing
compressive stress/strain curves of 10% w/v GelMA casted cube. Results denote
meanz S.D. (n=6,N=3).

Table 5.3 Comparative analysis of Youngs modulus for diverse structures, including
casted GelMA cubes, showcasing the mechanical implications of the material. Results
denote meanx S.D. (n=6, N=3).

Dimensions Youngs Modulus
GelMA Sample (mm) (MPa)
L=9.56£0.35
Casted cube h=9.52 +.042 0.25+£0.14
w =9.3+0.27
5.6.3. PCL/GelMA Scaffolds

The compressive mechanical properties in Figure 5.29, provides critical insights into the

varying stiffness of PCL/GelMA scaffold designs This highlights improvements in the

mechanical structure regarding the alignment of the filaments in each geometry design and

the improvement of bonding by implementing a GelMA filament between the two PCL

filaments in each layer of the respectively design. Examining the Youngs modulus values

presented on Table 5.4 for the square, sinusoidal, and spiral designs, which are 36.96 +

131



Chapter 5 — 3D Bioprinting: Characterisation of GeIMA/PCL for 3D printing of multi-
material for osteochondral defect.

2.49MPa, 38.24 + 3.75 MPa, and 33.41 * 3.74 MPa, respectively, it becomes evident that
each geometry filament alignment possesses distinct mechanical characteristics. In contrast,
the OC scaffold stands out with a higher Youngs modulus of 49.74 £3.77MPa, signifying its

superior stiffness.

However, the significance of these comparisons extends beyond individual design attributes.
The collective analysis of the square, sinusoidal, and spiral designs prove the OC design's
mechanical behaviour of the scaffold. It illustrates how variations in structural features
among these three designs contribute to the OC scaffold's overall stiffness. Such insights
underline the fundamental role of scaffold design decisions in tailoring mechanical

properties to meet the specific requirements of diverse tissue engineering applications.
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Figure 5.29 Mechanical properties of PCL/GelMA 3D printed scaffolds. A)
Representative stress/strain curves illustrating deformation, the elastic
(proportionality) limit, and the plastic region. B) Youngs modulus represents printed
samples' compressive stress/strain curves. Results denote mean+ S.D. (n=6,N=3).
Statistical analysis and significance levels are indicated as * p < 0.0162, * p < 0.0014
and ** p < 0.001.
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Table 5.4 Comparative analysis of Youngs modulus for diverse structures, including
PCL/GelMA, with different square, sinusoidal, and spiral designs. Likewise, including
OC scaffolds with multiple designs extends the investigation, showcasing the
mechanical implications of different geometries. Results denote meanx S.D.

(n=6,N=3).
PCL/GelMA Dimensions Youngs Modulus
Samples (mm) MPa

==8.35+0.20

Square 36.96 + 2.49
h=1.56+0.72
) _ ==8.45+0.16

Sinusoidal 38.24 + 3.75
h=1.46+0.19
) ==8.25+0.21

Spiral 33.41+3.74
h=1.48 £ 0.06
©=8.44+0.22

ocC 49.74 £3.77
h=4.68 £ 0.07

5.6.4. PCL/GelMA/Cells Scaffolds

Evaluating the Youngs modulus values presented on Table 5.5 for the square, sinusoidal,
and spiral designs, measuring 45.09 £ 2.99 MPa, 46.05 £ 2.71 MPa and 42.27 + 4.89,
respectively, a clear divergence in their mechanical behaviour emerges. The OC scaffold
incorporates elements from all three designs (square, sinusoidal, and spiral) into a single
structure. This integration results in a higher Youngs modulus of the PCL/ of 50.68 + 3.38
MPa for the OC scaffold, surpassing the individual designs, as presented on Figure 5.30. The
interactive effect achieved by combining these three distinct design elements within the OC
scaffold contributes to its superior stiffness and remarkable mechanical performance.
Furthermore, Figure 5.31 provides valuable findings into the distinct characteristics of
different scaffold designs involving PCL/GelMA/Cells, scaffolds were sterilised, seeded and
cultured for 14 days, as explained in Chapter 7, which may account for the increment in

mechanical properties compared to the PCL/GelMA results.
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Figure 5.30 Mechanical properties of PCL/GelMA with cells 3D printed scaffolds. A)
Representative stress/strain curves illustrating deformation, the elastic
(proportionality) limit, and the plastic region. B) Youngs modulus represents printed
samples' compressive stress/strain curves. Results denote meant S.D. (n=6,N=3).
Statistical analysis and significance levels are indicated as ** p < 0.0140, *** p <
0.0020 and **** p < 0.0001.
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Table 5.5 Comparative analysis of Youngs modulus for diverse structures, including
PCL/GelMA with cells with different square, sinusoidal, and spiral designs. Likewise,
including the OC scaffolds with multiple designs extends the investigation,
showcasing the mechanical implications of different geometries. Results denote
meanzx S.D. (n=6,N=3).

PCL/GelMA ) _
] Dimensions Youngs Modulus
with cells
(mm) MPa
Samples
= =8.35+0.20
Square 45.09 + 2.99
h=156+0.72
==8.45+0.16
Sinusoidal 46.05+2.71
h=1.46+0.19
_ ©=8.25+0.21
Spiral 42.27 + 4.89
h=1.48+0.06
©=8.44+0.21
OoC 50.68 + 3.38
h=4.68 £ 0.07

Comparative analysis of the compressive mechanical properties, as presented in Figure 5.31,
offers a comprehensive overview of how different scaffold designs perform under varying
conditions. The Youngs modulus for each design across different material compositions and

cellular environments yields valuable insights.

The results reveal interesting Youngs modulus trends across scaffold designs and conditions.
In the case of square PCL scaffolds, Youngs modulus values were found to be 36.38 + 4.40
MPa, whereas for square PCL/GelMA scaffolds, it slightly increased to 36.96 + 2.49MPa.
Remarkably, when cells were introduced into the square PCL/GelMA scaffold, Youngs
modulus further increased to 45.09 £ 2.99 MPa.

Similarly, Sinusoidal PCL scaffolds exhibited a Youngs modulus of 36.44 + 3.42 MPa.
Transitioning to Sinusoidal PCL/GelMA scaffolds resulted in a higher Youngs modulus of
38.24 £ 3.75 MPa, which further increased to 46.05 + 2.71MPa with the inclusion of cells.

In the case of spiral PCL scaffolds, it had a Youngs modulus of 33.13 + 3.14MPa.
Transitioning to spiral PCL/GelMA scaffolds increased the Youngs modulus to 33.41 £
3.74MPa, and the inclusion of cells led to a substantial increase to 42.27 + 4.89MPa.
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However, the most significant increase in Youngs modulus was observed in the OC design,
which incorporates elements from the square, sinusoidal, and spiral designs into
PCL/GelMA scaffolds with cells. The resulting Youngs modulus was notably higher at 50.68
+ 3.38 MPa. This surpasses the individual design performances, indicating a synergistic
effect from the combination. These increased the mechanical properties of the OC scaffold

as a promising candidate for tissue engineering applications, which require structural

support.
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Figure 5.31 Comparative analysis of Youngs modulus representing compressive
stress/strain curves of 3D printed scaffolds of PCL, PCL/GelMA, and PCL/GelMA
with cells. Results are expressed as mean + SD (n=6, N=3). Statistical analysis and

significance levels are denoted as **** p < 0.0001.

As depicted in Figure 5.31, a statistical significance of p = 0.0001 was observed in the
Young's modulus between designs utilising the same material. Furthermore, there is a
significant difference between PCL/GelMA and PCL/GelMA/Cells, indicating changes in
material conditions when cells are seeded into the scaffold and incubated for 14 days,
compared to the conditions of PCL/GelMA scaffolds tested.
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These findings demonstrate that scaffold design and different conditions can play a crucial
role in designing a scaffold that meets the mechanical requirements of the OC tissue. It is
essential to acknowledge that the literature reports varying mechanical property ranges,
depending on factors such as cartilage type, donor age, and the specific testing
methodologies employed (as reported in Chapter 2 - Table 2.5). Additionally, some studies
rely on single-donor tissue samples, whereas others incorporate multiple donor tissues into
their analyses (Jurvelin et al., 2003; Landinez-Parra et al., 2012; Little et al., 2011;
Schoonraad et al., 2021; Thambyah et al., 2006; Vidal-Lesso et al., 2014). However, in a
study by Kabir et al., 2021, tissue samples underwent unconfined compression testing,
resulting in a compression modulus of 10.60 £+ 3.62 MPa. Comparatively, the OC scaffold
manufactured and seeded with cells exhibits a Compressive Modulus of 50.68 + 3.38 MPa.
This indicates that OC scaffold successfully meets the required mechanical standards,

suggesting its potential suitability for various tissue engineering applications.

5.7. Conclusions.

As detailed in this chapter, the process of 3D printing PCL/GelMA scaffolds is a crucial
development in the constantly changing field of tissue engineering and regenerative
medicine (Chan & Leong, 2008; Daly & Kelly, 2019; Jian et al., 2020; Schipani, Scheurer,
et al., 2020). The process commenced with the optimisation of the 3D printing methodology
for PCL and GelMA. This initial phase provided of develop customised OC scaffolds,
layered constructs has been explored in the literature (Levingstone et al., 2014b; K. Q. Liu
et al., 2020; Pereira et al., 2018), the approach used by three different geometries designs:
square, sinusoidal, and spiral. Though sharing the same dimensions, these designs introduced
a new level of variation due to their distinct filament alignment, strand spacing and structure,
facilitating a comprehensive exploration into scaffold architecture, and their impact on

cellular behaviour.

