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Abstract

Biomedical research requires representative models to drive innovation and knowledge.
Traditionally, monolayer cell culture studies are equipped for early-stage research prior
to animal studies, however, are rarely successfully translated. In replacement, dynamic
and complex three-dimensional cell culture models are under development to bridge
the gap. The research presented in this study investigated the methodology involved to
translate ex-vivo murine bones imaged by high resolution micro-computed tomography
into a three-dimensional bio printable in-vitro bone model to reflect ex-vivo
morphometry. Including, the associated characterisation of the model compared to
native in-vivo murine bone and traditional monolayer culture methods. Normality of
native murine bone biology is very well characterised, including the tissue composition,
morphometric parameters and cellular phenotypes. These factors were summarised to
inform in-vitro model development. Model morphology was optimised by translating ex-
vivo bones from mice and rats, 3D models from micro-computed tomography software:
CTAn, into standard tessellation language files, with different meshing algorithm, code
and unit explored. Following this, the resulting models were rendered in computer
assisted design software’s Autodesk® Meshmixer and Fusion 360™ for the application of
fused deposition modelling, stereolithography and extrusion based bioprinting. The ex-
vivo morphology was successfully printed by both fused deposition modelling and

stereolithography, inclusive of cortical and trabecular bone structures.

For the application of extrusion based bioprinting, two commercially available
biomaterial inks, Bone GelXA and TissueFAB, were characterised for flow behaviour,
functionality and crosslinking, as well as an in-house generated laponite® crosslinked
poly (N-isopropylacrylamide, N, N’-dimethylacetamide) co-polymer, containing hydroxy-
apatite nanoparticles, known as ‘B-gel’. TissueFAB was removed from the study because
of incompatible crosslinking, and Bone GelXA was removed due to batch-to-batch
inconsistencies. In addition, to improve structural stability and the resulting fidelity of
the 3D bioprinted model, a microparticle support slurry was generated and
characterised. The microparticle slurry improved the bioprinted structural complexity of
the bioinks. B-gel bioink was taken forward with incorporation of pre-osteoblast cell line,

MC3T3-E1, with and without osteogenic differentiation media and compared against in-



vitro monolayer cellular behaviour. The in-vitro model was unable to be bioprinted in the
rendered ex-vivo morphology despite improvements in fidelity from the microparticle
support slurry. In replacement, to assess cellular phenotype and material composition a
scaffold structure was bioprinted. From micro-computed tomography imaging, the in-
vitro B-gel bioprinted constructs increased in density in both cellular conditions,
suggesting osteoblast differentiation eliciting remodelling therefore enhancing the
bone-like environment of the 3D in-vitro model. Further research is required to improve
the fabrication process of bioprinting B-gel to allow the replication of bone morphology,
as well as characterisation of the in-vitro model over a longer period to assess the full
potential of remodelling to generate a replica in-vivo bone for the aim of reducing animal

models for early-stage biomedical investigations.
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Chapter 1 — Introduction

1.1 Context of research

Early-stage biomedical research investigates organisms at various hierarchical biological
levels: organelles, cells, tissues, organs, and physiological systems. Different levels of
biology are essential for a comprehensive understanding of various biological
mechanisms, in both physiologically healthy and diseased states (Figure 1.1) (Ayres, J.
2021; Herman, M., et al. 2021). To achieve this, diverse models and approaches are
employed to explore or mimic biological dynamics, thereby enhancing fundamental
understanding (Brosnan, S., & Postma, E. 2017; Botstein, D. 2012), and developing

innovative therapeutics for disease (Stenvinkel, P., et al. 2021; Zhang, G. 2012).

Typically, early-stage biomedical cellular research focuses on in-vitro cellular approaches,
such as cell culture in two-dimensional (2D) monolayers to study primary cells derived
directly from living tissues, and secondary immortalised derived cells from tissues of
interest (Weiskirchen, S., et al. 2023). However, the translation of monolayer findings is
often criticised, with Sun (2022) summarising that only 3% of clinical drug development
in-vitro studies have a probability of success, citing the problem of translation into the
market due to the lack of biological relevance of initial in-vitro discoveries. Similar
statements provided by Harrison (2016) state that 75% of novel drugs fail in clinical
phases after demonstrating preclinical in-vitro efficacy. The conclusion is ultimately due
to monolayer cultures not reflecting a dynamic biological in-vivo system (Herman, M., et

al. 2021).

In comparison, in-vivo studies are routinely used with a range of non-human in-vivo
models (Figure 1.1). Scientific studies utilising animals are a longstanding practice and
are vital in progressing the pipeline of drug discovery and application to humans by
validating and refining results (Stein, M., et al. 2023; Barre-sinoussi, F., & Montagutelli,
X. 2015). The general public's moral opinion of medical animal research dropped from
63% in 2002 to 52% in 2022, according to a Gallup poll in the USA (Stein, M., et al. 2023).
However, awareness from different funding bodies, such as the national centre for the
replacement, refinement and reduction (NC3Rs) of animal use in research are gaining

popularity and are necessary to prompt scientists to think about their animal model
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usage (Andreoli, K., et al. 2023; Hutchinson, I., Owen, C., & Bailey, J. 2022; Petetta, F., &
Ciccocioppo, R. 2020). In 2023, 2.68 million experiments were conducted in the UK that
used animal models; however, this was a 3% decrease from 2022, and the lowest
reported value since 2001, according to Replacing Animal Research (Replacing animal

research, 2025) and NC3Rs (NC3Rs, 2025).

Nucleus Organelle

Bone cells ?’{1“” Cell
be
I
Osteochondral = . Tissue
interface 31562 §2g. 2
Skull { D O / Organ
Skeletal system D System

Figure 1.1. Summary of the biological structure and anatomy hierarchy, with a focus
on bone.

To connect early-stage in-vitro research to reflect the in-vivo environment, reduce animal
sacrifice, and improve accessibility of complex models for early-stage biomedical
research, three-dimensional (3D) in-vitro cell culture models that closely reflect in-vivo

tissues are gaining popularity. Different 3D models exist, including: spheroids, organoids,
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and various scaffold-based systems (Moss, S., Bakirci, E., & Feinberg, A. 2025; Xie, R., et
al. 2024; Mu, P., et al. 2023; Jubelin, C., et al. 2022; Yuste, ., et al. 2021), and have been
shown to have varied results compared to monolayer studies, with a higher similarity to
in-vivo dynamics (Sun, M., et al. 2021; Fontoura, J., et al. 2020; Melissaridou, S., et al.
2019; Soares, C., et al. 2012). A representative in-vitro bone model is required to replace
early-stage in-vivo bone studies, to reduce the number of animals utilised for skeletal-
based research without thorough testing (Stein, M., et al. 2023). An ideal in-vitro 3D
bone model should reflect the environmental hierarchical composition of bone,
structure, cellular and biochemical features (Wildt, B., et al. 2019). In addition, current
3D in-vitro bone models do not encompass the morphology of bone, therefore missing
the relationship between structure and function of 3D in-vitro models (Huang, D., et al.

2025; Herman, M., et al. 2021; Schwab, A., et al. 2020).

1.2 The biology of bone

Bone is an organised, dynamic organ, providing a protective framework to vital organs,
a site for attachment of muscles and tendons to allow locomotion, and metabolic storage
(Clarke, B. 2008). For vertebrates, five types of bones make up the skeleton: flat,
sesamoid, short, long and irregular, which aid in different functionalities of protection,
support and locomotion (Ruberte, J., et al. 2023). Long bones are tubular with a hollow
shaft and articulate ends, containing metabolically active bone marrow, and include the
femur, tibia, fibula, and humerus. The femur primarily assists in locomotion, whereas the
tibia is a weight-bearing bone working in tandem with the fibula to provide stability
(Hunziker, E. 2018). Irregular bones are complex shapes which do not conform to the
morphological consistency of the aforementioned bone types. These include the
vertebrae of the spinal column within cervical, thoracic, lumbar, sacrum and coccyx
regions (Figure 1.2). These are subdivided due to each bone's load-bearing capabilities
and functionality, leading to distinct morphology (Rosello-Diez, A., & Joyner, A. 2015).
The vertebral column protects the spinal cord, and is stabilised by ligaments, tendons,
muscles and the intervertebral discs to allow movement of the trunk (Martin, B., Burr,

B., & Sharkey, A. 1998).

Bones undergo different stages of growth, starting with bone transformation from

cartilage during foetal development, referred to as endochondral ossification, and
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connective tissue transformation to form bone, referred to as intramembranous
ossification (Lopez, J. 2024; Watkins, J., & Mathieson, I. 2009). For human skeletal
systems, long bones grow during adolescence by the epiphyseal growth plates until
sexual maturity is reached, whereby the epiphyseal growth plate is sealed (Satoh, M., &
Hasegawa, Y. 2022; Pines, M., & Hurwitz, S. 1991). Murine systems do not feature closure
and do not stop growing (Figure 1.2); however, they shorten during sexual maturity (Jilka,
R.2013; Koh, N., et al. 2024). Other noticeable differences are the presence of non-fused
caudal vertebrae in murine species (Figure 1.2) and the lack of osteons in cortical bone

regions (Koh, N., et al. 2024).

Human skeletal system Murine skeletal system

skull

. mandible
cervical vertebrae
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Figure 1.2 Schematic of labelled human and murine skeletal systems. The human
skeletal system shares similarities of the five main bone types to murine species; however,
murine systems include caudal vertebrae and maxilla notably. Overall anatomy differs
between the two mammals due to the locomotion and weight-bearing requirements of
the species, whereby humans mostly walk upright using a bipedal gait, whereas murine
species walk using a quadrupedal gait. Another major difference between humans and
murine species is that human’s long bone growth plates fuse once mature, whereas
murine species persist throughout the life span.

1.2.1 Trabecular and cortical bone

Bones are formed of four layers - periosteum, bone marrow, trabecular (Tb) and cortical
(Cb) (Figure 1.3) (Clarke, B. 2008). The periosteum is the dense membranous tissue
forming the outer shell of bone that contains nerves and blood vessels, connecting the

skeletal system to the vascular and nervous system and separating the bone from
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surrounding soft tissues (Patrick, K. 1968). The periosteum assists in structural integrity,
with an inelastic membrane consisting of fibroblasts, collagen and elastin fibres that
together act as a mechano-sensor to initiate osteogenic homeostasis (Li, C., & Fennessy,
P. 2021). Bone marrow is a semisoft tissue fully enclosed within the cavity of bone.
Marrow is split into two components: ‘red’ marrow that facilitates haematopoiesis with
a unique microenvironment to support stem cell production and lineage commitment,
and ‘yellow’ marrow, which is constituted of mostly adipose tissue acting as a

haematopoietic reserve (Sovani, V. 2021; Taichman, R. 2005).

Tb is a network of struts (trabeculae) which are formed as either plates or rods, often
referred to as a honeycomb network with the spaces filled with bone marrow (Figure
1.3) (Oftadeh, R., et al. 2015). Tb is highly metabolically active compared to its
counterpart, Cb, due to the trabeculae increasing the surface area to volume ratio of
bone due to the dynamic intricacies of the morphology (Haseltine, K., et al. 2021). Owing
to the increased surface area, Tb aids in the hydraulic properties of bone, absorbing
shock from locomotion and preventing bone fractures. Further, Tb gives structural
support to the entire bone whilst minimising the mass of bone, relating to the overall
function of bone — storage, protection and locomotion (Clarke, B. 2008; Oftadeh, R., et

al. 2015).

Cb is dense, with the only spaces present being lacunae and canaliculi for bone cells and
vascular channels to connect the marrow to the periosteum. Cb constitutes
approximately 80% of the total bone mass, with 30% of that volume being occupied by
vascular channels (Isojima, T., & Sims, N. 2021). The dense structure of Cb maintains the
load-bearing functionality of bone, remaining strong, but in comparison to Tb, it has a
lower surface area with decreased bone turnover rates (Augat, P., & Schorlemmer, S.

2006).

1.2.2 Structure and composition of bone — Micro/macro architecture

Fundamentally, bone architecture is hierarchical and has distinct components, which
form micro and macro structures aiding in the function and health of bone (Figure 1.3).
Microscopically, Cb and Tb exhibit two types of bone: woven and lamellar. Woven bone

is classed as immature bone, which is produced during rapid bone formation and is
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typically temporary. This type of bone is poorly organised, consisting of randomly
orientated collagen fibres and mineral deposits. In contrast, lamellar bone is formed in a
controlled, slow manner, resulting in a highly organised structure consisting of parallel
layers of bone tissue composed of collagen fibres and minerals (Bala, Y., Farlay, D., &

Boivin, G. 2012).

Femur

Collagen fibre
AR
0/iHA
Mineralised

collagen fibril Hydroxyapatite

cm-mm mm - gm Hm - nm nm

Figure 1.3 Hierarchy of bone composition. Bone is a composite material with a
microarchitecture of Cb and Tb bone, comprising osteons. The individual osteon bone
tissue comprises collagen fibrils approximately 300 nm in length with a 67 nm repeating
banding pattern with a 39 nm gap and 28 nm overlap zone. The inorganic composition
of bone comprises nanosized plate-shaped hydroxyapatite crystallites that are
approximately 20-50 nm long, 15 nm wide and 2-5 nm thick. The figure contains
modified Images from Servier Medical Art (https://smart.servier.com) licenced by
Creative Commons Attribution 4.0 international.

Bone is a composite material comprising both soft (organic biological matrix), including
water and collagen, as well as hard matrix (mineralised matrix), which is rich in calcium
phosphates. These extracellular matrix (ECM) components provide the load-bearing
properties of bone, enabling high tensile modulus and resistance to fracture from daily

loading regimes, including tension, shear, torsion, bending and compression (Hart, N., et
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al. 2017). The inorganic component of bone, known as hydroxyapatite Cas(PO4)3(OH), is
a crystalline composite formed from inorganic phosphate and calcium (Figure 1.3),
resulting in 70% of the total bone mass. The organic phase of bone, which is composed
mainly of type | collagen (COL-1) and non-collagenous proteins (NCPs) (Figure 1.3)
consists of 20 — 30%, with the remaining 5 — 10% water (Brodsky, B., & Persikov, A. 2005.
Feng, X. 2009). Fluctuations in composition can arise due to age, disease, treatment and
hydration, resulting in changes to strength and stiffness (Surowiec, R., Allen, M., &

Wallace, J. 2021).
Organic biological matrix

COL-1 is a triple-helical protein containing three polypeptide chains with a strict
repeating amino acid sequence (Gly-X-Y),, commonly (Gly-proline-X) or (Gly-X-
hydroxyproline), with X consisting of any other 17 amino acids (Amirrah, I., et al. 2022).
Two chains are identical al(l), with one a2(l) chain all cross-linked by hydrogen bonds
between hydroxyproline and other charged residues. The linear chains are aligned
together in parallel to form collagen fibrils, which are grouped in bundles to produce
collagen fibres (Figure 1.3) (Feng, X. 2009; Brodsky, B., & Persikov, A. 2005). Aside from
the abundant COL-1, types Il, lll, V, VI, and X collagen are present in bone tissue,
contributing to osteoblast (OBs) genesis, endochondral ossification ques, and Tb
regulation (Volk, S., et al. 2014, Acil, Y., et al. 2022, Komori, T., et al. 2022; Knuth, C., et
al. 2019)

Aside from collagens, NCPs, including proteoglycans, glycoproteins such as osteocalcin
(OCN), osteonectin and osteopontin (OPN), as well as mucins, form a small percentage
of the ECM of bone, assisting in biomineralisation, structure and strength (Sroga, G., &
Vashishth, D. 2012; Licini, C., et al. 2019). Of particular importance, during the synthesis
of COL-1, proteoglycans are post-translationally added to assist in fibrillogenesis and
maintenance of tissue structure. Glycosaminoglycans (GAGs), are negatively charged
carbohydrate chains attached to interstitial proteoglycans with an involvement in the
promotion mineralisation of collagen fibrils during osteogenesis (Rutten, L., Macias-
Sanchez, E., & Sommerdijk, N. 2024; Wojtas, M., Lausch, A., & Sone, E. 2020), as well as
the attraction and retention of water due to the high osmotic potential (Surowiec, R.,
Allen, M., & Wallace, J. 2021). Common GAGs within bone tissue include hyaluronic acid,
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oligosaccharides and heparan-, chondroitin- and dermatan sulfate, all assisting with

hydration and elasticity of bone (Baud’huin, M., et al. 2011)
Mineral chemical matrix

Hydroxyapatite nanoparticles (HAnp) constitute the major chemical component of bone,
organised in a crystalline lattice (Figure 1.3). Nucleation is triggered by collagen and
NCPs, with HAnp incorporation into fibrillogenesis, which begins 5 — 10 days after ECM
deposition, in the woven bone tissue phase. With an increase in number, and thickness
rather than length, and organisation beginning for secondary mineralisation, for the

highly organised lamella bone tissue (Bala, Y., Farlay, D., & Boivin, G. 2012).

1.2.3 Bone cells

Bones constantly adapt to the surrounding environment using biological and mechanical
cues by remodelling via the independent action of mesenchymal and haemopoietic stem
cell lineages, OBs and osteoclasts (OCLs) to allow maintenance of mechanical and
physiological integrity via Cb porosity and tissue mineral density (TMD). This, in turn,
directly results in varying mechanical and morphological properties. Bone is primarily
composed of the following cells: OBs, osteocytes (OCs), bone lining cells (BLCs), and OCLs

(Figure 1.4) (Florencio-Silva, R., et al. 2015).
Osteoblasts

OBs originate from mesenchymal stromal cells (MSCs) that transition into mesenchymal
osteoprogenitor cells, contained in the periosteum and bone marrow (Figure 1.3). With
biochemical stimuli, notably activation of runt-related transcription factor 2 (Runx2),
osterix and B-catenin the osteoprogenitor cells transition into immature-osteoblasts
(iOBs) (Grigoriadis, A., Heersche, J., & Aubin, J. 1988; Rucci, N. 2008). By the induction of
alkaline phosphatase (ALP) from Runx2 and osterix, ALP drives iOBs into commitment to
mature osteoblasts (mOBs) (Figure 1.4). During this commitment to mOBs, OCN and OPN
are upregulated (Rucci, N. 2008). Finally, mOBs can transition into BLCs, undergo
apoptosis or commit to OC in a process of osteocytogenesis (Figure 1.4) (Tresguerres, F.
et al. 2020; Dallas, D., & Bonewald, L. 2011; Franz-Odendaal, T., Hall, B., & Witten, E.
2005). As the OB transitions into an OC, ALP is reduced, and OCN, OPN and COL-1 are
elevated (Bonewald, L. 2011; Tresguerres, F., et al. 2020).
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With the primary function of synthesising the organic components of bone — collagen-
rich osteoid matrix, mOBs contribute to the remineralisation process of bone
remodelling. mOBs are defined as plump, cuboidal mononuclear cells that are commonly
found lining the seam on the unmineralized matrix. Osteoid that has been synthesised is
referred to as the endocortical surface, which is exposed to the bone marrow. The
endocortical seam features a higher turnover of bone synthesis compared to other
regions of Cb and Tb (Long, F., & Ornitz, D. 2013; Franz-Odendaal, T., Hall, B., & Witten,
E. 2005; Matsushita, Y., et al. 2023).

Osteocytes

OCs are matrix-embedded cells entrapped within the bone matrix during formation in
lacunae pores. OCs undergo three distinct states: osteoid OC, mineralising OC and finally,
mature OC (Figure 1.4) (Dallas, D., & Bonewald, L. 2011). As mature OCs, they form
extensive dendritic processes through a bone fluid-filled communication channel,
named a gap junction, giving OCs a star shape with cilia and cytoplasmic processes. The
most abundant bone cell, a lifespan of up to 25 years, with a primary function of being
a mechanosensory cell. OCs integrate cellular cues to mechanical strain/load and report
any resulting microdamage by the OCs prolongations that are throughout the calcified
canaliculi within the periosteal and endosteal surfaces. The resulting mechanosensory
action facilitates bone remodelling homeostasis (Wolff’s law - 1892) (Bonewald, L. 2011;

Buenzli, P., & Sims, N. 2015; Tresguerres, F., et al. 2020; Frost, M. 1994).
Bone lining cells

Originating from mOBs, BLC are the abundant flattened cells lining both the endocortical
surface and Tb surfaces. Often remarked as a resting population, it still has an important
role in bone remodelling and health, as a ‘functional membrane’ between newly formed
osteoid and OCLs (Andersen, T. 2009). BLC assist in the differentiation initiation of OCLs,
by production of osteoprotegerin (OPG) and the receptor activator of nuclear factor
kappa-B ligand (RANK-L), thereby helping modulate the balance of bone remodelling
(Wein, M. 2017).

Osteoclasts
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OCLs are terminally differentiated multinucleated cells which originate from the
controlled fusion of mononuclear pre-OCL cells from the hematopoietic stem cell
lineage, whereby macrophages are derived (Figure 1.4) (Yahara, Y., et al. 2022; Sun, Y., et
al. 2021). Known as the bone absorbing cell, OCLs are large cells (20 - 100 um) located
in Howship’s lacunae on the bone surface (Soe, K., Delaisse, J., & Borggaard, X. 2021)
with a notable ruffled border, and clear zones to facilitate bone resorption in acidic
resorption lacunae to promote dissolution of minerals, proteins and collagenous matrix
by cathepsin K enzyme (Takashi, N., Kobayashi, Y., & Udagawa, N. 2020; Aguda, A., et al.
2014). OCLs were thought to undergo apoptosis after resorption; however, research
suggests that OCLs can acquire new nuclei from hemopoietic stem cells, contributing to

rapid OCL regeneration and regulation (Jacome-Galarza, C. et al. 2019).

Bone marrow

P Mesenchymal Myeloid Ot
/ ‘\ 4~~~ osteoprogenitor precursor \\»‘—
{ ) Dendritic=" &|
N \ cell ) ».‘;/
Adipocyte
/ Pre- osteoclasts
™ Pre-osteoblasts
\ ) Macrophage
Stromacyte S
. l Osteoblasts
Bone lining cell N S Osteoclasts
-«— ‘ _,"?;, ‘w ", \
r S \~ (\5\ L1
/q{,;/‘\’ ? '\‘ (~ Osteocyte
(o~ T
_ 4?\% AN

Bone

Figure 1.4. Schematic summary of bone cell lineage and differentiation.

1.2.4 Bone remodelling

Bone is a dynamic organ that is constantly responding to the surrounding environment,
biomechanical and biochemical cues. The skeletal system is a reservoir of calcium,
phosphorus and magnesium, regulated by bone remodelling. Calcium reserves are

regulated by dietary calcium entering through the gastrointestinal tract and kidneys,
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working in tandem with OBs, with loss mainly attributed to pregnancy, diet, exercise and

disease (Feng, X., & McDonald, J. 2011).

Secondly, bone undergoes remodelling to replace old or damaged bone to preserve bone
mass and skeletal integrity. Remodelling is a careful balance between reabsorption and
deposition to remain healthy, with dysregulation often causing disease such as
osteoporosis, excessive imbalance towards bone resorption resulting in bone loss with
overall reduced bone strength (Tan, S., et al. 2014; Goldring, S. 2016). Assisting in
facilitating bone remodelling, bone cells work within tandem in basic multicellular units,
also known as a bone remodelling unit, to remove and replace old or damaged Cb
(osteon). Consisting of resorption, reversal and formation zones (Figure 1.5), whereby
OCLs resorb bone tissue, osteoprogenitors prepare the eroded surface, and finally, mOBs
lay down osteoid (Loundagin, L., et al. 2024; Bolamperti, S., Villa, |., & Rubinacci, A.
2022).

For bone remodelling homeostasis (Figure 1.5), RANKL-RANK-OPG molecules work in
tandem, released from mOBs and OCLs, controlled in tandem from OCs. In summary,
OBs regulate OCL differentiation through the RANKL-RANK complex, which activates
osteoclastogenesis, inhibiting apoptosis and activating mature OCLs. To allow balance,
OPG, a decoy receptor, is secreted by OBs (Leon-Oliva., et al. 2023; Yaharam, Y., et al.
2022), with further control produced by OCLs from the secretion of sclerostin, which

inhibits initial OBs formation (Marahleh, A., et al. 2023).
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Resting Activation Resorption Reversal Formation Mineralisation Termination Resting

Bone remodelling

Figure 1.5 Schematic of bone remodelling. The bone remodelling cycle consists of
constant overlapping cycles: resting, activation, resorption, reversal, formation,
mineralisation and termination. In a resting state, entrapped OCs sense mechanical
loading and micro-damage, or factors (interleukin-6, tumour necrosis-factor-a, insulin
growth factor-1 or parathyroid hormone) are released into the bone microenvironment.
When initiated, the BLC and OCs are increasing expression of RANKL to initiate
osteoclastogenesis by interaction with RANK. OCLs initiate bone resorption, followed by
the breakdown of old bone and release factors typically stored in the bone matrix (bone
morphogenetic proteins, transforming growth factor beta and fibroblast growth factors)
that recruit iOBs to the reabsorbed area. OCLs then either interact with mOBs, which
initiate the formation of new osteoid and lamellar bone or undergo apoptosis. mOBs
become trapped in the newly formed mineralised osteoid and differentiate into OCs. The
resting bone environment is maintained until a new trigger activates the cycle. The figure
contains modified Images from Servier Medical Art (https://smart.servier.com) licenced
by Creative Commons Attribution 4.0 international.

1.3 The importance of in-vivo models

Within the bone research community, animal in-vivo models are used to understand
development, growth, remodelling, and to mimic disease for various research
applications (McGovern, J., et al. 2018). A wide range of animals are used, with an annual
value for bone research-specific research that is challenging to report due to the
variation in reporting, published status, and study types. Owen (2018) reports that in
2015, 25,381 musculoskeletal studies were conducted with in-vivo models (Owen, R., &
Reilly, G. 2018). However, in the past 10 years (2014 — 2024), a total of 37,009 studies
were published on the PubMed scientific literature database with the terms “bone” and
“in-vivo”. In addition, 28,721 results were produced when the terms “mouse” and
“bone” were searched. Similar research for bone-related studies with “rat” and “animal

III

model” returned 13,855 and 28,418 studies, respectively. The results are in a downward

trend, from a peak in 2021. In contrast, “in-vitro model” returned 935 results, and “3D
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models” with 9,911 results, with both terms in an upward trend of publication (PubMed,

National Institutes of Health).

Murine species, particularly mice and rats, are the most commonly used animals in bone
research (Figure 1.2), with Zwierzyna (2017) reporting up to 78%, from the 95% total of
frequently reported animals utilised for research (NC3Rs). As a species, they are favoured
due to their ease of handling, lower costs, and quick experimentation times due to rapid
ageing (Prankel, S. 2012). Murine species are relatively well biologically characterised,
with well-defined genetics and biology, making them a good model for studying bone
physiology, disease mechanisms and treatment effects (Vandamme, T. 2014; Mukherjee,
P, et al. 2022; Gomes, P., & Fernandes, M. 2011). In addition to murine species, larger
mammals are also used as research models; ovine, canine, porcine, and bovine, albeit
less frequently due to associated cost, but these models more closely match human
bone structure and biomechanics (Beagan, M., et al. 2024). Smaller models, such as
zebrafish, are also employed (Dietrich, K., et al. 2021), however, they have simple
anatomy and differences in bone formation and structure (Busse, B., et al. 2019). Often,
research laboratories do not have direct access to in-vivo facilities, with only an
estimated 160 research establishments with animal facilities in the UK, reports Skidmore
(2020), with the exact number of laboratories without being difficult to predict, but to

facilitate in-vivo experimentation would require costly outsourcing.

Stein (2023) reported a statement on behalf of the European calcified tissue society,
emphasising the importance and major advancements in bone research that have relied
on the use of in-vivo models; however, they suffer from reproducibility in results across
different research groups. Stein (2023) refers to the advancement in both in-silico and
in-vitro techniques, helping to bridge the gap between benchtop to clinical translation
for preliminary research with improved characterisation and more thorough early-stage
investigations before in-vivo model implementation; however, data still suffers from the
problem of reproducibility, therefore improved standardised models are required. The
statement concludes that in-vivo studies cannot and should not be completely replaced

before clinical trials (Stein, M., et al. 2023).
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1.4 Two-dimensional in-vitro models

2D in-vitro monolayer studies are important opening experiments in biomedical
research, ultimately allowing the simplicity of investigating cell behaviour, interactions
and response in a controlled environment (Figure 1.6). Monolayer culture is a core
technique in biomedical research due to the ease of culture, accessibility, low-associated
expense and the high reproducibility between technical replicates (Segeritz, C., & Vallier,
L. 2017). However, it is widely accepted that culturing surface morphology alters
biological cellular behaviour in-vitro, such as bone (Qin, L., et al. 2020) and compared to
3D in-vitro cell cultures (Gheytanchi, E., et al. 2021; Chen, C., et al. 2009). Monolayer
cultures do not replicate the complex interactions or behaviours seen in different in-vivo

environments (Li, Y., & Kilian, K. 2015).

For 2D in-vitro studies, polystyrene flasks gained popularity in the 1970s compared to
glass cultureware (Moro, L., et al. 2024). Polystyrene flasks were typically used in a non-
treated state for non-adherent cells or surface-coated to generate highly energetic
oxygen ions, which oxidise the surface polystyrene chains (Curtis, A., et al. 1983). Today,
different polystyrene flasks, such as Nunclon™ delta-treated and CellBIND®, are widely
used, which are comprised of treated polystyrene with hydrophilic surface modification
to facilitate improved cellular adherence (Weiskirchen, S., et al. 2023). This surface is not
biologically, mechanically, or chemically representative of physiological tissue. It has
been shown that cultureware can change the behaviour, phenotype and morphology of
cells (Kapalczynska, M., et al. 2016), notably resulting in increased cellular tension
(Juarez-Moreno, K., et al. 2022), which causes pronounced focal adhesions (Yamaguchi,
N., & Knaut, H. 2022), actin stress fibres (Lee, S., & Kumar, S. 2016) and Tyrosine-protein
kinase YES-associated deregulation influencing up-regulated cell proliferation (Jensen,

C., & Teng, Y. 2020; Yang, B., et al. 2019).

An example of surface mechanobiology affecting phenotype is the widely used multi-
potent MSCs, whereby the phenotype can change based on cultureware and stiffness of
the environment alone (Jeske, R., et al. 2021; Yang, Y., et al. 2018). When cultured on
stiff substrates, MSCs have an increased osteogenic potential, whereas softer substrates
show increased adipogenic potential (Zonderland, J., & Moroni, L. 2021; Gonzalez-Cruz,

R., Fonseca, V., & Darling, E. 2012). Alternatively, MSCs can be driven into a specific
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phenotype, despite the cultureware, by additives in the cell culture growth medium
(Fitzgerald, J., et al. 2023). Osteogenic potential of MSCs can be achieved by
dexamethasone, ascorbic acid, and beta-glycerophosphate (B-GP) (Fakhry, M., et al.
2013), whereas adipogenic differentiation is driven by dexamethasone,

phosphodiesterase inhibitor and insulin (Scott, M., et al. 2011).

The practice of 2D culturing is standardised within the scientific community as a core
technique, allowing consistency, reproducibility, low cost and reduced animal use
(Mattes, W. 2020; Hirsch, C., & Schildknecht, S. 2019). However, the technique is slowly
becoming untrustworthy in producing translatable preliminary clinical results. Further,
comparing 2D and 3D cell culture models produces varied results (Figure 1.6) (Sun, M.,
et al. 2021; Fontoura, J., et al. 2020; Melissaridou, S., et al. 2019; Soares, C., et al. 2012).
Abbas (2023) showed that human colorectal cancer cells varied in cell viability, cell
number, and expression of genes of interest when cultured in spheroids compared to
monolayer culture. Zschenker (2012) reported whole genome microarray analysis on
human lung cell line A549, with upregulation of genes associated with ECM and adhesion
in 2D compared to 3D. A significant difference was also noted in the response to anti-
cancer drugs, with 3D resulting in reduced toxicity (Abbas, Z., et al. 2023), with similar

findings supported by Muguruma (2020) with triple negative breast cancer cells.

1.5 Three dimensional in-vitro models

3D cell culture allows cells to interact in a more physiologically relevant environment
compared to 2D monolayer culture, referred to as the bridge between monolayer and
in-vivo models (Xie, R., et al. 2024; Urzi, O., et al. 2023; Edmondson, R., et al. 2014).
Various 3D models exist (Figure 1.6); scaffold-based, encouraging cell-ECM interaction or
scaffold-free, encouraging cell-cell interaction (Maltman, D., & Przyborski, S. 2010), and
each form of 3D model has various considerations, and applications based on the
experimental aim of each independent research study (Xie, R., et al. 2024). Scaffold-free
models are utilised in bone research; however, they are more commonly used as a tool
for modelling malignancy, by allowing cancer cells to self-organise and interact into
spheroids (Figure 1.6) (Araugo, T., et al. 2024), often mimicking a tumour featuring a
hypoxic core and proliferative edges. Baek (2016) reported that osteosarcoma spheroids

were generated using low-adhesion cell culture plates for preclinical drug testing
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efficacy. Alternatively, Rimann (2014) reports the optimisation of hanging drop
osteosarcoma spheroids. Similarly, but utilising a primary cell source, bone organoid
models are emerging, albeit in a simplistic design of either scaffold-free (Hall, G., et al.
2019) or scaffold-embedded (Klotz, B., et al. 2019; Park, Y., et al. 2021) and only
encompassing one bone-associated stem cell type, compared to the complexity and
advancement of intestinal organoids (Tian, C., et al. 2023) (Figure 1.6). Bone-on-a-chip
scaffold models utilise microfluidics to assist in the physiological microenvironment of
tissues (Figure 1.6), with complex microenvironment and cell interactions achievable
(Zhang, Y., et al. 2023; Leung, C., et al. 2022; Mansoorifar, A., et al. 2022), such as a BMU
tri-culture chip whereby Woo (2025) aimed to replicate the process of bone remodelling.
The model is still under development and holds great promise for a dynamic in-vitro
bone model, but suffers from technical complexity, small scale, and high technical

variability (Woo, S., et al. 2025).

Alternative scaffold-embedded in-vitro 3D bone models exist with either primary or
secondary cells and are widely reported as the most common method to mimic native
bone ECM (Figure 1.6) (Zauchner, D., et al. 2024; Yang, R., et al. 2023; Maji, S., & Lee, H.
2022; Sitarski, A., et al. 2017). Hydrated scaffolds, referred to as hydrogels mimic the
integral aspect of structural anatomy, and often comprise of growth factors,
polysaccharides and proteins, including collagen, fibronectin, laminin, and elastin
(Section 1.2.2) (Li, L., et al. 2024, Nicolas, J., et al. 2020; Geckil, H., et al. 2010), and
inclusion provides a structural framework that encourages tissue maturation (Lin, X., et
al. 2020). For bone-specific in-vitro models, the scaffold framework encourages
mineralisation if availability of suitable cells (Matsushita, Y., et al. 2023; Hwang, P.,, &
Horton, J. 2019; Kartsogiannis, V., & Ng, K. 2004), bioactive components (Szwed-
Georgiou, A., et al. 2023; Saten, V., et al. 2022; Zhao, Z., et al. 2020) and biochemical
ques, such as bone morphogenic proteins (Shi, S., et al. 2009; Li, C., et al. 2006), vascular
endothelial growth factor (Burger, M., et al. 2022; Hu, K., & Olsen, B. 2016; Cenni, E.,
Perut, F., & Baldini, N. 2011). Mineralisation of 3D scaffold-based in-vitro models reflects
the native complex composite material of bone, mimicking both inorganic and organic
compositions (Hart, N., et al. 2017). The research conducted in this report will focus on

scaffold-based 3D models, with the addition of bioactive HAnp (Li, L., et al. 2024; Abere,
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D., et al. 2022), and iOBs, MC3T3-E1 secondary matrix depositing cells (Sudo, H., et al.
1983).

Monolayer cell culture

Spheroid

Organoid Scaffold base (confined) Bioprinting

Figure 1.6. Summary schematic of monolayer and 3D cell culture in-vitro models used
for biomedical investigations.

1.6 Three-dimensional extrusion bioprinting

Various approaches are utilised for generating a representative 3D in-vitro bone model;
however, the method of bioprinting is a revolutionary technique for the fabrication of
precise structures in exact XYZ orientations (Figure 1.6) (Chen, X., et al. 2023; Boularaoui,
S., etal. 2020). In the extrusion-based bioprinting (EBB) process, the bioink is loaded into
a cartridge and extruded by either pneumatic extrusion or mechanical extrusion, that is,
piston or screw-based extrusion. Layer-by-layer deposition of bioinks, with the inclusion
of cells and bioactive constituents, builds a 3D ECM-mimicking model (Holland, I. 2025;
Dharmaraj, J., et al. 2024).

EBB requires biologically compatible ink, referred to as bioink, that is typically suited to
the organ intended to mimic, termed biomimicry. Bioink is formulated of viscous
biomaterials to facilitate printability, functionality and biocompatibility (Figure 1.7)
(Garcia-Villen, F., et al. 2021; O’Connell, C., et al. 2020). Printability is defined by Naghieh
(2021) as a material's capability to form and maintain reproducible 3D scaffolds from

bioink, and directly impacts the resulting 3D EBB structure, mechanical and biological
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properties (Figure 1.7). Biocompatibility is essential for promoting cell growth,
proliferation and differentiation, to allow cells to function in a native phenotype (Choi,
J., et al. 2023; Kim, J. 2023). Finally, functionality refers to the appropriate bioink being
able to suitably be deposited in the exact XYZ co-ordinates, and function as a suitable
ECM for 3D in-vitro culture (Chen, X., et al. 2023; Naghieh, S., & Chen, S. 2021;
Gopinathan, J., & Noh, I. 2018).

Ideal Bioink

Biocompatibility Functionality Printability

* Non-immunogenic | « Biomimetic ECM * Viscous flow

e Suitable o Cellular waste e Shear thinning
degradation removal ¢ Gelation

* Non-toxic e Cell stimulation e Appropriate
byproducts * Immunomodulation crosslinking

e Support growth, e Tunable * Gel recovery
proliferation and composition e Structural integrity
differentiation

. J J

Figure 1.7. Summary of the properties required for a suitable bioink for the method of
extrusion based bioprinting.

1.6.1 Bone-associated biomaterials

Inorganic

Bone consists of around 70% of inorganic calcium HA particles, and are essential in native
bone tissues mechanical strength, formation and remodelling assisting functionality of
the structure (Surowiec, R., Allen, M., & Wallace, J. 2021; Feng, X. 2009; Brodsky, B., &
Persikov, A. 2005). Naturally, as calcium phosphate is a main bone component,
combining calcium crystals into 3D in-vitro bone models is a common choice for inclusion
in a bone bioink (lelo, I., et al. 2022). Three types are often reported (Wang, W., & Yeung,
K.2017), HA and beta-tricalcium phosphates (BTP), or a combination of the two referred
to as biphasic calcium phosphates, with each calcium source having different benefits in
bone models. HAnp is biocompatible, bioactive, osteoconductive, and mechanically
strong. It lacks immunogenicity, mimicking the structural and functional aspects of native

bone closely; however, it does not degrade readily (Hua, Y., et al. 2021), therefore being
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more suited to remodelling-based in-vitro models (Soleymani, S., & Naghib, S. 2023;

Abere, D., et al. 2022; Scheinpflung, J., et al. 2018).

Different concentrations of HAnp are utilised, dependent on cellular state, fabrication
method and material used for the generation of in-vitro models. For example, GelMA
constructs have been reported with a concentration of 0.5 — 5% wt of HAnp without
eliciting cell toxicity (Yue, K., et al. 2015), whereas Alg-based bioprinted constructs have
been reported with the ranges of 0.5 — 10% wt of HAnp (Bendtsen, S., et al. 2017). B-TP
are resorbable in comparison to HAnp, being suited to short-term in-vitro culture periods
(Murphy, M., et al. 2013). Due to this, inclusion within in-vitro models is typically
represented by fast bioabsorption and replacement by matrix mineralisation
remodelling action, however the resorption rate can often reduce the mechanical
structure of the scaffold if the dynamic is unbalanced, causing collapse of stability
(Zheng, C., & Zhang, M. 2023; Bohner, M., Santoni, B., & Dobelin, N. 2020; Li, Y., et al.
2019; Todo, M., & Arahira, T. 2013). Various concentrations of BTP are reported (0.5% to
60% wt), often tailored with the viscosity and mechanical strength required for the 3D
in-vitro model that is being developed, and the associated fabrication technique (Amiri,

M., et al. 2024; Zhang, Y., et al. 2020).

To combat the considerations of using each source independently, some studies report
using biphasic calcium phosphate for the benefit of both short-term and long-term
mineral sources, enabling balance of resorption and remodelling when optimised per
model (Tran, D., et al. 2024; Mofakhami, S., & Salahinejad, E. 2021; Tomco, M., et al.
2017). For example, Arinzeh (2005) reports a 20% HA and 80% PBTP composition that
promotes bone formation yet is degradable, whereas Shao (2021) reports 30:70% HA:
BTP that has the best rate of OB-like cell differentiation with balanced degradation that
mimics native animal bone growth. Mazdn (2013) tested three ratios with COL in-vivo,
with no scaffold bridging a 6 mm defect after 60 days; however, 60:20:20 (HA: BTP: COL)
revealed the best progression (Mazén, P., et al. 2013). Alternatively, different bioactive
components can be utilised in 3D in-vitro bone models, with Bai (2023) summarising
research studies that have shown evidence of osteogenesis with calcium, cobalt, copper,
fluoride, lithium, magnesium, silicon, silver, and zinc (Bai, L., et al. 2023). Alternatively,

bone ceramics (Yuan, H., et al. 2010) and natural constituents like ground fish bones
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(Torres, B., et al. 2024), eggshells (Neunzehn, J., et al. 2015), and shellfish are also

reported (P. Vijayakumar., 2020).