One of the research's breakthroughs was the effective co-printing of PCL with GelMA,
which was not without challenges. The difference in mechanical characteristics of these two
materials created challenges such as wrapping, bending and inadequate interlayer bonding
while optimising the printing. However, these difficulties were overcome by design tactics
such as combining GelMA layers between PCL, adopting a similar approach as (Ruiz-Cantu

et al., 2020b). As a result, the scaffolds' structural integrity and printing performance
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improved significantly. This achievement shows the way for the development of scaffolds
with increased mechanical properties and the ability to regulate their characteristics during
printing. Surface porosity characterisation was another critical aspect of this study, which
revealed the fascinating discrepancies between GelMA and PCL. The contrast of these
materials highlighted their complementary functions in preserving the scaffold's integrity,
with insights into surface roughness, pore size distribution, and interconnectivity being
crucial for optimising scaffold design (Joyce et al., 2023; Nava et al., 2016). Swelling and
degradation studies were critical in determining the scaffolds' long-term behaviour. The
regulated modulation of swelling at various temperatures proved beneficial, particularly in
applications requiring precise control of pore size. Furthermore, the findings from
degradation experiments offer information on the durability of the scaffolds over time, with
temperature conditions playing a crucial influence. This understanding is critical for assuring
the scaffolds' long-term survival in practical applications.

Mechanical testing conducted in this thesis revealed the variations in the stiffness of scaffold
geometries. Schipani et al. further demonstrated how architecture configurations influence
the Youngs modulus, by manufacturing a PCL scaffold with a square design and altering the
configuration with a double offset, showing that the Youngs modulus decreases for the offset
configuration (Schipani, Scheurer, et al., 2020). Notably, the OC scaffold manufactured
achieved a higher compression modulus by combining design geometries from various
configurations, in the contrary of Daly & Kelly, who reported a PCL/GelMA/Pluronic square
scaffold with lower compression Youngs modulus due printing configuration (Daly & Kelly,
2019). This result underscores the importance of design geometries in adapting the
mechanical attributes of scaffolds to meet specific tissue engineering requirements. The OC
scaffold’'s mechanical performance shows a promising behaviour for fulfilling the
mechanical properties. This study represents the 3D printing of PCL/GelMA scaffolds by
co-printing different geometries with different mechanical properties in order to create an
OC scaffold with a higher compression modulus as previous reported by Daly & Kelly and
Schipani (Daly & Kelly, 2019; Schipani, Scheurer, et al., 2020). The findings shown in this
chapter can offer a different perspective to manufacture a customisable, versatile, and
mechanically scaffold for tissue engineering applications.
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scaffolds.

This chapter describes a comprehensive exploration of the mechanical properties of the 3D-
printed OC scaffold by employing finite element (FE) analysis . The primary objective is to
develop a predictive model to assess and validate the scaffold's mechanical characteristics.
This computational framework serves as a powerful tool for predictive analysis, offering
insights into the scaffolds behaviour under varying conditions and loading scenarios.
Through the application of FE, a deeper understanding of the structural integrity and

performance of the OC scaffold.

6.1. Introduction.

The design and evaluation of the OC scaffolds have increasingly employed finite element
(FE) as a novel technique. This approach provides a comprehensive means to delve deeper
into the scaffold's architectural, material, and mechanical properties, thereby ensuring
optimal cell differentiation, a critical factor impacting tissue scaffold performance(Cahill et
al., 2009; Koh et al., 2019; Sahai & Gogoi, 2020) The suitability of a scaffold for tissue
engineering on interrelated factors that collectively contribute to achieving biocompatibility
and cell proliferation. Notably, it entails attaining a level of porosity and pore
interconnectivity that effectively facilitates cellular migration and the seamless transport of

nutrients and waste products into and out of the scaffolds (Doyle et al., 2014b).

However, when manufacturing processes result in complex geometries, as seen in the case
of 3D printed scaffolds, the applicability of these models can become limited, necessitating
the adoption of FE. FE anlysis is a numerical methodology used to resolve differential
equations through discretisation. This technique becomes especially powerful in creating
mechanical models for complex geometries by breaking them down into a network of
simpler, solvable elements. FE is also instrumental in modelling structures composed of
multiple materials (Khennane, 2013). As a result, FE analysis has frequently become an
integral component of the 3D-printed scaffold design process (Hairui, Yu, & Ling, 2021).
Zhang et al. used lay-down angles, filament diameters, inter-filament spacing, and layer
overlaps in the simulation using compressive loading conditions to create a 3D-printed
scaffold. The study revealed that by increasing the porosity in the scaffold, the Youngs

modulus will decrease. Additionally, a gradient transition in the scaffold assembling by
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layers with different lay-down angles was achieved, demonstrating the connection between

the mechanical properties and the pore geometry (B. Zhang, Guo, et al., 2020).

Tan et al.'s research introduced the development of in silico models guiding the design of
poro-elastic mimics of articular cartilage, revealing the necessity of incorporating stiff fibres
within a fibre-reinforced poro-elastic framework to amplify the fraction of load supported
by fluid pressure. This proposal emphasised the fundamental role of a stiffer fibrous phase
in developing physiological mimics of articular cartilage, underscoring the importance of
the structural framework in achieving optimal load distribution and biomechanical
functionality, crucial for the effective performance and longevity of tissue-engineered
constructs (Tan et al., 2023).

This chapter aims to predicting the mechanical properties of scaffolds through the utilisation
of data gathered from the unconfined compression tests conducted on various materials and
scaffold geometries in previous chapters. The primary objective is to employ a FE analysis
approach, to validate the structural designs of the OC scaffolds. The application of FE serves
as a crucial method for substantiating the structural integrity and mechanical characteristics
required for the OC scaffold by understanding each zone of the native tissue properties.

6.2. CAD Geometries.

The geometries generated from BioCAD software (RegenHU, Switzerland) for the 3D
extrusion-based printing are not compatible with ABAQUS software. Geometries of square,
sinusoidal, spiral and OC scaffold were replicated in SolidWorks (Dassault Systéemes) as a
cylindrical three-dimensional object with a diameter of 8mm and a height of 1.2 mm for

each geometry and for the OC scaffold a diameter of 8mm and a height of 4.6mm.

6.2.1. Development of CAD scaffolds.

The geometries were developed through SolidWorks (Dassault Systems, France) by creating
layer-by-layer extrusion parameters from BIOCAD and adjusting dimensions based on
experimental measurements. An iterative approach was adopted in CAD model design, with
a focus on responsiveness to experimental findings. In the initial iteration, the square
scaffold geometry was utilised to validate setup parameters. To validate the FE model,

measured print parameters from fabricated scaffolds such as fibre spacing, fibre diameter,
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and layer height were used as geometric inputs. The compressive Young’s modulus was
employed as the optimization variable. The parameters were iteratively varied to determine
a minimum in the absolute standard error of the predictions compared to the experimental

values.

Each geometry of the extruded PCL and GelMA was modelled using ongoing experimental
insights, as illustrated in Table 6.1. This was a foundational step in ensuring the CAD
model's fidelity to experimental conditions. The development of the CAD model aimed to
assess how geometries variations affect mechanical properties from experimental tests. All

print parameter values considered are detailed in Chapter 5.

142



Chapter 6 — FE Modelling of the designs for osteochondral scaffolds.

Table 6.1 Samples designs of the three different geometries using BioCAD and SolidWorks based on the sketch design.

Sample
Design
Code

Sample Design
Sketch

Sample Design
BioCAD RegenHU

Sample Design
SolidWorks

Geometry A

Square

Geometry B

Sinusoidal

Geometry C

Spiral

Geometry D

OC Scaffold
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6.3. Finite Element Analysis.

The Parasolid Model Part file (.X_T) of the model created on SolidWorks was imported into
ABAQUS CAE 2022 (Dassault Systemes, France). Meshing was performed using the
quadratic tetrahedral element. An ABAQUS assembly was set up to simulate the loading
case of unconfined compression, with each scaffold and its respective GelMA components
enclosed between two rigid planar shell elements.

In the ABAQUS simulation setup, an assembly was configured to replicate the unconfined
compression loading scenario. In this setup, each geometry scaffold was encapsulated
between two rigid planar shell elements, as illustrated in Figure 6.1C. Compression analysis
involved subjecting each PCL and PCL-GelMA scaffold to compression forces and
compressive loads on the top plate with magnitudes of 1N and 5N, aiming to induce small
strains. The analyses were executed utilising the ABAQUS Explicit solver, initiating with a
time increment of 0.01s and setting a minimum time increment of 1E-8s. The solver was
allowed to iteratively converge to a solution, during which stress distributions and

displacements were.

The determination of scaffold stiffness in the downward loading direction involved a two-
step calculation process. Firstly, compressive stress was computed by dividing the applied
scaffold load by the top surface area, determined from the measured scaffold width.
Subsequently, the compressive strain was ascertained by dividing the maximum simulated
displacement of the top plate by the measured original scaffold length. This comprehensive
approach allowed for a precise and comprehensive assessment of the scaffold's stiffness
characteristics under specific loading conditions, providing valuable insights into its
mechanical behaviour. Material properties were defined by linear stiffness values, and the
data obtained from compressive tests of PCL and GelMA was incorporated. Boundary
conditions were established to ensure stability during the simulation. Specifically, the bottom
compression plate was fixed at its centroid, while the top plate was constrained in all
directions except the vertical axis. Likewise, contact conditions were implemented in the
model, incorporating a coefficient of friction set at 0.1 to mitigate any potential sliding
between components. This comprehensive simulation framework aimed to capture the
mechanical behaviour of the PCL-GelMA scaffolds under unconfined compression,

providing a thorough understanding of their response to applied loads.
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Figure 6.1 Square PCL/GelMA Scaffold. A) Side view, B) top view, and C) geometry

scaffold encapsulated between two rigid planar shells.