Organic

Reflecting the composite material of native bone, an organic biological matrix comprising
water and collagen is reflected by hydrogels (Table 1.1) (Feng, X. 2009; Brodsky, B., &
Persikov, A. 2005). Hydrogel-based bioinks are ever-developing within the field of
biomedical tissue engineering. Defined as crosslinked polymeric networks that possess
high water contents (Tibbitt, M., & Anseth, K. 2009), hydrogels are utilised in 3D in-vitro
models to mimic ECM by acting as a functional scaffold. Bioinks for the application of
extrusion-based bioprinting are comprised of ECM mimicking biomaterials, either used
independently (Table 1.1), but are more commonly used in combination to tailor the
bioink characteristics to the intended application to achieve biomimicry (Hospodiuk, M.,

et al. 2017).

Hydrogels are classified into two groups: naturally or synthetically derived (Table 1.1).
Nature-derived biomaterials have the benefit of being a sustainable source whilst being
a suitable biological, structural and functional material for cells (Khoeini, R., et al. 2021;
Ramiah, P., et al. 2020). However, compared to synthetically derived hydrogels, naturally
derived hydrogels have a higher degree of variability and are mechanically weak.
Synthetic polymer-based bioinks can be tailored with degradation and mechanical
property requirements; however, generation often uses toxic solvents, non-biological
melting points and lack the biological cues found in natural organic biomaterials
(Hospodiuk, M., et al. 2017). Furthermore, after deposition, bioinks typically require
appropriate cross-linking or sol-gel transition during the fabrication process (Table 1.1),
to improve structural and mechanical stability of the polymeric network, and if
appropriate, allow cellular health for culturing (GhavamiNejad, A., et al. 2021). Different
methods of crosslinking application are utilised, for example, UV, visible or near infrared
light are applied once the 3D model has finished bioprinting with a suitable duration to
not elicit DNA damage (Nieto, D., et al. 2020; Xu, C., et al. 2018). Efficient and timely
crosslinking of the 3D bioprinted structure is vital as the high water-content biomaterials

can flow, or spread on the print-bed, resulting in increasing variability (Fu, Z., et al. 2021).
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Table 1.1. Summary table of commonly reported biomaterials utilised as bioinks for the

application of 3D in-vitro bone model fabrication.

Bioink Source Crosslinking/sol-gel References
transition
Silk fibroin Natural protein from Chemical, thermal, Farokhi, M., et al.
bombyx mori ionic, and physical. 2021; Dan, X., etal.
(silkworms). 2025
Chitosan Natural polysaccharide. Thermal and ionic. Bharadwaj, T., et al.

2024;
Maturavongsadit,
P, et al. 2021,
Ressler, A. 2022

Hyaluronic acid

Natural
glycosaminoglycan.

Photopolymerisation
and enzymatic.

Badhe, R., et al.
2023; Ghorbani, F.,
et al. 2023; Hwang,
H., & Lee, C. 2023

Collagen Natural protein from Thermal, lonic. Debnath, S., et al.
animal sources. 2025; Osidak, E., et
al. 2020
Gelatine Denatured collagen, a Thermal. Chiticaru, E., et al.
natural protein, animal 2024; Ozenler, A.,
source. et al. 2024; Waidi,
Y., et al. 2024
Alginate Natural, seaweed lonic. Wu, Y, et al. 2024;
polysaccharide. Farshidfar, N., et al.
2024; Choe, G., et
al. 2022; Lee, J., et
al. 2020
Gellan gum Natural, bacterial lonic. Loukelis, K., et al.
polysaccharide. 2025; Bastos, A., et
al. 2024
Poly (ethylene Synthetic hydrophilic Photo polymerisation, | Unagolla, J., et al.
glycol) polymer. enzymatic and ionic. | 2024; Tilton, M., et

al. 2023

Polycaprolactone

Synthetic biodegradable
polymer.

Thermal.

Kim, W., et al.
2024; Cunniffe, G.,
etal. 2017

Cellulose

Natural, polysaccharide
derived from plant
biomass or bacteria.

lonic, thermal and
physical.

Maturavongsadit,
P, etal. 2021

Gelatine meth

Semisynthetic derivate

Photopolymerization

Dobrisan, M., et al.

from algae.

acrylamide of natural gelatine and thermal. 2024; Zhu, Y., et al.
2024;Yi,S., et al.
2022; Irmak, G., et
al. 2019
Agarose Natural polysaccharide lonic and thermal. Mukundan, L., et al.

2025; Campos, D.,
etal. 2015
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The research presented in this report used both commercially available bioinks (Bone
GelXA and TissueFAB™) and in-house synthesised synthetic hydrogel: Laptonite® Poly (N-
isopropylacrylamide-co-N, N-dimethylacrylamide) (L-PNIPAm-co-DMAc) polymer, which
is supplemented with HAnps (Thorpe, A., et al. 2016a; Boyes, V., et al. 2021). The
commercial bioinks' true formulation, concentration and composition are not officially
disclosed; however, it can be hypothesised, based on crosslinking and material
behaviour, that both bone GelXA and TissueFAB™ are predominately composed of
alginate (Alg), and gelatine meth acryloyl (GelMA) (Badhe, R., et al. 2024; Anerillas, L., et
al. 2021).

1.6.2 Alginate

Naturally occurring heteropolysaccharide with different seaweed and algae origins, Alg
is frequently used as a hydrogel for 3D in-vitro models, including bone applications
(Farshidfar, N., et al. 2023; Venkatesan, J., et al. 2020). Consisting of monomers of B-D-
mannuronic acid and a-L-guluronic acid connected by a B-(1-4) glycosidic bond, Alg often
has a large diversity of structures and molecular weights (Qosim, N., et al. 2024). Alg can
undergo sol-gel transition in the presence of bivalent cations, such as calcium chloride,
by ionic exchange of sodium counter ions, resulting in a chained molecular backbone

(Abka-Khajouei, R., et al. 2022).

Stiffness and printability of Alg as a bioink can be controlled by concentration (Freeman,
F., & Kelly, D. 2017), availability and duration of ion exposure, and the addition of
constituents (Erickson, A., et al. 2018). For example, Wu (2024) reports 3D bioprinted 10
- 15% Alg lattice scaffolds supplemented with 10% wt. BTP for a bone in-vitro application.
The addition of BTP significantly improved the material viscosity, and 10% Alg enhanced
cellular proliferation (Wu, Y., et al. 2024). Alternatively, Iglesias-Mejuto (2021) developed
Alg lattice scaffolds (testing 6, 8 and 10% wt) with HAnp (0, 8, 16 and 24% wt), with 10%
Alg reported as structurally stable, and increasing concentrations of HAnp enhancing
stability but also increasing brittleness (lglesias-Mejuto, A., & Garcia-Gonzalez, C. A.
2021). Different constitutions of Alg-based bioinks are also reported, with Tharakan
(2022) using Alg/COL bioink supplemented with strontium calcium polyphosphate,
which resulted in a stable construct for cell viability over a 21-day culture period

(Tharakan, S., et al. 2022). Alternative studies are reported, with Alg represented as a
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common basis for a bone bioink (Korkeamaki, J., et al. 2025; Datta, S. 2023; Liu, S., et al.
2023;Im, S., et al. 2022; Lee, J., et al. 2020).

1.6.3 Gelatine meth acryloyl

GelMA is prepared through the synthesis of gelatine with chemically modified
methacrylic anhydride, whereby the degree of methacryloylation is adjusted to produce
a biomaterial with tunable characteristics (Yue, K., et al. 2015). In addition to the thermo-
responsive nature of gelatine, by chemically modifying with methacrylic anhydride,
radical polymerisation, e.g. UV light exposure, forms covalent crosslinks, to produce a

hydrogel structure with independent stability (Fu, Z., et al. 2024; Bulcke, A., et al. 2000).

Zhu (2024) summarises that GelMA as an independent bioink has weak mechanical
strength and therefore requires transformation into a composite bioink to become
functional for bone in-vitro development, a conclusion in agreement to Zhou (2023). For
example, Liu (2025) embedded electro-spun fibres, which have undergone
mineralisation into GelMA bioink to produce a bioink with great mechanical properties,
and diverse in nanostructure (Liu, X. et al. 2025). Allen (2022) optimised composite
bioprinted hydrogels with GelMA and various HAnp concentrations (5, 10 and 20
mg/mL), producing structurally stable scaffolds with maintained cellular viability.
Increased concentration of HAnp produced increased osteogenic activity (Allen, N., et al.

2022).

1.6.4 Laptonite® nano clay-based L-PNIPAm-co-DMAc polymer

Laptonite® is a synthetic smectite disc-shaped clay with a typical diameter of 30 nm and
a thickness of 0.92 nm (Figure 1.8A). Magnesium 2* and Li* cations are present in the
octahedral sites, with Na* cations within the interlayer space, and the resulting
electrostatic interactions promote the formation of nanoparticle stacks in dry conditions,
and colloidal dispersions in water (Figure 1.8B) (Tomas, H., et al. 2018). Laptonite® has a
reported density of 2.53 g/cm3 and an estimated 5.2 x10'/ discs/g (Felbeck, T., et al.
2016; Grabolle, M., et al. 2016). Poly (N-isopropylacrylamide-co-N, N-
dimethylacrylamide) is a thermo-responsive synthetic co-polymer of N-

sioproyplacrylamide and N,N-dimethylacrylamide, whereby the physical properties of
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the material alter when exposed to external stimuli, in this instance temperature of

below 37 °C (Tang, L., et al. 2021; Bauri, K., et al. 2012).

Synthetic Laptonite® L-PNIPAm-co-DMAc polymer remains as a liquid (globule state) at
temperatures above 37 °C (Figure 1.8C) and irreversibly shifts to a gel (coil state) when
the temperature drops below 37 °C (Figure 1.8D) (Boyes, V., et al. 2021). The synthesis
and polymerisation of the material have been previously described by Boyes (2021),
where azobisisobutyronitrile is used at temperatures exceeding 80 °C to induce thermal
dissociation of the polymer, resulting in the hydrophobic globule conformation of the
Laptonite® co-polymer in a colloidal suspension (Figure 1.8C). Upon cooling, the PNIPAmM
chains change from globule to coil conformation, entangling the neighbouring clay
platelets within polymer chains, thereby forming a non-degradable, stable hydrogel

(Figure 1.8D) (Boyes, V., et al. 2021).

Laptonite® clay nanoparticle B. Laptonite® dispersion

A.
g _ Na*o7[(SisMgs sLio 3)020(OH)4] 7
O
®
C.

Laptonite® L-pNIPAM-co-DMAc D. Laptonite® L-pNIPAM-co-DMAc
suspension network

Figure 1.8. Laptonite® clay nanoparticle dimensions and chemical structure (A), in
dispersion (B), suspension (C) and polymer network (D).

Previously developed as a therapeutic hydrogel for intervertebral disc degeneration
(Cherif, H., et al. 2024; Snuggs, J., et al. 2023; Vickers, L., et al. 2019; Thorpe, A, et al.

2016a) and an injectable hydrogel scaffold to support bone augmentation (Thorpe, A.,
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et al. 2018; Thorpe, A., et al. 2016b), the polymer was appealing to optimise for 3D
bioprinting due to the tunability, mechanical stability from pre-printing sol-gel transition,
biocompatibility, and the emerging interest in developing new bioinks that differ from
those traditionally investigated (Sakr, M., et al. 2025; Garcia-Villen, F., et al. 2021) (Table
1.1).

Similar Laptonite®-based hydrogel materials have been developed for different
biomedical applications, such as drug delivery (Li, H., et al. 2024; Li, Y., et al. 2011; Aguzzi,
C., et al. 2007), incorporation with contrast agents for bioimaging (Rania, M., et al. 2016)
and a bioactive nanomaterial (Reffitt, D., et al. 2003). Mihaila (2013) demonstrated
Laptonite® suspension in growth medium to induce osteogenic differentiation in primary
MSCs, in the absence of osteogenic factors, by the increased expression of differentiation

markers associated with bone remodelling (Mihaila, S. et al. 2013).

Alternative bioprinting studies utilising Laptonite® incorporated in hydrogels are limited;
however, Li (2024) investigated drug delivery of metformin to bone defects by inclusion
of the drugin a 3D printed GelMA nano-clay hydrogel scaffold, with reasonable structural
3D stability. When the hydrogel was cultured in the same environment as cells, viability
was maintained, and no toxicity was detected in in-vitro studies when the hydrogel was
pasted onto bone defects in mice (Li, H., et al. 2024). Similar results on Laptonite®
modified GelMA were reported by Mi (2024), however, osteogenesis was also shown
(Mi, B., et al. 2024). Further, Osteogenesis was promoted by a laptonite® gelatine based
bioink, both in-vitro with MSCs loaded onto the surface of a lattice scaffold, and in-vivo
within a rat muscle pouch with no cytotoxicity recorded (Miao, S., et al. 2022). An
alternative application of direct bioink, Zhou (2021) fabricated a laptonite® reinforced
Pluronic F-127 sacrificial ink to create accurate channels in microfluidic devices, with the
sacrificial ink acting as a structural support (Zhou, K., et al. 2021). Similarly, Afghah (2020)
created a nano-clay hydrogel support bath to facilitate the success of bioprinting

complex 3D structures.

Laptonite™ is incorporated into a Poly(N-isopropylacrylamide) (PNIPAm) based hydrogel,
that can autonomously alter the physical and chemical properties when exposed to
external stimuli (Willner, 1. 2017; Jochum, F., & Theato, P. 2012), as well as alter volume
by extruding or absorbing water, resulting in further alterations to the polymeric network
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microstructure (Ullah, F., et al. 2015). Close to human body temperature, PNIPAm
surfaces are hydrophobic, encouraging cell attachment, in contrast to below 20 °C where
PNIPAm becomes hydrophilic, promoting detachment of cell-sheets (Sanzari, 1., et al.
2020; Dzhoyashvili, N., et al. 2016). Ferrira (2018) summarises research exploiting the
polymers' temperature/amphipathic behaviour to develop cell-sheet transplantation
tissues from patients' autologous cells (Ferreira, N., et al. 2018). PNIPAm has limited
bioink applications; however, Navara (2022) describes a novel PNIPAm co-polymerised
GelMA bioink capable of producing structures on a micrometre scale, into a poloxamer
heated support bath that encourages true filament fidelity. The bioink can be utilised in
cellular +/- conditions, and the use is open-ended for different bioprinting applications

(Navara, A, et al. 2022).

1.7 Study importance

2D monolayer in-vitro studies are not biologically representative of the native dynamics,
composition or morphology of bones. Alternatively, in-vivo studies are ethically
challenged, expensive and often do not allow comprehensive characterisation in early-
stage biomedical studies, resulting in clinical failure. To bridge the gap between simple
monolayer studies and in-vivo studies, 3D in-vitro models are a valuable resource to
reflect the dynamic environment of native tissue whilst allowing for biological
investigations. Various in-vitro bioprinted bone models utilising different compositions
of inorganic and organic biomaterials have been previously published in the wider
literature; however, they exist as simple structures. This study aims to develop a
methodological pipeline of translating ex-vivo bones imaged by high-resolution micro-
CT into 3D printable models (/In-vitro and anatomical model inclusive) to develop an in-
vitro bone model encompassing Cb and Tb structures, whereby composition and
relevant bone remodelling markers will be assessed compared to in-vivo composition
and cellular dynamics. In addition, extrusion-based bioprinting of commercial and in-
house generated bioinks is investigated for suitability, with a microparticle support slurry

generated and characterised to assist in achieving the overall aims of the study.
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1.8 Thesis aims

The research presented in this thesis outlines the process of rendering ex-vivo murine

bone captured by high-resolution micro-CT imaging for 3D model fabrication, of EBB,

fused deposition modelling (FDM) and stereolithography (SLA). In addition, this research

aims to optimise an in-vitro 3D EBB bone model, based on ex-vivo murine bone

morphometry, by investigating bioink printing parameters and creation of a micro-

particle support slurry. The resulting 3D in-vitro model is characterised against in-vivo

bone, by investigating associated bone related markers, composition and behaviour over

21 days. It can be hypothesised that the physical structure of a biomaterial scaffold can

independently induce osteogenesis in the absence of osteogenic media.

Investigate the morphological structure and cell biology of bone architecture in
ex-vivo mammalian murine species to inform the development of a
physiologically relevant 3D in-vitro mouse bone model.

Develop an informed workflow to render micro-CT images into 3D computer-
assisted design model.

Design and deliver an informative workshop on the developed method of
translating ex-vivo micro-CT captured imagery into a 3D printable model by
utilising computer-assisted design software.

Evaluate the impact of the developed method within the wider bone scientific
community.

Optimise the bone bioink composition, fidelity and printability.

Generate and characterise the of micro-particle support bath.

Determine the impact on cellular viability of MC3T3-E1 pre-osteoblasts from the
process of 3D bioprinting.

Evaluate the osteogenic potential of 3D bioprinted in-vitro constructs in +/-

osteogenic growth medium, compared to 2D monolayer culture.
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Chapter 2 — Investigating murine bone biology

Summary of the structure, composition and function of bone to inform the development
of an in-vitro 3D bone model
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2.1 Introduction

2.1.1 Murine model selection

Murine models account for a large proportion of in-vivo models used in bone research
(Stein, M., et al. 2023), with mice being the most commonly used animal in biomedical
research. Various species of mice and rats exist for different specifications of research,
such as studies that require genetically identical animals, or identification of biological
impacts of knocking out specific genes of interest (Hickman, D., et al. 2016; Hefferan, T.,
et al. 2003). Mature Sprague Dawley rat models were selected for this study to represent
the ossified mature stage of bone (Ruberte, J., et al. 2023). A common inbred strain of
laboratory mouse, C57, was also utilised in this study as an alternative frequently used
research model. Both the C57 and Sprague Dawley models are inbred animal strains,
favoured for reliability and reproducibility within in-vivo studies (Song, H., & Hwang, D.

2017).

The research in this report aims to explore the similarities and differences of composition
and morphology in a standard control species of both rat and mice, inclusive of bones of
interest that are commonly investigated, the tibia, femur and vertebral body. The
purpose of the research question is to define a ‘control’ bone, to be used for
development into a 3D in-vitro bone model that aims to incorporate standard bone

architecture and representative biology.

2.1.2 Bone imaging

Different non-destructive imaging techniques can be utilised to visualise bone
morphology and overall bone health. In the medical investigation and diagnosis field,
computational tomography (CT) is typically used to detect injury, diagnose bone diseases
and cancer, as well as evaluate treatments (Hsieh, J., & Flohr, T. 2021; Rubin, G. 2014),
with a typical resolution of 70 — 1000 um (Plessis, A., et al. 2017). Dual-energy x-ray
absorptiometry (DEXA) and magnetic resonance imaging are also frequently used to
determine bone density and assess bone disease (Tadros, S., et al. 2023). However, for
biomedical laboratory research, bench-top micro-CT imaging is more readily available

for experimentation with small mammal models.
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Micro-CT uses cone beam x-ray radiation as a source to capture 2D planar images of a
rotating sample with a flatbed detector with a typical attainable voxel size of 2.6 - 26 um,
fluctuations are based on the model available (Plessis, A., et al. 2017). Briefly, as an x-ray
passes through the tissue, the intensity of the beam is diminished according to the
equation Ix = lpe™, where 10 is the intensity of the beam, X is the distance from the
source, IX is the intensity of the beam at distance X from the source, and U is the linear
attenuation coefficient (mm) (Vasarhelyi, L., et al. 2020; Stauber, M & Muller, R. 2008).
The images captured, when translated into grey pixels, represent the attenuation of the
x-rays transversing the sample from which a 3D projection can be reconstructed in binary
format for accurate visualisation when thresholded appropriately (Campbell, G., &

Sophocleous, A. 2014).

The suitability of an object to undergo micro-CT imaging is determined by both atomic
number and density, with the influence of object volume, contrast and composition of
the mineral impacting the attainable attenuation and resulting contrast, which
influences the quality of the images obtained (Plessis, A., et al. 2017). Dense, inorganic
mineralised tissues, such as bone, provide the best contrast for micro-CT and is the gold
star method for assessing bone micro/macro architecture, with complete external and

internal visualisation (Kim, Y., et al. 2021; Singhal, A., Grande, J., & Zhou, Y. 2013).

2.1.3 Aims and objectives
Investigate the physiological standard in bone architecture in ex-vivo mammalian
murine species to inform the development of a physiologically relevant 3D in-vitro

bone model.

To image and quantify the internal and external micro/macro architecture of ex-vivo

mammalian tibia, femur and VB, utilising the technique of micro-CT.

Characterisation of ex-vivo mammalian bone composition and biological phenotype by

histological and immunochemistry techniques.
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2.2 Materials and methods

2.2.1 Experimental design

Micro-CT and immunohistochemistry (IHC) were employed to evaluate the standard
state of ex-vivo murine bone, focusing on morphological architecture and cellular
populations (Figure 2.2.1). Different species of murine ex-vivo bone, including mice and
rats, were chosen to undergo micro-CT evaluation due to their frequent use as biological
models within the bone research community for in-vivo biomedical investigations
(Mukherjee, P., et al. 2022; Abubakar, et al. 2017). Non-destructive micro-CT imaging
facilitates 3D morphometry analysis of 3D objects, delivering information on the depth
and complexity of bone microarchitecture. Further, remodelling markers specific to
bone-building OBs were selected to undergo standard cellular population investigation

via histology and IHC staining.
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Isolation of tibia, femur and Micro-CT bone Bone immunohistochemistry
vertebrae morphometry and histology

Figure 2.2.1. Summary of experimental design to investigate the internal/external
architecture of bone, composition and cellular populations.

2.2.2 Tissue collection, dissection and storage

Mixed sex ex-breeder Sprague Dawley rat samples (n = 6 total, n = 3 male and n = 3
female), aged 26 +/- 1 weeks old and fed a normal diet (Table 2.2.1), as well as mixed-
sex, unknown age Sprague Dawley (n = 1 male, n = 2 female) were also obtained from
Biological Service Unit at University of Sheffield which were sacrificed using schedule 1
certified method before collection. Samples were collected via whole-body fresh
dissection to isolate the tibia, femur, and vertebral bones (VB). Male, mouse C57 samples
(n = 3), aged 24 +/- 2 weeks and fed a normal diet (Table 2.2.1), were collected and

dissected via the same method, however, completed by Alexander Williamson.
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Table 2.2.1 Identification, weight and length of Sprague Dawley mixed-sex rat
samples, (n = 6), and €57 male mice, (n=3).

Identification Weight (g) Length - nose to anus (cm)

Rat - Female 1, Mature 364 23.5
Rat - Female 2, Mature 315.6 22.9
Rat - Female 3, Mature 394.9 24.5

Rat - Male 1, Mature 466.8 23.8

Rat - Male 2, Mature 467.2 23.5

Rat - Male 3, Mature 460.9 25.5
Mouse — Male 1, Mature 41.2 Unknown
Mouse — Male 2, Mature 37.1 Unknown
Mouse — Male 3, Mature 45.6 Unknown

For murine samples, the vertebrae were dissected below the ribcage to the pelvis using
a scalpel to maintain spinal integrity, harvesting the lumbar spine. The right and left
tibiae were collected via dislocation of the femoral head to remove the intact hind limbs,
followed by a scalpel separation of the femur and ankle. Excess soft tissue was removed.
Bones were fixed in 4% w/v paraformaldehyde (PFA) (j61899.AP, VWR international, UK)
supplemented with 26 mM sodium dihydrogen orthophosphate dihydrate (10723621,
Thermo-fisher scientific, UK), and 34 mM disodium hydrogen orthophosphate dehydrate
(10122880, Thermo-fisher scientific, UK) to reduce mineral diffusion, for 36 to 48 hours
at 4°C, before being transferred to 70% v/v ethanol (459844, Sigma-Aldrich, UK) for

storage until experimentation.

2.2.3 Micro-Computed tomography imaging and processing

Mouse and rat, right tibiae, right femora and lumbar three (L3) vertebrae were scanned
using micro-CT (SkyScan 1272, Bruker Micro-CT, Belgium) with a resolution of 9 um
voxels by wrapping the bone in moistened tissue paper, and mounted into a plastic
scanning tube which was then secured onto the stage of the micro-CT. All bones were
rehydrated in 4gH20 for 24 hours before imaging for density. Tibiae and vertebrae were

scanned with a proximal orientation and femora with a distal orientation, to the standard
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anatomical position to incorporate the sample's respective growth plates within the field
of view. A 0.5 mm aluminium filter was used for mouse samples, and a 1 mm aluminium
filter for rats. A 2016x1344 camera lens was used consistently, with a 10W power source
providing different source voltage: source current of 55 kV:160 YA for mouse, and 65
kV:140 pA for rat. Flat-field detector calibration was performed before scanning to
minimise ring artefacts and improve the signal-to-noise ratio by reaching a suitable signal
transmission/detection percentage. Scans were performed with 360° rotation, with

three x-ray projections acquired every 0.3 — 0.5 degrees.

To accurately determine the TMD and BMD of rat and mice samples, calcium
hydroxyapatite rods—2 mm radius for mouse, 8 mm for rat (Bruker, Belgium)—with
densities of 0.3 and 1.25 gHA/cm3 were scanned using the previously mentioned

parameters.

Software analysis of the x-ray outputs was completed using NRecon (NRecon 2.1.0.2,
Bruker Micro-CT, Belgium), which generated a 3D reconstruction from the 2D x-ray
projections. Images were optimised using an appropriate post-alignment compensation,
+1 smoothing filter (Gaussian window kernel), 40% beam hardening correction, and
appropriate ring artefact correction. A threshold of 0 — 0.12 mm™ was selected to
represent the transition between pore and bone tissue for all rat and mouse samples.
Visualisation software, CT Vox, was used for qualitative visualisation of entire samples,
density and thickness. Pseudo-colour was applied for the entire samples, whereas
density and thickness visualisation for mouse and rat were calibrated (Chapter 2,
sections 2.2.4.3 and 2.2.4.4). All reconstructed samples were rotated in alignment within

the trans-axial plane in the software Data Viewer.

2.2.4 Region of interest segmentation

Post-reconstruction analysis was performed using CTAn (CTAn 1.15.4.0, Bruker, Belgium).
Tb (metaphyseal) and Cb (metaphyseal) volume of interest (VOI) for tibiae and femora
were selected using the bridge-break of the growth plate as a suitable and consistent
landmark. Cancellous bone was selected as VOI for the VB (Figure 2.2.2). Region of
interest (ROI) of Tb, Cb and total architecture were created by freehand drawing.

Landmark selection for long bones was referenced to the chondrocyte seam, referred to
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as ‘bridge break’, in the growth plate that reflects the transition from proliferative zone
to hypertrophic zone in the epiphyseal growth plate. The distal femoral head growth
plate features four islands that break in the centre, whereas the proximal tibiae have
two. For the VB, the body was isolated from processors and pedicles using the user-
defined thinnest point of Cb. VB inferior growth plate was selected, with landmark
selection following the break of the chondrocyte seam and transition into mature

trabecular from primary spongiosa.
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Figure 2.2.2 Region of interest selection projections in rat femur, tibia and L3 VB. The
appropriate landmark is represented by a red line in the projection, with the region of
interest visualised by grey space in replacement of green space. For rats, a 2 mm height
of ROI was selected for Tb & Cb analysis (shown). The tibia offset was 0.5 mm, 3mm for
the femur, and 1 mm for L3 VB (shown). For mice, a 1.5 mm height of ROl was selected
for Tb & Cb analysis (not shown) with a 0.5 mm offset used for all bone types.
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2.2.4.1 CTAn three-dimensional morphometry

3D bone morphometry analysis was completed for Tb and Cb independently. For rat and
mouse Tb, the ROl was loaded into CTAn. Global thresholding was selected with output
to image of 70 — 255, followed by despeckling. Finally, 3D analysis was selected with
additional values (Table 2.2.2). For rat and mouse Cb, the greyscale threshold selected
was 120 — 255, with despeckling applied, and 3D analysis performed with basic output

values selected (Table 2.2.2). CSV files were produced.

2.2.4.2 CTAn porosity

Porosity was determined in the Cb by inverting the binarisation of bone to highlight the
pore space, with a threshold of 120 — 255. The binarised bone underwent sweeping and
despeckling to further segment. Bitwise and morphological operations were completed,
with a final despeckling to retain only the VOI saved as a BMP. Finally, a 3D analysis was

performed (Table 2.2.2) with porosity calculated using the following (Equation 2.2.1).

Porosity of total cortical volume (%)

Pore volume (mm — 1) 100
X

~ Total cortical and pore volume (mm — 1)

Equation 2.2.1. Equation for calculating porosity of cortical bone.

2.2.4.3 CTAn trabecular thickness

Trabecular VOIs had a threshold of 70 — 120 applied and despeckling. Following this, 3D
individual object analysis was completed, with thickness and separation saved. For
visualisation in CT Vox, the output ROl underwent contrast stretching, followed by saving
bitmaps and BMP as output file type. The output BMP was opened in CT Vox, with the
minimum and maximum thickness values of the total study, per species, applied as an

appropriate colour-coded scale bar.

2.2.4.4 CTAn bone & tissue mineral density

Scanned phantoms were reconstructed and thresholded identically irrespective of bone
samples, with a height of 1.5 mm selected for ROl segmentation of the inner 60% of the
individual phantoms. To accurately calibrate the software, the attenuation coefficient
(AC) values were obtained from the binary view data set summary. The AC output values

were inputted into the BMD histogram, with the associated CaHA density to result in the
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following calibration (Equation 2.2.2). After calibration, the 0.3 g/cm3 phantom produced
a TMD of 0.29 g/cm?3, and the 1.25 g/cm?® phantom produced a TMD of 1.24 g/cm?.

BMD — AC — 0.0074621052631579
©0.0335263157894737

Equation 2.2.2 Bone and tissue mineral density histogram calculation based on
known phantom calibration.

Independent ROIs of Tb and Cb were loaded into CTAn with the appropriate calibrations
set per species, with binary histograms produced. Cb value was taken from the mean of
all AC values, defined as Tissue mineral density (TMD) (g/cm3), whereas Tb was taken
from the mean (total) of all AC values, referred to as Bone mineral density (BMD) (g/cm?)
(Table 2.2.2).

Table 2.2.2. Description of analytical outputs from micro-CT imaging. Descriptions
adapted from Bouxsein, M., et al. 2010 & Kazama, J., et al. 2010. Bone morphometric

parameters investigated in this study are listed below.

Variable Abbreviation / Description of the algorithm output
Standard Unit
Trabecular Tb.N (mm?) The average number of trabeculae per unit length
Number in an ROI, detected by spatial densitometry.
Trabecular Tb.Th (mm) Average thickness of trabeculae in 3D space,
Thickness detected by spatial densitometry.
Trabecular Tb.Sp (mm) Average distance between trabeculae in 3D space.
separation

Bone volume

BV/TV (%)

The segmented bone volume ratio to the region's

pore volume

fraction total volume of interest is based on spatial
densitometry, e.g., highlighting medullary marrow
space.
Cortical bone CBV (mm) The total volume of calcified bone based on spatial
volume densitometry
Cortical bone Porosity (%) Total volume of pore space within the calcified

bone, after inversion of density.

Tissue
mineral
density

TMD (g/cm3)

Total volumetric density of calcium hydroxyapatite.
Mean pixel tissue mineral density for total calcified
bone, excluding soft tissue space.

Bone mineral
density

BMD (g/cm?)

Total volumetric density of calcium hydroxyapatite.
Mean pixel bone mineral density for the trabecular
bone area within the soft tissue space.
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2.2.5 Decalcification and tissue preparation

Following micro-CT analysis, rat bones underwent destructive processing. Bones were
decalcified with agitation over 3 - 4 weeks at 4 °C in excess solution volume compared
to the sample in 20% ethylenediaminetetraacetic acid (EDTA) (#A10713.36,
ThermoFisher, UK), adjusted to pH 7.4 with sodium hydroxide. The EDTA buffer was
replaced every three days, after phosphate-buffered saline (pH 7.4) washes. Micro-CT
scout views were obtained every 3 - 4 days to ensure full decalcification of samples
(Figure 2.2.3). Rat bones were placed in a tissue processor (Leica TP 1020, UK) for
dehydration through 70%, 80% and 95% ethanol for 45 minutes each, followed by 3
changes of 100% ethanol. The tissue was cleared by 2 changes of xylene for 1 hour each
and embedded by repetitive changes of paraffin for 1 hour. Rat bone samples underwent
standard embedding in paraffin (Histocore Arcadia Il, UK), followed by 8 um sections cut
using a microtome (Leica RM2235, UK) fitted with a diamond blade onto positively
charged slides (Leica Biosystems, UK). The floated sections were left to dry at 37 °C for 2

weeks before histological and IHC staining procedures.

DO D3 D7 D10

D14 D17 D21 D24

Figure 2.2.3 Micro-CT image projections of total rat tibiae decalcification. Rat tibiae,

femur and lumbar vertebrae underwent decalcification to allow tissue processing for
histological and immunostaining. Representative images of tibiae shown.
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2.2.6.1 Haematoxylin and eosin staining

Samples underwent paraffin removal using sub-X (Leica microsystems, UK) for 3 x 5
minutes before rehydration through a series of industrial methylated spirit (IMS) baths.
Samples were then placed in 4¢H20 before staining with filtered Mayer's Haematoxylin
(Leica microsystems, UK) for 1 minute, followed by ‘bluing” under running tap water for
5 minutes. Alcoholic eosin (Lecia Microsystems) was used for counterstaining for 1
minute. Sections were then dehydrated for 3 x 5 minutes in IMS and cleared for 3 x 5
minutes in Sub-X. Coverslips were mounted to samples using Eukitt quick hardening

mounting medium (#03989, Merck, UK) and left to dry before sections were assessed.

2.2.6.2 Masson Trichrome staining

Samples underwent paraffin removal using sub-X (Leica Microsystems, UK) for 3 x 5
minutes before rehydration through a series of IMS baths. Masson’s trichrome (MT)
staining kit (Atom Scientific, UK) was used according to the manufacturer's method.
Samples were stained with equal parts of Wiegert's iron haematoxylin for 20 minutes,
followed by washing in water for 1 minute. Samples were differentiated in a 1% acid
alcohol solution before ‘bluing’ under running tap water for 5 minutes. Ponceau fuchsin
was applied for 5 minutes, followed by a wash in 4¢H20, before further staining with
phosphomolybdic acid for 15 minutes. Samples were transferred to methyl blue solution,
without rinsing, for 5 minutes. Slides were washed in water, followed by 3 x 5 minutes in
IMS and cleared for 3 x 5 minutes in Sub-X. Coverslips were mounted to samples using
Eukitt quick hardening mounting medium (#03989, Merck, UK) and left to dry before

sections were assessed.

2.2.6.3 Alcian blue staining

Paraffin removal using sub-X (Leica microsystems, UK) for 3 x 5 minutes before
rehydration through a series of IMS baths was conducted. Samples underwent staining
in 1% alcian blue (ACB) solution (pH 2.5) for 30 minutes at room temperature, followed
by washing in running tap water for 2 minutes and rinsing briefly in 4¢H20. To each
sample, 0.1% nuclear fast red solution was applied as a counterstain for 5 minutes, with
the washing in running tap water for 1 minute. Dehydration of 3 x 5 minutes in IMS and

cleared for 3 x 5 minutes in Sub-X. Coverslips were mounted to samples using Eukitt quick
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hardening mounting medium (#03989, Merck, UK) and left to dry before sections were

assessed.

2.2.6.4 Safranin O staining

Samples underwent paraffin removal using sub-X (Leica Microsystems, UK) for 3 x 5
minutes before rehydration through a series of IMS baths. Equal parts of Wiegert's iron
haematoxylin were applied for 5 minutes, with samples washed in running tap water for
10 minutes afterwards. Samples were stained with 0.4% aqueous fast green for 4
minutes, followed by rinsing in two changes of 1% acetic acid for 5 minutes each. Freshly
prepared 0.125% safranin-o (SO) was applied before dehydration of 3 x 5 minutes in IMS
and clearing for 3 x 5 minutes in Sub-X. Coverslips were mounted to samples using Eukitt
quick hardening mounting medium (#03989, Merck, UK) and left to dry before sections

were assessed.

2.2.6.5 Immunohistochemistry

IHC was conducted to assess the proteins of interest (Table 2.2.3). Samples underwent
paraffin removal using sub-X (Leica microsystems, UK) for 3 x 5 minutes before
rehydration through a series of IMS baths before endogenous peroxidases were blocked
with 3% w/v hydrogen peroxide in IMS containing five drops of concentrated 37%
hydrogen chloride for 1 hour at room temperature. Sections underwent a 5-minute wash
in H20, a 2 x 5-minute wash in 1X tris-buffered saline (TBS), prepared by diluting a 10X
stock of TBS (200 mM Tris(hydroxymethyl)aminomethane and 1500 mM sodium
chloride, adjusted to pH 7.5)

Each primary antibody underwent optimisation for a suitable antigen retrieval method
(Table 2.2.3): none, heat, and enzyme. For heat antigen retrieval, samples were
submerged in tris antigen retrieval buffer (50 mM Tris, pH 9.5) and paired with a non-
stick Teflon™ strip, clamped in place with a blank microscope slide with a bulldog clip.
Sections underwent steaming (Russell Hobbs) for 10 minutes in Tris-antigen retrieval
buffer and moved to 4¢H20 to allow separation of Teflon™ from the sample. For enzyme
antigen-retrieval, samples were submerged in pre-heated enzyme antigen-retrieval
buffer containing 300 pL of 1% w/v a-chymotrypsin and 0.1% calcium chloride for 30

minutes at 37°C.
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Following antigen retrieval, slides were washed in 1X TBS for 3 x 5 minutes. A

hydrophobic barrier PAP pen was used, and a blocking buffer (25% normal goat serum

and 1% bovine serum albumin in 1X TBS) was applied for 2 hours at room temperature

in a humidified box to limit non-specific antibody-protein interactions. Following

incubation, sections were incubated overnight at 4 °C with the protein of interest

antibody diluted (Table 2.2.3) in blocking buffer; anti-caspase-3, anti-Runx2, anti-ALPPL2,

anti-OCN, anti-OPN, anti-COL-1, and anti-ki67 (Proteintech) or a rabbit 1gG isotype

(Abcam, ab183910) at an appropriate concentration as the primary antibody of interest.

Table 2.2.3 Primary antibody and antigen retrieval conditions for IHC staining of rat
femur and tibiae. All antibody concentrations and antigen retrieval methods were
independently optimised, using a range of three antibody concentrations and three
antigen retrieval methods — None, heat, and enzyme.

Primary Antibody

Antigen Retrieval

Concentration of
primary

antibody(pg/ml)

Proteintech 28074-1AP

CaCl, and a-chymotrypsin

Rabbit Anti-Caspase-3 (600ug) — None 1.2
Proteintech 19677-1-AP
Rabbit Anti-Runx2 (600ug) — Heat — 0.05 M Tris. pH 9.5 12
Proteintech 20700-1-AP
Rabbit Anti-ALPPL2 (260pg) — Heat —0.05 M Tris. pH 9.5 2.6
Proteintech 18506-1-AP
Rabbit Anti-osteocalcin (500ug) — None 10
Proteintech 23418-1-AP
Rabbit Anti-osteopontin (700ug) | Enzyme — 1X TBS (pH 7.5) with 3.5
— Proteintech 22952-1-AP CaCl and a-chymotrypsin
Rabbit Anti-Collagen Type | Enzyme — 1X TBS (pH 7.5) with 1
(500pg) — Proteintech 14695-1-AP CaCl, and a-chymotrypsin
Rabbit Anti-Ki67 (600ng) — Enzyme — 1X TBS (pH 7.5) with 1.2
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Sections were washed in 1X TBS for 3 x 5 minutes, and pre-diluted secondary antibody
GTX Rabbit biotin (21537, SLS) was applied for 30 minutes at room temperature. Sections
were washed in 1X TBS for 3 x 5 minutes before the addition of Vectorstain elite ABC
reagent (PK-7100, 2B scientific, UK) for 30 minutes at room temperature before
developing with 0.08% v/v H;0, and 0.65 mg/ml 3,3’-diaminobenzidine
tetrahydrochloride for 20 minutes at room temperature. Samples were washed in water
for 5 minutes. Sections were then dehydrated for 3 x 5 minutes in IMS and cleared for 3
x 5 minutes in Sub-X. Coverslips were mounted to samples using Eukitt quick hardening

mounting medium (#03989, Merck, UK) and left to dry before sections were assessed.

2.2.7 Image capture
Representative images were taken microscopically using an Olympus BX60 microscope,
and images were captured using CellSens software (Olympus, UK) and a MicroCapture

v5.0 RTV digital camera (Q imaging, Buckinghamshire, UK).

2.2.8 Statistical analysis

All micro-CT data were presented in the form of individual data points, with mean values
displayed for normally distributed data and median values for non-parametric data. For
morphometric analysis, Shapiro-Wilk normality testing was completed, with significance
determined by multiple unpaired T-Tests (two-tailed) followed by the Holm-Sidak
method. For TMD/BMD analysis, Shapiro-Wilk normality testing was completed,
followed by One-Way ANOVA and post hoc Holm-Sidak test. P < 0.05 was defined as

statistically significant in this study.
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2.3 Results

2.3.1 Murine ex-vivo bone morphometry

Micro-CT imaging and analysis allow the visualisation and quantification of different
murine bone types. Hand-drawn ROIs were used to define regions of Cb and Tb for 3D
quantification for all mouse and rat bones of interest: Femur, tibia and L3 VB (Figure
2.3.1). Between species, qualitatively, the bones featured similar morphology; however,
it was clear that rat bones contained a higher level of architectural complexity compared

to mouse bones, with increased porosity and apparent Tb.N (Figure 2.3.1).
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Trabecular Cortical Cortical pores

Mouse VB Mouse Tibia Mouse Femur

Rat Femur

Rat Tibia

Rat VB

Figure 2.3.1 Representative schematic of mouse and rat bone regions of interest
for morphological analysis of femur, tibia and L3 VB. Each bone type was segmented
into Tb, Cb and pore regions of interest for 3D morphological analysis. For mice, Th
and Cb analysis was completed on a 1.5 mm section taken 0.5 mm from the growth
plate break landmark for the femur, tibia, and L3 VB. For rats, Tb and Cb analysis
were completed on a 1.5 mm section taken 0.5 mm from the growth plate break
landmark for the femur, tibia, and L3 VB. Pseudo-density colour was applied. n = 3,
scale bars are 500 um for mouse and 1 mm for rat.

From the Cb ROIs and porosity segmentation (Figure 2.3.1), 3D quantitative analysis was
performed. The overall bone volume of mice was statistically significant compared to the

bone volume of both male and female rats in both tibia (P < 0.0001) and femur (P <
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0.0001) (Figure 2.3.2A). High intra-sample variance in the male rat tibia was discovered,
compared to all other samples (Figure 2.3.2A). In comparison to porosity, a different
trend could be seen. The rat male tibia and femur contain a lot of variances inter-
population compared to rat female and mouse, resulting in a statistical difference
between these groups (Figure 2.3.2B). The VB was shown to have consistent porosity

between populations in the different groups.
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Figure 2.3.2 Cortical bone morphometry quantitative analysis outputs for mouse
and rat bone regions of interest. 1.5 mm ROl of mouse Cb, and 2 mm ROI of rat Cb
was selected for 3D morphometry analysis. A) Bone volume (mm?3) quantification of
tibia, femur and L3 VB male and female rats and male mouse, B) porosity (%)
quantification of tibia, femur and L3 VB male and female rats, and male mouse. n =
3, Mean represented, with T-Test multiple comparisons per bone type, P < 0.05.

Tb.Th ranges between different bone types and between species. The variance of bone
micro-architecture complexity was qualitatively visualised (Figure 2.3.3A/B). Statistically
(P <0.0015), Th.Th was different between all species in the tibia (Figure 2.3.3C). Overall,
across bone types Th.Th was not statistically different, with male rats having the highest
overall Tb.Th (Figure 2.3.3C). Trabecular number (Tb.N) for tibia and femur show no
statistical difference between samples and species, whereas for the L3 VB the female
and male rats were statistically different (P = 0.0287, 0.0264, respectively) to the mouse
(Figure 2.3.3D). Trabecular separation (Tb.Sp) has great intra-sample variance, with a
statistical difference (P = 0.0174) between male and female rat tibia (Figure 2.3.3E). The
L3 VB showed a statistical significance between rat and mouse samples (Figure 2.3.3E),
perhaps linked to the high Th.N seen in mouse L3 VB compared to the rat samples (Figure
2.3.3D). Bone volume to tissue ratio (BV/TV) was varied for female rat tibia compared to
male rat and male mouse, with this difference seen in the femur. L3 VB was consistent

between species and conditions (Figure 2.3.3F).
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Figure 2.3.3 Region of interest trabecular thickness colour-coded 3D models of
mouse bones and morphometry 3D quantitative analysis. All segmented Tb samples
are shown, representing the diversity between samples. A) ROls shown were used for
mouse Tb analysis, with thickness colour-coded scale bar, 0 — 0.08 mm, shown from
low thickness (brown) to high thickness (purple). Scale bars represent 500 um. B) All
ROIs shown were used for male rat Tb analysis, with a thickness colour-coded scale
bar, 0 — 0.2 mm, shown from low thickness (brown) to high thickness (purple). Scale
bars represent 1 mm. C) Tb separation (um) quantification of tibia, femur and L3 VB
male and female rats, and male mouse, D) Tb number (mm™) quantification of tibia,
femur and L3 VB male and female rats, and male mouse, E) Tb thickness (mm)
quantification of tibia, femur and L3 VB male and female rats, and male mouse. F)
Bone volume to tissue ratio (%) quantification of tibia, femur and L3 VB male and
female rats and male mouse. n = 3, Mean represented, with T-Test multiple
comparisons per bone type, P < 0.05.
2.3.2 Murine bone composition
Rat bones underwent decalcification and sectioning for further investigation into cellular
phenotype. Haematoxylin and eosin (H&E) staining was used to visualise the standard
tissue architecture (Figure 2.3.4A) and cellular components (Figure 2.3.4B). Tb could be
identified within bone marrow regions, connected to Cb. The periosteum surrounded
the Cb, and blood vessels were visualised connecting the marrow to the highly
vascularised surface (Figure 2.3.4A/B), where the arrows and labels indicate the
structures described. Regions of BLCs, OBs and OCs were visualised within the Tb,
surrounded by bone marrow containing white blood cells and adipose droplets. Within
the Cb, resorption pits containing OCLs, surface lining OBs and an increased population
of OCs were noted. Cells were morphologically identified by location and being either
single or multi-nucleated; however, cells would require specific protein marker
identification to confirm phenotype (Figure 2.3.4A/B). OCs could be visualised in ACB
stain, in reabsorption pits within the Cb, with OCs in individual crypts within the Cb and
Tb. No physiological differences were observed between male and female rats (Figure
2.3.4D). SO staining showed strong regions of proteoglycan staining within Tb structures,
with less staining visualised in Cb (Figure 2.3.4C). ACB staining allowed visualisation of
rich mucin regions within both Cb and Tb. In general, male tibia and femurs

demonstrated strongly stained regions of both proteoglycans and mucins compared to

female tibia and femur (Figure 2.3.4D).
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Femur (M)

Figure 2.3.4 Histology stains on male and female rat, tibia and femur. A) Tissue architecture is identified, trabecular bone (Tb), cortical bone (Cb),
bone marrow (BM), blood vessel (BV) and periosteum (PO), scale bar represents 200 um, B) Cellular population is identified by arrows, OCs (green),
OCLs (yellow), OBs (blue), BLC (red), C) Safranin-O (50) allows visualisation of proteoglycan-rich regions (red/pink), and bone (green). D) Alcian
blue (ACB) represents regions of mucins and proteoglycans (blue), nucleus (strong pink) and connective tissue (pale pink). Scale bar for (B, C & D)
represents 20 um. n = 3, representative image shown.
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Rod-shaped standards called phantoms with a known density of calcium hydroxyapatite
were scanned and reconstructed using the same parameters as the bones, allowing
accurate calibration of CTAn software to determine BMD and TMD. BMD represents the
Cb region, and TMD represents the trabecular region surrounded by the bone marrow
cavity, with each region independently measured by Cb and Tb defined ROls. Figure
2.3.5A represents a qualitative summary of male and female rat tibia, femur and L3 VB,

as well as the male mouse tibia, femur and L3 VB.

Female rat bones had the highest density (BMD & TMD) averages in all bones, visualised
both qualitatively in representative images (Figure 2.3.5A) and quantitatively (Figure
2.3.5B/C). Statistical differences in BMD were between the rats (male and female) and
mice in both the femur and L3 VB (Figure 2.3.5B). Interestingly, no statistical difference
was found in the tibia for BMD (Figure 2.3.5B). For TMD, the female rat tibia was
statistically different from both male rat (P = 0.0175) and male mouse (P = 0.0013), with
no difference between the male conditions (Figure 2.3.5C). The femur and L3 VB had

statistical differences between rats (male and female) and mice (Figure 2.3.5C).
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Figure 2.3.5 Region of interest density colour-coded 3D models of murine bones and
density calibrated bones and tissue mineral density. A) Mouse and rat L3 VB, tibia and
femur shown. All ROIs shown were used for 3D model analysis, with a density colour-
coded scale bar, 0 — 0.35 g/cm?3, shown from low density (red) to high density (blue).
Density was calibrated against known CaHA phantoms of 0.3 and 1.25 g/cm3. A
representative 3D model is shown for each group. B) Bone mineral density (g/cm?) of all
bones and murine samples, C) Tissue mineral density (g/cm?) of all bones and murine
samples, n = 3. Median represented, with One-way ANOVA, multiple comparisons per
bone type, P < 0.05.
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Bones were decalcified to allow efficient processing and sectioning, leaving behind the
collagenous matrix. MT revealed the regions of collagen present in bones, represented
by the intense blue staining for newly formed collagen and red staining for cytoplasm
and muscle. Qualitatively, Tb had a lower abundance of collagen compared to Cb.
Whereas Cb had stronger regions of collagen and ossified tissue (Figure 2.3.6A). COL-1
was the most abundant protein in bone, with strong positive regions around and within
the OBs and BLC (Figure 2.3.6B). Interestingly, in the male tibia representative image, the
transition of OBs into OCs from the reduction of immunopositivity from the endosteal

surface into the Cb bone region could be visualised.
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Femur (F) Femur (M) Tibia (F) Tibia (M)

COL-1

Figure 2.3.6. Masson trichrome histological stain and collagen-1 IHC on male and
female rat tibia and femur. 8 um sections. A & B) The histological stain represents
collagen (blue), cytoplasm and muscle (pink) and nuclei (black). C) Immunopositivity of
collagen-1 is represented by brown staining, with magnified regions highlighted by black
boxes (D). n = 3, representative image shown, (A) scale bar represents 50 um, and (B &
C) scale bar represents 20 um.

2.3.3 Immunohistochemical evaluation of osteoblast differentiation
markers in rat tibia and femur

IHC allows the detection and visualisation of proteins of interest within histologically
preserved samples. Runx2 and ALP represent the early stages of OB differentiation and
could be detected as immunopositivity in OBs on the endosteal seam and surface of the
trabeculae in all bones (Figure 2.3.7A and 2.3.7C). ALP could also be detected in OCs, as
well as in white blood cells within the bone marrow (Figure 2.3.7A/B). Despite the clear
staining intensity of Runx2 in OBs, immunopositivity could be detected in OCLs and
within the bone marrow niche, which may be due to non-specific binding during the
endogenous peroxidase block within the IHC method, as this region was also positive

within the 1gG control. In Figure 2.3.7C, Runx2 could be qualitatively visualised in the
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female tibia representative image of the transition of OBs into the commitment to OCs

as staining intensity declines from the endochondral surface into the Cb bone region.

OPN and OCN represent the later stages of OB differentiation, commitment and
maturity, with OCN positivity detected in OBs, OCs and OCLs in all bones (Figure
2.3.8A/B), as well as non-specific endogenous peroxidases within bone marrow only in
the IgG control, whereby bone cells were negatively stained. Surprisingly, OPN was not
detected in the samples (Figure 2.3.8C) despite its well-known role in cell adhesion and

mineralisation and previous optimised conditions on rat bone samples.

Despite the abundant cellular populations commonly found in native bone, bone cells
have a slow turnover. Ki-67 was a proliferation marker utilised here, and no cells were
shown to have positivity in the preserved bone samples (Figure 2.3.9A). Caspase-3 (CAS-
3) is a key protease involved in apoptosis, programmed cell death; however, CAS-3 is also
involved with bone remodelling of osteoclastogenesis and differentiation of mOBs from

iOBs. Immunopositivity could be detected in OBs (Figure 2.3.9B).
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Figure 2.3.7 Alkaline phosphatase and runt-related transcription factor-2 immunohistochemistry on male and female rat, tibia and femur. 8
um sections were used; immunopositivity is represented by brown staining. A) Alkaline phosphatase (ALP), B) magnified regions highlighted by
black boxes, C) runt-related transcription factor-2 (Runx2), D) magnified regions highlighted by black boxes. IgG controls are shown. n = 3,
representative image shown, scale bar represents 20 um.
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Figure 2.3.8 Osteocalcin and osteopontin immunohistochemistry on male and female rat, tibia and femur. 8 um sections were used;
immunopositivity is represented by brown staining. A) Osteocalcin (OCN), B) magnified regions highlighted by black boxes, C) Osteopontin (OPN).
IgG controls are shown. n = 3, representative image shown, scale bar represents 20 um.
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Figure 2.3.9. Ki67 and caspase-3 immunohistochemistry on male and female rat, tibia and femur. 8 um sections were used; immunopositivity
is represented by brown staining. A) Ki67 B) Caspase-3 (CAS-3). IgG controls are shown. n = 3, representative image shown, scale bar represents

20 um.
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2.4 Discussion

This chapter aimed to determine the similarities and differences in bone architecture in
murine species, with the characterisation of bone microarchitecture, composition and
biological phenotype. The progressive research of developing an in-vitro bone model
required a biological framework of native bone to act as a control, as well as translation
of the 3D reconstructed bone projection into a 3D model. This was achieved via micro-
CT scanning to visualise the internal and external micro/macro architecture of ex-vivo
murine bone using high-resolution micro-CT, which was combined with histological and

IHC analysis to characterise native bone composition and biological phenotype.

Various murine bones were investigated in the study to obtain values on frequently
reported Cb and Tb morphometric bone parameters by the high-resolution imaging
technique micro-CT. Three bones were selected for investigation: tibia, femur and
lumbar VB, due to being the most frequently investigated bone types within the bone
biomedical community (Prasanna, L., et al. 2025). Another key outcome from micro-CT
was to produce a consistent ROI containing both Cb and Th, to be used in the latter
described research, for bone in-vitro model development. For this reason, average
morphometric bone values and ROIs were defined as a characterised control, obtained

from two frequently used in-vivo murine species, mouse and rat.

2.4.1 Murine model selection

As a research project aiming to reduce and refine animal usage in biomedical bone
research, different conditions of bone development were not assessed, with ex-breeder
rats chosen as the final model to continue in this study due to the mature ossified state
of the skeleton, and associated cost. Alongside rats, lean C57 male mice, aged 24 +/- 2
weeks, were imaged after being used in another study conducted by Williamson (2023),

to further emphasise the benefit of reducing animal usage.

Rats, of unknown age, were obtained from a teaching facility, as waste products, were
originally investigated; however, due to the early developmental stage, the long bones
of interest, tibia and femur, had excessive regions of cartilage and did not feature a
consistent epiphyseal region (Koh, N., et al. 2024). This resulted in inconsistent landmark

selection to achieve an equal ROI for the quantification of Cb and Tb. Martin (2003)
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reported that in rats, by micro-CT imaging of the proximal tibia, epiphyseal bridges begin
increasing between 3 and 10 months of age, with a peak reached at 5 months on
average, whereby it remained constant up to 30 months. Immature bones can also
feature increased ‘porosity’ compared to mature bones; however, this is often unossified
regions of bone, namely cartilage undergoing intramembranous ossification, therefore
not representing a true model of mature ossified bone (Jilka, R. 2013; Koh, N., et al.

2024).

Limited research exists comparing and characterising the morphological differences of
bones in different species, which is interesting considering that an ideal in-vivo model to
suit all bone research does not exist; the model used will depend on the study objectives
(Abubakar, A. et al. 2016; Chevier, A,, et al. 2014). In 1998, Aerssens reported on the
interspecies differences between human, dog, pig, cow, sheep, chicken, and rat utilising
Cb from the femur, and Tb from the L2 VB, based on the observation of ‘baseline’ values
in animal models compared to humans, when utilised for research purposes, were
missing in literature. The research conducted in Aerssens' (1998) study, however, was
limited, with mechanically destructed bone that has undergone milling used to report
on BMD. This method removes the distinction between Cb and Tb in addition to
architectural complexity. Humans were reported to have a similar BMD to that of dogs
and pigs, with sheep and rats having the biggest differences. Furthermore, no statistical
analysis was performed, but results did emphasise the macro-differences in species

(Aerssens, J., et al. 1998).

2.4.2 Murine bone architecture

In 2010, Bouxsein emphasised the importance of Tb.Th, Th.N, Tb.Sp, and BV/TV
guantification for assessment of Tb micro-architecture and remodelling, above other
parameters. For micro-CT analysis, different considerations need to be highlighted as it
is accepted that any changes in either scanning parameters, voxel size, binary
assignment, or ROI selection during quantification result in output differences (Oliviero,
S., et al. 2019; Pauwels, R., et al. 2015; Campbell, G., & Sophocleous, A. 2014; Verdelis,
K., et al. 2011; Bouxsein, M. et al. 2010; Hara, T., et al. 2002). In the research presented
here, commercially available CTAn was used; however, different software, such as

Scanco, Imagel/Bonel, and dragonfly, are widely used for analysis in various bone studies
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(Steiner, L., Synek, A., & Pahr, D. 2020; He, R., et al. 2019). Doube (2010) reported that
CTAn, scanco and bonel yielded similar results on Tb cubes scanned on the same micro-
CT system; however, no statistical analysis was reported. Verdelis (2011) compared three
different micro-CT systems (Scanco 35, Bruker Skyscan 1172, and GE Healthcare eXplore
Locus SP), with the associated analysis software. Up to an 80% variance was noted for
Th.Th, and 150% difference for Tb.N, which was significant between the systems. This
literature is important to highlight, as comparisons of morphometric output parameters
to other studies should not be direct, with methods of data collection and analysis

typically resulting in differences.

Traditionally, for micro-CT morphometry Cb analysis is completed at a different offset
from the landmark (Figure 2.2.2) to the Tb analysis (Oliviero, S. et al. 2019; Campbell, G.,
& Sophocleous, A. 2014; Bouxsein, M. et al. 2010). For this study, an appropriate ROI
incorporating both Cb and Th was selected for progressive research, as explained in the
subsequent chapters of this report. Due to this decision, the Cb is likely to be more
vascularized and porous than the typical reported values in wider literature (Lafage-

Proust, M., et al. 2015).

Trabecular bone, in particular the number of trabeculae (Tb.N), is a variable condition
based on the in-vivo model investigated. The Th.N can be altered by the ongoing bone
remodelling processes, specifically the balance and regulation between OBs and OCLs.
In addition, species, age, sex, mechanical stress, hormonal changes and nutrition can
result in biological fluctuations (Rodriguez, V., et al. 2024; Sequeira, L., et al. 2020;
Nieves, J. 2017; Jia, M., et al. 2013). It is understood that hormones have a great impact
on both Tb and Cb structure, resulting in altered function. In males, testosterone
supports periosteal bone expansion and prevents Tb loss (Tenuta, M., et al. 2025), whilst
in females, estrogen prevents loss to both Cb and Tbh volume (Cauley, J. 2015). As ex-
breeder mature rats, in particular the female rats that underwent pregnancy and
lactation periods, it was hypothesised that females would have reduced bone volume
and increased porosity compared to males due to the natural fluctuations of estrogen,
and demand on calcium reserves during pregnancy and lactation (Lujano-Negrete, A., et

al. 2022; Kovacs, C. 2001). Due to the age of the rats used in this study, > 6 months, it
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can be assumed that only one reproductive cycle was completed before sacrifice. No loss

of bone volume was discovered in this study between female and male rats.

In a study conducted by Bowman (2002), Sprague Dawley rat maternal tibia, age of
sacrifice was not specified, were assessed via binary histomorphometry indices after two
reproductive cycles, with assessments completed after different lactation periods after
weaning. The study showed a rapid increase in Th.N after the lactation period, with an
increase in Th.Th from 0.4 mm to 0.6 mm after 4 weeks (Bowman, B. 2002). A second
study, conducted by Bakker (2018) supported the findings by Bowman (2002), however,
utilising the imaging technique of micro-CT, and inclusion of the assessment of tibia,
femur and lumbar vertebra of rats, species not specified, aged 14 — 19 months after two
to three reproductive cycles (Bakker, C. et al. 2018). In Bakker’s (2018) study, the
proximal tibia, Th.N remained reduced for up to 12 weeks for the model following
reproduction, ~2.5 mm™ throughout compared to a range of 4.5 mm decreasing to 2.7
mm from week 0 to week 12 of the study for the virgin models. Th.Th was increased in
the reproduced model compared to the virgin model in all time points, with week 0 and
week 12 having a statistical difference (Bakker, C., et al. 2018). In the L4 VB, Th.N was
significantly reduced in the reproductive group compared virgin, 2.7 mm compared to
3.5 mm, respectively. No statistical difference was identified for Tb.Th between the two
groups, with a reported average of 0.08 mm. In the femur Cb, no statistical difference

was reported for bone volume between the two groups (Bakker, C., et al. 2018).

To further explore physiological and morphological ‘standard’ in-vivo biomedical models,
Shim (2022) conducted a study to determine the bone structure of ageing (6 — 22
months) C57 male and female mice. The mice were fed a standard diet, with the femur,
tibia and L3 vertebrae imaged by micro-CT with a resolution of 15 um (Shim, J., et al.
2022). The Tb ROI offset from the landmark reported was equal to that presented in this
study, 0.5 mm, whereas the Cb measurement was 1 mm (Shim, J., et al. 2022) compared
to 1.5 mm used in this study. In the male femur, Tb.Th did not significantly change with
age, a range of 0.07 — 0.09 (mm) (Shim, J., et al. 2022), with 0.05 —0.07 mm reported in
this study. Th.N reported by Shim from 12 — 22-month-old mice did not match that of
this study (6 — 7 months), 1.5 +/- 0.5 mm%, as with aged 12-month Th.Sp 0.3 +/- 0.1 um

(Shim, J., et al. 2022). An overall trend in all reported bones is that Tb.Th remains
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constant with no statistical significance on age, Tb.N decreases with age, resulting in
increased Th.Sp. Males have increased BV/TV, Tb.Th, and Tb.N compared to females
(Shim, J., et al. 2022).

Bones do not have exact physiological consistency. Natural biological variance is present
between age, sex and disease state ‘matched’ species; therefore, a standard control
bone model can only achieve average morphometry. However, as reported in various
literature (Nieves, J. 2017; Barak, M., Lieberman, D., & Hublin, J. 2013; Wray, A., Okita,
N., & Ross, C. 2011), the morphometric values reported in this study are within the range

of normality for the murine models used.

2.4.3 Murine bone composition

Continued utilisation of the non-destructive technique of micro-CT provided an insight
into the bone's inorganic structure. Alternatively, and more frequently clinically
reported, DEXA is used to assess mineral density of large body vertebrates (Tadros, S., et
al. 2023; Haseltine, K., et al. 2021). However, higher resolution is possible with micro-CT
for research purposes, with calibration performed in the current study where micro-CT
binarization scale was completed using 0.3 and 1.25 gHA/cm? calibration rods. Mice's
bone density alters depending on strain, age and sex (Kranioti, E., Bonicelli, A., & Garcia-
Donas, J. 2019), as reflected in this study. Beaucage (2016) reports BMD of male C57
mice total whole bodies from ages of 2 — 52 weeks, with a substantial increase from
~0.08 g/cm3to 0.3 g/cm? from week 2 to 8, respectively, whereby a small progressive
increase can be seen until week 52. No individual bones were reported (Beaucage, K. et
al. 2016). Moriishi (2022) supports the findings of a higher density found in Cb,
compared to Tb, with 0.15 and 0.07 g/cm?, respectively in C57BL/6N male mice. Further,
Paragerogiou (2020) reported C57BL male mice femoral Cb TMD of ~ 0.1 g/cm3, whereas
different strains of mice, DBA and C3H, had raised TMD of 0.11 g/cm?3 (Paragerogiou, L.,
et al. 2020).

A decrease in BMD will typically result in increased bone porosity (Kranioti, E., Bonicelli,
A., & Garcia-Donas, J. 2019), an interesting correlation was discovered for the male rats
against female rats. It was originally hypothesised that females have a reduced

BMD/TMD compared to males due to pregnancy and lactation periods (Degennaro, V.,
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etal. 2021). Ho (2011) reported with DEXA, rat virgin female tibia average as 0.15 g/cm?
compared to 0.12 g/cm?3ovariectomized, Rodriguez (2024) male femur average as ~ 0.18
g/cm?3 as control against 0.1 g/cm?3 for streptozotocin-induced diabetic rats with DEXA,
and Li (2013) reporting both femur and VB as 0.21 g/cm3and 0.2 g/cm?3, respectively with
a significant decreases in ovariectomised female virgin rats. Further from this, even the
region from which measurements are taken can alter the output value, as reported by
Choi (2024), who noticed the differences in BMD within the medial and lateral regions
of both tibia and femur in human patients assessed with DEXA, due to the load bearing

associated with locomotion.

Rat bones underwent decalcification and tissue processing for histological and
phenotypic investigations. At this stage, due to equipment malfunction, samples were
destroyed. Due to this, the remaining samples were used for histological investigations
within this study, instead of the original purpose of mechanical analysis by a 3-point bend
test (Wang, L., et al. 2022; Bailey, s., & Vashishth, D. 2021; Martain, R. 2007). Impact of

the loss mechanical analysis for the presented research will be discussed in Chapter 7.

As standard, H&E was completed to visualise the general tissue composition,
architecture and cellular presence — all three bone cell types were visualised. No
qualitative architectural difference was noted between the tibia and femur from males
and females (Jia, M., et al. 2013). Alongside this, ACB and SO were completed to visualise
the NCP component of bone histologically (Zinck, N., & Franz-Odendaal. 2020). Regions
of proteoglycans were more concentrated in the metabolically active Th, compared to
being dispersed in Cb, perhaps due to higher regions of unossified collagenous tissue
undergoing bone remodelling in Tb (Heath, S., et al. 2023; Lim, J. et al. 2013; Jia, M. et
al. 2013).

Collagen is an integral part of bone biology, released by OBs which line the endocortical
and trabecular surface. Collagen is highlighted by the blue stain, in MT throughout both
Tb and Cb, which is classically used to histologically investigate bone remodelling and
calcification. During the bone remodelling process, collagen becomes denser with a
higher frequency of cross-linking and different molecular arrangement, causing newly
formed bone to be stained blue, whereas ECM is stained red as represented by higher
abundance within Cb regions compared to Tb (Lee, C., et al. 2019; Jia, L., et al. 2013; Lim,
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J., etal. 2013). Wu (2020) investigated the changes in collagen abundance and structure
in healthy and diseased (osteoarthritis or osteonecrosis) femoral heads from human
patients, revealing the decrease of newly formed collagen in diseased states, with only
mature bone remaining (Wu, Z., et al. 2020), thereby showing the bones presented in

this study were in a healthy condition.

2.4.4 Bone cell differentiation markers

The cellular population constituting healthy bone and remodelling is well established. In
mature bone, OCs are the most abundant cell type, of 90 — 95% (Mullender, M., et al.
1996), OBs constitute only 4 — 6% of cells in total bones (Capulli, M., Paone, R., & Rucci,
N. 2014; Basso, N., et al. 2005), and OCLs constitute approximately 1% (Alizae, M. 2008).
With a research focus on bone remodelling and driving OB differentiation to influence
matrix deposition in an in-vitro bone model, the OB population were further investigated
to assess the protein presence and location within the bone architecture. Runx2, OCN,
osteonectin, OPN and ALP are OB markers which are frequently reported on to assess
remodelling within bones (Franz-Odendaal, T., Hall, B., & Witten, E. 2005), as different
proteins increase in abundance due to cellular phenotype stage of OBs and in turn, the

physiological impact OBs have on the bone environment.

The murine models used in this study were classified as mature; therefore, osteogenic
activity is reduced compared to immature models (Beaucage, K. et al. 2016; Safadi, A.,
Livne, E., & Reznick, A. 1997; Nishimoto, S., et al. 1985), perhaps resulting in no
detectable OPN positivity due to bone maintenance (Lin, C., et al. 2022; Si, J. et al. 2020).
Perrien (2002) describes post-proliferative OBs proving negative for OPN positivity, in
contrast to active bone remodelling by assisting in biomineralisation (Depalle, B., et al.
2021). Smith (2020) reports OCN levels fluctuating naturally during ageing in males,
circulating in a ‘U’ shaped trend of high in youth, declining in maintenance before rising
again in mature bones. Aside from age, research conducted by Hiam (2021) reports
different basal levels of OCN in males and pre-menopausal females, in agreement with

Michelsen (2013).

IHC is a very widely used detection technique in biomedical investigations, with different

steps of optimisation required to block non-specific binding of background tissue to
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show the true positivity of the antibody used. A particularly important step for bones is
to block endogenous peroxidases due to the bone marrow containing myeloid cells
(Tsutsumi, Y. 2021). Within this study, optimised antibody concentrations were pre-
determined before all samples were conducted at the same time for each protein of
interest. Unfortunately, due to time constraints and material availability, this experiment
could not be repeated to attempt to remove endogenous peroxidase background
staining for the bones at this stage. 1gG controls for all proteins of interest for bone
samples are shown, showing background endogenous staining positivity in both Runx2
and OCN, but clear intensity of positivity can be visualised in OBs, which was not

observed in IgG controls, demonstrating specificity within these cells.

2.4.5 Conclusion

Bone is a dynamic organ with a complex architecture that is constantly adapting to the
surrounding environment, with a multifaceted composition assisting the functionality
and physiology. Overall bone architecture, Cb and Th, is consistent between species
typically used for in-vivo biomedical investigations; however, various factors influence
the micro/macro bone architecture, resulting in differing Tb.N, and composition, such as
BMD, perhaps attributed to differences in sex. Despite efforts being made to age and sex
match tissues, natural biological differences are evidenced within the same bone types
(Tibia, femur and VB), and when comparing to current literature, it was clear that no

consistent value for morphometric outputs exists.

From the investigation, a range of values will be taken into consideration, such as median
Tb.N, Tb.Th and TMD, to develop an in-vitro bone model that aims to achieve biomimicry
of biological architecture. As discussed further in chapter 3, bone type (tibia, femur and
VB) and species have limitations of creation for the process of 3D bioprinting; however,

the information gathered that has been presented here will assist in development.
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Chapter 3 — In-silico generation of a 3D printable
bone model

Method and considerations of computer assisted design manufacturing a 3D bio-
printable bone model derived from ex-vivo murine bones obtained by micro-CT high-
resolution imaging.
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3.1 Introduction

Additive manufacturing (AM) is the computer-controlled technological process of
fabricating physical 3D geometries directly from computer-assisted design (CAD) models
within an XYZ spatial location, through an additive process. The resulting 3D model’s
function, structure, and customisation are at the forefront when deciding the specific
AM technique and the required materials. There are two distinct types of AM, 3D
printing and 3D bioprinting. Common 3D printing techniques include FDM, SLA, selective
laser sintering, and electron beam melting (Lakkala, P., et al. 2023; Palmquist, A., et al.
2023; Naeem, O., et al. 2022; You, Y. et al. 2022; Awad, A, et al. 2020) whereas 3D
bioprinting commonly includes EBB, inkjet, laser-assisted and SLA (Wu, C., et al. 2023;
Kacarevic, Z., et al. 2018). AM advancement has assisted in innovations in aerospace,
automotive, functional prototypes, anatomical models, biomedical research and
healthcare such as customisable prosthetics and implants (Acierno, D., & Patti, A. 2023;

Lakkala, P., et al. 2023; Kumar, R., Kumar, M., & Chohan, J. 2021; Prasher, A., et al. 2021).

3.1.1 Overview of three-dimensional printing techniques

Rapid prototyping techniques, such as FDM, form plastic-based mm — cm range models.
FDM is an extrusion-based technique that utilises thermoplastics to deposit a 3D design
layer-by-layer (Kristian, R., et al. 2021). In contrast, SLA is a photopolymerization
technique which uses a thermosetting liquid resin bath to cure a 3D design layer-by-layer
into a hardened plastic, with a scale in the um — cm range (Lakkala, P., et al. 2023). EBB
printing generates a 3D design by expelling a gel-based compound via pneumatic
pressure through a nozzle layer-by-layer, often in um — mm range. However, larger
models can be printed in the cm range, using non-Newtonian biomaterials, often
containing bioactive materials and live cells, defined as bioinks (Zhang, J., et al. 2021).

An overview of the three highlighted techniques is summarised in Figure 3.1.1.
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Figure 3.1.1. General mechanism of action for fused deposition modelling, stereolithography and extrusion bioprinting. A) FDM 3D models
are produced by feeding a solid filament of thermoplastic from a large spool into a molten chamber, with the capillary flow of a non-Newtonian
fluid through a nozzle for layer deposition onto the print bed, followed by layer-to-layer adhesion in the geometrical formation. Sacrificial
supports are required to 3D print complex geometries, B) SLA uses a photochemical laser to cross-link chemical monomers into polymers onto
a build plate, layer-by-layer. SLA can achieve complex geometries with minimal supports required in the building process, C) Extrusion
bioprinting uses controlled pneumatic pressure, or mechanically driven piston, to deposit individual layers, or droplets of viscous rheological
bioinks in a geometrical formation. The bioink is contained within cartridges, and geometry complexity depends on the material used and if a
printing support bath is used.
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3.1.2 Three-dimensional printing applications

The breakthrough benefit of 3D bioprinting biological structures is to create biological
models that can mimic native tissue architecture. Overall, it is accepted that 3D in-vitro
cultures present improved cellular dynamics and complexity by the addition of an ECM
compared to standard monolayer culture (Chapter 1, section 4 — 5, Chapter 6) (Yoon, H.,
et al. 2025; lzumiya, M., et al. 2021). The comparison of 2D and 3D in-vitro studies and
their use in the preliminary stages of biomedical research continues to be investigated
(Sun, M., et al. 2021; Fontoura, J., et al. 2020; Melissaridou, S., et al. 2019; Soares, C., et
al. 2012). Notably, the national centre for the replacement, refinement and reduction of
animals in research (NC3Rs) and other humane research organisations continue to fund
innovative research projects for the development of alternative animal models in the
biomedical science field (Yuste, I., et al. 2021; Caleb, J., & Yong, T. 2020; Sitarski, A., et al.
2018).

EBB printing is quickly becoming readily available in tissue bioengineering laboratories
due to the gentle processing conditions for live cell cultures. EBB has the potential to be
used for a wide range of in-vitro applications due to limitless CAD design in combination
with the increased availability of 3D EBB biomaterials (Badhe, R., et al. 2023; Szwed-
feorgiou, A., etal. 2023; Dec, P., Modrzejewski, A., & Pawlik, A. 2022; Gao, C., et al. 2017).
Major themes of research for 3D EBB printing include a pre-clinical pipeline for novel
drug discovery (Gao, G., et al. 2021), tissue engineering (Germaini, M., et al. 2022;
Gleadall, A., et al. 2018; Zhang, Z., & Wang, X. 2017), regenerative personalised medicine
(Lam, E., et al. 2023; Bagaria, V., Bhansali, R., & Pawar, P. 2018) and biological based
therapies (Bandyopadhyay, A., Mitra, I., & Bose, S. 2020). The resolution and
reproducibility of EBB constructs are limited with current technology (Zandrini, T., et al.
2023), however, the field of tissue engineering is rapidly developing with innovation in
resolution (Guida, L., Cavallaro, M., & Levi, M. 2024; Wu, C., Zhu, Y., & Woo, Y. 2023),
material complexity (Jose, J., et al. 2024; Wan, H., et al. 2024), and AM processes (Liu, Y.,
& Sing, S. 2023; Memarzadeh, A., et al. 2023).

FDM and SLA within biomedical research have limited purposes for cellular research due
to the biologically destructive nature during production and the bio-incompatibility of

the materials required (Kafle, A., et al. 2021), however, developments have been made
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in the fabrication of tissue and organ anatomical models, customisable prosthetics, and
implants (You, Y., et al. 2022; Deshmane, S., et al. 2021 Kumar, R., Kumar, M., & Chohan,
J. 2021; Tack, P., et al. 2016); as well as, um-gauge needles and tablets for drug delivery
(Lakkala, P., et al. 2023; Hoffmann, L., Breitkreutz, J., & Quodbach, J. 2022; Caudill, C., et
al. 2021).

Polymer 3D models generated via printing fabrication methods, FDM and SLA, allow
improved geometry, resolution and complexity compared to EBB, notably SLA with
overall improved scalability, reproducibility, and long-term storage (Deshmane, S., et al.
2021). FDM is the most widely accessible form of 3D printing, due to the low cost of
the 3D FDM printers and associated materials, whereas SLA is beneficial for speed,

resolution and complexity (Lakkala, P., et al. 2023).

3.1.3 Three-dimensional printing materials

Consideration of printing material for all 3D printing/bioprinting techniques are varied
per method, with important decisions to be made on material or ink, concerning the
associated limitations of each fabrication method. The restrictions of each material
define the attainable dimensions of the 3D model, the morphology, reproducibility,
printability and overall structural complexity of the final 3D generated model (Bouzaglou,
0., Golan, 0., & Lachman, N. 2023). FDM most commonly uses thermoplastic polymers,
which are cheap, easily colour-customisable, biodegradable over a prolonged period,
and recyclable due to no chemical bonding taking place to form the model. Polylactic
acid (PLA), C3H40; is the most used filament biopolymer for FDM prototyping and is
produced by condensing lactic acid, which is obtained from renewable resources
through fermentation, such as corn, sugar and beets. PLA can be formulated into a
composite polymer, enhancing the flexibility (Kristiawan, R., et al. 2021; Tumer, E., &
Erbil, H. 2021). FDM systems can also facilitate specially created ‘material inks” which can
be formed from a fusion of pharmaceutical agents, excipients and binders incorporated
into thermoplastic polymers for 3D printed pharmaceutical agents (Chai, X., et al. 2017),
however more research is required in this field due to limited availability of

biodegradable thermoplastic polymers for human consumption (Lakkala, P., et al. 2023).
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The SLA method requires resin containing photopolymers and photo-initiators. The
photopolymers contain monomers that are cured with ultraviolet light to form solid
macromolecules, by the generation of modifying reactive species. Crosslinking degree,
or stiffness, can be controlled by light exposure time, and wavelength applied to the
model during curing (Curti, C., Kirby, D., & Russell, C. 2024; Kam, D., et al. 2024). Similar
to FDA, a ‘material ink’ can be generated by loading the photocuring resin with drugs
(Lakkala, P., et al. 2023), for example, Prasher (2021) generated a pharmaceutical agent
loaded oesophageal-targeted 3D SLA printed ring. Whereby testing within an in-vivo
environment showed controlled elution kinetics based on crosslink density (Prasher, S.,
et al. 2021), however, more research needs to be completed on the biocompatibility of

these materials long term to achieve FDA approval.

As with any manufacturing process, considerations and rules need to be met to achieve
an effective end product (Bouzaglou, O., Golan, 0., & Lachman, N. 2023;
Wickramasinghe, S., Do, T., & Tran, P. 2020). For FDM, the major consideration is nozzle
size and print speed. The standard size of 0.4 mm often produces a good balance
between print speed, precision, and resolution (Elhattab, K., Bhaduri, S., & Sikder, P.
2022). Smaller nozzles are key for detailed prints, with a minimum size of 0.1 mm
possible; however, these often incur blockages and failed prints. Larger nozzles can also
be used, up to 2 mm, but the quality of the print may suffer due to inconsistent flow and
the requirement for even heat displacement on the material (Czyzewski, P., et al. 2022).
Other major considerations include the generation of supports for overhangs and
complex shapes. Supports are generated often in CAD, but more detailed control over
placement is found in slicer software, such as Cura, or simplify3D. For SLA less is required
to be considered aside from material choice and cross-linking degree, with supports also

required for overhangs or thin (below the mm range) wall thickness.

EBB requires extensive research for material choice and printing considerations (Chapter
1, section 1.6.1 and chapter 5, sections 5.1.1 and 5.1.4), as biomaterials options are
extremely varied in application. However, the majority of bio-inks are hydrogel-shear
thinning materials which enable the deposition of ink in a specific orientation through
the process of EBB (Gogoi, D., Kumar, M., & Singh, J. 2024). Hydrogel-cell suspensions

are typically printed in a liquid gel solution state, often undergoing further gelling
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transitions that are chemically, physically or mechanically triggered and normally
crosslinked after the extrusion process of the bioink to improve stability (Chen, X. et al.
2023; Zhang, J., et al. 2021; Gungor-Ozkerim, P. et al. 2018). Complex structures require
printing supports, such as micro-particle support baths, which support the ink during the
extrusion process (Ombergen, A., et al. 2023; Brunel, L., Hull, S., & Heilshorn, S. 2022;
Shiwarski, D., et al. 2021).