6.4. Simulations Conditions.

The compression analysis of the PCL cubes and GelMA cubes, both with a dimension of
10X10X10mm, is presented in chapter 5, section 5.3 and section 5.4, respectively. PCL
cube Youngs modulus 35.25 + 2.09MPa, and GelMA cube Youngs modulus 0.25+0.14 MPa.
The literature suggests a Poisson's ratio for PCL between 0.3-0.45, but the most common is
0.45, which was selected for the analysis (Doyle et al., 2014c; Eshraghi & Das, 2010; Meng
etal., 2020; P. Zhang et al., 2018). PCL exhibited a density of 11.6E3g.mm™3,

6.4.1. Mesh.

Mesh sensitivity analysis on the FE model was performed by comparing the predicted elastic
modulus using different mesh sizes. The meshing of tetrahedral elements is subject to
specific criteria limits representing the minimum allowed volume-to-surface ratio, which is
set at 0.0001. This ensures that the tetrahedral elements possess a certain degree of regularity
to maintain accuracy in the analysis. Additionally, the smaller face corner angle must be

greater than 5 degrees, and the larger face corner angle should be less than 170 degrees.
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These criteria contribute to the avoidance of excessively distorted or degenerate tetrahedral
elements that may compromise the reliability of FE simulations. Lastly, a uniform aspect
ratio limit of 10 is applied across tetrahedra, emphasising the importance of maintaining
reasonable element proportions for effective and stable numerical analyses. These specific
elements were detected through the utilisation of evaluate mesh functionality. In the event
that more than 0.1% of elements within the mesh exceeded these predefined thresholds or if
there was a concentration of failed elements within a singular geometric feature, a decision
was made to initiate a re-meshing process for the entire model, as visually represented in
Figure 6.2. The strategies employed for re-meshing were multifaceted, involving a
combination of partitioning, global mesh refinement, localised mesh refinement, curvature
control, and minimum size control. These parameters underwent meticulous adjustments
iteratively until the mesh quality conformed to the predefined limits. In scenarios where time
constraints were not prohibitive, a finer mesh with an input sizing of 0.05mm was
implemented. Conversely, for larger mesh sizes, such as 0.1mm, for the OC scaffold. This
approach ensured that the mesh adhered to the specified criteria, maintaining the structural

integrity and accuracy of the model.

Figure 6.2 Tetrahedral mesh (0.05mm element size) of the Square Scaffold with
200pum Contact Width.
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6.4.2. Compression Properties.
The FE analysis was utilised to predict Youngs modulus of PCL scaffolds with various
geometries, including square, sinusoidal, spiral, and OC structures. The predicted values,
36.10 MPa, 34.96MPa, 32.85883 MPa, and 48.503 MPa for square, sinusoidal, spiral, and
OC scaffolds, respectively, demonstrate the efficacy of the FE model in capturing the
mechanical behaviour of these complex structures. The predictions are closely aligned with
the experimentally measured compression Youngs modulus values. The experimentally
obtained results show a compression Youngs modulus of 36.38 + 4.40MPa, 36.44 + 3.42
MPa, 33.1 +3.14MPa, and 49.46 + 3.62MPa for square, sinusoidal, spiral, and OC scaffolds
respectively. The close correlation indicates that the FE model successfully captures the

mechanical response of PCL scaffolds across geometries configurations, as shown in Figure
6.3.
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Figure 6.3 Experimental results vs. model Youngs modulus comparison of PCL

scaffolds. Experimental results are expressed as mean = SD (n=6, N=3).

For PCL/GelMA scaffolds, the experimental assessment revealed distinct Youngs modulus
values across various scaffold geometries. Specifically, Youngs modulus was determined as
36.96 + 2.49 MPa, 38.24 + 3.75 MPa, 33.41 £ 3.74 MPa and 49.74 +3.77 MPa for square,
sinusoidal, spiral, and OC scaffolds respectively as shown in chapter 5, section 5.6. The FE
model, employed to predict the mechanical behaviour of these scaffolds, projected Youngs

modulus values that closely mirrored the experimental findings. The model anticipated

147



Chapter 6 — FE Modelling of the designs for osteochondral scaffolds.

Youngs modulus values of 36.67 MPa, 36.76 MPa, 33.13 MPa, and 48.48MPa for square,
sinusoidal, spiral, and OC scaffolds, respectively, as visually represented in Figure 6.4.
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Figure 6.4 Experimental results vs. model Youngs modulus comparison of

PCL/GelMA scaffolds. Experimental results are expressed as mean + SD (n=6, N=3).

Figure 6.5 D represents the comparison of the experimental and model predicted Youngs
modulus values for both PCL/GelMA and PCL scaffolds. There is notable agreement in the
trends observed. In PCL/GelMA scaffolds, the experimental and predicted values
demonstrate a consistent order of stiffness across different scaffold geometries. The model
captures the relative differences in Youngs modulus between square, sinusoidal, spiral, and
OC structures. The experimental and computational results indicate the reliability and
accuracy of the computational model in simulating the mechanical properties of
PCL/GelMA scaffolds. This alignment across different scaffold geometries underscores the
model's versatility and its ability to capture the complex mechanical behaviour of structures
with diverse shapes. It is essential to acknowledge the limitations of any computational
model, and further validation through additional experimental studies may provide a more

comprehensive understanding of the scaffold’'s mechanical behaviour.
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Figure 6.5 Youngs modulus of scaffold geometries, A) PCL OC scaffold
representation, B) PCL/GelMA scaffolds representation, C) representation of the
stress distribution of the OC scaffold and D) Graph showing the data of PCL and

PC/GelMA of the model.

6.5. Conclusions.

This chapter provides a comprehensive exploration of the mechanical properties of 3D-
printed OC scaffolds using FE analysis. The primary objective is to develop a predictive
model for assessing and validating the scaffold's mechanical characteristics, offering insights
into its behaviours under varying conditions and loading scenarios. This computational
framework serves as a powerful tool for predictive analysis, contributing to a deeper

understanding of the scaffold's structural integrity and performance.

FE analysis has become integral in the design and evaluation of the OC scaffolds. It offers a
comprehensive means to understand their architectural, material, and mechanical properties
for achieving optimal cell differentiation and tissue scaffold performance (Koh et al., 2019;
Schipani et al., 2020; Wieding et al., 2013). The complexity introduced by 3D-printed
scaffold geometries necessitates the adoption of FE analysis to capture their mechanical

responses accurately.
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FE analysis, a numerical methodology resolving differential equations through
discretisation, proves indispensable in modelling complex geometries and structures
composed of multiple materials. The approach has become a cornerstone in 3D-printed
scaffold design processes, allowing for precise simulations and predictions. Studies such as
Zhang et al. and Tan et al. showcase the efficacy of FE analysis in understanding the
relationship between scaffold properties, pore geometry, and mechanical behaviours (Tan et
al., 2023; B. Zhang, Huang, Narayan, et al., 2020).

The CAD geometries generated from BioCAD software were adapted in SolidWorks for
compatibility with ABAQUS. The iterative development process focused on responsiveness
to experimental findings, ensuring the fidelity of simulated geometries to real-world
scenarios. The FE simulation setup involved importing the Parasolid Model Part file into
ABAQUS CAE, with meshing performed using quadratic tetrahedral elements. The
unconfined compression loading scenario provided insights into stress distributions and
displacements. Simulation conditions included compressive loading on PCL and GelMA
cubes, with Youngs modulus values obtained from experimental tests. Mesh sensitivity
analysis ensured the reliability of the FE model, with stringent criteria for element regularity
and proportions. The meshing process involved meticulous adjustments, and the resulting
mesh adhered to predefined limits.

FE analysis successfully predicted Youngs modulus of PCL scaffolds with different
geometries, demonstrating close alignment with experimentally measured values. The
comparative analysis highlights the agreement between experimental and model-predicted
Youngs modulus, reinforcing the accuracy and reliability of the FE model. For PCL/GelMA
scaffolds, experimental assessments and FE model predictions revealed consistent trends
across various scaffold geometries. The experimental and model-predicted Youngs modulus
values affirm the reliability and accuracy of the model. The alignment across diverse scaffold

shapes underscores the versatility of the model in capturing complex mechanical behaviours.

Moreover, a dynamic seeding assessment simulated using SolidWorks provided insights into
fluid flow profiles within different scaffold designs. The flow velocities and patterns

associated with square, sinusoidal, spiral, and OC designs. The interplay between seeding
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dynamics and flow distribution offers valuable insights into potential mechanisms for
enhancing cellular proliferation within specific scaffold designs.

In conclusion, this chapter contributes to the understanding of the OC scaffold mechanical
properties through a robust FE analysis approach. The alignment between experimental and
model-predicted results signifies the reliability of the computational model. Future
directions could involve further validation through experimental studies and exploring
additional complexities in scaffold behaviours. The insights gained from this study advance
the field of tissue engineering, providing a foundation for optimising scaffold design

strategies based on predictive mechanical assessments.
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scaffold.