3.1.4 Three-dimension imaging techniques

Alongside the choice of material, different geometries can be generated within a 3D
space. Different 3D medical imaging techniques, such as CT (micro- and nano-inclusive),
DEXA, and magnetic resonance imaging (Mandolini, M., et al. 2022; Virzi, A., et al. 2019),
make it possible to create high-resolution replicas of biological structures using CAD. As
previously discussed, (Chapter 2.1.2), micro-CT uses x-ray radiation to capture 2D planar
images, which can be translated into a 3D projection using binarised grey pixels of
information (Stauber, M & Muller, R. 2008). Typically, dense in-organic mineralised
tissues, such as bone, provide the best contrast for micro-CT visualisation, however for
soft organic tissues to be visualised on micro-CT contrast agents are required such as
Lugol’s lodine (Heimel, P., et al. 2019), lohexol (Self, T., et al. 2020) and graphene oxide
(Aminu, A., et al. 2022) can be used (He, Y., et al. 2022; Ashton, J., et al. 2014; Wathen,
C., et al. 2013) which enable the approach described to be replicated on a variety of
tissue types. Reconstructed projections can be exported as a variety of file types, such
as standard tessellation language (STL) and polygon file format (Ply) or digital imaging
and communications in medicine (DICOM) (Flaxman, T., et al. 2021; Kamio, T., et al.
2020), dependent on the imaging and reconstruction system (Steiner, L., Synek, A., &
Pahr, D. 2020; He, R., et al. 2019). Thereby making the biological structures available for
CAD, translatable to a 3D printable model. Alternatively, CAD software can be used to

generate originally designed models.

3.1.5 Standard tessellation language — Meshing algorithm, file output,
code and units

To generate a 3D model, the entire object surface requires a triangulated mesh
boundary. By generating a mesh, a subdivision of a continuous geometric domain is

produced to provide information on surface structure, tolerance and boundaries (Figure
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3.1.2B) (He, Y., et al. 2022; Lee, C., et al. 2020). Structured, or mapped mesh, follows
three tessellation rules: no overlapping or gaps; tiles must be regular consistent
polygons; and each vertex must look identical. The algorithm is complex as the
geometrical calculations are completed in a 2D space; however, this can sometimes
cause errors when the mesh is translated into a 3D geometry. Unstructured, or direct
meshing is the alternative, with vertices connected in irregular patterns for more
complex shapes and surfaces, however this method tends to produce a higher frequency
of meshing errors as the algorithm attempts to mesh the entire 3D geometry, without
sub-dividing into 2D planes of reads (Yu, K., et al. 2022; Wang, M., Gao, J., & Wang, X.
2017). 3D model outputs vary depending on the selection of the triangle meshing
algorithm (Figure 3.1.3A) applicable to the 2D Z-stack created by the micro-CT scanning

process, available in CTAn, which is the software utilised for this workflow.

The current CTAn meshing algorithms include marching cubes 33 (MC33), double times
cubes (DTC) and adaptive rendering (ATR). MC33 is an algorithm to extract 2D surface
mesh from a 3D volume by iterating across the volume in the VOI, searching for regions
which cross the level of interest to create a uniform mesh across the boundary of
information. Simply, the entire VOI is split into empty cells and if the cells contain voxel
information, it is compiled into a 2D mesh with neighbouring voxels (Figure 3.1.2A),
which is then filtered into a 3D polygonal mesh model to represent the triangular surface
according to standard meshing rules (Figure 3.1.2B) (Custodio, L., Pesco, S., & Silva, C.
2019; Lee, T., & Lin, C. 2001; Lorensen, B., & Cline, H. 1987). DTC is similar to MC33;
however, fewer regions are read as actions, therefore producing a smaller file size and
reduced surface detail (Preim, B., & Botha, C. 2014). Lastly, ATR is an algorithm designed
by Bruker, and the mesh characteristics follow meshing rules, like MC33 and DTC, to the
3D model but with higher control by selected parameters found in CTAn, e.g., reduced
locality, reduces noise between detected pixels, and tolerance-defined accuracy
between pixel borders to assist in a successful mesh generation with minimal boundary

errors.
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Figure 3.1.2. Examples of topologically different isoform configurations of marching
cubed 33 meshing algorithms, and the resulting tessellated mesh wireframe on a
mouse VB. A) Marching cubed 33, double times cubed, and adaptive rendering all follow
the same principal of mesh generation but differ with the volume of information,
accuracy and quantity of empty cell reads. Mesh is defined by both vertices (green) and
triangles (grey), combined to form 3D information. B) Adaptive rendering tessellated
wireframe on mouse VB rendered surface, with zone of artificial magnification (purple).

Despite the choice of algorithm, different 3D model file types can be exported. This
includes STL, ply, connect textures (ctm) and polygon-trochoid-profiles (p3g). STL and ply
are widely accepted mesh file types, whereas ctm and p3g are Bruker-specific file types.
STL files are most widely and reliably used within CAD software interfaces; therefore,
focus within this chapter will utilise this file type (Kamio, T., et al. 2020; Hallgren, S., et
al. 2016). 3D models can be exported as either ASCII or binary, with ASCIl encoding
coordinates of the vertices of each triangle in the exact location producing a highly
complex 3D model, whereas binary encodes the components of unit vectors normalised

to each triangle (Isenburg, M., & Snoeyink, J. 2002). Lastly, the 3D model can be exported
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in different units (um, voxel, mm and inch) to alter the overall dimension of the model

in proportion to the original scanning resolution.

3.1.6 Computer-assisted design, standard tessellation language and
geometry code

Traditionally, CAD is used to computationally design, modify and simulate a 3D model for
real-life applications from drawings, or basic geometry (Squares, circles and rectangles
etc.) by engineers and designers in a wide variety of professions, within bio-engineering
field this is often utilised for the finite element modelling (FEM) analysis (Oliviero, S., et
al. 2019; Baghdadi, L., Steinman, D., Ladak, H. 2005). The design process can begin from
scratch, alternatively, an existing 3D STL can be used, or the DICOM model can be
imported into the design space interface for 3D printing/bioprinting. In the context of
translating an STL model into a 3D model, CAD is used to transform the orientation, size

and, if desired, shape of the model (Kamio, T., et al. 2020).

Different approaches and interfaces can be applied to model rendering based on the
software availability, proposed end-model functionality and intended 3D printing
technique. Autodesk® meshmixer (Prasher, A., et al. 2021), free CAD, and Rhino are
open-source CAD software with user-friendly interfaces and self-directed learning
materials available online with sufficient capabilities for basic rendering. Whereas
Autodesk® Fusion 360®, Autodesk® Inventor, Blender® and SolidWorks (BioCAD™)
require a paid licence to access but enable detailed analysis of models and CAD
rendering possibilities. Various Python libraries exist and are being developed for CAD
generation and rendering; however, they require more user optimisation and confidence
with coding compared to the aforementioned interfaces (Smeets, S., Renaud, N., &

Willenswaard, L. 2022; Hart, K, & Rimoli, J. 2020).

The final step in the 3D imaging to 3D printed model pipeline is to slice the 3D rendered
CAD model. Slicer software is required to translate STL 3D models into toolpath
geometry code (G-CODE) instructions, which is the language that commands the actions
of the 3D printer and ultimately the printing of the 3D model (Tomiyama, T., et al. 2009).
It is not uncommon for slicer software to be incorporated into 3D bioprinters, as typically
the smaller and simplistic models contain less information and use simple toolpath
GCODE directions, which dictate the movement of the extruder in the case of FDM and
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EBB, or laser in SLA (Montalti, A., Ferretti, P., & Santi, G. 2024). Manufacturers for FDM
and SLA may recommend a specific slicer software to be used with the 3D printers, and
depending on the input file, STL or DICOM (Kamio, T., et al. 2020), or STLs generated
from CAD, different software may be required (Yong-Sang, L., et al. 2022; Sljivic, M., et
al. 2019). Free open-source software is readily available, such as Cura Ultimaker,
craftware, slic3r, 3D slicer image computing platform and Lychee, with purchasable

software including Simplify3D, SelfCAD and Repetier.

3.1.7 Aims and objectives
Develop an informed workflow to render micro-CT images into 3D computer-assisted

design model.

Investigate the computational decisions required to translate micro-CT high resolution

imaging 3D models into a 3D printable model.

Generate in-silico 3D models of trabecular and cortical bone rendered from micro-CT ex-

vivo outputs of murine tibia, femur and VB that are suitable for 3D printing applications.
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3.2 Materials and methods

3.2.1 Experimental design

Micro-CT imaging was used to obtain high-resolution 3D computational information on
bone morphometry and physiology (Chapter 2). This information was translated into a
CAD suitable for 3D printing using standard tessellation language STL (Figure 3.2.1). The
resulting STL 3D model was exported in different meshing algorithms, code and units,
with file size and 3D tessellation errors investigated. Finally, the 3D model was rendered

in different CAD software for the application of EBB, FDM and SLA.

_ CAD rendering > 3D printable bone model

Figure 3.2.1. Summary schematic of experimental design to translate micro-CT ex-vivo
bone imaging into a 3D printable bone model.

3.2.2 Standard tessellation language generation and evaluation of
algorithm, unit and code

Tissue collection, micro-CT imaging and VOI segmentation of murine tibiae, femur and
VB for mouse and rat were previously described (Chapter 2, section 2.2), however, a ROI
was selected to enclose both Tb and Cb regions. In the custom processing of CTAn
(1.21.2.0 CTAn, SkyScan), 3D model generation was selected as an available plug-in. To
assess the difference between meshing algorithms, code and unit, n = 3 mouse tibia were
exported in every variation of the meshing algorithm (MC33, DTC, and ATR), in ASCII or
binary code, and unit (um, voxel, mm and inch) as STL files. All STL visualisation,
processing and rendering were completed on a Windows 10 Enterprise PC system, with
16 GB RAM and an Intel® Core™ i5-8500 CPU @ 3 GHz. Models were uploaded to

MeshMixer (Version 11.0.544) to visualise errors, tessellation total and dimensions. ATR
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with +1 smoothing, binary and mm were the selected conditions for the generation of
the STL model to progress with rendering and different 3D printing techniques. As
optimised output had been determined, rat and mouse tibia, femur and VB were
exported as STLs for evaluation. For the final rendered STL models, the median bone of

all bone morphometry values was taken forward as a representative bone model.

3.2.3 Standard tessellation language statistical analysis

All data was represented as individual data points, with mean values displayed. When
appropriate, Shapiro-Wilk normality testing (P > 0.05) was completed. Normally
distributed data underwent Tukey’s multiple comparison test (P < 0.05) within each bone
type. For different meshing algorithms file size and errors, the mean of the algorithms

was compared.

3.2.4 Standard tessellation language rendering

Rendering was completed in both Autodesk® meshmixer and Autodesk® Fusion 360™.
In meshmixer, basic rendering was completed to eliminate errors, re-size the model and
ensure the 3D model was manifold. Manifold refers to a 3D tessellated surface that is
free from breakages and becomes a solid structure. The mesh was repaired for errors by
uploading the STL model into the interface, selecting analysis, followed by the inspector.
Errors in the mesh were repaired using the hole fill mode with the smooth fill option.
Finally, the model was made manifold using the edit feature. Make solid was selected,
with the accurate type selected to minimise changes to detail. Once rendering was

completed, the model was exported as an STL file.

Basic rendering was completed in Autodesk® Fusion 360™, to mimic the process
completed in meshmixer before complex rendering for more detailed tessellation and
information control. For basic rendering, the model was imported into the workspace,
with tessellation frequency altered by 20%, utilising the mesh feature in the design
workspace. The modify tab allowed proportional editing of the tessellation by reducing
or re-meshing. The mesh was then repaired using the stitch and fix function. The basic
STL was exported. Following this, for complex rendering, face groups were generated to
analyse the different isoform components of the model. In the design workspace, the

prepare mesh was selected with the generation of face groups and fast type was used.
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Once face groups were generated, the model was inspected for any overhangs and
structures that were not connected to the main body of the model, as this was
hypothesised to increase the probability of a failed 3D print. Offending isoforms were
deleted from the model by visualising different orientations and perspectives. Once
appropriate, the face groups were combined. The process highlighted any further
unsupported structures, which were removed from the model. The resulting STL models

were exported.

3.2.5 Slicing and fabrication of fused deposition modelling and
stereolithography of three-dimension tibia models

The mouse tibia and femur were selected for further processing. For EBB, the BioX™
bioprinter contained built-in slicer software. Rendered files were uploaded and
visualised on the printer, determining the number of slices and geometrical information.

No supports were added to the STL.

For FDM, the model was sliced for the printer to process. The rendered STL model was
uploaded into Ultimaker Cura, a freely available slicing software. Following this, the
model was re-sized within the edit feature (Table 3.2.1). Transform was selected, with
coordinate space to local frame and uniform scaling selected to ensure translation of
model volume in proportionate sizing to the method of 3D printing/bioprinting (Table
3.2.1), and rotation of model optionally applied to ensure even weight distribution and
suitable centre of gravity of the model. The 3D printer stage and upper limits were input

into the software, with the model fixed to the build plate.

The infill density of the printer was selected, 20% was used with a grid infill pattern and
0.8 mm minimum shell thickness. Two conditions of GCODE support were generated:
connecting the model to the build plates only and connecting the model to itself and to
the build plate. Supports were printed in sacrificial filament (Table 3.2.2). Selecting the
slice function, the software generated the associated GCODE for the STL model, enabling
translation of the 3D model into a 3D printer system. Typically, this will be completed by
connecting a computer to the 3D printer with the GCODE file available, or direct printing
from Cura, however, in instances of saving the model’s generated GCODE, this can be

completed by exporting the model.
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Table 3.2.1 The original XYZ coordinates of mouse tibia, followed by translation of
appropriate size for bio-printing, FDM and SLA. Depending on the form of 3D
printing/bioprinting, and the material used, different total volumes can be achieved to
replicate the original morphological complexity of the scanned object. Adaptive
rendering, mm and binary were used, with size translation using the scale function in
Ultimaker Cura. Meshmixer models were translated by a 1913% increase from the
original model, whereas Autodesk models underwent a 98% reduction to generate

equal-dimension models.

Model X (mm) Y (mm) Z (mm)
Micro-CT STL output 2.55 2.48 1.51
Extrusion-based bioprinting 25.5 24.8 15.1
Filament deposition modelling | 54 58 33
Stereolithography 54 58 33

Open-source SLA slicer software, Lychee was selected for ease of use. Rendered models
were uploaded into the software interface and scaled appropriately (Table 3.2.1) using
the scale function. Automatic supports were generated per model, followed by exporting

the model for 3D printing.

Printing of FDM and SLA models was completed by Mr David Chorlton (Table 3.2.2).
Completion and failure of FDM and SLA fabrication are documented with photographic
evidence and qualitatively summarised. Completion is defined as a finished 3D model
being produced, with no errors or excess spooling occurring during the printing process.
FDM models with soluble supports underwent washing under warm water for 48 hours

to remove sacrificial filament.

Table 3.2.2 Fused deposition modelling and stereolithography materials.

Printing material Distributor and colour descriptor

PLA+ filament 1.75 mm, 1KG
Siraya Tech Simple V2 water washable
3D printer resin, 1KG
Water soluble support material, g 1.75
mm, 500g

eSUN, AC — Bone White
Siraya Tech Store — Grey V2

Xioneer Store — White
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3.3 Results

3.3.1 Standard tessellation language algorithm, unit and code optimisation
on mouse tibia

To enable the development of the pipeline, the mouse tibia was selected as an example
bone to generate a 3D STL model for determining optimal algorithm, unit and code.
Binary code collectively produced a reduced, consistent file size amongst different units
(Figure 3.3.1A) compared to ASCIl, which varies between units (Figure 3.3.1B). All
algorithms produced a different total file size, for both binary (P < 0.0001) (Figure 3.3.1A)
and ASCII (P < 0.0001) (Figure 3.3.1B) in all conditions, which could be attributed to the
level of complexity captured in the STL model (Figures 3.3.1E/F/G). All algorithms
produced mesh errors (Figure 3.3.1C/D), whereby MC33 produced the highest frequency
compared to DTC (P < 0.0001) for both ASCII and binary, and ATR (P = 0.0022 & 0.005,
for ASCII and binary, respectively); however, meshing errors could be repaired in further
rendering methods, but this would risk further deviation from the original imaged ex-

vivo bone model.

Each unit produced a different dimension of the output model intra-algorithm, as
expected (Table 3.3.1). Matched units between different algorithms also produced slight
discrepancies in dimension, therefore highlighting the difference in complexity produced
by changing algorithms. Each algorithm, despite the end product unit, produced
an equal frequency of triangles and vertices, meaning that the isoform produced

standardised increases in geometry whilst still abiding by standard tessellation rules.

Considering the detail that can currently be captured with different 3D printing
techniques, it was questioned whether the level of detail of surface morphometry and
porosity in Figure 3.3.1 could be replicated. For this reason, ATR with binary code and

mm unit translation was taken forward as the algorithm of choice for 3D printing.
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Figure 3.3.1. C57 Tibia exported into Autodesk® Meshmixer, inclusive of all potential
3D model tessellation conditions from CTAn to determine file size differences and mesh
errors. Mouse tibiae were imaged with micro-CT with 9 um voxel pixelation and
reconstructed with a binarisation of 0—0.12. A 1.5 mm VOI was exported as double times
cubed (DTC), marching cubed 33 (MC33) and adaptive rendering (ATR) in either binary or
ASCII code, and various units (um, voxel, mm, and inch). All generated STL models were
exported into Autodesk meshmixer, A) Binary file size, B) ASCII file size, C) Errors identified
in binary mesh, D) Errors identified in ASCIl mesh, n = 3, Two-way ANOVA with Tukey's
multiple comparisons test against each meshing algorithm, P < 0.05. All projections are
binary mm, with mesh errors highlighted by red pixels, E) Double times cubed, F)
Marching cubed 33, G) Adaptive rendering.
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Table 3.3.1. Average STL dimensions and tessellation values from different algorithms
and units from C57 mouse tibia. VOI of 1.5 mm (Y-axis) was subjected to different
algorithms and unit options in CTAn and uploaded into Autodesk Meshmixer to visualise
XYZ dimensions and total mesh tessellation of the STL files. n = 3, mean values reported,
ASCIl and binary produced equal values.

Algorithm Unit Size (mm)
X Y z Triangles Vertices
Double um 2,442.7+ | 1,505.9+ | 2,667.7 ¢
times 125 8.0 13.2 768,563 + 15,4320 383,890 + 75,300
cubed
voxel
271.0+5.0 [167.0+3.5| 296.0+ 6.0 | 768,563 + 15,4320 383,890 + 75,300
mm
24+0.02 [1.5+0.01| 2.7+0.02 | 768,563 + 15,4320 383,890 + 75,300
inch
0.1+0.002 (0.1 +0.002| 0.1 +0.002 768,563 + 75,300 383,890 + 75,300
Marching um 24479+ |1,5119+| 2,6789+
cubed 33 13.0 8.5 14.0 1,284,328 + 25,350 641,610+ 12,700
voxel
180.4+4.5 (112.0+2.5| 201.0+5.0 | 1,284,328 + 25,350 641,610 + 12,700
mm
24+0.02 (1.5+£0.01| 2.7+0.02 1,284,328 + 25,350 641,610 + 12,700
inch
0.1+0.002 [0.1+0.002| 0.1 +0.002 | 1,284,328 + 25,350 641,610 + 12,700
Adaptive um 2,447.6+ | 15119+ | 2,677.8%
rendering 115 8.5 13.0 317,613 + 6,500 158,117 + 3,200
voxel
272.0+5.0 [168.0 £ 3.5] 297.5+6.0 317,621 + 6,500 158,117 + 3,200
mm
24+0.02 [1.5+£0.01| 2.7+0.02 317,612 + 6,500 158,116 * 3,200
inch
0.1+0.002 |0.1 £0.002| 0.1 +0.002 317,619 6,500 158,116 + 3,200
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3.3.2 Standard tessellation language ex-vivo bone visualisation and
processing

All bone VOIs were exported from CTAn as STL files directly, with no CAD rendering. File
size between bone types showed no statistical difference in the VB between species,
however, the femur and tibia featured a wide range of file sizes (Figure 3.3.2A). For the
tibia, no difference was noted between mouse and rat (F), compared to rat (M) (P <
0.0001 and 0.0002, respectively). In comparison, the femur bones represented statistical
differences for the mouse against both rat sexes, P = 0.0067 and P = 0.0005 for females
and males, respectively. The increase in complexity of bone structure for rats compared
to mice is reflected in increased tessellation (Figure 3.3.3C) and resulting file size (Figure

3.3.2A).

Further, STL files above a file size of an estimated 36,000 KB resulted in the model
rendering incorrectly in the BioX™ bioprinter interface (Figure 3.3.2B), excluding all but

two mouse VB models that had a file size of below 35,500 KB (Figure 3.3.2A).

STL optimised file size
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Figure 3.3.2. File size of STL output from CTAn of mouse, and rat (F + M) tibia, femur
and VB. A) 1.5 mm mouse VOI and 2 mm rat VOI were exported from CTAn with adaptive
rendering, in binary and mm units. Mean values of file size are represented with
statistical significance defined (< 0.05). n = 3. B) STL file of mouse VB inputted directly
from CTAn to the BioX, representing failed slicing of the model due to high file size, n = 9.
Representative picture shown.

All bone VOIs were uploaded into meshmixer for visualisation and rendering. Consistent
with the file size (Figure 3.3.2A), VB for all species and sexes featured the lowest quantity
of vertices among all bone types. Increased vertices (Figure 3.3.3) resulted in increased

file size (Figure 3.3.2A) for all model conditions. Rat (M+F) STL models were successfully
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loaded, however, any actions performed on the CAD software of the models caused the
failure of the computer system used for this research. The increased complexity of the
rat bone structures, compared to mouse bones, can be qualitatively visualised and
translated into a very complex in-silico 3D model (Figure 3.3.3B/C). Due to the
complexity of the morphology and therefore the large STL file size, rat bones were
removed from further downstream analysis and processing. Mouse bones were
successfully uploaded into the Meshmixer interface, with a comparatively reduced file
size due to the reduced structural complexity of the native bones. The VB was removed
from the study due to the thin layer of Cb around the Tb that would require manual
thickening of the walls to be rendered into the model, deviating from the original
morphology. The exclusion of bone types and species was required for a more focused
experimental approach, leaving the mouse tibia and femur within the study (Figure

3.3.3A).

Tibia Femur VB

>

Mouse

Vertices: 228,643 ) Vertices: 183,247

w

Rat (F)

Vertices: 889,525 Vertices: 1,117,929 Vertices: 651,859

o

Rat (M)

Vertices: 2,159,737 Vertices: 1,752,047 Vertices: 701,927

Figure 3.3.3. STL file outputs from micro-CT imaging and CTAn 3D model generation.
A) 1.5 mm VOI for mouse, and B/C) 2 mm VOI for rat. ROl of both Cb and Tb were exported
as STL files with Adaptive rendering +1 smoothing, binary and mm units were used to
tessellate the object surface. STL models were uploaded into CAD software Meshmixer
for visualisation of models and vertex counts. n = 3, representative model shown.
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3.3.3 Standard tessellation language computer assisted design rendering

Rendering the model can allow a smoother model to be produced that is manifold
(solid), as well as scaled to the required size. Reduction of tessellation can further reduce
file size, but benefits in minimising complexity, producing a smoother surfaced model
that a 3D printer can capture within the limits of printing and material resolution (Guida,
L., Cavallaro, M., & Levi, M. 2024). Different CAD software tessellates with different
algorithms, which are unknown to the average user, resulting in tessellation and
structural differences from software choice alone (Figure 3.3.4A/B). Rendering options
are varied between CAD software; however, reduction of tessellation, making a manifold
and fixing any errors are vital processes to be completed to ensure printability of the 3D
model without printing errors. However, each CAD software and action performed on

the model will alter the geometry of the model from the original (Figure 3.3.4C/D).

Autodesk® Meshmixer Autodesk® Fusion 360™

Original STL model

CAD rendered STL model

Figure 3.3.4. Tibia mesh rendering in Autodesk® Meshmixer and Autodesk® Fusion
360™. Adaptively rendered with binary code tibia uploaded into both Autodesk®
meshmixer and Autodesk® fusion 360™. The original STL model is shown in both
interfaces (A & B), with the rendered output STL from meshmixer (C), and Fusion 360™
(D).

100



The complex architecture that is produced in biological bone samples is supported by
surrounding tissues, namely BM. To produce a 3D-printed anatomical bone model, this
tissue was removed and segmented to isolate bone during micro-CT imaging, often
isolating Th structures from Cb due to manually chosen segmentation during the drawing
of ROIs. To assess if unsupported Tb will interfere with printing success, the unconnected
Tb can be removed in CAD software. An example can be seen in Figure 3.3.5, whereby
unsupported Tb is identified and isolated (Figure 3.3.5A/B/C/D), before being removed
from the 3D model (Figure 3.3.5E). This process requires time to visualise the model in
different orientations and magnifications. Leaving any unconnected Tb structures will
result in an increased chance of an error-bound model once tessellated face groups have
been generated. Face groups represent structures that are grouped following standard
tessellation rules, with connecting structures able to be linked to joining face groups and

as a result, highlight unconnected Tb structures.
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Figure 3.3.5. Identification and removal of unconnected trabecular structures in
Autodesk Fusion 360™. A 1.5 mm VOI of C57 mouse tibia was exported as an STL with
an adaptive rendering algorithm, binary format and mm unit. Following the basic
rendering of a 20% reduction in tessellation and repairing mesh in Fusion 360™ (Figure
3.3.4D), a detailed analysis can be completed to improve future printability by removing
unconnected biological structures. A) Mouse Tibia with face-groups generated to
visualise tessellation in different planes, the green box represents the area shown in the
manual zoom, B) zoomed area of Tb structures, with unconnected Tb identified (blue), C)
Unconnected Tb structure removed, D) Identifying and removing small objects by orbiting
the model with different perspectives, E) Face-groups combined with all non-supported
structures removed from the model.
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3.3.4 Slicing the rendered 3D ex-vivo bone models

Slicer software translates a 3D model into 2D planar XYZ information, in the form of
GCODE, for 3D printing. The bioprinter used in this study, BioX™ contains a built-in slicer
software. All rendered STL models from Autodesk meshmixer and Autodesk Fusion 360®
were uploaded into the interface and produced equal sliced renders of the model,
consisting of 76 layers (Figure 3.3.6). The process of EBB for the rendered ex-vivo model

will be further explored in chapter 5.

Autodesk® Fusion 360™
A. Autodesk® Meshmixer B. Basic C. Detailed

Figure 3.3.6. Mouse tibia STL rendered and uploaded to BioX bioprinter. The ex-vivo
bone model consists of 74 layers, with the current layer visualised in red. The model’s
dimensions are summarised in table 3.2.1.A) Meshmixer basic, B) Fusion 360™ basic, C)
Fusion 360™ detailed.

The complex biological shape may rely on sacrificial supports for the printing process,
for a successful print. The type/method of 3D printing is determined by the location,
frequency and requirement of the supports. For FDM, supports are added in two
conditions: build plate connection only (Figure 3.3.7B) and everywhere (Figure 3.3.7C).
SLA generates supports connected to the build plate and inner unsupported structures
(Figure 3.3.7D). For each model, the supports generated highlight the variance in the
different rendering processes by the location of supports — and the file size output. FDM
slicing increases the file size of the STL models (Figure 3.3.7B/C), compared to SLA slicing,

which reduces the overall file size (Figure 3.3.3D).
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Figure 3.3.7. STL models rendered in Autodesk® Meshmixer and Fusion 360™, with
FDM models sliced in Ultimaker Cura 5.9.0, and SLA sliced in Lychee. Rendered models
are uploaded into either Cura or Lychee. The Cura interface models underwent either
supports built to the build plate only, or everywhere within the 3D model. All models were
translated to the same coordinates; X: 54 mm, Y: 58 mm, Z: 33 mm. File size can be
visualised in each tile for the respective model. Colour code for Cura: Inner wall (green),
top (yellow), infill (orange), shell (red), supports (blue). Colour code for Lychee: 3D model
(blue), supports (orange).

3.3.5 Three-dimension ex-vivo bone model

FDM 3D tibiae models were successfully printed with no support, inclusive of Cb and Tb
structures (Figure 3.3.8); however, the models suffered from filament stringing resulting
in deviation from the original rendered STL models (Figure 3.3.4 & 3.3.5). This was

particularly evidenced within the Tb region, perhaps due to the dead space and frequent
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stop/start motion, resulting in over-extrusion of filament (Figure 3.3.8). Individual layers
of the print were visible, and discrepancies in structure were identified, particularly
within the Tb regions, between the three different CAD software’s (Figure 3.3.8).
Removal of Tb structures was essential for a successful print, as all conditions managed

to be produced a printable 3D model with no errors during the FDM process.

Autodesk® Fusion 360™

® .
B :/iutodesk Meshmixer Detailod

Figure 3.3.8. Fused deposition model printed ex-vivo murine tibia bone, with no
structural supports. Rendered and sliced murine tibia was printed with polylactic acid
polymer. 3D printing was completed with no structural supports from all three CAD
renders. Artificial magnified region represented by a white box. Representative images
shown of different model orientations, n = 1 of each CAD rendered condition, scale bar
represents 1 cm.

To improve printing accuracy, particularly for the overhanging Tb structures, printing
supports were used in two different positions; build plate only and everywhere (Figure
3.3.9). Supports to build plate only infilled the bottom layers, and frequency of sacrificial
support reduced as the printing process progressed. Only one area of Cb shell featured
supports due to the overhang of the structure (Figure 3.3.9). The sacrificial supports
everywhere printed within the entirety of the central cavity of the tibia, surrounding the
overhanging Tb structures. Similarly, supports were used on the Cb to enhance detail
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(Figure 3.3.9). All rendered models from the different CAD software’s produced different

support locations (not shown), as represented in the slicer software (Figure 3.3.7).

Supports connected to
build plate

1 o 51 B SRR

Supports connected
everywhere
¢
o
.
T

¥

Figure 3.3.9. Example of Fused deposition model printed ex-vivo murine tibia bone,
with structural supports. Autodesk® fusion 360™ basic rendered and sliced murine tibia
was printed with polylactic acid polymer. 3D printing was completed with A) structural
supports connected to build plate only B) structural supports everywhere. Representative
images shown of different model orientations, n = 1 of each CAD rendered condition (not
shown), scale bar represents 1 cm.

Following build plate only support (Figure 3.3.7 and 3.3.9) removal, the architecture of
the 3D models was revealed. Between the three CAD fabrication methods (Figure 3.3.4
and 3.3.5) no errors were recognised for the Cb shell, however individual layers of
filament were visualised. For the Tb structures, over-extrusion of filament was evident
in all conditions by the filament stringing (Figure 3.3.10), resulting in deviation from the
original STL ex-vivo mouse tibia (Figure 3.3.3). No qualitative improvement of accuracy
of the architecture can be determined from the addition of build-plate only support

(Figure 3.3.10), compared to no support (3.3.8).
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Autodesk® Fusion 360™

Basic Detailed

Autodesk® Meshmixer

Figure 3.3.10. Fused deposition model printed ex-vivo murine tibia bone, with
structural supports connected to build plate only. Rendered and sliced murine tibia was
printed with polylactic acid polymer. Structural supports were removed after 3D printing
was completed. Artificial magnified region represented by a white box. Representative
images shown of different model orientations, n = 1 of each CAD rendered condition.

Sacrificial support everywhere resulted in printing errors during the process of FDM, as
evidenced by Autodesk® Fusion 360™ detailed model where the Cb shell features gaps
between filament layers that resulted in a broken 3D model during the support removal
process. Further gaps can be visualised in both Autodesk® Fusion 360™ conditions Cb
shell (Figure 3.3.11). In addition, Tb structures were reduced (Figure 3.3.11) compared
to build plate only (Figure 3.3.8) and no supports (Figure 3.3.10). Meshmixer rendered
3D model suffered from over extrusion of filament, compared to Fusion 360™ (Figure

3.3.11).
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Autodesk® Fusion 360™
Autodesk® Meshmixer Basic Detailed

Figure 3.3.11. Fused deposition model printed ex-vivo murine tibia bone, with
structural supports everywhere. Rendered and sliced murine tibia was printed with
polylactic acid polymer. Structural supports were removed after 3D printing was
completed. Artificial magnified region represented by a white box. Representative
images shown of different model orientations, n = 1 of each CAD rendered condition.

Resin printed models by the process of SLA were printed with minimal structural
supports. The models feature very detailed texture on the Cb shell surface compared to
the original input micro-CT STL model, and defined Tb overhanging structures are also
noted. Differences can be visualised between the three different CAD models within the
Tb region, particularly from meshmixer compared to fusion models (Figure 3.3.12).
Compared to FDM printed models (Figure 3.3.8/3.3.10/3.3.11), SLA models produced

detailed and accurate biomimicry (Figure 3.3.12).
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Autodesk® Fusion 360™

Basic Detailed

Autodesk® Meshmixer

Figure 3.3.12. Stereolithography model printed ex-vivo murine tibia bone. Rendered
and sliced murine tibia was printed with resin from all three CAD renders. Artificial
magnified region represented by a white box. Representative images shown of different
model orientations, n = 1 of each CAD rendered condition, scale bar represents 1 cm.
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3.4 Discussion

This chapter aimed to investigate the translation of micro-CT high-resolution imaged ex-
vivo bone VOI, incorporating both Cb and Tb into 3D printable (FDM, and SLA)/EB
models. The successful generation of a biological 3D model is ambiguous and depends
on the required end product. No standard singular successful rendering method exists
due to the number of choices that can be made to enhance the likelihood of a successful
3D print. Furthermore, this methodological process and the considerations mentioned
above are rarely explored and summarised to aid with the generation of a standard bone
model to be rendered and 3D printed in different formats. The summarised method can
be applied to any model obtained through the same acquisition. The rendering process
of the 3D model should be tailored to the intended application, printing technique, and
materials used within the fabrication process (Capellini, K., et al. 2024). 3D FDM and SLA
murine tibia bones inclusive of Cb and Tb were successfully printed, with the different

parameters explored.

Within the method described, considerations were made and tailored towards the 3D
printing/bioprinting method to reduce deviation from the original ex-vivo imaged 3D
model whilst achieving the success of printing. The intention of the standardised 3D
model produced here is open-ended and could be used in several different research
possibilities within the biomedical research industry, such as disease modelling and
utilising the model as a healthy control, as well as an anatomical learning tool (Capellini,

K., et al. 2024; Tripodi, N., et al. 2020).

3.4.1 Biological three-dimension model acquisition

Obtaining a biological CAD model dataset is becoming a more freely available process
(Blackburn, D., et al. 2024); however, the method presented here utilised Bruker
software CTAn. Alternative biological geometry can be obtained with different
approaches, not strictly from obtaining original images by micro-CT or DEXA (Flaxman,
T., et al. 2021; Preim, B., & Botha, C. 2014). Lee (2020) shares an open-source method of
meshing biological structures in blender™, for the utilisation of graphics in gaming
software. Other freely available software for the generation of realistic biological
geometries includes Virtual Cell, and Cell Organiser, as well as different community
sharing platforms available for open-source medical imaging files to be downloaded and
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translated for different research purposes, or originally designed STLs such as GrabCAD
(Rahmani, R., et al. 2024). Typically, biological researchers favour simplistic CAD models
to investigate cellular interactions and the surrounding environment, due to the difficulty
of mimicking physiological structures. However, design-specific research to replicate
anatomical structures is progressing. For example, Moxon (2024) generated an
intervertebral disc in CAD software bioCAD™, with two definite structures to mimic
native anatomy. The study utilised a suspended layer AM method and achieved good

accuracy of the structure from 3D bioprinting (Moxon, S., et al. 2024).

Alternatively, there are many mesh generation algorithm packages available for Python;
notably PyMesh, Gmsh, SALOME and MeshKit (Hart, K,. & Rimoli, J. 2020). Smeets (2022)
describes a nano-mesh tool within the Python library that enables the generation of a
3D mesh from a 2D image, furthering the possibility of creation and experimentation. In
contrast to designing the anatomical model directly, Homan (2016) designed a gasket
(empty mould) using a custom MATLAB script and the toolpath of a 3D proximal tubule
construct in a custom Python script (MeCode), both scripts exporting GCODE. This
method allowed 3D proximal tubule constructs to be generated with high precision
(Homan, K., et al. 2016). Literature around the subject is limited, whilst a high frequency
of information is shared on public forums by community users it is not reported by

controlled experimentation.

3.4.2 Evaluation of the computer assisted design rendering process

Mesh application on biological models has been extensively studied for objects within
the discipline of FEM analysis to run simulations to determine mechanical properties of
the objects (Nemade, A., & Shikalgar, A. 2020; Burkhart, T., Andrews, D., & Dunning, C.
2013 Baghdadi, L., Steinman, D., & Lodak, H. 2005), preservation of specimens in a 3D
space and creating interactive displays for scientific accessibility for public communities
(Blackburn, D., et al. 2024). Referring to FEM analysis, mesh resolution dictates directly
the quality of the simulation, visualisation and eventual diagnostic possibility, with it
being accepted that the higher resolution produces the most reliable results, resulting
in a very high frequency mesh and large data sets (Sorgente, T., et al. 2023). Evaluation
of mesh decisions and applications is rarely considered for translating a medically

imaged organ into a 3D printable model, whereby the mesh interface from the high-
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resolution imagery is reduced due to the volume of information contained (Figure
3.3.2/3) (Wang, M., Gao, J., & Wang, X. 2017) to facilitate external printability with

different materials (Flaxman, T., et al. 2021).

It was evident that the high-resolution output ex-vivo bone STL models, inclusive of Cb
and Tb, required rendering, and a reduction in file size to be 3D printed/bioprinted.
Optimisation of rendering the ex-vivo bone models was an extensive, high computational
demand, and a timely process. The process is associated with a multitude of rendering
possibilities in the chosen software, and considerations needed to be undertaken for a
successful final product (Oropallo, W., & Piegl, L. 2015). It was apparent that to
successfully render models, file size needed to be reduced, resulting in reduced
tessellation and vertices quantity (Wang, M., Gao, J., & Wang, X. 2017). He (2022)
investigated the voxel size impact on the number of resulting vertices of the resulting
mesh of liver samples that were enhanced with contrast dyes and imaged by micro-CT,
for FEM analysis. The study discovered that the increased resolution improved the
accuracy of the resulting surface mesh for biological morphology; however, this was at
the cost of processing time and demand on the computational processor, based on the

high volume of information (He, Y., et al. 2022).

Errors in tessellation may arise from small scanning artefacts from the original image
acquisition. This may insert incorrect structural information when translated to a
tessellated surface by the different algorithms (Montalti, A., Ferretti, P., & Santi, G. 2024).
Originally, ex-vivo bones were imaged at 9 um voxel width. Ford (2016) assessed the
difference in 2D slice thickness on the influence of 3D reconstruction of CT cranium
scans. Higher resolution scans produced artefacts which caused a loss of detail of the
biological morphology, compared to a clinical standard cranium model of 0.625 mm slice
thickness (Ford, J., & Decker, S. 2016). Further research investigating the difference in
original imaging resolution, with resulting tessellation error, would be useful to provide
insight into this observation. Another factor is the porosity of the bone, causing space
within the tessellated surface without connections for the chosen algorithm to match,
perhaps causing the high file size and vertices of the rat (M) bone samples by the

significant difference of Cb porosity compared to rat (F) and mouse tibia and femur.
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Different algorithms, units and code produce deviations from the original STL model, ex-
vivo bone, with the CAD software and rendering process resulting in further deviations.
It is difficult to state the degree of deviation from the original ex-vivo input for each step,
as each software runs on different algorithms. The observation of deviation by different
CAD rendering processes was supported experimentally by Kamio (2020), Abad-Coronel
(2023), Rungrojwittayakul (2019), and mathematically explored by Hallgren (2016). The
researchers compared the resulting tessellation and 3D prints from different CAD
systems, suggesting the tessellated surface ambiguity between the different systems is
due to the widely used STL file format and translation of the mesh boundaries between
different software algorithms (Abad-Coronel, C., et al. 2023; Kamio, T., et al. 2020;
Rungrojwittayakul, O., et al. 2019; Hallgren, E., et al. 2016). The STL file format follows
an unstructured tessellation, highlighted in the Cb tessellated structure in Fusion 360™,
following inconsistent geometric rules which facilitate curvature in the mesh. As a result,
it may perhaps assist in the error production of the biological structures' mesh due to
the imperfect geometric textured surface. The meshing algorithm Autodesk® Fusion™
states in the software configuration is adaptive meshing, and it is unstated for
Audodesk® Meshmixer. It could be suggested that different CAD software identify mesh

errors with different boundaries.

The original 3D model was transformed for application into three different 3D
printing/bio-printing techniques: FDM, SLA and EBB, to assess the ability of translating
ex-vivo bone VOI into a 3D model. Different considerations were made for each
fabrication method, notably size difference between the two-3D printing techniques;
FDM and SLA, and bioprinting, due to material considerations and the build plates
associated with each method, but ultimately the resolution capabilities of each system
(Guida, L., Cavallaro, M., & Levi, M. 2024). Alongside this, FDM and SLA required slicing
software to translate the STL model into GCODE (Figure 3.3.7), whereas the EBB

technique (Chapter 5 and 6) utilised the Celllnk Bioprinter.

3.4.3 Ex-vivo bone computer assisted design model suitability
The subject matter of translation into CAD for this research was a VOI of ex-vivo bone.
Biologically, the surface of bone is not a perfectly smooth compact surface; instead,

frequent remodelling occurs, causing pits of reabsorption, as well as being a highly
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vascular surface with pores to allow connection from the BM to the periosteum
(Goldring, S. 2016; Tan, S., et al. 2014). As well as the surface, the bone is curved with
no sharp edges, resulting in the tessellated surface requiring a higher frequency of
vertices compared to a flat, smooth surface. Additionally, further complexity is added by
the presence of metabolically active Tb struts, which are structurally connected to the

dense Cb shell and supported by surrounding BM tissue.

Wang (2017) investigated the importance of reduction of different algorithm generated
tessellation of hip and femur bones for processability, suggesting a 97.5% reduction of
tessellation of the entire bone whilst still maintaining overall 3D model structural
morphology. In the study an Intel®Xeon®E5606 processor was used, running at 2.13 Ghz
(Wang, M., et al. 2017), which was less than that used in this study, of 3 Ghz. There is no
reported consensus on the recommended processing power for efficient CAD processing
in this context. This limiting factor will be dependent on the user and technology
availability, as computer systems will have different graphic processing units, random
access memory, read/write speeds and central processing unit limitations (Shi, L., et al.

2012).

The ex-vivo bones were imaged in high resolution to capture morphological information
and to produce a representative 3D CAD model from the bones imaged within the study.
This decision has ultimately assisted in the complexity of the geometrical surface
produced in the final exported STL models, extensive file size, and the resulting errors
present in the mesh due to the chosen algorithm matching connecting surface
morphology to geometry information. Different sample populations were removed from
this study for different reasons. All rats (M+F) were removed due to large file size and
resulting tessellation, causing computational failure when attempting rendering. VB
models were removed because of unsuitability in downstream workflows due to the
requirement of extensive rendering of false walls, resulting from VOI segmentation and
3D analysis (Chapter 2, section 2.2.4). Inclusion would have caused a considerable
deviation from the original ex-vivo model, as well as an increased chance of printing

failure and wall collapse due to a lack of structure.

As far as the researchers are aware, no research exists in translating both Tb and Cb into
a 3D bio-printable model for different forms of 3D printing/bio-printing, with most
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research focusing either on simple lattice structures (Xiao, L., et al. 2024; Tang, M., et al.
2022; Luttrell, L., et al. 2019), or macro-porous architecture of biomaterials (Jiao, J., et
al. 2023; Martinez-Garcia, F., et al. 2022; Ahmed, E. et al. 2013). Lattice structures do not
encompass the overall important micro-architecture structure of bone, inclusive of Cb
and Tb. The Tb structures required detailed rendering to enable a complete manifold STL
model to be produced, either by the process of removing unconnected structures or
adjusting the tessellation frequency of the overall model to ensure secure joints between
Cb and Tb. Ultimately, the inclusion of Tb structures resulted in exploring the
requirement of printing supports to be added within slicer software, or a 3D EBB support
bath to be required (Budharaju, H., et al. 2024; Brunel, L., Hull, S., & Heilshorn, S. 2022;
Zhou, K., et al. 2022) (Chapter 5) by enhancing complexity. For the FDM 3D printed
models, the Tb structures resulted in filament stringing, perhaps due to the size and
frequency of stopping/starting. Interestingly, the FDM printed models with no sacrificial
support resulted in models with less filament stringing, and printing errors. Further
research is required to compare the 3D FDM and SLA models to the original ex-vivo bone

STL model to determine accuracy and error.

Alternative anatomy models have been developed for 3D FDM and SLA printing,
including patient-derived vascular anatomical models by Nguyen (2023). The DICOM
obtained 3D models underwent rendering in CAD software 3matic to improve
printability, in a similar process as described in this study by smoothing, removing
artefacts and fixing meshing errors, whereby supports were required to 3D print the
structures successfully (Nguyen, P., et al. 2023). Furthermore, Valls-Esteve (2023)
evaluated the process of transforming patient-specific diseased models from DICOM,
originally captured by CT or MRI, for the end purpose of surgical planning. The models
were rendered for different 3D printing methods, including FDM and SLA, whereby
printing supports, transformation of size and rendering of the model, including
smoothing, and fixing mesh errors, were completed in Autodesk® Meshmixer (Valls-
Esteve, A., et al. 2023). Both Nguyen (2023) and Valls-Esteve (2023) do not report on
deviation from the original physiology but agree that different methods of printing
require various considerations and rendering to allow successful printing of the 3D

anatomical models.
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3.4.4 Fused deposition modelling and stereolithography three dimension
printed ex-vivo bone model

Two methods of large-scale AM were explored, to visualise the impact of different
fabrication methods on the 3D models despite equal 3D STL input. It is clear that SLA
produced models with elevated detail, and reduced printing errors compared to FDM
models despite the inclusion of structural sacrificial supports. All FDM models suffered
from over-extrusion for Tb structures. Similar conclusions were made by Anadioti (2022)
who reported significant deviations in all dimensions for FDM dental implants compared
to the original CAD input, whereas SLA only produced deviations in one dimension.
Anadioti (2022) used a very simplified block model, with no intricate architecture
(Anadioti, E., et al. 2022). In further detail, McMenamin (2014) reported for anatomy
printing with FDM, any structures above 10 mm were accurate in size, with an average
error of 1.25% across all filament deposition above this size. Below 10 mm, error
increased to 14.52%, and below 4 mm filament had an error of 17.92% (McMenamin, P.,

et al. 2014).

Technique and resolution for fabrication via FDM has improved in the last 10 years, Ahn
(2024) printing a filament diameter of 1.75 mm accurately, whereas Behseresht (2024)
has developed a closed-loop control printing system that self-recognises printing
deviations and self-corrects during the printing process. For SLA, improvements continue
to be made as well (Iftekar, S., et al. 2023). Msallem (2024) discusses the significant
advancements of the fabrication method in recent years with high accuracy achieved
with new SLA technology when printing an anatomical skull and mandible (Msallem, B.,
et al. 2024), compared to a previously published study printing the same model with

different technology (Msallem, B., et al. 2020).

Future research would focus on analysing the accuracy of the printed 3D models, to the
original 3D CAD rendered models and input micro-CT STL model. Abad-Coronel (2023),
Rungrojwittayakul (2019) and Mitsouras (2017), have attempted to analyse the deviation
from the original model to the finalised CAD, however, in the 3D printed format.
Rungrojwittayakul (2019) explored the difference between two model builds (solid and
hollow infill) and printing techniques (liquid interface production and digital light

processing) on the ‘trueness’ of the output model in comparison to the original input
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model. They found no significant difference between the two builds when using the
same printer, however difference was noted when comparing the two printing
techniques with the same build. Abad-Coronel (2023) utilised four different CAD
software, and 3D printed mandible models using FDM, rescanning the models and
analysing deviation by 3D Geomatic control X software by superimposing the printed
model onto the original CAD. No statistical difference was discovered; however, each
software had a different degree of accuracy and precision compared to the original
model. Finally, in a study conducted by Mitsouras (2017), a 3D SLA printed cervical
vertebrae model dimensions deviated based on the original model capture method, of
CT and MRI, despite equal CAD rendering and fabrication methods applied (Mitsouras,
D., et al. 2016). All three studies represent the deviations that result from original

imaging techniques, fabrication method, and CAD software selection.

3.4.5 Conclusion

Translating micro-CT high-resolution imaged of ex-vivo bones into 3D STL models is a
process that requires extensive optimisation and knowledge of the entire AM process.
Including the initial scanning resolution, sample complexity and selected algorithm to
capture the information, to the continued process of rendering the 3D model for
commonly used 3D printing/ bio-printing techniques. Within this study, different ex-vivo
bone models, inclusive of Cb and Tb structures, from mouse and rat were utilised as
standard bones used commonly within the biomedical bone research community. The
bones were exported as STL models in optimised conditions, to make an informed
workflow for the process of rendering 3D models from CTAn. The workflow can be
utilised for different biomedical research involving 3D printing/bio-printing techniques;
however, due to limitations of the biological complexity of the structures resulting in
excessive isoforms influencing file size, and tessellation error, this research aim was

unable to be achieved for all original ex-vivo murine bones.

Mouse tibia STLs were successfully rendered utilising different CAD software, with
different techniques employed to produce 3D models for the application of FDM, SLA
and EBB with reduced tessellation but minimal deviation from the original STL file. All
models were sliced appropriately for the different printing techniques, FDM, SLA and

EBB. The ex-vivo mouse tibia was successfully printed with both fabrication methods of
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FDM and SLA, however FDM produced a model with clear deviations from the original
STL model from the micro-CT input, compared to SLA. Further, the different CAD
rendering processes produced 3D models with deviations per model, in both fabrication

methods of FDM and SLA.
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Chapter 4 — Dissemination of micro-CT to 3D CAD
model workflow

Training the bone research community of the developed pipeline of translation of
micro-CT imaging into 3D printable models.
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4.1 Introduction

4.1.1 ‘From CT to 3D printed models’ workshop context

The body of research aimed to determine the efficacy of an educational workshop
developed to instruct participants about translating micro-CT data into 3D-printable STL
files, and further model rendering to ensure translation and printability (Figure 4.1.3).
The research pipeline used in the workshop was developed during the presented
doctoral research (Chapter 3), and the wider application possibilities in a relevant field

of research were evaluated.

The workshop featured an overview of the main topics: AM, micro-CT, and CAD, followed
by first hand practice using CAD software to generate a rendered in-silico 3D model. For
micro-CT, Bruker software CTAn was introduced; for CAD, Autodesk® software
meshmixer v.11.0 and Fusion 360™ v.2.0 were used. The information delivered on CT
was broad, with more detailed information on AM and CAD, including definitions and
summaries, to allow exploration of different 3D printing methods and different output
applications (Bucking, T., et al. 2017; Rengier, F. et al. 2010). Participants were provided
with a detailed handout aid, which included definitions, considerations, and simple
instructions on the process from micro-CT to 3D model rendering (Supplementary Figure
S6). A practical workshop titled ‘From CT to 3D printed models’ was delivered at the Bone

Research Society (BRS) national meeting (10/07/2024) to twelve participants.

4.1.2 Learning theory

Activity-based workshops allow participants to develop their knowledge and practical
skills via an interactive learning experience. Activity-based learning forces participants to
reflect and engage with the ideas and concepts presented (Michael, J. 2006), therefore
helping to understand and improve knowledge, creativity, and comprehension within
their research interests. Activity-based learning is rooted in the cognitive and
constructivist learning theories from Brunner (1960;1966) and Vygotsky (1978) whereby
knowledge is not passive but actively built up through learning, which involves the

construction of knowledge from experience.

The information-based approach, also known as a passive form of learning, is an efficient

way to ensure all participants have equal information and understanding of the subject
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area before the requirement of active participation, which will reinforce the information
taught (Armstrong, J. 2011). By delivering multi-faceted information, the opportunity for
each participant, despite prior knowledge and expertise, to learn a new skill or gain a
new perspective was vital. By combining activity-based learning with an information-rich
approach, the intention was to provide an interactive environment (Noreen, R., & Rana,
A. 2019; Doherty, P. 2007) for participants with the tools to comprehend and follow the

research pipeline that has been optimised and outlined.

Dissemination of information at an accessible level was vital to allow the exchange of
skills and knowledge within the community, with novel scientific methods particularly
useful to researchers in a relevant field. Dissemination of research allows an increase in
visibility, impact, and influence and helps drive the field forward by incorporating a multi-
disciplinary approach (Ravinetto, R., & Singh, J. 2023; National Institute for health care
and Research, 2019; Besley, J., et al. 2018; Marin-Gonzalez, E., et al. 2016; Jucan, C., &
Jucan, M. 2014). By designing a workshop based on practical skills, participating
researchers may use the newly developed skills and knowledge within their research

allowing progression and innovation.

4.1.3 Aims of the workshop
1. To gain an understanding of the importance of 3D model design and algorithm
selection in influencing the resulting standard tessellation language 3D model. In
addition, how 3D design should be changed based on 3D model application and
how different applications (extrusion, fused deposition modelling and
stereolithography impact the downstream workflow.
2. To practice rendering 3D STL models utilising two different CAD software’s, for

the application of 3D extrusion bioprinting.
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4.2 Materials and methods

4.2.1 Experimental design

Participants were offered the opportunity to complete a pre-workshop questionnaire to
inform the researcher and teacher of familiarity with techniques covered in the
workshop. Post-questionnaires were generated to evaluate the effectiveness of
handouts, presentation delivery, and participants' knowledge development. In addition,
questionnaires were utilised to determine success in teaching new skills to a range of
scientific backgrounds and interests. Questionnaires and workshop handouts are
attached as supplementary data (Supplementary Figure S4, S5 and S6). All participants

received an information guide explaining the study (Supplementary Figure S3).

Activity: 3D model generation via CTAN valuation: Dissemination of the developed
and rendering in CAD software method in the wider context

Figure 4.2.1 Experimental design of workshop context and evaluation. Participants
were taken through the different experimental considerations required for the
generation of 3D models intended for 3D printing / bio-printing based on micro-CT
outputs. Finally, participants completed pre- and post-questionnaires to assess
knowledge.

4.2.2 Bone Research Society dissemination event

The workshop was proposed to the BRS committee, with ethical approval from the
researcher’s institution (Ethics ID — ER66185031) and material preparation of content
completed by the first-named researcher. The workshop and meeting were advertised
to BRS members, as well as the wider scientific community. The session, from ‘CT to 3D
printing’, offered 22 places for a 2-hour activity-based workshop. From this, 14
participants attended the workshop however, only 12 were active participants. The BRS
national meeting workshop was hosted at the Diamond, University of Sheffield in a

computer suite to provide participants with IT equipment and software.

All active participants had attended a previous workshop that discussed the themes and
functionality of micro-CT, therefore a basic level of understanding of the theory behind

micro-CT was assumed. The information delivered was a broad scope of the field of AM,
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CT, and CAD processing with a high focus on activity-based learning. All participants were
provided with computers pre-loaded with a 1.5 mm VOI mouse C57 Tibia STL obtained
by a 9 um scan with an Al 0.5 mm (55 kV:160pA) filter. The STL was generated with AM
in binary with mm unit, and all information on generation was delivered to participants
including meshing algorithm and 3D model file type. As CTAn is a licensed software, this
was not available for casual usage. CAD software meshmixer and Autodesk® Fusion 360™

are publicly available, and as a result, were made available on participants' computers.

4.2.3 Data collection

To evaluate the session, questionnaires were created (Supplementary Figure S4/S5).
Questionnaires contained both dichotomous questions and open-ended questions. Nine
completed pre-questionnaires and 10 completed post-questionnaires were returned
from the session, anonymously, with coding applied to enable pre and post questionaries

to be associated.

4.2.4 Data analysis

Data collection was collated, matched by identification codes, and scanned as PDF files
on an internal drive. No identifiable participant information was collected. Multiple
choice questions were altered into the binary score, ‘yes’, ‘maybe’, and ‘no’ equating to
1 if a positive selection, 0.5 for maybe or 0 if a negative selection. Data was processed in
Prism v8.1.1 (GraphPad software) by parts of whole doughnut charts to represent the
proportion of choice selection. Comment-based answers were divided into keywords
and themes of answers, with frequency of theme summarised in bold contained in a
table or summarised in a bar chart. Statistical analysis was unable to be performed due

to the small population size.
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4.3 Results

4.3.1 Pre-workshop questionnaire

The pre-workshop questionnaire was developed to measure the level of knowledge and
understanding of the core topics, micro-CT, AM, and CAD software from the attending
participants. Micro-CT had a higher percentage of familiarity amongst participants
(Figure 4.3.1A), 67% compared to CAD software, 34% (Figure 4.3.1D). For micro-CT, of
the participants who identified familiarity with the technique only 67% had experience
analysing data (Figure 4.3.1B). Imagej (Bonej), CTAn, and Amira were identified as the
most frequently used software (Figure 4.3.1C).

If yes, do you have practical

Are you familar with the imaging experience in analysing data?

technigue of micro-CT?

Total=6

Total=9

C. What software do you use for Micro-CT D. Are you familar with CAD software?

9- analysis?
- Hl Yes
) = No
o
= 6-
(=2
-]
=
@
2
c 3
[= 3
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) E. What software do you use for CAD?

CT analysis software

iAUtoCAD, 3D slicer

Figure. 4.3.1. Investigation into familiarity with techniques, and scope of relevancy.
Nine responses were collected, for the intention of understanding the range of
knowledge between attending participants. A) Participant micro-CT familiarity B) Micro-
CT analysis experience, C) Scope of software used for micro-CT, D) CAD familiarity, E)
Scope of software used for CAD. n = 9.
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AM has two main branches: 3D printing and 3D bio-printing, with further subdivisions of
the different techniques. Each technique requires different considerations and
preparation of 3D models due to the printing processes and materials associated with
each technique. For this group of participants, 56% did not know what type of 3D printer
(Figure 4.3.2A) or materials (Figure 4.3.2B) they had access to, compared to 44% who
had an awareness of the printer and material. Bio-printing and FDM were identified as
the most common techniques, with 22% of total participants having access to either
technique, compared to 11% who had access to stereolithography and ceramic 3D
printers. Attendees stated research interests in a broad range of areas including Bone,

medical anatomy, and dental models.

A.  What type of 3D printerdoyou  B. What materials do youuseto 3D  C. What are you planning to 3D
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Figure 4.3.2. Investigation into availability, materials, and application of 3D printing.
Nine responses were collected, for the intention of understanding the knowledge and 3D
printing equipment available for attending participants. A) 3D printer access, B) Material
access, C) intended 3D model output. n = 9.

To understand why participants decided to attend the workshop, it was important to
decipher how the workshop would fit into their research. All participants believed that
transferring micro-CT data to 3D models was useful for their research (Figure 4.3.3A),
demonstrating the workshop's content impact on the wider scientific community by
encouraging skills and knowledge. Interestingly, a wide variety of responses were
provided for their reasoning including validating methods, educational tools, and pre-
surgical planning being the most frequent answers (Figure 4.3.3B). Participants'
expectations (Figure 4.3.3C) were similar, with an increase in knowledge for all listed

processes.
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A. Do you feel that transferring micro-CT data to 3D B. Why?
printable models would be useful for your research? ' )

Validate methods (2), educational tool (2), pre-surgical
planning (2), career development, product testing,
compare print quality to CAD design, medical device
optimisation,

Hl Yes
B Unsure

C. What are your expectations for this
workshop?

Increase knowledge of the process of micro-CT to
3D printed model (4), Increase knowledge of
applications of Micro-CT, data analysis and 3D
Total=9 models (4), generation of an appropriate 3D model

Figure 4.3.3. Investigation into participants’ purposes and expectations for
attending the workshop. Nine responses were collected, to comprehend the
anticipated outcome and relevance to current research. A) Use in research, B)
Expansion of information, C) expectations for workshop content. n = 9.

4.3.2 Post-workshop questionnaire

The post-workshop questionnaire was designed to investigate the effectiveness of the
dissemination of knowledge. The participants reported a 100% success of the workshop
in meeting the participants' initial expectations (Figure 4.3.4A). Following this, the
content of the workshop was 100% relevant to the participants’ research, indicating the
relevance and importance of the information to the wider scientific community. The
expansion of knowledge was the most common response when asked why the workshop
would be useful to their research (Figure 4.3.4B/C). The workshop materials provided to
the participants were deemed clear and helpful in assisting independent learning (Figure

4.3.4D), and furthering understanding (Figure 4.3.4E).
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A. Did the workshop meet your initial expectations? B.  Was the content of the workshop
relevant to your research?

Hl Yes EE Ves
Total=10
Total=10
C. How?
Expanding knowledge (4), Different approaches to
workflow (2), 3D printing of anatomical structures
useful for research
D.1. Were the workshop materials easy to follow E.1 Did the materials help your
and helpful? understanding of the topics presented?
Hl Yes m Yes
Total=10
Total=10
D.2. How? E.2. How?
Very clear presentation and handout, numbering of Clear (2), accessible
steps might be beneficial

Figure 4.3.4. Understanding the relevance of the information to the participant’s
scientific research. Ten responses were collected, to comprehend the success in delivery
of content and the impact on individual research. A) Content meeting expectations, B)
Relevance in research, C) Expansion of information, D/E) Evaluation of materials. n = 10

As an early career researcher, it was important to receive feedback on the materials
generated, the presentation, and the information provided to ensure effective
knowledge transfer. All participants had positive feedback and stated that the materials
provided, and the format of the workshop ensured that they left the workshop with a
new skill or had a new awareness of the considerations for all micro-CT, AM, and CAD

software (Figure 4.3.5).
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A. What was the most valuable part of the | B. What techniques did you learn?
workshop for your research?

Learning CAD software (5), technical CAD software (Fusion 360 + meshmixer) (6),
considerations for 3D printing capabilities working with 3D data, improved CAD
(2), evaluation of bones from a different rendering skills

workflow, practical activity to directly learn

C. Do you feel confident in transferring micro-CT data D. Why?
to 3D printable models?

Not used a 3D printer before,
Hl Yes but materials and information
3 Unsure | provided will inform and help

Total=10

E. Are there any improvements you would suggest for
future workshops?

None (7), over-view of the presenter's research, simple files
to practice on at home, visualisation of a 3D printed model
based on the taught process

Figure 4.3.5. Determining the output value of attending the workshop for the
participants. Ten responses were collected, to investigate the new skills and
knowledge obtained. A) Value in attendance, B) Techniques learned, C) Confidence in
the method, D) Expansion of information, E) Feedback for workshop improvement. n
=10.

Overall, 67% and 34% of participants had previous micro-CT and CAD knowledge,
respectively. Of the participants who had knowledge gaps in both micro-CT and CAD,
67% stated that they had improved in the technique of processing micro-CT data to
a rendered CAD model, with only 33% unsure (Table 4.3.1). Of the 33% of
participants who had no prior micro-CT knowledge, 67% reported improved
confidence, with 33% unsure. Finally, of the 66% of participants with no prior CAD
knowledge, 67% reported improved confidence, with 33% unsure. Of all reporting

participants, 100% reported an improved knowledge of the overall process taught.
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Table 4.3.1. Evaluation of prior micro-CT and CAD knowledge, compared to
confidence in methodological process post-workshop. Responses from the
participants who completed both the pre- and post-questionnaire were, to evaluate
the progression in the knowledge of key concepts. n = 9.

Participant | Prior micro-CT Prior CAD Confidence in micro-CT
ID knowledge knowledge | torendered CAD model
method post workshop
P1 Yes No Unsure
P2 Yes Yes Yes
P3 No No Unsure
P4 No No Yes
P5 No No Yes
P6 Yes No Yes
P7 Yes No Yes
P8 Yes Yes Yes
P9 Yes Yes Yes
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4.4 Discussion

4.4.1 Evaluation of questionnaire design

The opportunity to present and teach an optimised methodological workflow workshop,
which was developed as part of my PhD fellowship, was a rewarding experience as an
early career researcher. To evaluate the success of knowledge delivery throughout the
workshop process, a pre- and post-workshop questionnaire was generated enabling
feedback from participants on their level of understanding before and after the
workshop. Areas that were assessed included the materials they were provided with, the
knowledge gained, and if they felt confident with their new skills which were constructed

through the experience.

Within the questionnaires, two types of questions were employed: dichotomous and
open-ended (Boynton, P., & Greenhalgh, T. 2004; Fink, K. 1996). Dichotomous questions
allowed for clear and definitive answers to be obtained, in this case, options of yes,
maybe, and no. Dichotomous questions were used to inform the researcher of the depth
of knowledge of the participants attending the workshop on all main themes: micro-CT,
AM, and CAD rendering, as well as to determine the success of information
dissemination. Dichotomous questions can be openly criticised by forcing participants to
make a choice they do not completely agree with, causing bias (Choi, B., & Pak, A. 2004).
To combat this, open-ended questions were also included to offer participants the option
to include their own opinions (Schaeffer, N., & Dykema, J. 2011). As a result, participants
provided more detailed responses, including thought processes and specific information

of their own working knowledge.

Open-ended questions are often criticised, as general open-ended questions do not
typically produce qualitative or quantitative data and therefore lack clarity on how to
analyse and report findings (O’Cathain, A., & Thomas, K. 2004). By summarising open-
ended questions, frequency tables were able to be generated to allow an unbiased

consensus between participants, such as micro-CT analysis software usage.

4.4.2 Workshop skills taught to participants
The workshop utilised Bruker CTAn as the micro-CT analysis software and the method of

generating the un-rendered 3D STL model. Information presented in the workshop

130



included details on the interface and the capabilities of the software to ensure
participants were equally informed. Due to CTAn being a licensed software, this was not
available for open use during the workshop; however, materials were provided to explain
the interface to users, as well as demonstrating bone analysis and 3D model generation.
Bruker CTAn software and equipment are widely used within the bone scientific research
community (Walker, E., et al. 2021; Salmon, P., et al. 2015; Campbell, G., & Sophocleous,
A. 2014; Bouxsein, M., et al. 2010), however different software options exist including
open-use; Imagel plug-in (Bonel), (EI-Gizawy, A., et al. 2023; Domander, R., Felder, A. A,,
& Doube, M. 2021; Salmon, P., et al. 2015 Double, M., et al. 2010), DragonFly (Xi, R., et
al. 2024; Viero, A., et al. 2022) and MatLab (Sefa, S., et al. 2023; Wankier, Z., et al. 2021),
as well as further licensed software Amira (Beitlitum, 1., et al. 2021; Veneziano, A., et al.
2021; Pratt, 1., & Cooper, D. 2017), all of which were software’s recorded as being used
by participants. Bonel, dragonfly, Amira, and MATLAB, in theory, support the exportation
of 3D tessellated models due to the meshing ability from the reconstruction of standard
TIF files (Koyama, H., et al. 2023; Wang, N., et al. 2021), however, these processes would
require ample optimisation and the use of multiple software packages, as explored by
Bucking (2017). Despite this methodology being presented with the use of CTAn, this
method of translating CT to 3D printable models is achievable by different open-source
software package programs depending on experimental pipelines and software

availability/familiarity (Flaxman, T., et al. 2021).

AM approaches were explored with the participants. Due to the varied responses
provided, it was apparent that many participants were unsure of the different 3D
printing/bio-printing techniques available to them. It is undisclosed if this is due to
knowledge gaps of techniques, or unfamiliarity with equipment availability in different
research institutes, highlighting an improvement in the questionnaire to investigate this
information in future. Unfamiliarity with micro-CT as a technique was unexpected, due
to the premise of the workshop location, i.e. within the BRS Meeting and following an
initial workshop on micro-CT and FEM. It was anticipated that participants would have a
higher degree of knowledge of micro-CT processes due to the prominence of the imaging

technique within the bone research field, compared to both CAD and AM techniques.
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From this, more detailed information on different applications, including various CAD
software options (Kizilkaya, A., & Kara, A. 2024; Bucking, T. et al. 2017), was included in
the handout. The main emphasis of the information was a simple step-by-step guide on
how to use two different CAD software programmes: Meshmixer and Fusion 360™. The
two Autodesk® CAD options were employed to ensure participants reached a successful
end goal of 3D model rendering due to the experience of the lead researcher, but also
due to the ample supportive material online and within the software interfaces for the
participants. The approach to focus on CAD from the three original aims was favourable

for the active participants, as all participants stated improved knowledge in this area.

4.4.3 Determining the success of the workshop

The post-workshop questionnaire was designed to evaluate the dissemination of
knowledge to the participants, but mostly to aid evaluation of the materials provided
and to scope how this research method fits within the wider scientific community. All
active reporting participants agreed that the workshop met their initial expectations of
content. Additionally, all participants commented that the presented information was
relevant to their research, further demonstrating the methodology's relevance within
the wider scientific community. This was due to expanding the individual's knowledge

and showcasing different approaches to workflows by showing alternative information.

It should be noted that participants were required to self-register for the workshop
presented; therefore, it was assumed that participants had an interest in the topic or
were already active within some of the themes of the workshop. This demonstrated that
improved knowledge by all participants drives satisfaction, relevance of information and
expectations of attending. All learners had an increase in confidence and knowledge in
the subject areas: micro-CT, CAD and AM, summarising the success in the overall aim of

dissemination of knowledge and methodology to the scientific community.

For the small population size of specialised individuals who participated in this study, it
can be concluded that undertaking the workshop based on the developed method was
a positive experience that taught new skills and improved knowledge. To further expand

on conclusions and improve the study, a larger sample size of participants would better
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represent the population and improve the relevance of findings by allowing statistical

analysis to be conducted (Serdar, C., et al. 2021; Martinez-Mesa. J. et al. 2014).

Further to the post-workshop questionnaire, to determine impact on participants skills
long-term it would have been beneficial to pursue a follow-up questionnaire. This would

include questions on

4.4.4 Conclusion

Dissemination of this AM pipeline was successfully delivered at the BRS meeting, with
taught materials and workflow allowing participants to learn new skills and enhance
their knowledge surrounding the subject area of micro-CT imaging and using CAD
software for 3D modelling of biological structures. All participants rendered a 3D CAD
model from the original ex-vivo bone STL 3D model provided to them, by using the

methods evaluated by the research project.
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Chapter 5 — Optimisation of bioprinted bone

Optimisation, evaluation and considerations required for the development of a
bioprinted in-vitro bone model.
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5.1 Introduction

The long-term objective of 3D bioprinting is to develop 3D biocompatible models, that
closely mimic living tissues with improved physiological relevance for either humans (/n-
vivo) or biomedical research models (/n-vitro). Biomaterial solutions, referred to as bio-
inks in this application (Dell, A., et al. 2022), are varied in composition based on the 3D
printing method, incorporation of living cells and/or biomolecules and the intended 3D
model. Material characteristics, notably viscosity and flow behaviour known as rheology,
dictate the possible fidelity and complexity of the resulting 3D bioprinted model
(Gungor-Ozkerim, P., et al. 2019).

5.1.1 Bioink

Ideally, a bioink composition is aligned towards the intended experimental organ, with
printability and appropriate rheological behaviour considered for the bioprinting
method used. Hydrogels are preferable bioinks for EBB due to excellent biocompatibility
and controllable permeability, allowing a hydrated yet mechanically supportive 3D
environment (Dell, A., et al. 2022). For instance, skin is a commonly fabricated bioprinted
model that incorporates high concentrations of water, and natural polymers such as
collagen, cellulose, chitosan and hyaluronic acid, often using different layers of similar
hydrogel bioinks to replicate the hydrated dynamic ECM layers of skin basement
membranes (Arabpour, Z., et al. 2024; Kang, M., et al. 2022). Similarly, liver bioprinted
models predominantly use natural hydrogel polymers; however, the biomaterials
typically have increased stiffness, such as gelatine and Alg and use one bioink type for

the entire model (Ali, A., et al. 2024).

Bone, as previously discussed (Chapter 1, section 1.2.2), comprises organic and inorganic
components; therefore, an appropriate bioink to mimic this tissue requires both these
attributes. Typically, collagen is supplemented with HAnp or other suitable bioactive
components to achieve a biomimetic ink (Bakhiary, N., Liu, C., & Ghorbani, F. 2021).
Many different approaches of biomaterials to mimic bones have been explored,
including HAnp within polymer hydrogels (Badhe, R., et al. 2023; Li, N., Guo, R., & Zhang,
Z. 2021). Chapter 1, section 1.6.1 summarises different biomaterial constituents that

have been frequently used previously to mimic bone in a bioprinting approach.
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The research presented here investigated commercially available bioink (Bone GelXA and
TissueFAB™) and an in-house synthesised hydrogel (Boyes, V., et al. 2021; Thorpe, A., et
al. 2016a) to develop a suitable in-vitro bioprinted bone model to capture accurate
fidelity to a previously generated CAD bone mouse tibia (Chapter 3, section 3.3.3). The
commercial inks' true formulation, concentration and composition are not disclosed;
however, it can be hypothesised, based on crosslinking and material behaviour, to be
composed of Alg and GelMA (Figure 5.1.1) (Badhe, R., et al. 2024; Anerillas, L., et al.
2021). Whereas the in-house generated hydrogel is known to be Laponite® (N-
isopropylacrylamide, N, N’-dimethylacrylamide) co-polymer with 0.5 mg/ml HAnp (B-
gel) (Boyes, V., et al. 2021; Thorpe, A, et al. 2016a; Thorpe, A., et al. 2016b) which is a
thermally responsive hydrogel, that transitions from a colloidal nanocomposite
suspension above 37 °C into a sterically entangled hydrogel network when the

temperature drops below 37 °C (Figure 5.1.1).
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Figure 5.1.1. Commercially available bone GelXA bioink and in-house generated B-gel (adapted from Boyes, V. 2021). A) Overview of the
components, synthesis and processing of in-house generated Laponite® crosslinked poly (N-isopropylacrylamide, N, N’-dimethylacetamide) co-
polymer with 0.5 mg/ml hydroxyapatite nanoparticles and cellular components from hydrogel to structural bioink, B) overview of the components
and processing of bone GelXA bioink to crosslinked bioink.
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Important attributes of bioink include printability, which is defined by the rheological
properties, owing to the flowability and deformability of the material during the EBB
process, which determine the shape and structural stability of the final printed structure
(Bakhtiary, N., Liu, C., & Ghorbani, F. 2021; Riberio, A., et al. 2017; Paxton, N., et al. 2017).
Bioinks are typically pseudoplastic shear-thinning materials, with the benefit of bioinks
becoming thinner with an easier flow when subjected to shear stress, causing the
material to be deposited from a suitable nozzle in the intended XZY orientation (Ribeiro,
A., et al. 2017). In general, a trade-off between printability and biocompatibility exists,
in which stiffer, more viscous materials exhibit accurate shape fidelity, whereas softer,
less viscous materials provide a suitable environment for biocompatibility with higher
deviation of shape fidelity compared to the original STL, with minimal shape complexity
(Jungst, T., et al. 2016). It is important to consider a bioink’s functionality and
composition without compromising printability, stability, and biocompatibility, which

remains challenging when creating complex architecture.

5.1.2 Microparticle support bath for extrusion-based bioprinting

To improve structural complexity and overall filament fidelity, a class of assistive
materials for 3D extrusion-based bioprinting has gained popularity (Budharaju, H., et al.
2024; Brunel, L., Hull, S., & Heilshorn, S. 2022; Zhou, K., et al. 2022). These materials
include support baths, where bio-inks are printed, or sacrificial inks, which are printed
alongside the desired shape and then later removed (Yang, S., et al. 2025; Liu, S., et al.
2022). Support baths are typically yield-stress materials, e.g. a material that can
undertake stress without irreversible deformation, that provide physical confinement
during the printing process to improve print resolution and overall, EBB shape fidelity,
and they can ‘self-heal’ after filament deposition (Daly, A., et al. 2021; Lee, A., et al. 2019;
Highley, C., et al. 2015). Typically, once the bioprinting process has been completed and
the bioink has transitioned into a solid state, the model is either removed manually
(Moxon, S., et al. 2024) or the support bath is melted away (Shiwarski, D., et al. 2021).
Printing into a support bath, as opposed to an open-air stage, whereby materials suffer
from the unavoidable effects of gravity at the air-water interface (Sarabi, M., Yetisen, A.,
& Tasoglu, S. 2013; Ombergen, A., et al. 2023; Shiwarski, D., et al. 2021), keeps the

printed bio-ink hydrated, suspended in place with lower interfacial tension. Therefore,
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improving the possibility of transitioning soft biomaterials into a bio-ink by preventing
structural collapse and improving print fidelity (McCormack, A., et al. 2020), and the
opportunity of printing structural overhangs. Sacrificial inks are typically equipped to
create hollow internal architectures, such as vascular-like networks within microfluidic
devices (Wang, X., et al. 2023; Pan, B., et al. 2022; Kolesky, D., et al. 2014), or combined
with bioinks to modify the printability of the biomaterial of interest with a removal

mechanism once printing has completed (Liu, S., et al. 2022; Ying, G., et al. 2018).

Wu (2011) developed a support bath which is comprised of photocurable Pluronic F-127
diacrylate, which physically supports omnidirectional bioprinting and inspired a new
branch of research to improve the complexity of 3D EBB printed structures. Soon after,
a gelatine microparticle slurry, defined as a semi-liquid mixture containing micro-
particles suspended in solution (McClendon, M., et al. 2024), arose from an ethanol-
induced coacervation process developed by the research group led by Adam Feinberg
was published (Hinton, T., et al. 2015). Named freeform reversible embedding of
suspended hydrogels, the microparticle slurry facilitated the EBB of complex architecture
with a filament resolution of ~ 100 um by allowing shear-thinning materials to be
deposited and supported by a self-healing medium (Shiwarski, D., et al. 2021; Lee, A., et
al. 2019; Hinton, T., et al. 2015). Closely following Feinberg, Thomas Angelini developed
a similar granular gel support bath whereby the gel system solidified, entrapping the
deposited filament in suspension and negating the effects of surface tension and gravity
in a process of jamming/unjamming tension (Bhattacharjee, T., et al. 2015). The gel
system was formed of Carbopol ETD 2020 polymer, which is a polyacrylic acid, designed
for thickening surfactant systems (Oelschlaeger, C., et al. 2022), and supports low
interfacial tension of materials for defined structures. The achievable resolution of this
system was limited to granule size; however, it can support a filament thickness of ~ 100
pum, and the 3D bioprinted structure required crosslinking before removal from the
suspension (Duraivel, S., et al. 2022; Bhattacharjee, T., et al. 2016). Alternative methods
involving support baths for EBB include utilising blended agarose as a support medium
(Mirdamadi, E., et al. 2019), bioprinting directly into a mould (Zhou, L., et al. 2023), and

alternative microparticle polymer suspensions (Highley, C., Rodell, C., & Burdick, J. 2015).
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An in-house slurry (IHS), ethanol-induced coacervation of gelatine, was adapted from
the method developed by Adam Feinberg for the application of 3D bioprinting (Lee, A.,
et al. 2019; Hinton, T., et al. 2015) as a result of no commercially available product during
the early stages of the research presented in this thesis. The protocol required
optimisation and adaptation to create a reproducible product fit for purpose. Feinberg
have recently licensed their microparticle slurry under the name of LifeSupport™ (LS)

(FluidForm™), which was used as a comparative control to the IHS optimised here.

5.1.3 Micro-particle support bath composition

Typically, microparticle support baths constitute a gel phase that will be formed from
either synthetic or natural polymers, suspended in solution, which contributes to self-
healing properties, and with a low (below 37 °C) melting point, which allows the release
of the 3D printed structure (Brunel, L., Hull, S, & Heilshorn, S. 2022; McCormack, A., et
al. 2020; Highley, C., Rodell, C., & Burdick, J. 2015). The benefit of a self-healing support
bath is the ability to reform around the deposited bioink without impediment, allowing
the morphology to include overhangs. The shape of the microparticles in the slurry
solution assists in the function of the material, with spherical structures passing without
resistance compared to irregular structures that are more likely to interfere with material
flow (Zeng, G., et al. 2023). This has been shown to increase print resolution and print
fidelity, so the resulting printed object more closely resembles the target STL 3D model
(Hinton, T., et al. 2015; Bhattacharjee, T., et al. 2015; Highley, C., Rodell, C., & Burdick, J.
2015) as the full-sized cardiac model printed with collagen by Lee (2019), mm-sized
cardiac model printed with decellualrised human omental hydrogel Noor (2019) and the

kidney model Zhang (2024).
Gelatine

Gelatine is a natural biopolymer consisting of an amphoteric polymer that is derived
from collagen by thermal denaturing or partial hydrolysis of collagenous materials, such
as mammalian skins, carp skin or demineralised bones (Jannat, B., et al. 2020; Ninan, G.,
et al. 2012). The properties of gelatine are altered by several biological factors, such as
source material age and the intrinsic parameters, including chemical composition;

molecular weight distribution, and amino acid composition (Mad-Ali, S., et al. 2017). For
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mammalian gelatine, derived from skin, bones and connective tissues, type A is cationic,
resulting from the partial acid hydrolysis, whereas type B gelatine is anionic, derived
from an alkali-based treatment. Type A gelatine is derived from porcine, whereas type B
is bovine (Mikhailov, O., et al. 2023; Jannat, B., et al. 2020). During alkaline hydrolysis
treatment, the gelatine undergoes partial removal of asparagine and glutamine amide
groups, increasing aspartic and glutamic acid content. This increase in carboxyl groups
results in type B gelatine having negatively charged properties, with a lower isoelectric
point of around 4.7 — 5.5, compared to type A, which has an isoelectric point of 6 — 9
(Goudie, 1., et al. 2023). The melting point and gelling point of mammalian gelatines are
similar, with Ninan (2012) reporting 32 °C and 34 °C for melting and 31.6 °C and 31.8 °C

for gelling of bovine and porcine, respectively.