This chapter presents the viability assessment of PCL/GelMA scaffolds. The comprehensive
characterisation of cell viability encompasses the analysis of sterilisation and seeding
processes on various design types of the scaffold. Additionally, the study inspects cell
distribution, metabolic activity, viability, and proliferation of the scaffolds. These
investigations aim to contribute valuable insights towards the cell attachment in
PCL/GelMA scaffolds with different geometries for the manufacturing of the OC scaffolds.

7.1. Introduction.

Tissue engineering holds great promise for regenerating and repairing damaged tissues and
organs, and the development of suitable scaffolds is crucial in this field. The design of these
scaffolds, particularly their pore structure and material composition, has a significant impact
on cell viability and behaviour within the scaffold (Chan & Leong, 2008; Jian et al., 2020)

Cell distribution within tissue engineering scaffolds plays a pivotal role in facilitating
nutrient diffusion and cellular migration, essential for successful tissue regeneration. The
presence of pores within scaffolds is a critical feature influencing these processes. Kang et
al. (2016) emphasised the significance of pores in bio-printed scaffolds, showing their
pivotal role in cellular behaviour (H.-W. Kang et al., 2016). In a study by Campos Mora et
al., porous scaffolds based on PCL/PGA with varying pore sizes demonstrated favourable
mechanical properties, high chondrocyte adhesion, proliferation, and GAG secretion,
showcasing the importance of scaffold porosity and pore size for tissue repair (Campos
Mora, 2022) Additionally, the 3D structure of scaffolds has been identified as a significant
factor influencing new tissue formation, impacting both mechanical properties and cell
behaviours (Woodfield et al., 2004).

Cellular metabolism refers to the processes involved in energy production and consumption,
while proliferation indicates the ability of cells to divide and multiply (Chaudhary et al.,
2023; W. Wei & Dai, 2021c). Both factors are crucial indicators of cell health and
functionality. Pore size, distribution, and interconnectivity within scaffolds play a vital role
in facilitating nutrient diffusion, waste removal, and cell-cell interactions(Nava et al., 2016).
By varying these parameters, cellular metabolic activity and proliferation rates are affected
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by the pore designs (Browe et al., 2022). Likewise, the composite OC scaffold is specifically
designed to support the regeneration of osteochondral tissues, necessitating careful
consideration of the materials used. By evaluating cell viability on the different geometries
that comprise the OC scaffold, the specific impact of each material on mammalian cell

metabolic activity and proliferation can be determined.

Addressing the challenges in the OC defect repair, scaffold-based tissue engineering
emerges as a promising approach, providing an ideal environment for cell growth and
differentiation. The 3D structure of scaffolds, beyond porosity and pore size, significantly
influences new tissue formation, nutrient transport, and cell-matrix interactions. Inspired by
the hierarchical structure of natural bone, researchers have designed scaffold architectures
at various scales, including macroscale, microscale, and nanoscale. While some recent
studies have introduced novel design patterns, the comprehensive analysis of these staggered
structures remains limited. The functionality of scaffolds, including permeability and
mechanical and biological properties, is crucial for their effectiveness (Hollister, 2005;
Joyce et al., 2023; Rosenzweig et al., 2015; Z. Yang et al., 2021)

Researchers have explored different scaffold fabrication methods to achieve specific
architectures. Rosenzweig et al. utilised the FDM method to print orthogonal scaffolds with
suitable pore sizes for chondrocyte and nucleus pulposus (NP) cell growth and extracellular
matrix production (Rosenzweig et al., 2015). Yang et al. reported a bifunctional
PCL/GelIMA/DCECM scaffold co-printed with aptamer-GE bioink, providing both
mechanical strength and anatomical structure(Z. Yang et al., 2021). Joyce et al.'s study
highlighted the gyroid design's ability to maintain axial porosity under load-bearing forces,
promoting cellular migration and maintaining an interconnected architecture (Joyce et al.,
2023).

In previous chapters, the physical properties and behaviour of both PCL and GelMA were
examined in the context of extrusion-based 3D printing. Following this, the optimisation
process for extrusion-based 3D printing of PCL/GelMA scaffolds was performed. The
optimisation involved distinct designs implemented across different zones to enhance the
mechanical properties in each respective area. Likewise, a FEA model to assess and validate

the mechanical properties as a predictive analysis of the 3D printed OC scaffold.
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The aim of this chapter is to comprehend the viability within PCL/GelMA scaffolds,
encompassing distinct designs such as square, sinusoidal, and spiral, with a specific focus
on the OC scaffold using these three configurations. The main objective of this chapter was
to establish a comparative analysis of cell viability, showing the influences of each design
and their distinct impacts on cell distribution, metabolic, viability and proliferation activity
in the scaffolds that strategically incorporates essential physical cues, thereby influencing

cellular attachment for the OC scaffold repair.

7.2.  Viability Studies of 3T3 Cells for PCL/GelMA Scaffolds.

7.2.1. Effect of Scaffold Sterilisation.

Scaffold sterilisation was performed as mentioned in the methodology Chapter 3, section
3.5.2. A comprehensive exploration of diverse sterilisation methodologies for scaffolds was
conducted, yielding a comparative framework for their effectiveness using visual
observation of the media containing the scaffolds, after a 20-day incubation at 37°C, as the
determinant of infection (cloudy media with green bacteria at the top was considered
contaminated, clear media was considered not infected). The investigated strategies are
visually delineated in Figure 7.1, offering an understanding of their application. Figure 7.1
A encompassed an initial immersion of the scaffolds in dH20O after printed and followed by
UV light disinfection for 40min.

Conversely, for Figure 7.1 B, C, and D, the scaffolds were not immersed in dH.O, and
GelMA was dehydrated. In Figure 7.1 B, the same process of sterilisation as on A was
performed, involving the direct UV disinfection of scaffolds. A distinct variant approach in
Figure 7.1 C targeted disinfection by covering the scaffolds with AB/AM for one day,
subsequently, the AB/AM was removed, and the scaffolds were submerged in PBS for three
days. Finally, Figure 7.1 D extended this protocol by incorporating a sequential procedure,
followed by submersion in AB/AM for a day and finally in PBS for two days, prior to final
UV light disinfection. These methodologies provide valuable insights into the diverse
strategies employed to ensure scaffold sterility, thereby contributing to the enhancement of
biocompatibility and overall performance.
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Figure 7.1 Comparative illustration of distinct sterilisation approach

es employed for

the scaffolds. A) Scaffolds underwent a treatment involving submersion in dH20

followed by UV disinfection. B) Direct UV disinfection of scaffolds after allowing

them to dry without prior immersion in dH.O. C) Scaffolds were dried and

subsequently disinfected with AB/AM. D) Scaffolds were dried and disinfection

protocol involved submerging them into AB/AM and PBS prior to UV disinfection.

Cloudy media with green bacteria at the top was considered contaminated, clear

media was considered not infected.

Dehydration reveals that regardless of the array of sterilisation methods employed, bacterial

proliferation occurs, leading to scaffold contamination at distinct phases

. As a result, the

methodology illustrated in Figure 7.1A was selected as the preferred approach.
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7.2.2. Cells Seeding with Static method.

A static seeding method was employed to assess the impact of cell viability and proliferation
within the scaffolds, involving the introduction of mammalian 3T3-E291 cells onto the
scaffold designs, as shown in Figure 7.2. The seeding density was tailored to the surface
area of the respective designs: the square, sinusoidal, and spiral scaffolds with a high of
1.2mm were seeded at a density of 0.1X10° cells, whereas the OC scaffold high of 4.6mm
with a density of the cells were 0.3X10° cells as explained in the methodology chapter 3
section 3.5.3.

) o 1000ul of
1 Cells extracted 2 Static seeding into media
the scaffolds

Ay

Square, Sinusoidal
and Spiral Scaffolds o )
[ 0.1X106 cells ] 3 _ Humidified 4 Cover scaffolds with
incubated for media to start the
OC Scaffolds 3hr culture in them

[ 0.3X108cells |

Figure 7.2 Schematic showing the methodology for static cell seeding in the
scaffolds. (1) Mammalian cells 3T3-E291 were extracted. (2) Scaffolds were top-
seeded by pipetting the cells. (3) Samples were incubated for 3hr at 37°C (4). 1000 pl

f media was added aliquots added to the scaffolds in the well plates.

7.3. Cell Distribution, Proliferation, and Viability Analysis.

PCL/GelMA hybrid constructs were synthesised to facilitate their application in an OC
tissue regeneration. PCL, chosen for its robust mechanical properties, served as a reinforcing
component for the fabrication of three-dimensional constructs that offer structural stability.
In the formulation, 10% GelMA was selected primarily due to its enhanced printability using
extrusion-based methods, as evidenced in the findings outlined in Chapter 4. The OC
PCL/GelMA scaffold design achieved the mechanical properties of 50.68 + 3.38 MPa, as

shown in chapter 5- section 5.6. The design also influences cell distribution, which can be
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impacted by the pore architecture of the scaffolds, as suggested in the literature. In this
regard, the PCL/GelMA scaffolds were top-seeded and assayed on day 1, 3 and 7 for
attachment, distribution, proliferation, and viability utilising Toluidine Blus O., Presto
Blue®, LIVE/DEAD™ Viability/Cytotoxicity, and Quant-iT dsDNA HS assays, as

represented in Figure 7.3.