Upon gelling, gelatine can undergo conformational changes to the gelled structure based
on the surrounding environment and concentration. For the generation of microspheres,
different approaches can be undertaken, such as water-in-water emulsification (Chen, J.,
et al. 2021; Beldengrun, Y., et al. 2018), double emulsion oil-in-water-in-oil, which results
in microspheres with more control on shape, size, porosity and stability (Zhang, L., & Yu,
Y. 2023; Zhang, T., et al. 2020), electro spraying (Atay, E., et al. 2018), microfluidics
(Moreira, A., Campos, J., & Miranda, J. 2022) and various coacervation processes
including ethanol-induced (Figure 5.1.2) (Pei, Y., et al. 2021; Timilsena, Y., et al. 2019),

and Alg encapsulation (Chavarri, M., et al. 2010).
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Ethanol:#“H%0

Type B gelatine

Pluronic F-127

® Gum Arabic

Components: Induced phase separation = Ethanol-induced coacervation & aggregation _

Figure 5.1.2. Schematic of the generation of gelatine microparticles through the process of ethanol-induced coacervation. Coacervation is a
process driven by electrostatic interactions between two aqueous phases, ethanol and water. A) The ethanol phase induces a phase separation in
a homogenous gelatine solution, resulting in a polymer-rich phase driven by ethanol acting as a poor solvent for gelatine. The solution is heated
and pH adjusted. B) Microspheres are encouraged by aggregation with an impeller whilst gelatine undergoes gelling, resulting in spheroid
morphology supported by Pluronic F-127 and gum Arabic. C) Resulting microspheres are collected, compacted and washed for the removal of
excess non-gelled material and concentration of microparticles. The washing buffer can consist of cross-linking buffers, such as calcium chloride
or growth medium. The figure contains modified Images from Servier Medical Art (https.//smart.servier.com) licenced by Creative Commons
Attribution 4.0 international.

142



Pluronic-F127

Pluronic-F127 (EOg9-POe9-EQqq) is an amphiphilic block copolymer that self-assembles in
different structures, particularly nanosized direct and reverse micelles (Naharros-
Molinero, A, et al. 2022). The Pluronic family exists as a triblock structure, with a central
hydrophobic poly (propylene oxide) segment linked to two lateral hydrophilic poly
(ethylene oxide) chains. The behaviour of this material is controlled by the Pluronic type,
dictated by chain length, concentration in solvent, temperature, pH and the presence of
external additives (Di Spirito, N., Grizzuti, N., & Pasquino, R. 2024). Pluronic assists in the
self-assembling morphology of micelle aggregates, further referred to as spheres, within
this reaction due to temperature control and poor water solubility, whereby self-
assembly transformation is spontaneous. Typically, micelles assemble in the size range
of 10 — 100 nm and are primarily used as a nanotherapeutic containing bioactive
component or therapeutic for drug delivery (Bhalodi, K., Kothari, C., & Butani, S. 2024),
however when combined with a polymer the controlled self-assembling can form

different morphologies, and sizes (Yao, Y., et al. 2021).
Gum Arabic

Gum Arabic is a polysaccharide formed from arabinogalactan, a combination of D-
galactose and L-arabinose, produced from the dried sap of Acacia Senegal and Acacia
seyal trees. It has been used predominantly as an emulsion stabiliser in a wide range of
applications within many different industries (Yao, Y., et al. 2021; Atgie, M., et al. 2019).
Within this study, gum Arabic is used as a microsphere stabiliser to assist in retaining the
spherical shape morphology, which occurs during the alcohol coacervation process, as
well as the spontaneous self-assembly of the micelles. Riberio (2016) investigated the
improved stability of gold nanoparticles when using gum Arabic in various physiological
pH conditions, such as intestinal (pH 6.8) and gastric (pH 1.2), thereby improving the
above described microparticle slurry by facilitating stability in multiple conditions, such

as different pH’s which can assist biomaterial crosslinking conditions for some materials.

5.1.4 Assessment of flow behaviour of biomaterials
The support bath micro-particle slurry and different bio-inks are physical materials

whereby their characteristics define the method of printing success and the production
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of a high-fidelity 3D bio-printed model; therefore, investigating and characterising the
rheological flow behaviour of the differing materials is vital when reporting on
functionality (Budharaju, H., et al. 2024; Brunel, L., Hull, S., & Heilshorn, S. 2022; Habib,
M., & Khoda, B. 2022; Zhou, K., et al. 2022). Rheology is undertaken to investigate a
material’s deformation and flow behaviour in response to motion, defined as shear
stress (Figure 5.1.3) (Herrada-Manchon, H., et al. 2023; Habib, M., & Khoda, B. 2022).
The microparticle slurry and bioink all undergo different transitions of stress and flow
during the process of 3D bioprinting, which impacts viscosity, enabling the structured
fluid materials to behave in a characteristic way to extrude, for bioinks (Bercea, M. 2023;
Habib, M., & Khoda, B. 2022), plus the balance of flow and recovery, for microparticle
support slurries (Gillispie, G., et al. 2023; Amorim, P., et al. 2021; Townsend, J., et al.
2019).

Fluids are defined by viscosity, which characterises different fluid behavioural flow
patterns in response to stress (Wilson, D. 2017). Newtonian fluids, most associated with
water, do not change in response to stress such as shear forces, whereas non-Newtonian
fluids behave in diverse ways in response to stress, this includes Bingham plastic;
pseudoplastic; and dilatant (Malkin, A., Derkach, S., & Kulichikhin, V. 2023) (Figure 5.1.3).
A structured fluid dispersion is defined as a material which includes particles or droplets
suspended in a carrier liquid, such as a microparticle slurry (Figure 5.1.2). The viscosity
of the liquid phase in dispersions plays a significant role, whereby the microparticle
support slurry has a liquid phase of growth medium which classifies it as a Newtonian
fluid without additives of serum (Cantarero-Rivera, F., et al. 2024; Poon, C. 2022), and
with B-gel (Figure 5.1.1) which has a carrier liquid of water, another Newtonian fluid
(Berstad, D., et al. 1988). However, due to the total composition of the materials by the
addition of micro/nanoparticles, the flow behaviour is likely to change when the
materials are in motion since particles will be forced to slide along each other in motion,
and under stress resulting in flow resistance with increased particle size, and
concentration often resulting in altered viscosity (Figure 5.1.3) (Gao, T., et al. 2018; Tian,

X., et al. 2009).

Further from the characteristic flow resistance, materials can have different responses

to stress based on their viscous flow behaviour, as viscosity is shear-dependent. This
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includes being either shear-thinning or shear-thickening (Figure 5.1.3) (Amorim, P., et al.
2021). Shear-thinning is defined as a decrease in viscosity in response to increased shear
rates, whereas shear-thickening causes viscosity to increase with increased shear rates.
Materials can also be viscoelastic, displaying a mixture of viscous and elastic behaviours,
depending on the storage (G’) and loss (G”) modulus ratio (Gillispie, G., et al. 2020).
Elasticity is the ability to resist a distorting force and return to the original state when
the force has been removed, represented by a higher G’ compared to a material with a
higher ability to dissipate flow, typically visualised by a higher G” (Gao, T., et al. 2018).
Thereby, a viscoelastic material enables fluid flow with resistance to deformation with

shape retention to behave both like a liquid and a solid (Eckert, C., et al. 2025; Hull, S.,

et al. 2023).
A. l Sheer stress
sample
l Continuous shear
Shear flow
arallel-plate
Sample
Stationary heated plate
B.

Newtonian

Viscosity mPa*

Pseudoplastic (shear-thinning)

/\Dilatant

Shear rate (1/s)

Figure 5.1.3. Schematic of continuous shear rheology and viscosity characteristic flow
behaviour. A) Viscosity can be determined by a rheometer under shear stress using
continuous shear of a parallel plate to determine the shear flow of varied materials. B)
Viscosity is recorded throughout shear rate, and the resulting flow resistance is
characteristic of different material behaviours, including Newtonian, pseudoplastic with
either shear thinning or thickening behaviour, plastic, and dilatant.
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5.1.5 Aims and objectives

Optimisation of bioink composition, fidelity and printability.

To investigate the composition and properties of bioink for accurate bioprinting of pre-
designed 3D control models derived from CAD data. Ensuring fidelity in shape, structure,
and material composition by high-resolution micro-CT, rheology and qualitative

assessment.
Generation and characterisation of micro-particle support bath.

Investigate and characterise the rheological properties of a micro-particle support bath,
assessing its effectiveness in enhancing structural accuracy during the 3D bioprinting

process.
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5.2 Materials and methods

5.2.1 Experimental design

This study evaluated both commercially available and in-house formulated biomaterials
for their suitability in 3D extrusion-based bioprinting and the generation of an in-vitro
bone model (Figure 5.2.1). The flow behaviour of each bioink was characterised with
rheometry, whilst printing fidelity was assessed under varying printing parameters to
determine optimal conditions for structural accuracy. Inorganic material composition
was investigated for consistency by high-resolution micro-CT imaging, and 3D bioprinted
constructs were optimised for micro-CT imaging. Further, in-house generated and
commercially available micro-particle support slurry morphology and diameter were
characterised with light microscopy, and flow behaviour was investigated with
rheological investigations. The optimised slurry was used to improve filament accuracy

of the original STL input 3D model (Figure 4.2.1).

Bio-ink printability and Optimisation of micro- 3D bio-printed
composition particle support slurry model

Figure 5.2.1. Experimental design to investigate suitable bioink composition,
printability and fidelity, plus characterisation of micro-particle support slurry.
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5.2.2 Control standard tessellation models
Two CAD models were generated to evaluate different 3D EBB parameters and
associated bioinks. Model generation was completed using open-source software

Autodesk® TinkerCAD (www.tinkercad.com). First, a singular filament of 10 mm length

and 0.413 mm width/height was created to assess individual filament dimensions during
the printing process (Figure 5.2.2). Secondly, a 3D lattice model with known dimensions
was generated to assess layering and, most importantly, height capabilities of EBB and
different bioinks. A third model of a lattice with the same dimensions, however, only a
height of 0.41 mm was generated (Figure 5.2.2). The 3D models were exported in STL

binary format.

10 mm

10 mm

4.13 mm

Figure 5.2.2 Known dimension control lattice and line. A) Computer-assisted design
generated a lattice that was composed of solid box shapes, manipulated into rectangles,
and snapped to the building plate. The 3D model was exported in the standard
tessellation language binary format. B) Lattice uploaded to BioX™ bioprinter interface, C)
10 mm length, and 0.41 mm width line uploaded to BioX™ bioprinter interface.

5.2.2.1 Three-dimension extrusion based bioprinting

All EBB experimentation was completed with the BioX bioprinter (Cellink, Switzerland),
with a conical 22G nozzle fitted to a 3 ml bioink cartridge, either pre-loaded by the
manufacturer or prepared in-house (Table 5.2.1). Bioprinting was predominantly
completed in 35 mm Petri dishes (Table 5.2.1), however, 6 well Nunc™ plates (Thermo-

fisher, UK) were utilised for Bone GelXA experiments. Finally, the BioX bioprinter (Celllnk,
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Switzerland) was calibrated manually for the printing vessel (either a 6-well Falcon
Corning plate or 35 mm Falcon plastic petri dish), by dictating the centre of the vessel
with the nozzle tip just above the plasticware. As a standard, EBB experiments were
completed in a laminar flow biological safety cabinet, which had undergone thorough

cleaning with 70% IMS and UV cycles with the printer in situ. The BioX HEPA filter was

changed yearly.

Table 5.2.1. Materials used for 3D bioprinting.

Bioprinting accessory

Distributor and catalogue number

Empty 3 ml cartridge

SLS, 917753-1EA

22G conical nozzle

SLS, COR6167

End caps for 3 ml cartridge

SLS, 917001-1EA

Pistons

SLS, 916749-1EA

Tip caps for 3 ml cartridge

SLS, 916773-1EA

Female Luer Lock Connector

Merck, C4681-10EA

3 ml Luer Lock syringe

SLS, SYR6160

35 mm petri dish Fisher Scientific, 10390961

5.2.2.2 B-gel

Laponite®-pNIPAM-co-DMAc13 hydrogel was synthesised by Essa Abdusalam or Ronak
Janani (Materials and Engineering Research Institute) as per the previously published
method (Thorpe, A., et al. 2016a). The polymerised biomaterial was stored in a glass vial
in colloidal state at 60 °C in an oven, with any transferring of the polymer completed in
a sterile temperature-controlled glovebox (Coy, USA) at 40 °C to increase processing
time. The hydrogel with no HAnp (NP-gel) was generated by placing an appropriate
volume into an empty cartridge and allowing the hydrogel to transition into a gel at <
37°C. A second hydrogel with 0.5 mg/ml HAnp added, generating (B-gel) was prepared
by removing an appropriate volume of hydrogel into an empty 3 ml luer lock syringe
containing the HAnp. The hydrogel was transferred back and forth between the cartridge
and syringe quickly using the female luer lock connector. This was completed carefully

to avoid the introduction of air bubbles, whereby the polymer finished in the bioprinting
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cartridge, mixing via constant inverting was performed to ensure homogenous
incorporation of HAnp. The hydrogel was allowed to transition into a gel at < 37°C. As
standard, the transitioned bioink (B-gel) was placed into a temperature-controlled
printhead (Cellink, Switzerland) and allowed to acclimatise to 34 °C for 10 minutes before
the cartridge was fitted with a 22G conical nozzle (Table 5.2.2). B-gel is ultimately a
hydrogel throughout; however, for clarification of state and application, polymer
hydrogel refers to the liquid state, gel refers to the transformed form, whereas bioink

refers to the temperature transitioned state.

5.2.2.3 Cellink GelXA

Bone GelXA bioink (Cellink, Switzerland) was heated in a temperature-controlled
printhead (Cellink, Switzerland) at 37 °C for 10 minutes. For acellular printing, 50 pL of
media was added to the pre-loaded cartridge by removal of the bioink utilising a female
luer lock connector and a 3 ml luer lock syringe. The bioink was mixed thoroughly
between the cartridge and syringe before finally being replaced inside the printing
cartridge. For bioinks loaded with cells (Chapter 6), the same method was utilised;
however, the cell pellet was resuspended in 50 pL of media and then mixed as described
for the mixing of acellular media. Once the cartridges were prepared, the temperature-
controlled printhead was reduced to 24 °C for 5 minutes prior to printing. Once
bioprinting was completed (Table 5.2.2), constructs were photo-crosslinked under the
405 nm LED module for 60 seconds, followed by ionic crosslinking with 200 mM CacCl;

for 2 minutes.

5.2.2.4 TissueFAB®

An appropriate volume of acellular TissueFAB® bioink Alg(Gel)ma-UV/365 nm (Sigma,
926159-10ml) was transferred into an empty 3 ml cartridge after 30 minutes of gentle
warming in a 37 °C incubator. The printed constructs were photo-crosslinked under the
365 nm UV module for a minimum of 120 seconds, followed by a wash with 200 mM

CaCl; for 2 minutes.
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5.2.2.5 Bioprinting conditions

Table 5.2.2. Summary of extrusion bioprinting experimental conditions for
optimisation of the B-gel and GelXA. Printing pressures were visually assessed by
extruding a range of low pressures until a consistent filament deposition was achieved.
The printing pressure often had variability during the 3D bioprinting process, however,
speed remained constant.

Experimental Bioink used Printing conditions Crosslinking
summary
Single filament Bone GelXA 45, 50, 55 kPa @ 10 None
fidelity (Acellular) mm/s, 7,10, 13 mm/s @
assessment 50 kPa.

Bgel (Acellular)

75, 80, 85 kPa @ 10
mm/s, 7, 10, 13 mm/s @
85 kPa.

None — heat transitioned

Bgel (Cellular)

65,70, 75 kPan@ 10
mm/s, 7, 10, 13 mm/s @
75 kPa.

None — heat transitioned

TissueFAB® 5-15kPa @ 5 mm/s None
(Acellular)
1-layer lattice Bone GelXA 55 kPa, 10 mm/s. 60s 405 LED exposure,
optimised (Acellular) 200mM CaCl; for 2 mins.
from single
filament Bgel (Acellular) 185 kPa, 10 mm/s. None — heat transitioned
fidelity

Bgel (Cellular)

75 kPa, 7 mm/s.

None — heat transitioned

optimisation &
microparticle
support slurry
optimisation.

TissueFAB® 18 kPa @ 10 mm/s 5-minute wash in 200 mM
(Acellular) CaCl; & 60s under 365 nm
light module
10-layer lattice TissueFAB® 19 kPa @ 5 mm/s 10-minute wash in 200
— micro-CT (Acellular) mM CaCl, & 300s under

365 nm light module

B-gel (Acellular)

High variability: 40 — 65
kPa @ 10 mm/s.

None — heat transitioned

B-gel (Cellular)

High variability. Average
40 -60 kPa @ 10 mm/s.

None — heat transitioned

Bone GelXA
(Acellular)

High variability. Average
20-105 kPa @ 10
mm/s.

60s 405 LED exposure,
200mM CaCl, for 2 mins.
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5.2.3 Rheological measurement of bioinks

To investigate the flow viscosity of the bioinks, ~500 uL of bioink was loaded onto a
rheometer (Physica MCR 301, Anton Paar) equipped with a 20 mm diameter parallel
plate configuration and a maintained gap of 1 mm. For GelXA, three different batches
underwent investigation of sheer stress at 24°C. B-gel and NP-gel were investigated at
30, 34, and 37°C, with three independent batches of B-gel analysed at 34 °C to represent
the printing temperature. A continuous shear rate strain-controlled amplitude sweeps
from 0.01 1Hz to 100 1 Hz (with 1% strain) were used to determine the linear viscoelastic
region and apparent yield stress. Data was recorded in Microsoft Excel, and viscosity was

presented with GraphPad Prism 8.0 on a logarithmic scale.

5.2.4 Microparticle slurry optimisation
The microparticle slurry was originally published by Lee (2019), however, this published
method required further optimisation to be able to be replicated in-house. The different

conditions that underwent optimisation are summarised in Table 5.2.3.
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Table 5.2.3. Summary of optimised parameters for in-house generated micro-particle

slurry.
Condition Conditions tested Method
Origin of Porcine (type A) and | 2.0% (w/v) gelatine used was either from a type
gelatine bovine (type B). A (porcine) or type B (bovine) source.
Beaker size 5L, 1L. The heated solution was placed under an

overhead stirrer in either a 5L or 1L beaker.

Time of stirring

0, 30, 60, 90, 120,
150, 180, 210, 240,
270, 300, 330, 360,
390, 420, 450
(minutes).

During the coacervation process, a 1 ml sample
was taken at 30-minute intervals ranging from 0
— 450 mins. Room temperature fluctuations
were between 16 — 23 °C during the
experimental timeframe. The resulting
morphology was visualised under light
microscopy. Temperature was also measured at
the time intervals.

specifications

pH Control of pH after the | All dissolved reagents were added into the 50%
addition of each (v/v) water: absolute ethanol solution
chemical. independently, with the pH adjusted to 6.25
after each addition.
Insulation Room temperature The coacervation process was completed either
cooling and insulated | at room temperature in a fume hood or inside a
box cooling. Styrofoam box.
Impeller A crossed stirrer blade shaft (10 cm total blade

length and 5 cm diameter) or a dual centrifugal
stirrer shaft (35 cm length and 5 cm diameter)
was used.

Wash buffer

200 mM calcium
chloride, a-MEM.

Once the coacervation process was completed,
and the liquid phase removed, the resulting
slurry was washed in either 200 mM calcium

chloride or a-MEM with no additives.

5.2.5 Microparticle slurry generation — optimised method

Microparticle gelatine slurry was prepared using a coacervation technique to produce
micro-particles. Two percent (w/v) gelatine type B (Thermo-Fisher, UK), 0.25% (w/v)
Pluronic-127 (Thermo-Fisher, UK) and 0.1% (w/v) gum Arabic (Thermo-Fisher, UK) were
simultaneously dissolved in a 50% (v/v) water: absolute ethanol solution at 45 °C with a
20 mm magnetic stirrer in a 1L beaker. The dissolved solution was adjusted to pH 6.25
with 30% hydrochloric acid. To continue the controlled coacervation process, the beaker

was sealed with parafilm and placed inside an insulated box to minimise evaporation and
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strive for controlled cooling. The beaker inside the insulated box was placed under an
overhead stirrer with a rotational speed of 600 rpm and a crossed stirrer shaft (10 cm
length and 5 cm diameter) for 4 hours. The resulting slurry was divided equally into 50
mL Falcon tubes and allowed to cool to ~24 °C with gentle agitation to avoid compaction
(Figure 5.2.2A). The solution phase was removed and replaced with 10 mL media (Alpha
MEM - Gibco, UK) w/o serum, and centrifuged at 500 g for 5 minutes to collect the
gelatine microparticles, with the excess supernatant removed. The microparticles were
washed twice with a-MEM to disrupt the pellet and create a suspension to avoid
complete aggregation (Figure 5.2.2B). The resulting slurry was either used instantly after
1 hour UV exposure and named IHS saturated (IHS.S), or frozen overnight before
lyophilisation at -50 °C 0 mBar for 48 - 86 hours. The lyophilised microparticle slurry was

divided into 1G samples and kept at RT in airtight conditions until use (Figure 5.2.2C).

A. Collection B. Washing C. Lyophilisation

Figure 5.2.2. Overview of in-house slurry process. A) Collection of the total resulting
slurry. Polymer-rich phase is visualised at the bottom of the Falcon tube. B) Removal of
the liquid phase, with washing and compacting of the gel microparticle phase. C)
Lyophilised microparticles.

Lyophilised samples were rehydrated, named IHS rehydrated (IHS.R) in various volumes
of media (concentrations of 41 mg/ml, 50 mg/ml and 62.5 mg/ml) and immediately
vortexed for 1 minute, followed by incubation at RT for 15 minutes. The IHS.R underwent
centrifugation at 2000 g for 5 minutes, followed by supernatant removal. The pelleted
IHS.R was then dislodged, followed by further centrifugation at 2000 g for 5 minutes. The

slurry was then ready forimmediate use at room temperature. For sterile microparticles,
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all hardware was autoclaved or cleaned with 70% IMS before ultraviolet (UV) sterilisation

in a biosafety cabinet. All original materials were measured in a sterile environment.

5.2.6 FRESH Life Support™ rehydration

Three different batches of FRESH life support™ (LS) microparticles (FluidForm™) were
used as a control against IHS.R, which became commercially available during the PhD. LS
was rehydrated in various volumes of media (concentrations of 41 mg/ml, 50 mg/ml and
62.5 mg/ml) and immediately vortexed for 1 minute, followed by incubation at RT for 15
minutes. The LS underwent centrifugation at 2000 g for 5 minutes, followed by
supernatant removal. The pelleted LS was then dislodged, followed by further
centrifugation of 2000 g for 5 minutes. The resulting LS slurry could then be used

immediately at room temperature.

5.2.7 Microparticle slurry size characterisation

To assess microparticle (IHS.S, IHS.R and LS) size and uniformity, the microparticle slurry
was diluted in 1X PBS solution and imaged with brightfield using an inverted microscope
(Olympus IX81, Cytation 5 bioTek, and EVOS x1 core) with a digital camera (Olympus
DP75) in various magnifications of 40X, 200X and 400X. The particles were evaluated (n
= 3) in Imagel (National Institutes of Health) to analyse the average particle Feret
diameter. Four random fields of view were collected, and 50 individual particles were
measured to assess shape distribution, classified as either sphere, fused or rod
morphology, and sphere size distribution, by measuring width and length diameter
(Figure 5.2.3). The criteria used for assessing the 3D morphology in a 2D image were that
the entire perimeter was in focus, and the shape must fall under the three defined

categories (sphere, fused and rod) (Figure 5.2.3).

155



S0/pm’

Figure 5.2.3. Light microscopy analysis of microparticle slurry. The criteria used for
assessing the 3D morphology in a 2D image was that the entire perimeter was in focus,
the shape must fall under the three defined categories (sphere, fused and rod), and the
diameter measurements must cross the centre of the sphere represented by yellow lines.
Above represents count of each shape, e.g. 1S is the 15 sphere counted, R is rod, and F is
fused shape.

5.2.8 Microparticle rheological behaviour characterisation

To evaluate the rheological fluid properties of the gelatine microparticle support bath,
neat wet compacted slurry and various rehydrated lyophilised samples were loaded onto
a rheometer (Physica MCR 301, Anton Paar) equipped with a 20 mm diameter parallel
plate at 23°C, with a maintained gap of 1 mm. A shear rate strain-controlled amplitude
sweep from 0.01% to 100% strain at a frequency of ramp logarithmic was used to

determine the linear viscoelastic region and apparent yield stress.

An amplitude-frequency sweep was performed on 50 mg/ml IHS.R and LS. The
microparticle sample was added to 20 mm diameter parallel plates at 20 °C. The bottom
plate was fitted with sandpaper to avoid artificial movements of the sample. A moisture
trap was used to avoid drying effects on the sample. A strain controlled amplitude sweep
of 0.1 — 50% was applied under a constant 0.5 N force, with 1 Hz of data collection for 5
minutes to determine the apparent yield stress and linear viscoelastic region. Storage

(G’) and Loss (G”) modulus were collected (n = 1). Following the identification of the
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linear viscoelastic region, thixotropy was performed. Three stages of assessment were
completed: rest, strain and recovery. The rest stage was defined as 0.1% strain at 1 Hz
for 200s, then 50% strain was then applied for 200s at 1 Hz, followed by a recovery stage

of 0.1% strain at 1 Hz for 300s. Storage (G’) and Loss (G”) moduli were collected.

5.2.9 In-house slurry rehydration for bioprinting

For bioprinting with GelXA and B-gel, 50 mg/ml IHS.R was utilised. The IHS.R was
rehydrated as previously stated, and ~ 4 ml was used per construct, roughly half full of a
35 mm petri dish or 6-well plate. After the deposition of bio ink and completion of
printing, the petri dish/6 well plate was placed in standard incubator conditions for 30
minutes. Following the release of the construct due to the melting of IHS.R, the construct
was washed 2X in media before manual removal and placement in an appropriate well

plate for the continuation of culturing.

5.2.10.1 Optimisation of visualisation of 3D printed structures and total
cartridge

Five different batches of GelXA and 3 different batches of B-gel were imaged. All samples
were imaged within their respective cartridges. All appropriate GelXA and B-gel
bioprinted constructs were imaged at 9 um voxels, 0.25 mm aluminium filter, 2016x1344
camera with a 10W power source, resulting in 55 kV:160 pA source voltage. Scans were
performed with 180° rotation, with two x-ray projections acquired every 0.8°. NRecon
(NRecon 2.1.0.2, Bruker Micro-CT, Belgium) generated a 3D reconstruction from X-ray
projections. Images were independently optimised using an appropriate post-alignment
compensation, +1 smoothing filter (Gaussian window kernel), 40% beam hardening
correction, and appropriate ring artefact correction. A threshold of 0 — 0.12 mm™* was

selected to represent the transition from air space to biomaterial.

Various approaches to the sample staging for micro-CT imaging of 3D printed structures
were considered. For bone GelXA, first, the construct was wrapped in moist tissue paper
and placed inside a sealed bijou and secured onto the stage of the micro-CT. Second, the
construct was submerged in 4¢H20 and placed on top of damp tissue paper, inside a
sealed bijou. Finally, a UV-sterilised Styrofoam block was placed inside the tube and

covered with a layer of parafilm. The bioprinted construct was carefully placed atop the
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parafilm seal with a small, sterilised spatula, and growth media was slowly added until

surface tension reached the top of the construct.

For B-gel bioprinted constructs, the same approach of mounting under a growth medium
was trialled. Following this, constructs were embedded within warm 0.15% agar and
allowed to solidify in a 37 °C incubator before being imaged. Alongside this, iron oxide
particles obtained from HotHands™ were measured by an infrared temperature gun in
different weights to determine the surrounding temperature inside a bijou tube. Finally,
constructs were placed inside an empty bijou edge after undergoing snap-freezing in

liquid nitrogen, fixing in 4% PFA or no treatment.

5.2.10.2 Quantification of total cartridge biomaterial using micro-CT
imaging

To calibrate for TMD, 2 mm radius calcium hydroxyapatite rods with densities of 0.3 and
1.25 gHA/cm?® were scanned using the previously mentioned parameters inside the bijou
tube. AC was obtained and updated on the software as previously stated (Chapter 2,
section 2.2.4.4). Individual cartridges were then loaded into CTAn, and TMD (g/cm?3)
(Table 5.2.4) was recorded.

For individual particle analysis, cartridges were loaded into CTAn. For B-gel and GelXA
batches 1 — 3, a threshold of 65 — 255 was applied to represent the transition between
air and HAnp/particles, whereas GelXA batches 4 — 5 required a threshold of 100 — 255.
Despeckling of < 30 white voxels was completed, with the individual object analysis task
list selected to calculate diameter and thickness (Table 5.2.4) into a separate file.
Following this, 3D analysis with basic and additional outputs was selected (Table 5.2.4),
with the thickness image output into a new folder. To visualise the thickness matched
HAnp/particles, the thickness output images were opened, with a new task list of
filtering with contrast stretching in 3D space applied, bitmaps saved inside the ROI,
followed by shadow and data set selected. The final output thickness images were
uploaded to CT Vox, with each independent thickness range applied to the same colour

gradient to individually represent the thickness range per cartridge.
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Table 5.2.4. Descriptions of analytical outputs from micro-CT imaging. The total
cartridges of biomaterial parameters investigated in this study.

Variable Abbreviation / Description of the algorithm output
standard unit

Number of Particle. N Number of individual particles, irrespective of

particles size

Particle Particle. Th (mm) | Smallest dimension of an irregularly shaped

thickness particle

Particle Particle Diam Largest diameter of an irregularly shaped

diameter (mm) particle

Tissue mineral | TMD (g/cm?3) Total volumetric density of calcium

density hydroxyapatite, or dense particles. Mean pixel
tissue mineral density for total space,
excluding air space.

5.2.11 Data and statistical analysis

All rheological, micro-CT, micro-particle slurry particle and filament analysis data were
recorded in Microsoft Excel and presented with GraphPad Prism 8.0. All micro-CT data,
rheological data and microparticle diameter analysis were presented in the form of
individual data points, with mean or median value displayed by processing in GraphPad
Prism 8.0. For microparticle diameter and individual filament analysis, Shapiro-Wilk
normality testing was completed with significance determined by multiple unpaired T-
Tests (two-tailed) followed by the Holm-Sidak method. If discovered to follow a normal
distribution, Tukey’s multiple comparison one-way ANOVA was completed. Non-
parametric data, Kruskal-Wallis multiple comparison, was conducted. P < 0.05 was

defined as statistically significant in this study.
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5.3 Results

5.3.1 Investigation of bioink fidelity

The influence of printing pressure, speed and nozzle size on printing fidelity was
investigated for three independent bioinks. Two bioinks (Bone GelXA and B-gel)
underwent individual filament extrusion optimisation, testing the impact of a range of
suitable pressures for the ink on filament length and width. The most consistent pressure
after visual qualitative inspection was taken forward to assess different printing speeds.
True analysis of length and width based on altering parameters was completed post-
experimentation. TissueFAB™ was not investigated for individual filament deposition in

the same methodological manner.

Firstly, extrusion pressure for bone GelXA and B-gel ink was assessed by testing the initial
filament length deposition on the BioX interface. Initial pressure tests were performed
to ensure ink was free flowing from the end of the nozzle — this was classed as the
baseline. The pressure value was then altered within a +/- 20 kPa range of the baseline
to visualise the differences in pressure on printing consistency, as well as accuracy. For
the bone GelXA conical nozzle, filament began extruding inconsistently at 35 kPa;
therefore, the range of 45 — 55 kPa was selected, with 45 kPa having overall precision to
the true length; however, 55 kPa was the most consistent filament length generation
(Figure 5.3.1A/E). Between triplicate samples, 50 kPa was selected to assess printing
speed due to the overall filament consistency with lack of ‘blowouts’ of ink (Figure
5.3.1A/B/G), as well as no gaps in the entire filament (Figure 5.3.1G). Speeds of 7, 10,
and 13 mm/s were chosen as standard between all bioink conditions, with 7 mm/s
producing the highest precision to true length compared to 10 and 13 mm/s (Figure
5.3.1F); however, they featured large blowouts compared to 10 mm/s. Overall, despite
different selections of parameters, the material did not print consistently for an

individual filament.

From the same 10 mm length filament experiment, filament width was measured for all
conditions of pressure and speed at 25%, 50% and 75% of the total length of each
filament. No pressure parameter selected produced a filament diameter of exactly 0.41

mm, with a wide distribution visualised between all distances of the filament and
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‘blowouts’ were more frequent in the 75% region of the filament (Figure 5.3.1C).
Interestingly, changing speed impacted filament width variably (Figure 5.3.1D). Although
no statistical difference was observed (P > 0.05), 10 mm/s produced the most consistent
filament width compared to 7 and 13 mm/s. Overall, 55 kPa and 10 mm/s were selected
as the most consistent parameters to print bone GelXA with, as previously selected
qualitatively, which resulted in the 1-layer lattice visualised. Qualitatively, the lattice
individual filaments have high variability, representing inconsistency of bioink deposition
(Figure 5.3.1G). The resulting lattice was successfully crosslinked by a 60-second wash in
200 mM CaCl; after 60 s under the 405 nm light module to initiate both photo and ionic-

crosslinking.
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Figure 5.3.1. Filament length analysis on GelXA based on changes in printing pressure
and speed. STL designed dimension is highlighted by a dashed line, at 10 mm in length,
and 0.41 mm in diameter. All inks are printed with a 22G conical nozzle. A) Visualisation
of 10mm in length printed filament from different pressures 45, 50 and 55 (left to right)
with 10 mm/s, B) Visualisation of 10 mm in length printed at different speeds (7, 10, 13
mmy/s) at 50 kPa, C) Quantification of filament width at different printing pressures, at
25, 50 and 75% of total individual length, D) Quantification of filament width at different
printing speeds, at 25, 50 and 75% of total individual length, E) Quantification of filament
length with different printing pressures, F) Quantification of filament length with
different printing speeds, G) resulting 1-layer latticed printed with qualitatively decided
parameters of 55 kPa and 10 mm/s. Blowouts (BO) and gaps in deposition examples are
highlighted with blue arrows. The scale bar represents 1 mm, ns, n = 3.

B-gel fidelity was assessed in both acellular and cellular conditions. Overall, no
parameter was able to attain high fidelity to the pre-defined dimensions of the 10 mm
in length and 0.41 mm in diameter STL model. Printing pressure for AB began at 70 kPa,

with the range of 75, 80 and 85 kPa selected which all produced consistent filament
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deposition (Figure 5.3.2A), however from qualification the closest pressure to 10 mm
length was 85 kPa, with a significant difference observed compared to 75 kPa (P =
0.0411) (Figure 5.3.2E). Based on visual inspection of consistency, 85 kPa was selected
to assess different printing speeds, with 7 mm/s producing the closest to 10 mm length
(Figure 5.3.2F). All parameters produced varied results between replicates, representing
low consistency of the bioink. Filament width was more consistent between replicates
and distances for pressure, especially at 25% distance for 75 kPa. The consistency at 25%
distance does not maintain, with statistical difference against 80 kPa (P = 0.0189) and 85
kPa (P = 0.0321) (Figure 5.3.2C). Speed changes caused varied filament width (Figure
5.3.2D). Finally, a 1-layer lattice was printed with 85 kPa at a speed of 10 mm/s, with an
undefined structure, as it was observed that the material had a high affinity for itself,
causing deformations from the intended lattice structure (Figure 5.3.2G). However,
compared to bone GelXA, individual filaments were deposited without ‘blow-outs’ and
gaps, representing a more suitable option for bioprinting the shape in its entirety. No
cross-linking was required, as the material was thermally responsive rather than

chemically or ionically cross-linked.
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Figure 5.3.2. Filament analysis on acellular B-gel based on changes in pressure and
speed. STL designed dimension is highlighted by a dashed line, at 10 mm in length, and
0.41 mm in diameter. Printed with a 22G conical nozzle. A) Visualisation of filament from
different pressures 75, 80, 85 (left to right) with 10 mm/s, B) Visualisation of filament
printed at different speeds (7, 10, 13 mm/s) at 85 kPa, C) Quantification of filament
diameter with printing pressures, D) Quantification of filament diameter with printing
speeds, E) Quantification of printing pressures on filament length, D) Quantification of
printing speeds on filament length, F) Quantification of filament diameter with printing
pressures G) resulting 1-layer latticed printed with qualitatively decided parameters of
85 kPa and 10 mm/s, . Scale bar represents 1 mm, representative image shown, One-way
ANOVA, Tukey’s multiple comparison with significance defined as P < 0.05, n = 3.
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Printing pressure for cellular conditions was selected as 65, 70, and 75 kPa. The
difference in filament deposition between the pressures was very apparent (Figure
5.3.3A), especially with each pressure producing highly variable lengths (Figure 5.3.3E).
Seventy-five kPa was selected for further studies as the most consistent filament
deposition. Seven mm/s produced the closest to 10 mm length when printed at 75 kPa,
with a significant difference (P = 0.0418 and 0.0040) against 10 and 13 mm/s,
respectively (Figure 5.3.3F). Accurate filament width was obtained by one replicate of 13
mm/s printed at 75 kPa in the 75% increment (Figure 5.3.3D), with overall closeness to
0.14 mm width seen with less variability between replicates in B-gel cellular bioprinting.
Cellular conditions (Figure 5.3.3A/B) produced reduced length compared to acellular
conditions (Figure 5.3.2A/B) in all pressure conditions, with cellular ink requiring overall

reduced pressure (65 — 75 kPa) to extrude filament compared to acellular (75 — 85 kPa).
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Figure 5.3.3. Filament length analysis on cellular B-gel based on changes in printing
pressure and speed. STL designed dimension is highlighted by a dashed line, at 10 mm
in length, and 0.41 mm in diameter. All inks are printed with a 22G conical nozzle. A)
Visualisation of 10mm in length printed filament from different pressures 65, 70, 75 (left
to right) with 10 mm/s, B) Visualisation of 10 mm in length printed at different speeds (7,
10, 13 mm/s) at 75 kPa, C) Quantification of filament diameter with different printing
pressures, D) Quantification of filament diameter with different printing speeds, E)
Quantification of printing pressures impact on filament length, F) Quantification of
printing speeds impact on filament length, G) resulting 1-layer latticed printed with
qualitatively decided parameters of 75 kPa and 7 mm/s. Scale bar represents 1 mm,
representative image shown, One-way ANOVA Tukey’s multiple comparison with
significance defined as P < 0.05, n = 3.
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Experimentation was completed on both B-gel conditions with a needle nozzle instead
of a conical nozzle. For acellular, initial printing pressures were raised to 175, 180 and
185 kPa, and for cellular raised to 160, 165 and 170 kPa. Conical nozzles were selected
for progressive experimentation due to the reduced pressure required for extrusion,
with cellular viability integral for an in-vitro model, a consideration discussed in Chapter
6. The bone GelXA was not printed with the needle nozzle due to inconsistency and a

lack of extrusion between conditions.

TissueFAB® is an alternative commercially available bioink, consisting of Alg and GelMA
— precise composition and concentrations unknown, tailored to cross-link at 365 nm.
Initial line filament printing required low pressures for extrusion; however, no clear trend
was visualised from increasing print pressure and the impact on the filament (Figure
5.3.4A). For example, 9 & 10 kPa initially showed consistent deposition of ink; however,
after trailing another range, pressures of 10 — 13 kPa did not print consistently. A 6 well
plate of 1-layer lattices was printed at 15 kPa (Figure 5.3.4B.1), and produced
inconsistent structures (not shown), however, this experimental aim was to assess
crosslinking of the structures. As per the manufacturer’s recommendations, the lattices
underwent 60 s crosslinking at 365 nm, with a 5-minute incubation submerged in 200
mM CaCl, and upon incubation in PBS, the lattice structures had dissolved (Figure
5.3.4B.2). The 10-layer lattice structures were then printed at 19 kPa. The resulting
structures printed more consistently compared to previous attempts, however air
bubbles within the individual filament were visualised (Figure 5.3.4C.1). The structures
underwent more intense cross-linking methods, with a 10-minute incubation in 200 mM
CaCl; and 300s under the 365 nm light module (Figure 5.3.4C.2). The structures were
washed in media and incubated for 30 minutes, which resulted in stable acellular
structures (Figure 5.3.4C.3). Further optimisation and incorporation of this material was
discontinued within the research project due to excessive lead time of the product which
did not fit within the research duration, and unsuitability for in-vitro cultures (Chapter 6)

with such extensive cross-linking required to produce a stable structure.
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Printing filament
optimisation

1 layer lattice
cross-linking

10-layer lattice
cross-linking

Figure 5.3.4. TissueFAB® 3D bioprinting optimisation. TissueFAB® Alg(Gel)MA — Vis 365
nm (Acellular) bioink optimisation, A) individual 10 mm filaments printed at a range of
pressure from 5—15 kPa @ 5 mm/s, B.1) represents a 1 layer lattice printed at 15 kPa @
5 mm/s, B.2) lattice after crosslinking in 200 mM CaCl> and 60s under 365 light module,
after 30 minutes incubation at 37 °C, C.1) 10 layer printed lattice printed at 19 kPa @ 5
mm/s, C.2) 10 layer printed lattice after crosslinking in 200 mM CaCl, and 300s under 365
light module, C.3) lattice after 30 minute incubation at 37 °C, washed in a-MEM. n =1,
representative images taken with a camera.