Day 0 E Static top seeding into PCL/GelMA scaffolds

Day 1 Toluidine Blue } [ Presto Blue

Assay Assay } [ Live/Dead Assay} dsDNA Assay

Assay Assay

Day 7 } [Live/Dead Assay} dsDNA Assay

Assay Assay

Day 3 [ Toluidine Blue } [ FIED I } [Live/DeadAssay} dsDNA Assay

Toluidine Blue } [ Presto Blue

Figure 7.3 Schematic overview of the experimental setup to assess the ability of
PCL/GelMa scaffold to support cell culture.

In Figure 7.4, a comprehensive depiction of cell distribution on day seven across distinct
designs is presented. While Figure 7.4A provides an overview of the complete 3D printed
scaffold, Figure 7.4 B offers a comprehensive visualisation of the cells on the scaffold using
Live/Dead™ stain. Images were captured using a Zeiss LSM T-PMT 880 Confocal
Fluorescence Microscopy. Moreover, Figure 7.4C captures an image of a scaffold section,
effectively illustrating the localised cellular population within this microenvironment at

higher magnification.
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Figure 7.4 Representative images of the cell distribution on the top of the scaffold at
day 7. A) Printed PCL/GelMA scaffold image representing the designs B) Full
scaffold structure is depicted, and the imaging was conducted utilising the Leica TCS
LSI 0306809 Laser Scanning Confocal Microscope. scale bar representing 1000 pum.
C) A specific section is highlighted, providing enhanced visibility of the cells. The
imaging was conducted utilising the Zeiss LSM T-PMT 880 Confocal Fluorescence

Microscopy with a 40x objective, with the scale bar representing 50 pum.

The cells follow the pattern of the printed GelIMA and a notable attachment in all three
designs of PCL/GelMA scaffolds in the seven day. For an in-depth analysis of the temporal
progression, section 7.3.3 looks into the specifics, offering a detailed breakdown of the
cellular attachment on days 1, 3, and 7 for each PCL/GelMA scaffold variant.
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7.3.1. Cell Distribution.

The 3T3 cells were seeded onto cylindrical GelMA/PCL scaffolds and cultivated for seven
days. Afterwards, the samples were stained with toluidine blue to facilitate the visualisation
of the cell distribution, as explained in chapter 3 — section 3.5.4.2 and represented on the

schematic Figure 7.5.

2 Fixation with PFA at
" RT for 1hr

1 Remove media

Toluidine Blue -

- Aliquot --

3 Remove PFA
4 Submerge scaffolds with
TB aliquot for 2hr at RT

------------------------------ >
5 Washed 3X

Figure 7.5 Schematic describing the visualisation of mammalian cells on the scaffolds

6 Analysis

using Toluidine Blue O. The protocol followed consists of (1) removing the media
from the samples. (2) Fixing the samples using PFA for one hour at room temperature
(3) removal of the PFA from the sample. (4) Samples were submerged into the
toluidine blue O solution for two hours (5) Samples were washed 3X with PBS. (6).

Samples were visualised with a microscope.
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Following staining, the samples were cut in half, as demonstrated in Figure 7.6. It was
observed that the cell population had appeared to increase between days 1 and 7 on the
surface of the scaffolds on all the different scaffold designs, represented in blue (Figure
7.6). Additionally, it was noticed that the shape and size of the scaffolds were maintained
after the seven days of culture. The square, spiral, and sinusoidal scaffold designs were
sectioned in half, denoted as Figure 7.6A (surface of the scaffold) and Figure 7.6B (mid-
section). In contrast, due to its increased height, the OC scaffold was bisected into two parts,
denoted Figure 7.6C and Figure 7.6D) to enable enhanced visualisation of cell distribution

throughout the scaffold.
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Figure 7.6 Cell proliferation is examined alongside the OC scaffold across square, sinusoidal, and spiral scaffold designs. Representative
images of 3T cells stained with toluidine blue after seven days illustrate cell attachment and distribution throughout the scaffold. Both, front

and middle views are presented for each design on days 1, 3 and 7 in scaffolds seeded at the top. Scale bars: 4 mm.
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Throughout the experiment, increased cell attachment and distribution across the surface of
all scaffold types was observed. In the OC scaffold, cell attachment and distribution
increased throughout the full height of the scaffold as the days progressed up to day 7. This
phenomenon might be attributed to the OC design, which consists of the spiral design at the
top, followed by the square design, and finally, the sinusoidal design. These findings
underscore the intricate interplay between scaffold architecture and cell behaviour, exposing

how design can influence cell distribution over time.
7.3.2. Metabolic Activity.

To assess the metabolic activity of the 3T3 fibroblast on PCL/GelMA scaffolds on days 1,
3, and 7, Presto Blue® Cell Viability Reagent from Invitrogen by Thermofisher was
employed following the manufacturer's protocol, as explained in chapter 3 —section 3.5.4.1

and represented on the schematic Figure 7.7.
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Figure 7.7 Schematic showing the methodology for the metabolic activity using
Presto Blue® protocol. (1) Media was removed from the samples. (2) Presto Blue
Working Reagent was made and 1 mL was added to the scaffold. (3)Samples were
incubated for 30 min in a dark environment at 37°C (4). 100 pl aliquots were taken

and added to the 96 well plates in triplicates. (5) Plate reader was used to(6) measure

fluorescence, providing a quantitative measure of viability and proliferation of cells.

In Figure 7.8, the assessment of seeding efficiency across each scaffold design was carried

out on day one, including square, sinusoidal, spiral, and OC scaffolds with their respective

untreated well plate. The seeding efficiency was quantified utilising the formula:

seeding ef ficiency (%) = (1 -

) * 100, where cellsy represents the number of cells

initially seeded and cells; indicates the count of unattached cells in the untreated well plate.
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Figure 7.8 3T3 cell metabolic activity to determine seeding efficiency using the Presto
Blue assay following one day after seeding for each design, square, sinusoidal, spiral,
and OC untreated plate well. Results denote mean S.D. (n=3, N=3). Statistical
analysis and significance levels are indicated as ** p < 0.0041, *** p = 0.0004 and
**** n < 0,0001

The seeding efficiency percentages were as follows: square (32%), sinusoidal (24%), spiral
(25%), and OC (14%). The observed data indicates a lower seeding efficiency on the OC
scaffold, showcasing a profound impact on cellular attachment and subsequent metabolic
activity. This incongruence challenges the notion of the OC scaffold's superior performance
in terms of cellular attachment, raising questions about its potential impact on overall

metabolic response.

In the context of the viability assays, the fluorescence levels exhibited a consistent increase
across all experimental days, spanning from day 1 through day 7, for all scaffold variations.
As indicated in Figure 7.9, the metabolic activity of the 3T3 fibroblasts on the scaffolds
remained relatively similar from day 1 to day 3, demonstrating no significance on the
metabolic activity except for the sinusoidal scaffold. However, by day 7, a significant
increase in absorbance was evident across all scaffold designs, underscoring heightened

metabolic activity at this later time point.
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Figure 7.9 Metabolic activity across scaffold designs at different time points: day 1,
day 3, and day 7. Results denote mean+ S.D. (n=3,N=3). Statistical analysis and
significance levels are indicated as **** p <0.01, **** p <0.001 and **** p <

0.0001.

The variation in cell metabolic activity among different scaffold designs was evident
throughout the experiment, as represented in Figure 7.9. On day one, the square scaffold
exhibited a cell number of 1.31x10*® + 5.01x10*", followed by the sinusoidal scaffold with
1.12x10*8 + 2.38x10*, the spiral scaffold with 1.02x10+8 + 1.38x10*7, and the OC scaffold
with 1.55x10%® + 9.99x10*5. Progressing to day three, the square scaffold displayed an
increase to 1.89x10*® + 2.20x10"", while the sinusoidal scaffold experienced a more
pronounced rise to 2.20x10*® + 2.32x10%". Conversely, the spiral scaffold showed a
relatively modest elevation to 1.44x10*8 + 5.51x10*7, and the OC scaffold registered a slight
decline to 1.36x10%® + 2.84x10*®

The most notable rise in metabolic activity was observed on day seven. The cells on the

square scaffold recorded an increase to 7.96x10*8 + 8.36x10*", while the sinusoidal scaffold
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closely followed with 8.27x10*8 + 4.85x10*". Similarly, cells cultured on the spiral scaffold
exhibited an increase in metabolic activity to 9.25x10*® + 7.66x10*". Particularly noteworthy

was the rise seen when cells were cultured on the OC scaffold to 5.58x10%° + 3.59x10%.

Moreover, the evaluation of the dataset reveals distinctive trends across different scaffold
designs over three temporal points: day one, day three, and day seven. On day one, a
significant change of 0.0453 is observed between the spiral and the OC designs. Conversely,
the square and sinusoidal designs do not exhibit any statistically significant alterations at this
early time point. Then, on day three, no statistically significant change was observed
between the designs, suggesting relative stability in cellular behaviour across the scaffold
variations. Finally, by day seven, the sinusoidal and OC designs display a significant
difference with p-values of 0.0140, while the spiral and OC designs exhibit a significance of
0.0297. At this point, no further statistically significant changes are noted among the other

design comparisons.