The assessment of extrusion consistency was visually completed at the time of each
independent experiment. It became apparent during 3D bioprinting experimentation,
each experiment required differences in printing pressure (Table 5.2.2) between
different cartridges of material and, most importantly, during the printing process itself.
It was often required to slowly increase printing pressure as ink inside the cartridge was
reduced after consecutive 3D prints. From initial investigations of attempting to bioprint

10-layer lattices, a support medium was required to improve 3D EBB fidelity, especially
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since height and structural complexity were required to bioprint a 3D model based on

ex-vivo bone morphology, inclusive of Tb and Cb architecture (Chapter 3, Figure 3.3.6).

5.3.2 Bioink rheological analysis

The flow behaviour of the acellular bioinks was explored to assess viscosity at different
shear rates, at appropriate temperatures for bioprinting the materials. Both
biomaterials, GelXA and B-gel, presented shear stress dependence resulting in thinning
viscous behaviour characteristic of shear-thinning pseudoplastics. For GelXA, the three
different batches showed similar trends; however, at higher shear rates of > 10 (1/s)
difference in viscosities was observed between the batches (Figure 5.3.5A). As an in-
house generated material with no standard protocol and adapted for bioprinting, the
Laptonite™ co-polymer viscosity was observed at different temperatures, further
characterised by assessing the viscosity of the gel with HAnp and without HAnp —named
B-gel and NP-gel, respectively. The viscosity trend of B-gel and NP-gel was equal at each
temperature, representing a shear-thinning fluid, and representing no difference in
viscosity due to the presence of HAnp within the biomaterial. Determining printing
temperature at first was completed by depositing filament at a range of temperatures,
30— 37 °C, whereby temperatures above 36 °C would cause a ‘blow out’ of filament (not
shown). The temperature change, impacting the viscosity of B-gel, is clear by the
difference in viscosity of B-gel/NP-gel at 37 °C, compared to 30 °C and 34 °C, at higher
rates of shear stress, whereby higher temperatures decreased viscosity (Figure 5.3.5B).
Finally, different batches of B-gel showed no difference in viscosity behaviour between
batches (Figure 5.3.5A), when measured at 34 °C, suggesting material consistency.

Statistical difference (P = 0.0056) was reported between GelXA and B-gel (Figure 5.3.5A).
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Figure 5.3.5. Viscosity versus shear rate curve of acellular bone GelXA, B-gel and NP-
gel. Oscillatory shear strain frequency sweep with a 20 mm parallel plate, A) Bone
GelXA at 24 °C and B-gel at 34 °C n = 3, paired two-tailed t-test was used to statistically
analyse viscosity at each corresponding shear rate, (P < 0.05), B) B-gel and NP-gel
viscosity at 30, 34 and 37 °C, n = 1.

5.3.3 Microparticle slurry optimisation and morphology characterisation

The initial production attempts of in-house-generated slurry produced irregular, non-
consistent morphology. At first, no spherical morphology was observed; instead, long,
thin rods were produced after 24 hours (Figure 5.3.6A). Once an insulated environment
was introduced to ensure controlled cooling, spherical morphology was identified;
however, the structure was highly variable (Figure 5.3.6B). It was shown that utilising a
1L beaker in place of a 5L beaker was key to improving suspension collision, resulting in

improved spherical morphology (Figure 5.3.6C), however, the resulting particles were
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still highly variable. A different stirring rod was trialled (Figure 5.3.6D) with improvement
to the intended morphology. Type B gelatine was used in place of type A due to the
different ionic characteristics, which yielded greatly improved morphology compared to
previous trials with type A (Figure 5.3.6E), with final pH adjustments being completed
after the addition of each reagent (Figure 5.3.6F) producing spherical morphology;
however, it remained highly inconsistent. At this stage, temperature and time were not

controlled for the duration of the stirring process.

A.

Figure 5.3.6. Morphology of early-stage optimisation of generating a micro-particle
support slurry. Based on a method published by Lee et al. (2019). All conditions presented
were stirred overnight at 600 rpm. All changes to reagents and method are stated here,
with reagent concentration, volume, starting temperature and pH remaining constant.
A) Type A gelatine, 5 L beaker, dual stirrer at RT, scale bar represents 100 um B) Type A
gelatine, 5 L beaker, dual stirrer, insulated box, C) Type A gelatine, 1 L beaker, dual stirrer,
insulated box, D) Type A gelatine, 1 L beaker, cross stirrer, insulated box, E) Type B
gelatine, 1 L beaker, cross-stirrer, insulated box, F) Type B gelatine, adjustment of pH of
solute before addition of reagents 1 L beaker, cross-stirrer, insulated box—representative
images shown, scale bar represents 200 um for A, B, 100 um for C, D & E, and 50 um for
Fn=1.
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Once a spherical morphology was identified, the final optimisation considerations were
time and temperature during the coacervation process, as all previous experiments
(Figure 5.3.6) had been completed with a 24-hour, overnight stirring process. To assess
the optimal time for stirring, the slurry’s morphology was evaluated during the
coacervation process at 30-minute intervals. It was initially hypothesised that time was
the critical condition for forming spherical uniform microparticles. After the first
technical repeat (RT ~23 °C), 240 minutes was selected as the optimal time for
morphology (Figure 5.3.7G), with 0 — 120 minutes not showing consistent spherical
formation (Figure 5.3.7A/D), whereas 360 minutes onwards showed signs of thinning
and disruption of spheroid morphology (Figure 5.3.7J/M). Progressive experiments
requiring new batches were made based on this result of time as the critical factor;
however, inconsistencies with microparticle size were being observed after post-
processing and analysis. Technical repeats, RT ~21 °C and ~16 °C, revealed different

microparticle morphology and size at different times compared to RT 23 °C (Figure 5.3.7).
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Figure 5.3.7. Morphology of in-house generated slurry during the coacervation process
over time. IHS was generated with type B gelatine in a 1L beaker inside an insulated box
with a cross-stirrer blade shaft. A sample was taken every 30 minutes, with every 120
minutes represented above. 0 min A) 23 °C, B) 21 °C, C) 16 °C, 120 min D) 23 °C, E) 21
°C, F) 16 °C, 240 mins G) 23 °C, H) 21 °C, 1) 16 °C, 360 mins J) 23 °C, K) 21 °C, L) 16 °C, 480
minutes, M) 23 °C, N) 21 °C, O) 16 °C. The representative images shown, scale bar
represents 50 um, n = 3.
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Investigation of temperature, compared to time, revealed altered cooling times of the
microparticle slurry were dependent on room temperature during the coacervation
process (Figure 5.3.8). For example, at 23 °C RT following 120 minutes, the microparticle
slurries' temperature was 34 °C, compared to 16 °C RT and the slurry being 26 °C.
Following Newton's law of cooling (llyin, S. 2024), the change in room temperature had
a direct impact on the cooling rate of the microparticle slurry, and therefore the
temperature of gelation of the bovine gelatine that begins gel transition at temperatures
below 35 °C, with full solidification around 25 °C (Ninan, G., et al. 2014). To further
expand, RT 23 °C the slurry reached below 35 °C at 150 minutes, both RT 21 °C and RT
18 °C reached a slurry below 35 °C at 120 minutes, and RT 16 °C reached below 35 °C at
30 minutes, representing the variation in cooling times based on surrounding ambident

temperature despite using an insulating box within the method (Figure 5.3.8).
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Figure 5.3.8. Cooling curve of in-house generated microparticle slurry over time.
Temperature was taken at 30-minute intervals from 0 — 480 minutes, from four
independent experiments conducted at a range of lab room temperatures (23 °C, 21 °C,
18 °Cand 16 °C at time 0), n = 1 for each temperature.

IHS.S required washing with a buffer to remove any excess waste product and to
concentrate the resulting microparticles. The post-processing method was not found to
interfere with microparticle morphology (Figures 5.3.9A/B), and the microparticle slurry

was usable 24 hours after creation at room temperature (Figure 5.3.9C). To establish a
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concentration of microparticle slurry for accuracy and consistency of flow behaviour,
lyophilisation was completed, and this was shown not to affect the resulting morphology
once rehydrated (Figure 5.3.9D). LS, a commercially available gelatine microparticle, was

used as a control against the in house-slurry (Figure 5.3.9E).

Figure 5.3.9. Morphology of optimised in-house generated slurry during post-
processing, 400X. After the coacervation process (240 minutes), microparticle slurry
requires post-processing of compaction, washing, usage or lyophilisation. A) compaction
of microparticles, B) microparticles after 2X washing, C) microparticles after 24 hours for
use in freshly generated bioprinting experiments and D) microparticles after overnight -
20 °C, lyophilisation and rehydration, E) Life support after rehydration. The
representative image shown, the scale bar represents 50 um (A, B, C, D) and 20 um (E).
Optimised IHS n = 11 and LS n =3.

Microparticle shape was classified into three prominent morphologies (Sphere, fused
and rod) that represent the transition between morphologies (Figure 5.2.3). All

conditions (LS, IHS.R & IHS.S) underwent object classification (%) in Imagel, whereby it
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was discovered that overall, the IHS generated microparticle slurries had a higher
percentage of spheres compared to the commercially available LS (Figure 5.3.10).
Overall, sphere morphology classification in each condition was statistically different
compared to rod and fused (P = 0.0001), with the different conditions of microparticle
slurry representing statistical difference between LS and IHS for sphere morphology (P =
0.0002 for IHS.S, and P =0.014 for IHS.R). Rod morphology was significantly lower in both
IHS conditions compared to LS (P = 0.0062 and P = 0.0144 for IHS.S and IHS.R,

respectively).
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Figure 5.3.10. Microparticle shape analysis of rehydrated life support commercial
slurry, saturated and rehydrated in-house generated slurry. Light microscopy imaging
was used to capture a representative field of view, with particle shape determined as rod,
sphere or fused morphology with Imagel) on 50 particles, with each replicate average
defined as a data point. Tukey’s multiple comparison of morphology (%) was statistically
evaluated between the different microparticle slurry conditions (P < 0.05). LSn =3, IHS n
=4.

From the objects classified as spheres, size analysis was completed by measuring the
average diameter (Figure 5.2.3) within the different batches and conditions. For the IHS,
the difference in diameter was investigated for the process of using saturated neat slurry,
compared to the process of lyophilisation and rehydration (Figure 5.3.11A). Between
replicates, only IHS.1 represented a statistical difference (P < 0.05) between IHS.S and

IHS.R from the 50 spheres measured, with progressive batches of IHS generating more

176



consistent sphere sizes. Rehydrated batches were then compared to LS, a lyophilised
product that requires rehydration, whereby inconsistency between batches of IHS was
discovered by significant differences against LS.R for all IHS.R (P < 0.05) (Figure 5.3.11B).
LS.1 was significantly different from LS.2 (P = 0.0035), with a statistical difference
between all IHS.R replicates (P < 0.0001). IHS.R batches were shown to have a statistical
difference in size (P < 0.05) apart from IHS.1.R against IHS.2.R, and IHS.3.R against
IHS.4.R. This discovery represents the inconsistency in the production of microparticle

size in both commercially produced and in-house produced slurries.
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Figure 5.3.11. Microparticle diameter analysis of in-house slurry, saturated and
rehydrated, and life support. Light microscopy imaging was used to capture a
representative field of view, with particle diameter analysis performed with Imagel on
50 particles. A) Diameter analysis of Saturated and rehydrated in-house slurry (IHS), B)
Diameter analysis of commercial life support and rehydrated in-house slurry (IHS).
Normality testing was completed using Shapiro-Wilk, showing non-parametric
distribution. Kruskal-Wallis was performed using multiple comparisons (P < 0.05), with
(A) investigating the difference from IHS.S to IHS.R per batch and (B) comparing diameter
across all conditions and batches. LSn =3 and HIS n = 4.

5.3.4 Flow behaviour analysis of microparticle support slurry

The flow behaviour of the microparticle slurry was characterised by oscillatory
rheological testing. First, the viscosity of IHS.R.3 in various concentrations, in comparison
to IHS.S.3 was assessed to represent the difference in flow behaviour (Figure 5.3.12A).
The neat slurry did not have an exact concentration compared to the rehydrated
samples, resulting in variation of viscosity (Figure 5.3.12A). The overall profile of the
material, however, has not altered from a viscoelastic material with a non-Newtonian

flow profile of a pseudoplastic. As predicted, the increased concentration of material
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caused an increased viscosity under shear, resulting in decreased flow behaviour

compared to a low concentration of slurry (Figure 5.3.12A).

Viscosity between the rehydrated batches of IHS and LS revealed differences in flow
behaviour between all conditions at lower shear rates (Figure 5.3.12B), whereby under
‘v 10 S/1 the different batches and conditions begin to cluster with similar viscosities. All
profiles represent a viscoelastic material with a non-Newtonian flow profile of a
pseudoplastic; however, the different batches of IHS.R show variations in viscosity
profiles, e.g. IHS.3 has the lowest viscosity, whereas IHS.4 has the highest viscosity
overall. This is an interesting result, considering the sphere diameter for IHS.3 and IHS.4
are the only batches which are not significantly different (Figure 5.3.11B). LS has a
consistent viscosity and flow behaviour between batches, compared to IHS (Figure
5.3.12B). Overall, all materials become more viscous at a higher rate, following the same

fluid behaviour of a non-Newtonian fluid (Figure 5.3.12).
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Figure 5.3.12. Viscosity curve of different concentrations of in-house lyophilised and
rehydrated slurry in comparison to freshly made neat slurry. A) In-house slurry (IHS)
underwent lyophilisation and rehydration with alpha-MEM in the following
concentrations: 62.5, 50 and 41 mg/ml before oscillation rheological investigations. The
neat slurry was freshly made and immediately assessed. B) 50 mg/ml of IHS and LS were
rehydrated for oscillation rheological investigations. Different concentrations of IHS n =
1, different batches of IHS n =4, and LS n = 3.

Identification of the linear viscoelastic (LVE) region allows appropriate stress to be
applied to the material without imposing irreversible damage on the material (Figure
5.3.13A). For LS, the LVE was 0.1 — 3 % shear strain, and for IHS, the LVE was 0.1 — 2 %.
The LVE was selected instead of the linear viscoliquid region (LVL) as this was
representative of the bio-printing experiment, and to be inclusive of both samples 0.1 —
2% was defined as an appropriate LVE region. Both IHS and LS proved to have different
destruction regions, with different stress applied. For IHS, the destruction region began

at 23% stress, whereas LS was 39%.
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Figure 5.3.13. Amplitude strain curve for the identification of the linear viscoelastic
region of life support and in-house generated slurry. Storage (G’) and loss (G”) modulus
were assessed for 50 mg/ml Life support (LS), and 50 mg/ml in-house slurry (IHS), n = 1.

To further explore the flow characteristics of both materials for bioprinting applications,
the destructive region was explored to assess if an excessive region of shear stress, 50%,
applied to the microparticle slurry could cause destruction to the material, and if
recovery of the material’'s mechanical properties was possible over-time after strain,
even at extremes. Recovery was defined as the return of the material's viscosity to its
original state after a period of stress is removed (Gao, T., et al. 2018). Both materials
responded immediately to strain removal (Figure 5.3.14A/B), representing the materials'
immediate recovery from a bio-printing nozzle passing through and biomaterial
deposition, and further classifying the material as a pseudoplastic flow behaviour with a
shear thinning profile. The G’ G” crossover point is also visualised during this
experimentation, signifying the transition between elastic and viscous behaviour, known
as the gel point. Once strain was applied, the material crossed from an elastic gel
material (G’), to a viscous liquid material (G”), with this behaviour seen in both materials
(Figure 5.3.14A/B). Interestingly, despite the materials having the same pseudoplastic
viscosity profile (Figure 5.3.12B), LS G’ is higher than G” in rest and recovery periods
(Figure 5.3.14A), suggesting that the material behaved more like a solid with elastic

properties, compared to a liquid with viscous properties as IHS.
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Figure 5.3.13. Thixotropy destructive material response analysis on life support and
in-house slurry. Following the Identification of the linear viscoelastic region of life
support and in-house slurry, the response of the material to destructive strain was

assessed by oscillation with 50% strain applied. A) Storage (G’) and loss (G”) modulus

were assessed for 50 mg/ml LS N=3, B) Storage (G’) and loss (G”) modulus were
assessed for 50 mg/ml IHS n = 2.

5.3.5 Optimisation of 3D bioprinting control structures in microparticle
support slurry

Initial optimisation of bioprinting control structures was completed with bone GelXA. To
assist in crosslinking to produce a stable structure with reduced sheer thinning of the
bioink, CaCl, in various concentrations of 20 — 200 mM wash was used as the IHS wash
buffer. Bioprinting in the absence of a microparticle slurry produced an inconsistent

construct (Figure 5.3.14A), compared to the construct printed in media-washed slurry
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(Figure 5.3.14B). Interestingly, when bioprinting in CaCl, washed slurry, the filaments
deposited did not adhere to each layer, therefore producing a construct that unravelled
due to the cross-linked filament surface not allowing further material attachment (Figure
5.3.14C/D/E). As a result, media-washed only IHS was used in future experimentation.

LS was not assessed with GelXA.

Figure 5.3.14. Bone GelXA bioprinting in microparticle conditions. A) Bone GelXA
bioprinted w/o a microparticle support bath, B) Bone GelXA bioprinted within in house
slurry saturated (IHS.S), only media washed, C) Bone GelXA bioprinted within IHS.S,
washed with 20 mM CaCl,, D) Bone GelXA bioprinted within IHS.S, washed with 100 mM
CaCl,, E) Bone GelXA bioprinted within IHS.S, washed with 200 mM CaCl,. n = 1 technical
replicate, representative picture shown.

B-gel did not require ionic or photoinitiated crosslinking, only temperature transition,
which was performed before bioprinting. Similar to GelXA, in the absence of support
slurry, B-gel produced an inconsistent construct that tended to constrict on the sides
when the construct was printed to full height (Figure 5.3.15A), with undefined individual
filaments. Alternatively, when B-gel was printed in IHS.R, a construct with qualitative
similarity to the intended control model was produced, with defined individual
filaments, pores and a shell, visualised both embedded within the IHS.R (Figure 5.3.15B),
and after release of the construct > 37 °C (Figure 5.3.15C). Surprisingly, bioprinting B-gel
in LS resulted in B-gel not self-adhering, similar to that seen for Bone GelXA in various
CaCl; conditions (Figure 5.3.15C/D/E), and produced a non-stable construct, whereby no
defined filaments were obtained, pores were not observed, and the shell disintegrated

(Figure 5.3.15D).
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Figure 5.3.15. B-Gel bioprinting in microparticle conditions. A) B-gel bioprinted w/o a
microparticle support bath, B) B-gel bioprinted in in-house slurry rehydrated support
bath below 37°C, C) B-gel bioprinted within in-house slurry rehydrated support bath
above 37°C, D) B-gel bioprinted in life support above 37°C. A representative picture is
shown of the result.

It should be noted that despite initial optimised bioprinting parameters and micro-
particle slurry conditions, bioprinting both GelXA and B-gel was challenging, with a high
volume of replicates required due to inconsistent bioprinting during technical repeats
(Figure 5.3.16). Printing parameters were consistently monitored to adjust bioink
filament deposition; however, when bioprinting within microparticle slurry, visualisation

of filament was obscured, B-gel features an opaque appearance in temperatures < 37 °C
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(Figure 5.3.15B). Often, it was required to alternate between bioprinting +/-
microparticle slurry, to monitor bioprinting filament deposition, and adjust printing
parameters throughout the cartridge, as well as change nozzles if recurrent blockages

occurred (Figure 5.3.16).
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Figure 5.3.16. Example of bioprinting inconsistency within the same technical replicate.
B-gel +/- cellular conditions, bioprinted +/- in house rehydrated slurry above 37°C. A
representative picture was taken showing the variation of bioprinting within the same
experiment.

5.3.6 Optimisation of high-resolution micro-CT imaging of bioink and
bioprinted control constructs

The quantification of fidelity of 3D bioprinted constructs is typically completed on a 2D
basis, using photographs (Figure 5.3.1/2/3). Initial optimisation for the quantification of
3D bioprinted constructs using micro-CT required the 3D bioprinted constructs to be

placed within the chamber whilst maintaining structural integrity and hydration and
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reduce scanning artefacts. Scanning time and radiation from the x-ray source was
another key consideration, as cellular constructs would be scanned in future
experimentation. Initially, bone GelXA constructs were optimised with a bijou tube to
contain constructs in a sterile environment throughout. Similar to the method of
scanning bone, by wrapping the construct in damp tissue paper, however, this did not
support complex structures, causing collapse, this method also had the disadvantage of
failing to maintain sterility (Figure 5.3.17A). To reduce shrinkage and morphology
collapse, sterile %H,0 was used, however, this caused strong movement artefacts in the
resulting scan (Figure 5.3.17B). Finally, the bioprinted construct was placed on top of a
UV-sterilised Styrofoam block, covered with a small layer of parafilm, and surrounded by
appropriate warm growth medium, whereby the meniscus surface tension assisted in
reducing the bioprinted construct from moving during scanning rotation (Figure
5.3.17C). This method of micro-CT scanning produced a better understanding of the
impact of utilising a micro particle slurry for bioprinting, whereby the benefit in the
resulting printed structure can be visualised in the lateral visualisation plane by reduced

constriction of the bioprinted shell (Figure 5.3.17C).

In addition, a micro-CT analysis was performed as a method to compare bioprinted
dimensions to the original STL lattice structure (Figure 5.2.2). By segmenting the
boundaries of the lattice structure, measurements such as overall volume, height, width,
and pore width could be taken to determine deviation from the original STL model

(Figure 5.3.17D/E/F).
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Figure 5.3.17. Optimisation of micro-CT imaging bone GelXA bioprinted lattice
structures. All constructs were imaged at 9 um and reconstructed with a binary threshold
of 0—0.12. A) Bone GelXA construct printed w/o slurry, placed in a bijou tube covered in
damp tissue, B) Bone GelXA construct printed with slurry, placed on amount of damp
tissue within a bijou tube submerged in %“H,0, C) Bone GelXA constructs printed +/- slurry
placed on top of a Styrofoam block, submerged in growth medium underneath the
meniscus. D) dimension defined 3D lattice, E) projection of GelXA bioprinted construct in
slurry, F) thresholded lattice for intention of 3D dimensional analysis compared to original
3D lattice model. n = 1, pseudo-colour applied to represent arbitrary density, scale bar
represents 1 mm.
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B-gel is a thermo-responsive material; therefore, capturing the true fidelity in
temperatures below 37 °C proved challenging as the material reduced in size upon
cooling (Figure 5.3.18A), compared to in culture at 37 °C (Figure 5.3.18B). First, a similar
approach to imaging GelXA was trialled (Figure 5.3.18C); however, due to the material
difference whereby B-gel is mainly constituted of water, visualisation against warmed
media was challenging due to the lack of difference in the density between the two
materials. To support the structure and visualise fidelity, the construct was embedded
within agar; however, this also impeded visualisation of the construct, as well as being
defined as destructive (Figure 5.2.18D). Snap freezing and fixing the construct were
investigated; however, no improvement on retaining > 37 °C morphology was achieved,
with both techniques also being destructive (Figure 5.2.18E/F), with the snap frozen
construct defrosting by the end of the imaging protocol, causing artefacts from sample
movement (Figure 5.2.18E). Constructs were placed on the edge of a sterile bijou tube,
which allowed visualisation of volume and density (Figure 5.2.18G). lron oxide was
investigated as an exothermic source; however, it did not generate high enough
temperatures in the surrounding environment to maintain above 37 °C for the duration
of the imaging process (Figure 5.2.18H), which was already reduced to a minimum time.
Further optimisation was not continued due to time constraints; therefore, future
constructs were imaged by placing the construct on the edge of a sterile bijou (Figure

5.2.18G), eliminating the opportunity for 3D fidelity analysis.
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Figure 4.2.18. Optimisation of micro-CT imaging B-gel bioprinted lattice structures. All
constructs were imaged at 9 um and reconstructed with a binary threshold of 0 — 0.12.
All lattices were printed — IHS.R during optimisation. A) B-gel printed lattice at <37°C, B)
B-gel printed lattice at >37°C, C) B-gel printed lattice placed on top of a Styrofoam block,
submerged in growth medium underneath the meniscus. White arrow indicates location
of bioprinted construct. D) B-gel printed lattice submerged in 37 °C 0.15% agar and
allowed to cool, E) snap frozen B-gel printed lattice and immediately imaged, F) 4% PFA
fixed B-gel printed lattice, G) B-gel printed lattice placed on surface of bijou, H) Various
weights of Iron oxide (1, 2, 3 and 4g) temperature over 60 minutes, contained within a
sealed bijou and measured with a infrared thermometer, compared to original packet
heat. n = 1, scale bar represents 1 mm for A, B, D, E, F, G and 1 cm for C. Pseudo-density
applied to micro-CT projections in CT Vox.
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Micro-CT total cartridge particle analysis

Throughout the optimisation of bio-printing GelXA, highly variable inconsistencies with
printing parameters were noted, especially printing pressure (Table 5.2.2). As previously
explored, the bioinks did not always have consistent filament deposition and would often
‘blow out’ or ‘jump’ filament, resulting in highly inconsistent filament printing (Figure
5.3.1) despite the exact protocol followed, with appropriate adjustments made. Micro-
CT imaging was used to visualise entire, unopened, cartridges of GelXA bioink (Figure
5.3.19A/B/C), revealing highly inconsistent TMD (g/cm3) concentrations (Figure
5.3.19G). In contrast, B-gel, showed HAnp distribution was homogenous throughout the
biomaterial (Figure 5.3.19D/E/F), whereby minimal blockages occurred during bio-

printing over the various experimentations, despite pressure fluctuations (Table 5.2.2).

Binarised analysis on the different batches of GelXA requires further consideration, as
B1 & B2 allowed consistent 3D analysis binarisation for identification of particles, thus
allowing TMD to match that of B-gel (Figure 5.3.19G). GelXA B3 — B5 could not be
thresholded within equal boundaries of 65 — 255, as a high volume of particles were not
included with the threshold, and therefore did not produce a representative output of
density. Alternatively, the B-gel and GelXA B1&B2 could not have raised thresholds, as
this caused exaggerated enhancement of particle number; therefore, different binarised
thresholds were applied (Figure 5.3.19G) within the same workflow, reducing the

accuracy of results for TMD overall.
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Figure 5.3.19. Bone GelXA and B-gel total cartridge micro-CT imaging. Cartridges were
imaged at 9 um and reconstructed with a binary threshold of 0 — 0.12. CT Vox was used
for visualisation of the total field of view, with TMD VOI of 2 mm. A) Batch 1 of bone
GelXA, B) Batch 3 of bone GelXA, C) Batch 5 of bone GelXA, D) Batch 1 of B-gel, E) Batch
2 of B-gel, F) Batch 3 of B-gel, G) TMD quantification of 2 mm VOI. GelXA B1 & B2 and all
B-gel required a threshold of 65 — 255, whereas GelXA B3 — B5 required a threshold of
100 — 255 for particle identified and TMD analysis. H) 22G nozzle blocked from
bioprinting with batch 5 of GelXA. GelXA batch 1/2 n =1, batch 3/4/5 n = 3, B-gel batch
1/2/3 n = 3. Statistical analysis cannot be completed due to the low n of batch 1/2.
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HAnp individual particle thickness/diameter was explored to further characterise the
bioinks used within this study (Figure 5.3.20A/21A). Thickness represents the smallest
dimension of an irregularly shaped particle, whereas the diameter is the largest
dimension of an irregularly shaped particle (Table 2.2.4). Reporting on both values gives
a perspective of the overall morphology of the irregular HAnp/particles present in the

investigated bioinks.

It was discovered that the particle diameters in batches 4 and 5 were consistently
blocking the 22G nozzle used (Figure 5.3.20E), therefore not allowing deposition of any
ink, with constant waste of materials. A 22G nozzle has an inner width of 0.41 mm,
whereas HAnp visualised in latter batches, had particle sizes of up to 2 mm in width.
Aside from the large particle sizes visualised, batch density variation may produce
inconsistent cell environments in future work (Chapter 6), invalidating technical

replicates.

No statistical differences were visualised for the average HAnp thickness in all batches of
B-gel (P > 0.05), despite cellular or acellular conditions (Chapter 6), with an average
particle diameter of 0.91029 mm in total (Figure 5.3.21B). The maximum particle
diameter average for all inks imaged was 0.55708 mm, larger than the 0.413 mm inner
diameter of the conical nozzle used for 3D EBB, however, no frequent nozzle blockages
were noted during active experimentation (Figure 5.3.21C). Lastly, despite no statistical
difference (P > 0.05), the number of HAnp present in the VOI of B-gel was inconsistent
between batches, perhaps suggesting further improvement of consistency in

homogenising the bio-ink, cells and HAnp during creation (Figure 5.3.21F).
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Figure 5.3.20. Bone GelXA particle visualisation and quantification by micro-CT imaging. Five different batches of GelXA had cartridges imaged
at 9 um and reconstructed with a binary threshold of 0 — 0.12. A) Individual particle analysis was performed, with B1- 2 thresholded at 65 — 255,
and B3 — 5 thresholded at 100 — 255 for appropriate particle visualisation. Individual batches were colour-coded as appropriate to output particle
thickness and visualised in CT Vox. The scale bar represents 1 mm. B) 22G nozzle imaged at 9 um and reconstructed with a binary threshold of 0
—0.12. The nozzle was collected during a 3D bioprinting experiment. C) Average particle thickness (mm) of GelXA batches, D) Maximum particle
thickness (mm) of GelXA batches, E) Average particle diameter (mm) of GelXA batches, F) Maximum particle diameter (mm) of GelXA batches, G)
Number of particles. n = 5, no statistical analysis can be completed due to no replicates for B1-2.
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Figure 5.3.21. Hydroxyapatite nanoparticle characterisation of different batches of B-
gel bioink. B-gel cartridges were imaged at 9 um, with an aluminium 0.25mm filter
followed by reconstruction of 0 — 0.12. Individual particle analysis was completed in
CTAn, and thickness coding was applied. A) Cartridges were imaged in CT Vox, with
thickness colour coding applied., B) Average particle diameter, C) Maximum
hydroxyapatite diameter, C) Number of hydroxyapatite nanoparticles. n = 3, Tukey’s two-
way ANOVA between different batches revealed no statistical difference.
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5.3.7 Three-dimensional bioprinted ex-vivo tibia structures

For both conditions, the full 37-layer CAD model was unable to be printed with the
current bioprinting method as this would result in collapse of the model, or the
requirement for more than 3 ml of B-gel material (not shown). Instead, the printing
process was halted at 17 layers for all models (Figure 5.3.22). All three CAD modelling
methods resulted in bio printable models, with no noticeable differences could be
detected between the different rendering processes (Figure 5.3.22A/C). Similar to
previous results (Figure 5.3.15/5.3.16/5.3.17), the impact of including a microparticle
support slurry is clear by reducing shrinkage after heating and improving structural
stability during the bioprinting process (Figure 5.3.21B/D). Despite the unsuccessful
completion of bioprinting the ex-vivo bone model, Cb structure had good definition in all
rendered models, and by the inclusion of IHS, Tb structures were identified (Figure

5.3.22D), compared to without IHS (Figure 5.3.22C).
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Figure 5.3.22. Bioprinted in-silico designed ex-vivo tibia bone. Acellular B-gel bioprinted
with previously rendered murine tibia bone, A) B-gel bioprinted without IHS at room
temperature, B) B-gel bioprinted without IHS at 37 °C, C) B-gel bioprinted with IHS at
room temperature, D) B-gel bioprinted with HIS at 37 °C. Representative picture taken,
scale bar represents 1 mm.
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5.4 Discussion

Bioprinting is an exciting and progressive technique, with a substantial benefit being the
ability to generate complex structures with high resolution; however, many challenges
exist that require extensive optimisation, consideration and characterisation. The
research presented aimed to optimise and determine the composition, suitability,
printability and fidelity of bioinks, GelXA, TissueFAB™ and B-gel, to achieve bioprinting
of a complex architecture of bone inclusive of Cb and Th. To assist in structural
complexity and stability, a micro-particle support slurry was produced, optimised and

characterised.

5.4.1 Bioink composition and consistency

Within the research presented, different hydrogel bioinks were explored. Commercially
available inks were initially selected, as this allowed a higher degree of reproducibility,
reliability, convenience and accessibility between different researchers in various
research facilities. Ultimately, the purpose would be to allow a more consistent 3D in-
vitro bone model to be used for biomedical investigations (Chiticaru, E., & lonita, M.
2024). Alternatively, an in-house generated but previously characterised hydrogel,
Laptonite™ co-polymer +/- HAnp (Snuggs, J., et al. 2023; Boyes, V., et al. 2021; Thorpe,
A., etal.2016a; Thorpe, A., et al. 2016b) was investigated for the possibility of translating
an injectable hydrogel into a functional bioink. Ali (2024) reported in a systematic study
for liver bioprinted models that only 8% of studies utilised commercially available
bioinks, with 83% utilising custom, in-house generated bioinks, emphasising the
preference for in-house bioink use. The trend of utilising in-house generated bioinks
limits progressive research between different institutes. This, therefore, limits the
opportunity for a widely characterised material to be used for different applications in
the overall goal of generating a suitable in-vitro 3D model, unless systems can be shared
easily between laboratories. However, despite the benefit of increased accessibility to
commercial bioinks, a range of considerations and negatives are clear. This includes lack
of composition knowledge and control, long lead time for materials, increased cost, and
batch inconsistencies that can be found, as revealed within this study, whereby the
material is not fit for purpose resulting in a higher frequency of error, with a large cost

on time, funding and research progress.
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Aside from batch inconsistencies, complete material composition is not exclusively
revealed, and therefore, limited adjustments to the composition and concentrations can
be made to the bioink to improve fidelity and printability, limiting application. Chiticaru
(2024) suggests the bone GelXA formulation is GelIMA, xanthan gum, lithium phenyl-
2,4,6-trimethylbenzoylphosphinate, Alg, calcium phosphate tribasic, HAnp, D-mannitol,
and HEPES buffer solution. All components are commonly used within bioinks, either to
improve the structural stability of the ink or as the biocompatible base (Chaurasiya, A.,
et al. 2024; Tolmacheva, N., et al. 2024; Mukherjee, K., et al. 2024; Chen, S., et al. 2023;
Zhu, M., et al. 2019). TissueFAB™ is listed as an alg and GelMA bioink that crosslinked
under 365 nm UV, and 200 mM CaCl,, however, no further specification of concentration

or other materials is provided.

Previously investigated by Boyes (2021), the composition of B-gel can be altered by the
addition of N, N’ — dimethylacrylamide comonomer, HAnp and gelatine in various
concentrations, resulting in a change in mechanical and rheological properties. For the
research conducted, the same composition of NP-gel was used consistently as utilised
by Snuggs (2023). Perhaps a more focused research approach to improving printability
and resulting fidelity by tailoring the B-gel composition for the strict application of
bioprinting could be investigated; however, in the materials' current state, the in-house
generated bioink featured a higher success rate of physical printing compared to
commercially sourced bioinks. In addition, COL could be investigated as a further additive
to the hydrogel in a similar approach to Alaman-Diez (2023) by generating COL
laptonite™ hydrogels for spheroid generation, as well as Ding (2022) with COL-

polyacrylamide hydrogels, to further tailor the bioink to a bone-like composition.

5.4.2 Bioink printability

Printability is typically determined by two different methods: rheological viscosity or
physical trial-and-error printing to assess resulting fidelity (Bercea, M. 2023; Habib, M.,
& Khoda, B. 2022; Gao, T, et al. 2018). For example, the Herschel-Bulkley model is
employed to characterise the viscosity to produce flow curves (Gillispie, G., et al. 2023),
as represented by the data obtained in this study. Both GelXA and B-gel represented
pseudoplastic flow behaviour with shear-thinning properties, whereby viscosity

decreased based on shear stress, which was applied to the material. Classically, a
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pseudoplastic viscoelastic material is ideal for bioinks to enable complex flow behaviour
to act as a fluid during flow yet present the characteristics of a soft solid to exhibit fidelity

and return to the original state after deposition (Amorim, P., et al. 2021).

Tian (2009) used the Herschel-Bulkley model to determine the alterations of viscosity of
Alg & HAnp bioinks based on different concentrations of the components, as well as the
impact of temperature. Within the research, 1% Alg with 20% HAnp produced a bioink
which was almost Newtonian in behaviour, with increased concentrations of Alg, up to
5% adjusting the flow behaviour to pseudoplastic. Altering the HAnp concentration from
10 to 50% increased viscosity dramatically, representing increased stiffness; however,
this gave rise to difficulty in material manipulation. Similarly, with temperature, a higher
temperature represented a decrease in viscosity, generating an almost Newtonian
behaviour material that allowed easy handling of the biomaterial, e.g. producing filled
cartridges. When the material was cooled, stiffness increased, indicating the material

will have higher shape retention (Tian, X., et al. 2009).

A similar approach of characterising B-gel viscosity by altering temperature, and +/-
HAnp was used within this study, however, commercial bioinks were strictly used as
provided with the standard protocol followed with investigative rheology revealing
inconsistency of material under increased shear-rate. This is attributed to the
inconsistent particle density, thickness and diameter discovered within the batches by
micro-CT imaging. Compared to B-gel, whereby density, thickness and diameter have no
statistical differences, resulting in a consistent pseudoplastic material with sheer-
thinning behaviour. Unlike widely used bioinks that are cross-linked post-printing, B-
gel/NP-gel is thermally transitioned after the handling stage to allow suitable transferring
into equipment due to the Newtonian liquid-like behaviour (Snuggs, J., et al. 2023;
Boyes, V, et al. 2021). Investigating the viscosity of B-gel at different temperatures
revealed that the transitioned bioink’s viscosity was temperature-dependent, with
decreasing temperature increasing viscosity, therefore reducing flow at low shear rates.
Temperature increases decrease viscosity, resulting in increased flow at low shear rates.
For this, 34 °C was discovered to be appropriate flow behaviour to produce filament that
allows shape retention, suitable extrusion pressure and biocompatibility, as further

explored in chapter 6.
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To further characterise the rheological behaviour of the bioink, in particular B-gel, the
materials recovery response to stress, it would have been beneficial to define the storage
modulus (G’) and loss modulus (G”) ratio to determine if the material is solid-like or
liquid-like, with elastic properties. As discussed by Gao (2018), typically only viscosity is
reported on for bioinks concerning bioprinting, and although this is a vital characteristic
for the application of bioprinting, the G’/G” ratio indicates the ability of the material to
resist deformation, by the material behaving elastically and, eventually, structural
stability long term (Gao, T., et al. 2018). Bioprinting as a technique transfers stress to the
bioink at different stages, and therefore, it is beneficial for the material to resist
deformation during this mechanical process (Amorim, P., et al. 2021). Previously
investigated by Boyes (2021) it was reported that at 25 °C within a range of 0.1 — 6 Hz
through a frequency sweep, the NP-gel behaved like a viscoelastic solid by a greater G’

compared to G”.

5.4.3 Bioink fidelity

Characterising bioinks' viscosity on a rheometer assists in predicting the viscosity and
printability of the material; however, EBB is a challenging, timely manual process
involving different equipment, and considerations are required to minimise
discrepancies in temperature, composition and processing time to allow consistent
printability. Plus, assessing the material in practice is important due to the artefacts of
natural deformation in free space due to gravity and surface tension (Ombergen, A, et
al. 2023; Sarabi, M., et al. 2023), compared to the artificial environment of confinement
during rheology. Gravity and surface tension cause compression of structures printed
with height and cause morphology to have reduced surface area (Riberio, A., et al. 2017),
as well as collapse of individual filaments when layered (Naghieh, S., & Chen, X. 2021),

altering fidelity.

It was initially clear that the reproducibility of parameters resulting in filament
deposition was going to be an ongoing challenge to achieve consistent fidelity to mimic
that of the pre-designed STL control model. This is due to altering printing parameters,
which resulted in different filament fidelity. However, printing parameters would often
need to be altered in different technical repeats to ensure the printability of individual

filaments. In addition to the same technical repeat due to the ever-changing volume of
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bioink within the cartridge, contact of ink to the heated printhead and environmental
fluctuations (StraufRm, S., Schroth, B., & Hubbuch, J. 2022). A review published by
Naghieh (2021) highlighted in detail the many different challenges and considerations
required for 3D bioprinting, with the precision, accuracy and reproducibility mentioned
as a clear major challenge for the progressive field of 3D bioprinting to achieve success

in translation from in-vitro to in-vivo applications.

Each technical repeat was conducted in the same systematic method to ensure
appropriate printability and resulting fidelity of the individual bioinks. Pressure was
always optimised first per bioink to ensure the extrusion of the filament. After printing
speed was tailored towards improving fidelity and printing success, however, in
progressive experiments, this was kept at 10 mm/s for method consistency between
technical repeats due to high fluctuations discovered between pressure. For an initial
investigation into achievable fidelity, a singular filament was bioprinted with a range of
pressures and speeds. In progressive technical experiments, bioprinted filament fidelity
is determined post hoc with a visual qualitative evaluation of the extruded filaments
made in real time. This method allowed initial success of experimental progression
whereby time-sensitive bioinks with cellular components can be printed (Chapter 6).
However, it is highly subjective and causes high variability between different bioinks and

experimental repeats, resulting in a lack of reproducibility.