However, upon closer inspection of individual designs, distinct patterns of significance
changes appear. For the square design, minimal significance is observed between day one
and day seven (p = 0.372) and between day three and day seven (p =0.0191). No significance
is detected between day one and day three. Conversely, the sinusoidal design showcases a
significant change of 0.0335 between day one and day three, a heightened significance of
0.0002 between day one and day seven, and a significance of 0.0046 between day three and
day 7. The spiral design reveals slight significance between day one and day three (p =
0.0072) and between day three and day seven (p = 0.0110), yet no significance is noted
between day one and day three. Similarly, the OC design also exhibits slight significance
between day one and day three (p = 0.0051) and between day three and day seven (p =

0.0150), while no significance is present between day one and day three.

These comprehensive insights underline the relationship between scaffold designs, cellular
metabolic activity, and the corresponding significance changes, revealing how distinct

designs influence the metabolic behaviour of cells over the experimental time.
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7.3.3. Cell Viability.

The capability of cells to adhere and spread onto hydrogels forms a fundamental requirement
for tissue regeneration. To assess cell viability and proliferation on scaffolds with distinct
designs of PCL/GelMA, cells were stained with Live/Dead™ stain and visualised, as

explained in chapter 3 — section 3.5.4.3 and represented on the schematic Figure 7.10.

-+ Live/Dead Aliquot ---
1:200 1:50

Calcein  Ethidium
AM  Homodimer-1

Thaw vials

2 Submerge scaffolds
with PB aliquot

1 Remove media

3 Incubation at RT
for 30min in dark

4 Remove stain and
fixation with PFA at RT
for 1hr

5 Analysis

Figure 7.10 Schematic showing the Live/Dead™ protocol for cell viability. (1) media
was removed from the scaffolds. (2) Live/Dead™ working solution was added to the
well containing the scaffolds, (3) and incubated at room temperature in the dark for 30
min. (4) Live/Dead™ stain was removed, and PFA was added and incubated for an
hour. (5) Samples were visualised using confocal microscopy, where green are the
live cells and red are dead.
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The visual evidence presented in Figure 7.11 supports the capability of cells to attach to the
square-patterned PCL/GelMA scaffold. By day 7, a notable internal organisation is
discernible across the different scaffold layers designated as A, B, C, and D in Figure 7.11.
This arrangement predominantly aligns with the hydrogel's upper zone D, where cell
adherence is most pronounced. The analysis extends to Figure 7.12 and Figure 7.13,
representing the sinusoidal PCL/GelMA scaffold and the spiral PCL/GelMA scaffolds,
respectively. Cells are observed to attach to the GeIMA pattern of the scaffolds. However, it
is notable that the spiral PCL/GelMA scaffold in Figure 7.13 shows a comparatively slight
increase in visible adherence in comparison to the others. These findings demonstrate that
scaffold design can influence cellular behaviour and the ability to use GelMA as a way to

pattern cell adhesion.
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Figure 7.11 Representative fluorescence images of 3T3 cells adherent on the square
scaffold at day 1, day 3, and day 7. Live and dead cells were discriminated using the
LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian cells, employing green
fluorescent calcein-AM for live cell identification based on intracellular esterase
activity and red-fluorescent ethidium homodimer-1 to discern compromised plasma
membrane integrity in dead cells. Cellular imaging was conducted utilising the Leica
TCS LSI1 0306809 Laser Scanning Confocal Microscope, with the scale bar

representing 1000 um for accurate assessment of live/dead staining.
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Figure 7.12 Visual representation of full sinusoidal scaffold for adhesion and viability
assessment of 3T3 cells at day 1, day 3, and day 7. Live and dead cells were
discriminated using the LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian
cells, employing green fluorescent calcein-AM for live cell identification based on
intracellular esterase activity and red-fluorescent ethidium homodimer-1 to discern
compromised plasma membrane integrity in dead cells. Cellular imaging was
conducted utilising the Leica TCS LSI 0306809 Laser Scanning Confocal
Microscope, with the scale bar representing 1000 pum for accurate assessment of

live/dead staining.
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Figure 7.13 Visual representation of full spiral scaffold for adhesion and viability
assessment of 3T3 cells at day 1, day 3, and day 7. Live and dead cells were
discriminated using the LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian
cells, employing green fluorescent calcein-AM for live cell identification based on
intracellular esterase activity and red-fluorescent ethidium homodimer-1 to discern
compromised plasma membrane integrity in dead cells. Cellular imaging was
conducted utilising the Leica TCS LSI 0306809 Laser Scanning Confocal
Microscope, with the scale bar representing 1000 um for accurate assessment of

live/dead staining.

Live/dead assays were carried out on days 1, 3, and 7 to facilitate a more in-depth analysis
of the distinct layers (A, B, C, and D) within different design configurations, including
square, sinusoidal, spiral, and OC, as illustrated in Figure 7.14, Figure 7.15, Figure 7.16

and Figure 7.17, respectively. At each time point of the conducted assays, a predominance
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of live cells, indicated by the green fluorescence signal, is discernible. Conversely, only a
sparse presence of dead cells(red) is evident. Across the different layers (A, B, C, and D) on

each assessment day, an increment in the presence of live cells is consistently observed.

A notable commonality among the different geometries lies in the observation that, across
the different layers, the innermost region (A) tends to exhibit a slightly higher presence of
deceased cells, as evidenced by the red fluorescence signal. Conversely, an analogous trend
emerges in the innermost part (D), characterised by an increased proliferation of live cells
illustrated in green. This cumulative observation underscores the proficient cellular
behaviour and viability within the context of the diverse scaffold designs over the specified

assessment intervals.
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Figure 7.14 Adhesion and viability assessment of 3T3 cells on square scaffolds on
day 1, day 3, and day 7. Live and dead cells were discriminated using the
LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian cells, employing green-
fluorescent calcein-AM for live cell identification based on intracellular esterase
activity and red-fluorescent ethidium homodimer-1 to discern compromised plasma
membrane integrity in dead cells. Notably, the micrographs vividly illustrate the
robust adhesion and extensive spreading of 3T3 cells across all scaffold variations.
Cellular imaging was conducted utilising the Zeiss LSM T-PMT 880 Confocal
Fluorescence Microscopy equipped with a 40x objective, with the scale bar

representing 50 um for accurate assessment of live/dead staining.
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Figure 7.15 Adhesion and viability assessment of 3T3 cells on sinusoidal scaffolds at
day 1, day 3, and day 7. Live and dead cells were discriminated using the
LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian cells, employing green-
fluorescent calcein-AM for live cell identification based on intracellular esterase
activity and red-fluorescent ethidium homodimer-1 to discern compromised plasma
membrane integrity in dead cells. Notably, the micrographs vividly illustrate the
robust adhesion and extensive spreading of 3T3 cells across all scaffold variations.
Cellular imaging was conducted utilising the Zeiss LSM T-PMT 880 Confocal
Fluorescence Microscopy equipped with a 40x objective, with the scale bar

representing 50 um for accurate assessment of live/dead staining.
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Figure 7.16 Adhesion and viability assessment of 3T3 cells on spiral scaffolds at day
1, day 3, and day 7. Live and dead cells were discriminated using the LIVE/DEAD™
Viability/Cytotoxicity Kit for mammalian cells, employing green-fluorescent calcein-
AM for live cell identification based on intracellular esterase activity and red-
fluorescent ethidium homodimer-1 to discern compromised plasma membrane
integrity in dead cells. Notably, the micrographs vividly illustrate the robust adhesion
and extensive spreading of 3T3 cells across all scaffold variations. Cellular imaging
was conducted utilising the Zeiss LSM T-PMT 880 Confocal Fluorescence
Microscopy equipped with a 40x objective, with the scale bar representing 50 pum for
accurate assessment of live/dead staining.
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Figure 7.17 Adhesion and viability assessment of 3T3 cells on OC scaffolds at day 1,

day 3, and day 7. Live and dead cells were discriminated using the LIVE/DEAD™
Viability/Cytotoxicity Kit for mammalian cells, employing green-fluorescent calcein-
AM for live cell identification based on intracellular esterase activity and red-
fluorescent ethidium homodimer-1 to discern compromised plasma membrane
integrity in dead cells. Notably, the micrographs vividly illustrate the robust adhesion
and extensive spreading of 3T3 cells across all scaffold variations. Cellular imaging
was conducted utilising the Zeiss LSM T-PMT 880 Confocal Fluorescence
Microscopy equipped with a 40x objective, with the scale bar representing 50 um for

accurate assessment of live/dead staining.

To quantify cell viability on day 1, 3, and 7 were manually counted in the four points: two
at the top, one in the middle and one at the bottom per sample in each design and OC scaffold.
Finally, the data from samples were statistically analysed using ImageJ software. The
outcomes, as illustrated in Figure 7.18, show the viability among the different scaffold
designs. On day 1, the sinusoidal scaffold showed the highest cell viability at 92.73%,
followed closely by the OC scaffold at 93.75% * 5.89%. In contrast, cells on the square and
spiral designs exhibit slightly lower viabilities of 89.83% * 3.55% and 71.03% + 4.63%,
respectively. On day 3, the sinusoidal scaffold exhibits a viability of 80.48% + 6.18%.
Following, the square and spiral scaffolds indicate viabilities of 83.41% + 2.18% and 81.36%
+ 13.6%, respectively. On the same day, the OC scaffold showed a slightly lower viability
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of 77.4% * 12.8%. Finally, by day 7, the sinusoidal scaffold maintains a high viability of
95.1% £ 2.92%, the OC scaffold exhibits a viability of 97.34% * 1.16%, the square 92.36%
+ 3.09%, and cells cultured on the spiral scaffold a lower viability of 71% + 13.5%. These
observations between scaffold design and cellular viability in all scaffold types, contain a

notable and consistent viability throughout the experimental period.
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Figure 7.18 Cell viability assessment employing the live/dead cell assay conducted on
day 1, day 3, and day 7 for the different geometries and the OC scaffold. The
quantification analysis was carried out utilising ImageJ/Fiji software. T. Results
denote meant SD (n=3, N=3).

7.3.4. Cell Proliferation.

As shown in Figure 7.19, the DNA assay results provide valuable insights into the cell
content within the scaffold designs. Specifically, the only instances of statistical significance
were observed in the spiral design. Notably, the spiral design exhibited significant
differences in DNA content between day one and day three of p = 0.0026, as well as between
day one and day seven of p = 0.0149. Conversely, the square, sinusoidal, and OC designs

did not exhibit any statistically significant variations in DNA content.
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Figure 7.19 Cell Proliferation as assessed by dsDNA content at day 1, day 3, and day

7. A) Cell Proliferation using dsDNA assay comparing square, sinusoidal, spiral and

OC scaffolds at day 1, day 3, and day 7. B) Square scaffolds. C) Sinusoidal scaffolds.
D) Spiral scaffolds. E) OC scaffolds. Results denote mean+ S.D. (n=3,N=3).

Statistical analysis and significance levels are indicated as p < 0.01,** p < 0.001.
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Cell expansion findings support the observed trends in DNA content as indicative of
proliferation. The DNA content assessments underscore a consistent rise in cell numbers
across all scaffold designs. By day three of the culture period, cell proliferation had occurred
3.82x10° + 1.47 x10° 3.36x10° + 2.02x10° and 4.45x10° + 7.89 x10* for the square,
sinusoidal and spiral, respectively. Contrary, the OC scaffolds keep the DNA content of
4.57x10° + 1.03 x10° between day 1 and day 3 (as shown in Figure 7.19).

However, an interesting pattern emerged by day 7. The spiral design and the OC scaffold,
represented in Figure 7.19D and Figure 7.19E, respectively, displayed a decline in their
DNA content. The spiral design showed a decrease to 4.04 x10° + 9.00 x10*, and the OC
scaffold exhibited a comparable reduction to 4.14 x10° + 5.91 x10%.

The observed reduction in DNA content raises the possibility of altered cell dynamics within
these designated designs. Such a trend suggests the potential for a plateau or even a decline
in cell proliferation as the extended culture period progresses. In order to comprehensively
evaluate cell proliferation under these circumstances, dynamic seeding methods would be
deployed to facilitate an internal flow. This approach ensures sustained nutrient availability

and effective waste removal, enhancing the potential for continuous cellular activity.

Through this comparative exploration, significant differences in cell proliferation
trajectories become evident. This emphasises scaffold design's profound impact on cell
behaviour's temporal evolution. The variations in proliferation dynamics underscore the
intricate interplay between the microenvironment provided by the scaffold and the cellular

responses.
7.4. Conclusions.

In conclusion, this chapter presents the extensive characterisation of cell viability on the OC
scaffold, aiming to disclose the relationship between scaffold design, cellular metabolism,
and proliferation. The importance of scaffold design in tissue engineering implies that the
pore structure and material composition significantly influence cell behaviour within the
scaffold matrix (Chan & Leong, 2008; Jian et al., 2020). This evaluation is fundamental in
the context of the OC scaffold, where the optimisation of these parameters holds the key to

promoting successful tissue regeneration.
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A comprehensive analysis of cell viability was conducted, considering factors such as
metabolic activity, proliferation, and attachment. Evaluation of cellular responses across
different scaffold geometries (square, sinusoidal, spiral) along with the OC scaffold revealed
distinct behaviour patterns, aligning with existing literature on scaffold architecture
influence (Browe et al., 2022; Nava et al., 2016). Recognising the key role of pore size,
distribution, and interconnectivity to facilitate nutrient diffusion, waste removal, and cell-
cell interactions reflect by previous studies (Campos Mora, 2022). These geometries patterns
were found to influence cellular metabolic activity and proliferation rates across each
geometry design. The OC scaffold, designed for osteochondral tissue regeneration,
demonstrated unique characteristics driven by the influence of the spiral design on cell

distribution.

Assessment of the metabolic activity revealed interesting trends over time, emphasising how
scaffold design dictates cellular responses. Insights from studies by Joyce et al. , Rosenzweig
et al. , and Yang et al., et al. provided additional context, offering insights into different
scaffold architectures and fabrication techniques (Joyce et al., 2023; Rosenzweig et al., 2015;
Yang et al., 2021). Although the initial metabolic activity remained relatively stable, a
significant rise was observed on the seventh day in all designs. The OC scaffold exhibited a
notable increase in metabolic activity, underscoring its potential to produce a robust cellular
response. DNA content measurements further validate the scaffolds, with significant
increases in cell amount observed across designs. However, intriguingly, the spiral design
and the OC scaffold demonstrated a decrease in DNA content by day seven, hinting at altered

cellular dynamics over extended culture periods.

In summary, the examination of cell viability in the OC scaffold revealed deep insights into
the layers between scaffold design, cell proliferation, and binding efficiency. These findings,
aligning with existing literature, guide the development of optimised scaffold designs to
enhance tissue regeneration and repair (Campos Mora, 2022; H. W. Kang et al., 2016). This
study highlights the importance of understanding the interaction between scaffold

characteristics and cellular behaviour for osteochondral tissue regeneration.
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The field of 3D printing, particularly within the field of medical applications offers
opportunities for innovation and customisation of medical devices. Among the various 3D
printing technologies, extrusion-based methods have been extensively explored for their
versatility and applicability in healthcare. Extrusion-based 3D printing grants the freedom
to produce intricate and diverse designs, catering to the specific needs of medical
applications. This technology ensures repeatability in structure, enabling the creation of
complex geometries for tissue engineering. Furthermore, the utilisation of biomaterials in
extrusion-based 3D printing allows for the fabrication of patient-specific implants and
tissues. This convergence of 3D printing, extrusion-based techniques, medical applications,
design flexibility, structural consistency, and biomaterial integration underscores potential

of this technology in shaping the future of personalised healthcare.

The landscape of medical interventions for osteochondral defects has been significantly
influenced by the emergence of 3D printing technologies, with extrusion-based methods
taking a prominent role in this transformative process. Osteochondral defects, characterised
by damage to both the articular cartilage and underlying bone, present challenges for
conventional treatments. Existing approaches often include autografts, allografts, or
microfracture procedures, yet these methods fall short in achieving optimal tissue
regeneration and functional restoration. Extrusion-based 3D printing is one of the most
common manufacturing methodologies. It is cheap, easy, and readily accessible to non-
expert users, making it suitable for fabricating scaffolds. This method generates continuous
filaments through extrusion force, allowing for the creation of precise geometries. Moreover,
this manufacturing technique is compatible with various biomaterial viscosities and different
concentrations of cells, enabling the construction of tissue structures through multi-material

printing.

The overall aim of this thesis was the design and fabrication of a multiphasic-graded articular
OC scaffold. The integrated and graded mechanical properties of the scaffold components
were designed to reflect the unique characteristics of the different zones within the tissues
(bone and cartilage). The fundamental hypothesis guiding this research proposed was that
implementing a graded interface, achieved through multi-material material and different

geometries across the scaffold, would effectively align the mechanical properties. Likewise,
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the designs involved in creating the OC were analysed to ensure an environment conducive

to optimal cell attachment and proliferation within the scaffold structure.

In Chapter 4, PCL and GelMA were 3D printed, using extrusion methods, into a 3D
structure with integrated yet distinct zones representing the structure of the OC tissue within
asingular scaffold. PCL, chosen for its thermoplastic properties, was evaluated as a potential
structural support material for the scaffold. Due to PCL's exposure to degradation at elevated
temperatures, material characterisation post 3D printing was performed. The conclusive
findings indicated that the material properties of PCL remained unaffected by the 3D printing
process, establishing it as a suitable supportive material for the osteochondral scaffold.
Similarly, the characterisation of different concentrations of GelMA (5% wi/v, 10% wl/v,
15% w/v, and 20% w/v) was conducted. All concentrations have exhibited shear-thinning
behaviour, as previously demonstrated by Liu et al. and Ruiz-Cantu et al (W. Liuetal., 2017,
Ruiz-Cantu et al., 2020b). Meanwhile, the viscosity of GelMA is influenced by temperature
and concentrations. When GelMA is subjected to high shear rates inside a nozzle during
extrusion 3D printing, a decrease in viscosity or shear stress is expected. This phenomenon
has been observed in studies by Schuurman et al and Schuwab et al (Schuurman et al., 2013;
Schwab et al., 2020). Rheological tests suggested that 10% w/v GelMA possesses the
required rheological profile for extrusion 3D printing. Therefore, 10% w/v GelMA was

selected as the material for 3D printing to provide cell support in the multi-material scaffold.

In Chapter 5, the objective was to achieve mechanical properties in the OC scaffold similar
to the native OC tissue, specifically a compressive Youngs modulus. The investigation
focused on scaffold design and material selection influenced by 3D extrusion base printing.
The 3D printing parameters of the materials selected were evaluated by varying the pressures
(2-4 bar), needle gauges (G27, G30, G32), and temperature (80°C-100°C for PCL and 14°C-
20°C for GelMA). Simultaneously, different geometries were explored in the scaffold design
to create a comprehensive structure with varied mechanical properties in a multi-material
graded scaffold. Geometries such as square, sinusoidal, and spiral were selected based on
printability. The mechanical properties of these geometries exhibited variations in Youngs
modulus, as Schipani, Scheurer, et al. provided evidence of PCL scaffolds with a square
design and modifying the configuration with a double offset, revealing a decrease in the
Youngs modulus for the offset configuration, showing that architectural configurations in

scaffolds impact the Youngs modulus (Schipani, Scheurer, et al., 2020 ). The outcome
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demonstrated that, by judiciously selecting materials and optimising scaffold geometries
through 3D printing, it is indeed feasible to achieve overall mechanical properties
comparable to those of the OC tissue, exemplified by a Youngs modulus of 49.74 £3.77MPa
in the final PCL/GelMA OC design. Comparing the experimental findings in this thesis with
those of Kabir et al., who conducted unconfined compression tests on human femoral
condyles tissue. Kabir et al. reported a compressive modulus of 10.60 = 3.62 MPa in their
experiments related to the articular OC tissue (Kabir et al., 2021). This result demonstrates
the feasibility of achieving higher mechanical properties comparable to those of the cartilage
OC tissue through the material selection and scaffold optimisation via 3D. This result aligns
closely with the OC scaffold Youngs modulus. In contrast, Daly and Kelly study, which
employed a PCL/GelMA/Pluronic scaffold for the OC defects, yielded mechanical
properties that were notably lower. Using the same unconfined compression technique, the
mechanical property of the scaffold was reported as 3000 KPa after 10 weeks of cell culture
(Daly & Kelly, 2019). This variance in results emphasizes the impact of the scaffold design
choices on the mechanical performance of the OC scaffold. In Chapter 6, key parameters
and assumptions made for constructing a predictive FE model of mechanical behaviour of
the OC scaffold were established. The FE model constructed in this study provides a
prediction of the mechanical behaviour of the OC scaffolds.

Finally, in Chapter 7, how different scaffold geometry designs can enhance cell adhesion
and proliferation, creating a favourable environment for cellular growth within the OC
scaffold was explored. The geometries, square, sinusoidal, and spiral, supported cell
adhesion to these areas and an increase in cell proliferation was observed over 7 days, in
accordance with established studies highlighting the impact of scaffold architecture (Browe
et al., 2022; Nava et al., 2016). However, it was observed that, for the OC scaffold,
comprising these three designs and with a height four times greater than the individual
geometries, the proliferation of cells within the scaffold was seen to decrease by day 7. Daly
and Kelly show a scaffold with similar dimensions and materials seeded statically and
dynamically, with the dynamic seeding showing a beneficial culture conditions into the core
of the scaffold (Daly & Kelly, 2019). The use of MSCs, dynamic seeding and evaluation of
cell differentiation (e.g. the secretion of collagens) would form the next steps towards an in
vivo evaluation of the scaffolds.
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The work outlined in this thesis showcases the 3D printing of a multiphasic graded OC
scaffold using multiple materials, with a primary focus on aligning the scaffold's mechanical
properties with those of the OC tissue and without interfaces between the different scaffold
zones/materials. Emphasising the importance of printing requirements, established through
a predictive modelling and an experimental approach using extrusion printing, has
successfully demonstrated a graded OC scaffold with geometries that can be used to
modulate the Youngs modulus of the scaffold. In conclusion, the novelty in the presented
research focuses on created a multiphasic graded OC scaffold mimicking the mechanical
properties, this thesis has significantly advanced the understanding of mechanical property
variation through varying geometries. Joyce et al demonstrate that a square geometry is
slightly lower in the mechanical properties than a gyroid geometry (Joyce et al., 2023).The
combined influence of optimised materials, scaffold design, and fabrication techniques holds
promise for the future development of the OC scaffolds with improved functionality and
broader applicability in tissue engineering.

8.1. Future Work.

This section discusses the recommendations for future work to further investigate the
characterisation of materials for extrusion-base 3D printing, 3D printing of multi-material
for osteochondral defect, predictive FE Modelling and characterisation of cell viability for
the OC scaffold.

Characterisation of materials for extrusion-base 3D printing- This thesis involves the
characterisation of PCL and GelMA materials for multi-material extrusion-based 3D
printing. However, limitations were noted in the compressive material properties of PCL and
GelMA. Notably, the thesis does not explore the incorporation of a third material, presenting
an avenue for future research to investigate the impact of introducing a new material and its
potential contribution to enhancing the compressive Youngs modulus, particularly in the
subchondral zone. Furthermore, maintaining the graded scaffold by simultaneously
extruding three materials using extrusion-based 3D printing justifies further examination in

future studies.

3D printing of multi-material for osteochondral defect- This thesis assessed the
compressive Youngs modulus of various zones in the OC scaffold, through the fabrication
of three geometries employed in manufacturing the OC scaffold. However, potential future

investigations could concentrate on enhancing and evaluating alternative designs to meet
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mechanical properties and promote cell viability. Furthermore, as technology advances,
employing the same design approaches but with different 3D printing modalities could
facilitate the creation of more complex designs that align with the specific mechanical

requirements of each tissue zone.

Predictive FE Modelling- The use of a finite element FE model in this thesis emerges as a
valuable tool for predicting scaffold behaviour. However, this thesis does not explore the
establishment of a robust FE model that could involve incorporating additional material
properties, identifying key parameters, and delineating the assumptions integral to the
model. Notably, a more sophisticated FE model could account for interactions between the
scaffold and its external environment, such as the walls with which the scaffold interacts
during the transplantation process. Expanding the scope of the FE model to address these
refined factors would contribute to a more accurate and insightful simulation of scaffold

dynamics.

Characterisation of cell differentiation for the OC scaffold- In this thesis, scaffolds were
evaluated for cell viability and proliferation. However, due to time restrictions, the decision
was made to assess cell viability using mammalian 3T3 cells as a preliminary measure for
evaluating viability conditions within the scaffolds. Subsequent steps would involve utilising
mesenchymal stem cells (MSCs), implementing dynamic seeding, and assessing cell
expansion, differentiation, and collagen secretion. This progression aligns logically with the

aim of advancing towards an in vivo evaluation of the scaffolds.

8.2. Concluding Statement of Research Purpose and Novelty.

The literature reveals various attempts at creating OC scaffolds using diverse materials,
manufacturing processes, and approaches. However, there remains a gap in the exploration
of fulfilling the distinct mechanical properties of each zone within the OC tissue.
Consequently, this gap prompts an investigation into the feasibility of employing 3D printing
to create an OC scaffold that meets the mechanical properties of each zone within the tissue.
The novelty in the presented research focuses on the creation of a multiphasic graded OC
scaffold designed to replicate the mechanical properties of the native articular OC tissue.
This is achieved by modifying the design across different zones, utilising an integrated
materials approach and 3D extrusion printing, with the goal of attaining the compression
modulus specific to each zone. The underlying intention is to gain a deeper understanding
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of how to meet the mechanical property requirements of the regenerated articular OC tissue
through the design and 3D printing of an OC scaffold.

The potential significance lies in a better understanding of these aspects, employing design
for manufacture and creating a scaffold with varying compressive modulus. This
understanding opens up the possibility of similar approaches being applied to develop
scaffolds for other tissues. Finally, this developmental process holds promise for generating
diverse designs in the future and creating novel scaffolds tailored to the specific mechanical

properties required by different tissues.
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Appendix.

Appendix A. Cell Culture Solutions

A.l. — Cell Culture

A.1.1. Culture medium.

e 10 % Fetal bovine serum (FBS).
e 1% Antibiotic/Antimycotic (AA)
e 1% L-glutamine (LG).

A.1.2. Presto Blue

e 1:10 ratio.
A.1.3.  Biochemical analysis.
A.l4. LIVE/DEAD solution.

e Phosphate-buffered saline (PBS) 10 ml.
e Calcein AM (Component A) 5 pL.
e Ethidium homodimer-1 (Component B)- 20 L.

A.15.  Cell Distribution analysis.
e Toloudin Blue O 0.1g.
e Distilled water 100 ml
A.1.6. DNA

e Quant-iT™ dsDNA HS buffer.

e Quant-iT™ dsDNA HS reagent(200X).

e AdsDNA HS standard 0, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0 ng/pl.
e Trizma® hydrochloride solution.

e Triton TM X100
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Appendix B. Standard Curves

B.1. Presto Blue standard curve
Presto Blue
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Figure B 1 Standard curve profile of increasing cell populations using PrestoBlue
assay. A viable cell concentration standard curve was created of 0, 0.075x10°,
0.15x106, 0.3 x108, 0.6 x10°, and 1.2 x10° cells. Each cell concentration was
transferred to 3 wells on a 96 well microplate. 200 L of the Presto Blue® dye at
1:10 ratio (in culture media) was added to each well and the plate was incubated
for 30 minutes at 37°C, away from light. Presto blue data is denote mean+ S.D.

(n=3, N=3)., each with three technical repeats.
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B.2. dsDNA standard Curve
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Figure B 2- Standard curve profile of increasing cell populations using Quant-
iT™ dsDNA assay. Standard curve profile of increasing cell populations. A
viable cell concentration standard curve was created from the lysates of known
cell number of 0, 5, 10,20,40,60,80 and 100 ng/ul. Each cell concentration was
transferred to 3 wells on a 96 well microplate. 20 ul of each lysates known cells
and 180 pL of the buffer and reagent of Quant-iT dsDNA was added to each
well. dsDNA data is denote meanz S.D. (n=2, N=2)., each with three technical

repeats.
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