Paxton (2017) describes the requirements for utilising a variety of nozzle sizes, pressures
and speeds throughout a study. By investigating the impact of rheological variation of
different bioinks post printing, with a conclusion that the printing parameters should be
reported within a window range, as each technical repeat of bioprinting was not
mathematically able to be matched. Further, Riberio (2017) investigated the fidelity,
collapse and fusion on individually printed lattice structures and the resulting impact of
different printing parameters, whereby technical repeats showed high variability.
StrauBRm (2022) suggests improving the active qualitative decision-making causing
variability by replacing printing pressure with constant flow rate. However, this method
was developed for an independent bioprinter, whereby most tissue engineering research
laboratories do not have access. Instead, commercial bioprinters focus on pneumatic

printing pressure.
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The research presented here investigated three different bioink compositions for
optimisation for translation into a 3D in-vitro bone model. Kim (2023) reported on the
difference in line width and height based on the differences in speed when printing with
three different bioinks for the development of a 3D in-vitro liver model, including
gelatine-based, digested decellularised liver and combination. All bioinks require
different printing parameters to achieve optimal line width and length fidelity. The study
presents a good example that increasing speed from 10 mm/min up to 160 mm/min
decreased line width down to 300 um at a maximum speed of 160 mm/min, equivalent
to 2.5 mm/s, from 1200 um average width at 10 mm/min printing speed (0.15 mm/s).
Compared to the printing speeds utilised within this study, Kim (2023) utilised bioinks
with increased viscosity therefore reduced sheer thinning artefacts in free space. Kim
(2023) utilised strictly acellular conditions for optimisation, a 27G nozzle (200 um inner
diameter), and dispensing rate of 0.5735 uL/s able to achieve an increased resolution of
filament fidelity, and increased complexity in end-product model. Once the bio-inks
became cell-laden, thereby altering composition, 120 kPa pressure was used alongside
50 mm/min speed, roughly 0.8 mm/s, and a 25G nozzle (250 um inner diameter) to
achieve a maximum line width fidelity of ~840 um, representing a deviation in initial

maximum fidelity captured during pre-liminary line width analysis (Kim, M., et al. 2023).

Further, in the research presented here, from initial extrusion, it was frequently a
requirement to alter printing parameters throughout the experimental period. For
example, after ~4 constructs were bioprinted, the printing pressure would need to be
increased to allow continuous filament deposition; however, after ~ 8 constructs, the
pressure would need to be further reduced to below the starting pressure. Zhao (2015)
investigated the impact of working time on the quality and resulting fidelity of a bioink
composed of gelatine and Alg, whereby bioprinting at different time points of holding
time with the same bioink cartridge produced high variation in resulting fidelity with 5
minutes producing a lattice with no structural definition, 15 minutes a detailed structure,
and after 30 minutes the structural definition was negatively impacted with ‘blow-outs’
and gaps. In a review by Ramesh (2021), this phenomenon on initial increase in pressure
was explored. The reported findings were explained to be because the extrusion

pressure is lower for more material due to gravitational stress and surface tension,
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whereas less material in the cartridge requires further pressure to push the piston down
onto the material within the dead space of the cartridge. In addition, the reduced
pressure towards the end of the cartridge could be due to the reduced volume of bioink
and therefore will be exposed to a greater temperature, compared to the start of the
experiment, despite the temperature remaining ‘constant’ within the printhead. No
research reports, as far as the researchers are aware, on the impact of pressure changes
in the dead space during the printing process and why altering parameters are required
throughout, despite being reported in various literature, reporting on the challenges, as

summarised above.

5.4.4 Microparticle support slurry

A microparticle slurry can be utilised to increase the complexity and resolution of a 3D
bioprinted structure when using a bioink that has a low-viscosity or shear-thinning
behaviour (Budharaju, H., et al. 2024; Zhou, K., et al. 2022; Brunel, L., et al. 2022). By
using a low melting point temperature polymer, the 3D bioprinted construct can be
released before further experimentation with low impact on the resulting 3D construct.
The aim is to produce a material that allows the deposition of bio-ink without infringing
on the resulting structure, whilst providing structural support. The idealistic material will
have pseudoplastic fluid flow, have consistent microparticle size and morphology, and be
able to withstand shear stress and recover appropriately. Characterisation of the fluid-
flow behaviour of the microparticle slurry was important, as the purpose of the slurry is
to assist in the bioprinting process by allowing the printing nozzle to move freely, without
impediment, and deposit bioink in an accurate XZY location whilst providing support to
the filament by reducing sheer-thinning effects by gravity. The material should act as a

liquid mould to support the material and not interfere with the deposited filament.

5.4.5 Life support

During the preliminary stages of the research, no suitable commercial support bath
product was available. Therefore, published methods by Lee (2019) and Hinton (2015)
were adapted for this study. In late 2023, LS was released and patented to the market by
FluidFormBio™ and distributed by Cellink in 2024. This product was expensive for the
optimisation of bioink printability and fidelity, featuring extensive lead times to obtain

three different batches of the product. Therefore, it was used as a control material for
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functional characterisation against the developed IHS. LS was found to have inconsistent
microparticle shape, but a consistent size of ~ 50 um, however, it was reported by Lee
(2019), to have a uniform microparticle shape and an average diameter of 25 um.
Additionally, it was reported by the specification sheet of the product to have a diameter
of 30 +/- 10 um. As of May 2025, there have been no further reported studies utilising
LS as a support bath.

The flow behaviour was reported by Hinton (2015) to have a viscosity of that of Bingham
plastic, compared to pseudoplastic, viscoelastic, with shear thinning properties
discovered in the research presented here. Bingham plastic requires a minimum shear
stress to initiate flow, whereby it begins to behave like a Newtonian fluid with a constant
viscosity, compared to pseudoplastic with shear-thinning properties, whereby the
viscosity decreases with increased shear rate (Herrada-Manchon, H., Fernandez, M., &
Aguilar, E. 2023). The benefit of Bingham plastic is that the support medium is
completely self-healing and better suited for materials with very low viscosities, low Pa
range, such as strictly COL (Moss, S., et al. 2024; Debnath, S., et al. 2024), whereas
pseudoplastic materials allow flow, deposition of filament, self-healing and provide more
structural support for materials that have higher densities, following the gel-in-gel

microparticles slurry created by Highley (2015).

Another suggested benefit of LS was that the lyophilised powder can be reconstituted
with the crosslinking agent Lee (2019), in this instance, different concentrations of CaCl;
were experimentally tested with IHS. However, because of the deposited ink, GelXA in
this case, being submerged in a crosslinking agent, the deposited filament layers did not
adhere to subsequent layers, resulting in unravelling of the printed construct, losing all
shape integrity. A similar observation of bioprinting into crosslinking agent causing
reduced shape integrity was reported by Ghavaminejad (2021). This suggested method
was not taken forward in progressive experimentation. B-gel was bioprinted within LS
reconstituted in standard growth medium, surprisingly causing the gel to not self-
adhere, again resulting in the unravelling of the printed construct. Perhaps a result from
apparent pH alteration compared to IHS is causing the laptonite™ clay nanoparticles to
dissociate from the edges of the deposited filament. Visualised by the LS material being

bright yellow despite identical growth medium used as a reconstitution buffer for HIS.R,
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suggesting an acidic environment below pH 6.8, compared to typical range of pH 7.2 —
7.4 (Weiskirchen, S., et al. 2023). Jatav (2024) investigated the chemical stability of
laponite™ in aqueous growth media, whereby the pH of 6 — 7.5 did not disrupt the OH"
ions surrounding the edge of laptonite™ within suspension, therefore not disrupting the
bioink compared to pH of < 5.5 begin to disrupt OH ions, or pH > 7.5 begins leeching of
Mg?* ions. The full recipe of the commercially available LS is believed to be identical to
that of published by Lee (2019) and Hinton (2015), however within the published
protocols the type of gelatine, and associated pH is not disclosed as far as the researchers
are aware, thus leading to a potential variation in pH of the product. Discussed by Goudie
(2023) the pH of either bioink or the surrounding medium impacts the properties and
morphology of hydrogels. In the instance investigated by Goudie (2023), a gelatine-
based hydrogel whereby pH 5 — 10 produces a firm closed material that retains shape,
whereas alternative pH environments cause dissociation of material and breakdown of

hydrogel morphology (Goudie, J., et al. 2023).

5.4.6 In-house slurry

The in-house microparticle slurry required extensive optimisation to produce spherical
particles; however, once this was achieved and used within the application of 3D
bioprinting, filament deposition and complexity were greatly improved. Shape retention
was visualised in both materials after relevant crosslinking and washing steps, with
reduced impact of gravitational and surficial tension artefacts. Overall, producing a

higher spatial resolution construct with high definition and separation of filaments.

Pitfalls during production included the type of gelatine, time of agitation and lack of
control over the cooling of the solution; therefore, each batch reached gelation
temperature at different time points, whereby agitation was stopped at 4 hours. The
change in the experiment's final temperature can be attributed to the diversity of
ambient room temperature during generation, processing time, setting up the
equipment and time before post-processing begins, although every effort was made to
reduce this impact and process consistently. The resulting impact of alterations of room
temperature is shown by the resulting microparticles having a discrepancy range of
resulting microparticle size. Further, different morphologies were often visualised within

both IHS and LS with sphere, fused, and rod chosen as the classification morphology as
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this represents the transition either into spherical microparticle form or the destruction
of the morphology from shearing damage from the impeller. Therefore, an improvement
to the method would be to determine the exact gelation temperature and stop the

stirring process based on temperature, not on time.

Another consideration should be the cooling process speed, with this parameter
remaining constant at 600 rpm throughout all experiments. Increasing the rotational
speed during fabrication can result in smaller particle sizes, likely due to increased
particle collisions and the disruption of larger aggregates. Utilising the polymer
polyethyleneglycol-PLA-co-glycolic acid, Sagoe (2023) reported improvements in the
uniformity of particle size and morphology of the resulting microparticles, batch-to-
batch, after vigorous optimisation of polymer concentration and stirring speed,
achieving tunable sizes from 50 um to 5 um by increasing the impeller speed (Sagoe, P.,

etal. 2023).

Despite ethanol-induced coacervation being a widely applied research technique,
limited research exists that characterises the resulting morphology of gelatine
coacervates in different conditions bar the notable research conducted by Pei (2021).
The resulting gelatine particles' size, often in the nano-range of 340 +/-15 nm, compared
to the micro-range discovered within the research presented here, utilising type B
gelatine from the ethanol coacervation process with no surfactants or stabilisers (Pei, Y.,
et al. 2021). The difference in size could be attributed to the difference in gelatine
concentration of 1.2% (wt.) compared to 2 % (w/v) utilised in this study, as it was
reported by Pei (2021) that size could be adjusted by changing the volume ratio of
aqueous gelatine and ethanol, as well as altering the gelatine concentration and ethanol
temperature. In summary, the exact theory underpinning the generation of IHS
microparticles presented in this study requires more in-depth research for control over

resulting characteristics, in particular, size consistency.

5.4.7 Three-dimension bioprinted in-vitro bone model derived from ex-vivo
bone morphometry

The overall aim of the research presented in this thesis was to develop and optimise an
in-vitro 3D bioprinted bone model based on ex-vivo morphometry to achieve biomimicry
for the application of early-stage biomedical investigations. Functionally, to mimic in-vivo
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bone remodelling dynamics is explored in chapter 6, whereas bioprinting fidelity,
composition and achievable accuracy were investigated in the research presented here.
Despite B-gel being successfully translated into a bioink and achieving suitable resolution
for dimensionally designed 3D lattice structure with the addition of IHS.R, the bioink was
not suitable to bioprint the CAD-designed ex-vivo bone model with such a complex
structure. Further research is required to improve the fabrication process of EBB, for
example, an increased depth of printing vessel to allow full support of the ex-vivo
rendered bones dimensions. Alternatively, the model could be further rendered, and a
reduced VOI could be processed. As far as the researchers are aware, no study has been
published for the development of a bioprinted bone in-vitro model inclusive of Cb and

Tb, as architecturally this method remains a challenge.

5.4.8 Conclusion

3D extrusion bioprinting is a challenging technique that requires in-depth
characterisation of the bioink’s viscosity, response to stress, and achievable fidelity.
Three bioinks were investigated for the use of generating an in-vitro bone model. In-
house generated B-gel having a consistent composition with a pseudoplastic shear
thinning behaviour that assisted in the consistency of extrusion, whereas commercial-
sourced bone GelXA was discovered to feature high batch inconsistencies, altering the
flow behaviour of the pseudoplastic material and resulting in an unsuitable product for
application. TissueFAB™ did not crosslink appropriately. Further optimisation is required
to improve the achievable fidelity of B-gel to match that as pre-designed in CAD, as well
as improvements for consistency and reproducibility are required. The in-house
generated microparticle support slurry, although inconsistent in micro-particle diameter
compared to the commercially sourced counterpart LS, greatly improves the structural
fidelity of complex 3D bioprinted lattice constructs as visualised in 3D by micro-CT
imaging. Improvements to temperature regulation are required to produce consistent,
uniform batches of the material; however, no discrepancies in output from the process

of bioprinting have been recognised.
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Chapter 6 — 3D bone in-vitro model
characterisation

Investigating the cellular interaction of MC3T3-E1 pre-osteoblasts with the 3D
bioprinted in-vitro bone model, to drive a bone mimic environment.
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6.1 Introduction

6.1.1 Bone biology in-vitro studies

Bone is a dynamic tissue that is constantly undergoing remodelling by the action of three
main cell types: OB, OC, and OCLs. OBs have a primary function of synthesising the
collagen-rich osteoid matrix and contributing to remineralisation (Matsushita, Y., et al.
2023; Long, F., & Ornitz, D. 2013; Franz-Odendaal, T., Hall, B., & Witten, E. 2005). OCs are
mechanosensory cells (Qin, L., et al. 2020), referred to as the regulators of bone
remodelling homeostasis (Buenzli, P., & Sims, N. 2015; Bonewald, L. 2011). Finally, OCLs
are bone-absorbing cells (Soe, K., Delaisse, J., & Borggaard, X. 2021) to enable
maintenance and rebuilding of healthy bone to maintain integrity (Florencio-Silva, R., et

al. 2015).

Different secondary and primary cell lines exist to model bone cell biology for
preliminary investigations (Table 6.1.1), such as cellular interactions (Kim, J., et al. 2021;
Remmers, S., et al. 2021), response to drugs (Lehmann, T., et al. 2023; Ramiro-Gutierrez,
L., et al. 2016), signalling pathways (Williamson, A., et al. 2024), investigating genes
associated with differentiation and regulation (lzumiya, M., et al. 2021; Hong, D., et al.
2010), and phenotypic characteristics of typical cell types (Kartsogiannis, V., & Ng, K.
2004). Malignant cell lines are commonly utilised in-vitro; however, can suffer from
genetic instability, often mutating during monolayer culturing, causing variation
between labs and findings when passaged for extended periods of time (Li, J., et al. 2019;
Hynds, R., et al. 2018). Malignant cell lines, such as MG-63 and RAW 264.7, are
commonly used in bone studies (Chatree, K., et al. 2023; Staehlke, S., et al. 2018), which
are not specifically malignant-associated research (Balestri, W., et al. 2023; Choi, H., et
al. 2016), as the cells exhibit OB and OCLs-like characteristics when interacting with

different biomaterials (Liu, L., et al. 2021; Nekounam, H., et al. 2021).
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Table 6.1.1 Immortalised cell lines commonly used in bone biology studies. Note: Malignant-derived cell lines are not included in the summary,
such as osteosarcoma-derived MG-63 osteoblasts and RAW 264.7 osteoclasts.

Cell type Cell line Modelling description Species Considerations Reference
Osteoblast | MC3T3-E1 Pre-osteoblasts transition into | Murine, spontaneously | MC3T3-E1 cells are | Chen, F, et al.
mature osteoblasts. Potential to | immortalised. selected for high | 2023; Marozin,
deposit ECM and mineralise the expression of ALP. | S, et al. 2021,
matrix. Technically  difficult to | Kartsogiannis,
Primary OBs | Mature or late-stage osteoblasts. | Human, primary derived. | experiment with cells | V., & Ng, K.
Potential to deposit ECM and embedded in osteogenic | 2004;
mineralise the matrix. matrix. Primary culture is | Subramaniam,
hFOB 1.19 Reflective of MSCS, able to undergo | Human, transformed by | limited in passage number, | M., et al. 2002
multilineage differentiation. SV40 T-antigen. and vyield is variable
ST-2 Stromal cells, transformed into | Murine, spontaneously | between donors.
osteoblasts when cultured in ascorbic | immortalised.
acid.
Osteoclast | MC3T3- Preadipocyte, a potential bone | Murine, transformed by | Utilised mostly in co-| Owen, R. &
G2/PA6 marrow-derived stromal cell. SV40 T-antigen. cultures alongside | Reilly, G. 2018;
Peripheral Osteoclast precursors, selected for | Human, primary derived. | osteoblasts to model the | Anaraki, P., et
blood osteoclasts. balance of bone | al. 2015
mononuclear remodelling. Udagawa, N.,
cell et al. 1989
Bone Haematopoietic cells were extracted, | Human, primary derived.
marrow- isolated and differentiated into
derived osteoclasts.
Osteocyte | MLO-Y4 Post-osteoblast transition into pre- | Murine, spontaneously | Lack of sclerostin | Chen, K., et al.
osteocyte cells. Potential to deposit | immortalised. expression in both MLO-Y4 | 2023; Aziz, A,
ECM and mineralise the matrix. et al. 2020;
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MLO-A5

Pre-osteocyte transition into a
mature osteocyte. Typically used for
studying the response of osteocytes
to mechanical stimuli. Potential to
deposit ECM and mineralise the
matrix.

Murine, spontaneously
immortalised.

IDG-SW3

Post-osteoblast transition into pre-
osteocyte cells. Potential to deposit
ECM and mineralise the matrix.

Murine, spontaneously
immortalised.

and MLO-AS5, but presentin
IDG-SW3.

A collagen-coated culture is
required for all cell lines.

Shah, K., et al.
2016; Woo, S,,
et al. 2011;

Barragan-
Adjemian,
et al. 2006

C,
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Cells are typically cultured in an isolated, monoculture environment; however,
physiologically, all three cell types work in tandem. Co-culture methods have been
developed to improve the complexity within 2D environments (Borciani, G., et al. 2020;
Owen, R., & Reilly, G. 2018), as discussed by Remmers (2021), co-culture methods can
be conducted in a 2D monolayer, utilising both OBs and OCs. Alternatively, co-culturing
is more typical for simple gel system 3D studies, to mimic the physiological distance of
bone cells (Jones, G., et al. 2009), focusing on OBs and OC for remodelling research
(Borciani, G., et al. 2020). Vazquez (2014) cultured MLO-Y4 cells in 3D collagen gels, with
MC3T3-E1 or MG63, an OBs and osteosarcoma cell line, respectively, cultured on top, in
a similar approach to Skottke (2019) who utilised primary-derived OCs, cultured long
term in collagen gels with OBs seeded onto a porous transwell insert. Further, tri-cultures
inclusive of OBs, OCs and OCLs have been reported (Bernhardt, A., et al. 2021; Clarke,
M., et al. 2013), however, this comes with high complexity and considerations to function
in-vitro, such as different substrates for culturing, and different growth medium

requirements (Borciani, G., et al. 2020; Vis, M., et al. 2020; Janardhanan, S. et al. 2012).

6.1.2 In-vitro MC3T3-E1 cellular osteogenic matrix-driven differentiation

iOB immortalised cell line, MC3T3-E1 cells, are a widely used OB model in both 2D and
3D in-vitro studies (Kartsogiannis, V., & Ng, K. 2004) that are derived from mouse calvaria
(Sudo, H., et al. 1983). The MC3T3-E1 cells were originally cloned to maintain a high level
of ALP in resting states, whereby this decreases during proliferation; however, this is now
known as inducing differentiation of the iOBs into mOBs (Figure 6.1.1) (Yoon, H., et al.
2025). MC3T3-E1 cells are often cultured in two different conditions, with and without
ascorbic acid (Franceschi, R., Lyer, B., & Cui, Y. 1994), dependent on experimental aims.
Various sub-clones of MC3T3-E1 cells exist divided into mineralising (subclones 4, 8, 11,
and 26) and non-mineralising (subclones 17, 20, 24, 30 and 35) (Wang, D., et al. 1999).
Global Biological Resource Centre, ATCC offer sub-clone 4, 14, 24 and 30, with Hwang
(2019) reporting that sub-clone 14 is the most commonly reported and researched;
however, ATCC reports sub-clone 4 with the most cited publication associations
(Metzger, W., et al. 2025; Yoon, H., et al. 2025). Notably, studies commonly do not report
the subtype used (Kim, J., et al. 2024; Jeon, S., et al. 2021; lzumiya, M., et al. 2021; Saleh,
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L., Carles-Carner, M., & Bryant, S. 2020; Cao, S., et al. 2015). The research presented in
this study utilised MC3T3-E1 sub-clone 4.

To initiate osteogenesis, different methods are reported (Yoon, H., et al. 2025;
Semicheva, A., et al. 2024; Jeon, S., et al. 2021; lzumiya, M., et al. 2021; Li, W., et al.
2019; Fukunishi, Y., et al. 2018), however, as summarised by Metzger (2025), the most
widely used method utilises ascorbic acid (Hwang, P., & Horton, J. 2019). Vitamin Cis the
L-enantiomer of ascorbic acid, and it has been shown that vitamin C is essential in
collagen formation (Brzezinska, O., et al. 2020; Boyera, N., Galey, I., & Bernard, B. 1998).
Ascorbic acid serves as a cofactor for prolyl hydroxylase, which catalyses the
hydroxylation of proline residues that are integral for the stability of the collagen triple
helix (Amirrah, I., et al. 2022; Murad, S., et al. 1981). In addition, ascorbic acid is known
to upregulate ALP and OCN expression, promoting mineralisation (Figure 6.1.1) (Izumiya,
M., et al. 2021; Franceschi, R., Lyer, B., & Cui, Y. 1994; Rickard, D., et al. 1994).
Dexamethasone and B-glycerophosphate (B-GP) are usually added in combination with
ascorbic acid, with both additives promoting mineralisation (Hwang, P., & Horton, J.
2019; Tevlek, A., et al. 2018). Specifically, B-GP is an inorganic phosphate source, crucial
in HA deposition within the excreted ECM matrix to be classified as osteogenic, serving
as a substrate for ALP by hydrolysing phosphate esters (Semicheva, A, et al. 2024; Fratzl-
Zelman, N., et al. 1998; Bellows, C., Aubin, J., & Heersche, J. 1991).
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Figure 6.1.1 Summary of osteoblast differentiation with hallmark genes of interest
relative expression summarised. Originating from mesenchymal osteoprogenitor cells,
immature osteoblasts (iOBs) differentiate into mature osteoblasts (mOBs) facilitated by
activation of runt-related transcription factor 2 (Runx2) that drives the up-regulation of
alkaline phosphatase (ALPL) expression and defines the commitment to maturation,
matrix deposition by collagens, notably type-1 collagen (COL1A1) and promotes
mineralisation. Osteocalcin (BGLAP), and osteopontin (SPARC) are up-regulated as Runx2
and ALPL are down-regulated, as a marker of a mOB. Finally, transition into osteocytes
is defined by increased sclerostin (SOST) levels, however, mOBs can also transition into
bone lining cells (BLC) or undergo apoptosis.

6.1.3 MC3T3-E1 three-dimensional in-vitro studies

Utilising secondary MC3T3-E1 iOBs for 3D in-vitro bone model development is an
attractive option, due to the ability to drive differentiation from iOBs to mOBs (Figure
6.1.1). The differentiation process allows mineral deposition, as well as matrix secretion,
to further drive a bone-mimicking environment within a 3D in-vitro model (Yoon, H., et
al. 2025; lzumiya, M., et al. 2021). In addition, 3D EBB requires extensive optimisation;
therefore, it was beneficial to utilise a secondary immortalised cell line for the
development of the proposed in-vitro bone model compared to a primary cell source,
which would require phenotypic characterisation per donor, limited lifespan and vyield,
as well as variability between populations (Piwocka, O., et al. 2024; Belk, L., et al. 2020).
B-gel has previously been reported to maintain viability of both secondary and primary

cells (Cherif, H., et al. 2024; Snuggs, J., et al. 2023; Thorpe, A., et al. 2018; Thorpe, A., et
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al. 2016), however has not been previously utilised as a bioink. Primary cells are utilised
in 3D models with a clinical translation (Munir, A., et al. 2023; Maia-pinto, M., et al. 2020;
Nasello, G., et al. 2020; Mcbeth, C., et al. 2017) however, this research focuses on the
development of a biomedical preliminary in-vitro bone model that is physiologically
relevant by utilising 3D EBB and therefore, utilising MC3T3-E1 cells was appropriate, as

the OBs are commonly utilised and relatively well understood.

A variety of 3D in-vitro bone models exist which have used MC3T3-E1 to develop and
validate different biomaterials (Fois, M., et al. 2024; Saleh, L., Carles-Carner, M., &
Bryant, S. 2018; Li, D., et al. 2017), different methods of fabrication (Zhao, X., et al. 2022;
Liu, H., et al. 2021; Zhu, J., et al. 2020) and assess osteogenic potential (Kim, J., et al.
2024; Sayed, S., et al. 2019; Zamani, Y., et al. 2018; Zhang, H., et al. 2015). For example,
Latour (2024) reported the development of decellularised apple hypanthium tissue as a
plant-derived cellulose material, and utilised MC3T3-E1 cells to assess the osteogenic
potential, cell distribution and pore size of the material (Latour, M., et al. 2024). For the
application and optimisation of 3D EBB application, MC3T3-E1 are reported
encapsulated in different hydrogel bioinks (Lv., X., et al. 2024; Ozenler, A., et al. 2024;
Khatun, M., et al. 2023; Maturavongsadit, P., et al. 2021), or alternatively seeded post-

printing on ceramics and metals (Wei, J., et al. 2022; Tortelli, F., et al. 2009).

6.1.4 The influence of three-dimensional model fabrication on cell health

As previously discussed in chapters 1 and 5, different biomaterials are suitable for the
application of 3D EBB. However, when bio-printing with cells encapsulated within the
bioink, different considerations are required for the manufacturing process to ensure
cellular viability is not negatively impacted (Figure 6.1.2). The main considerations when
bioprinting with cells are rheological flow behaviour, biocompatibility, nozzle size and
cell concentration. Altering these parameters can modify the shear stress that is applied
to the cell during the bioprinting process, with high shear stress resulting in increased
apoptosis (Cidonio, G., et al. 2019). Cellular damage resulting from shear stress can
trigger cell death, involving the intrinsic and/or extrinsic pathways. The intrinsic pathway
refers to caspase activation of the BH3 protein, leading to activation of CAS-3, whereas
triggering the extrinsic pathway activates caspase-8, subsequently activating CAS-3 (Xu,

H., et al. 2022; Shive, M., et al. 2002) Shear stress is unavoidable during the 3D EBB
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process due to the pressure applied to extrude bioink (Paxton, N., et al. 2017), therefore,
limiting the detrimental impact and reduction in cell viability is vital (Berg, J., et al. 2018).
In a detailed review, Boularaoui (2020) summarises the impact of velocity on cells during
bioprinting, whereby the highest impact on cells is under the piston, next to the cartridge

walls, the connection from cartridge to nozzle, and the tapered nozzle (Figure 6.1.2).

Cell concentration has a direct impact on the flow behaviour of the bioink (Figure 6.1.2).
For example, bioprinting with a high cell density can reduce the stiffness of the material
compared to a low cell density, as well as increase the opportunity of cell collision with
the cartridge walls and/or bioactive components, and mechanical pressure passing from
the nozzle (Majumder, N., et al. 2022; Persaud, A., et al. 2022). Alternatively, a low cell
density maintains a similar acellular material flow behaviour, but cell viability can be
reduced during long-term culturing as cells require cell-cell interactions (Karvinen, J., &
Kellomaki, M. 2023; Daly, A., et al. 2021). Various cell densities are reported (Ozenler, A.,
et al. 2024; Maturavongsadit, P., et al. 2021; Gillispie, G., et al. 2020; Zhang, J., et al.
2020); however, 10 million cells/ml is a standard value for 3D EBB when a nozzle size of
25 gauge (inner diameter of 0.26 mm) or larger, for bone related constructs (Leeuw, A.,
et al. 2024; You, S., et al. 2023; Im, S., et al. 2022; Gonzalez-Fernandez, T., et al. 2021;
Mandrycky, C., et al. 2016).

Finally, nozzle width has a direct impact on resulting filament resolution as previously
discussed (Chapter 5, section 5.4.3), however, the translation of cellular bioprinting
comes with further limitations on possible resolution. Nozzle size should be appropriate
to allow flow of cells and bioactive components, with limiting shear stress applied to
cells (Cidonio, G., et al. 2019). For example, Immohr (2022) bioprinted cell-laden Alg and
gelatine scaffolds with 22G and 25G nozzles, with the evaluated cell viability reduced in
25G scaffolds due to increased shear stress (Immohr, M., et al. 2022). In addition,
filament width should be minimised to allow appropriate nutrient diffusion. For instance,
Zhu (2022) presented a 3D bioprinted nanocomposite bioglass lattice model and
reported cell death in the middle of the filaments and cross-over points when increasing

filament width above 1.5 mm.
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Figure 6.1.2 Schematic of 3D bioprinting considerations for maintained cell viability.
Bioprinting with cells encapsulated within bioink requires optimisation to maintain cell
health during preparation, printing and recovery. Red highlights on the bioink cartridge
and nozzle represent areas of stress under pressure A) Cell population can be altered
based on output 3D construct, however high populations increase contact during
mechanical pressure of the 3D bioprinting process, often resulting in higher rates of
apoptosis. Low cellular population reduces cellular contact; medium allows cellular
contact and high increases cellular contact. B) Nozzle size impacts resulting resolution of
the 3D bioprinted construct, however, small nozzle sizes increase pressure on cells,
resulting in higher rates of apoptosis.

6.1.5 Characterisation of the polymer network and composition of three-
dimensional bioprinted constructs

In hydrogels, the microarchitecture depends on the organisation of the polymer network
during the sol-gel transition, the polymer: water concentration, and the crosslinking
conditions (Martinez-Garcia, F., et al. 2022; Ahmed, E. et al. 2013). The resulting polymer
network, known as the mesh size or molecular porosity, influences oxygen and nutrient
diffusion and therefore maintenance of cell health and functionality (Caliari, S., &
Burdick, J. 2016). Berg (2018) reported the decrease in human alveolar cell viability when
Alg, gelatine and Matrigel hydrogels were tuned for reduced porosity, therefore
emphasising the importance of characterising the polymer network of biomaterials

utilised for in-vitro models.
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Techniques to characterise cell-laden 3D hydrogels include confocal microscopy, Micro-
CT, transmission electron microscopy, scanning electron microscopy (SEM) and atomic
force microscopy (Jayawardena, I., et al. 2023; Kaberova, Z., et al. 2020). Micro-CT
evaluation of hydrogel scaffolds has grown in popularity due to the non-destructive
processing and the possibilities of data output from a single scan. Micro-CT imaging and
analysis can produce a range of data, depending on the density of individual components
of a hydrogel scaffold. This includes individual particle analysis, water-laden and freeze-
dried volume, mean pore size volume to surface ratio, scaffold geometry including
filament thickness (Lin, A., et al. 2003), and density of constructs (Luttrell, L., et al. 2019).
Micro-CT evaluation of water-laden scaffolds is not always possible due to the nature of
the scanning process, whereby the material is required to have a density higher than the
air and water interface to be able to capture contrast information. Alternatively, SEM is
typically utilised to visualise and quantify porosity in high magnification and high-
resolution images. Capturing the porosity of a water-laden hydrogel is very insightful to
the true cellular environment (Martinez-Garcia, F., et al. 2022). In addition, elemental
dispersive x-ray can be completed alongside SEM to detect elements within the cell-

laden hydrogels (Scimeca, M., et al. 2018).

6.1.6 Aims and objectives
Determine the impact on cellular viability of MC3T3-E1 pre-osteoblasts after the

process of 3D bioprinting.
Optimise cellular visualisation techniques in 3D constructs.

Evaluate the osteogenic potential of 3D bioprinted in-vitro constructs in +/- osteogenic

growth medium, compared to 2D monolayer culture.

Investigate OBs remodelling markers to characterise the osteogenic potential of MC3T3-
E1l cells undergoing growth media-driven differentiation in both 3D in-vitro bone

constructs and 2D monolayer cell culture, by IHC and histology techniques.

Characterise the composition and structure of bioprinted 3D in-vitro bone constructs

undergoing differentiation by high-resolution micro-CT, SEM, histology and IHC methods.
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6.2 Materials and methods

6.2.1 Experimental design

MC3T3-E1 immortalised iOBs cells were selected as a suitable cellular model to
investigate the osteogenic potential of 3D bioprinted B-gel constructs. Cells were
characterised in 2D monolayer cell culture (Figure 6.2.1) for differentiation of osteogenic
markers expression, to allow comparison to 3D culture. MC3T3-E1 supplemented B-gel
bioink was utilised to generate 3D bioprinted in-vitro constructs, and cellular constructs
were treated with or without ascorbic acid over 21 days to evaluate matrix deposition
and composition changes. The 3D bioprinted structure was investigated by micro-CT
high-resolution imaging (Figure 6.2.1). Osteogenic markers and matrix composition of
3D in-vitro constructs were investigated by histological and IHC techniques (Figure 6.2.1)

and SEM.
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Figure 6.2.1. Experimental design to investigate MC3T3-E1 matrix deposition in
response to differentiation treatment after bioprinting in B-gel to fabricate an in-vitro
bone model.

6.2.2.1 Two-dimensional cell culture

Mouse immortalised iOBs cells MC3T3-E1 (ATCC, UK) were cultured and maintained at
37 °C with 5% CO; at undifferentiated state in ascorbic acid free, 2mM L-glutamine and
1mM sodium pyruvate a-MEM (Fisher Scientific, UK) supplemented with 10% (v/v) heat-
inactivated foetal bovine serum (FBS) and 1% (v/v) penicillin. Cells were routinely
passaged by washing twice with an appropriate volume of pH 7.4 PBS, followed by
incubation in an appropriate volume of trypLE (Thermo-fisher scientific, UK) at 37 °C with
5% CO; for detachment. Cells were transferred to sterile falcon tubes, followed by

centrifugation at 300 x g for 5 minutes. Supernatant was discarded, and cells
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resuspended in 10% (v/v) ascorbic acid-free a-MEM and maintained at previously stated

conditions in T75 flasks.

To initiate differentiation of MC3T3-E1 cells, 10 mM dexamethasone (Merck Life
Sciences, UK), 10 mM B-GP (Merck Life Sciences, UK) and 50 pg/mL ascorbic acid (Merck
Life Sciences, UK) were supplemented into 10% (v/v) ascorbic acid free a-MEM and
sterilised with a nanopore filter. The media was changed every 72 hours for 21 days to

allow differentiation.

Due to the recurrence of fungal infections in 3D in-vitro cultures, 1.5 pug/ml amphotericin
B (Fisher Scientific, UK) was supplemented into all media conditions. Viability assay
Alamar blue was used over 7 days. Alamar blue working solution (1x) was made from
100X stock of 1 mg/ml resazurin salt (Merck, 199303). Cells were incubated in the
working solution for 4 hours at 37 °C with 5% CO,. After incubation, 500 uL alamar blue
solution was placed in a microplate reader with fluorescence intensity measured at an

excitation wavelength of 560 nm and emission wavelength of 590 nm.

6.2.2.3 MC3T3-E1 chamber slides

MC3T3-E1 cells were seeded at a concentration of 1x10%/well into an 8-well glass
chamber slide (Nunc Lab-Tek Il). After 24 hours, the appropriate growth medium was
replaced with differentiation medium. Chambers underwent fixing with 4% PFA with a
10-minute incubation on days 0, 7, 14 and 21, before washing with pH 7.4 1X PBS and
storage in a damp environment at -4 °C until experimentation. Chamber moulds were

removed before staining procedures.

6.2.3 Cell fluorescence

MC3T3-E1 cells underwent lipid tagging with a commercially available PKH26 fluorescent
cell linker kit (Sigma Aldrich, PKH26GL) according to the manufacturer’s instructions 24
hours before 3D bioprinting experimentation. Briefly, 1x107 cells/mL were stained with a
concentration of 2 x 10® M of PKH26 by pelleting cells and washing with normal growth
medium without FBS. After a 5-minute incubation in the ethanolic PKH26 dye, the
reaction was stopped by the addition of FBS, followed by subsequent washes in growth
medium supplemented with FBS. All imaging of PKH26-stained cells was completed on

an inverted microscope at an appropriate magnification. Brightfield and red fluorescence
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(551 nm excitation and 567 nm emission range) were collected (Figure 6.2.2). Single-
layer images were taken, as well as Z-stacks of a region of 0.5 mm and a step size of 25.47

pum. Image processing and overlaying were completed in Fuji ImageJ (Figure 6.2.2).

2D 3D

Overlay

Figure 6.2.2. Example of fluorescent image capture of PKH26-stained MIC3T3-E1 cells,
and within 3D bioprinted construct, processed in Fuji Imagel. Image capture depth for
3D bioprinted constructs was limited, and the complex geometry of the 3D bioprinted
structure proved difficult for cellular localisation determination. Cells were membrane-
stained in lipophilic regions (cell membrane) and visualised in red fluorescent probe (RFP)
regions and merged with brightfield (BF) image capture.

6.2.4 Three-dimensional extrusion in-vitro bioprinting

All EBB experimentation was completed with the Bio X bioprinter (Cellink, Switzerland)
with a conical 22G nozzle as previously described (Chapter 5, section 5.2.2.1), using the
control lattice (Figure 5.2.1). B-gel was prepared as previously stated (Chapter 5, section
5.2.2.3), however, 5x108 MC3T3-E1 PKH26 cells were supplemented. Cells were pelleted,
with as much supernatant removed as possible, before being added into cooled

Laponite®-pNIPAM-co-DMAci3 hydrogel with 0.5 mg/ml HAnp, with thorough mixing
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between the empty syringe and cartridge. Cellular B-gel is referred to as MB, whereas
acellular B-gel is referred to as AB. AB constructs were printed with a pressure range of
40 — 65 kPa at a speed of 10 mm/s, and MB constructs with a pressure of 40 — 60 kPa at

the same speed.

6.2.5 Three-dimensional cell culture

Bioprinted constructs were transferred to an appropriate vessel. Constructs bioprinted
with MC3T3-E1 were equally split and cultured +/- ascorbic acid growth medium as
previously described. Constructs + ascorbic acid are referred to as differentiated (MB_D),
and - ascorbic acid are referred to as undifferentiated (MB_UD). Acellular bioprinted
constructs (AB) were cultured in ascorbic acid conditions. All media changes were
completed in a sterile hypoxia cabinet (Coy, USA) at 37 °C to decrease temperature
fluctuations exposed to the 3D bioprinted constructs, with all media pre-warmed before

addition.

6.2.6 Alkaline phosphatase

ALP activity was assessed using a commercially available assay kit (Merck, MAK447)
according to the manufacturer’s instructions. Simply, supernatant cell culture media
from the 3D bioprinted in-vitro constructs +/- ascorbic acid (n = 3) and 2D monolayer
chamber slides (n = 3) were collected on days 0, 7, 14, and 21 and stored at -20°C. For
experimentation, media samples and reagents were defrosted on ice with 50 pL of each
sample added in duplicate to wells of a 96-well clear-bottom plate, followed by 150 pL
of supplied working reagents with suitable mixing. Optical density (OD) values were
measured immediately against a tartrazine calibrant and fresh media blank at 405 nm
using a Clariostar reader (BMG Labtech). OD values were taken again at 4 and 16 minutes

of reaction time. ALP enzyme activity was calculated using the following equation:

U (0ODt16 — ODt0) x RunVol x 35.3

ALP — =
L (ODcal — ODblank) x SampleVol x time

U (ODt16 — 0Dt0) x 200 x 35.3

ALP— =
L (ODcal — ODblank) x 50 x 16
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6.2.7 Micro-computed tomography

Imaging of B-gel bioprinted constructs was completed with a resolution of 9 um, by
placing the construct on the side of a bijoux in a sterile environment. All scanning and
reconstruction parameters were followed as previously described (Chapter 5, section
5.2.10.1). The TMD of all constructs was determined by 2 mm radius calcium
hydroxyapatite rods with densities of 0.3 and 1.25 gHA/cm?® which were scanned using
the previously mentioned parameters inside the bijoux tube. AC was obtained as
previously stated (Chapter 2, section 2.2.4.4). Individual particle analysis was also
conducted, following the threshold of 65 — 255 and the method as previously described
(Chapter 5, section 5.2.10.2). The projection threshold for TMD (Figure 6.2.3A) and

individual particle analysis (Figure 6.2.3B) is represented.

Figure 6.2.3. Representative micro-CT threshold shadow projections for volume and
density analysis.

6.2.8 Construct fixing, processing and image capture

B-gel +/- MC3T3-E1 and AB bioprinted constructs were placed in 4% PFA overnight at 37
°C before washing in PBS. Samples were placed in a tissue processor, paraffin-embedding
and sectioning of 8 um thickness as previously described (Chapter 2, section 2.2.5).
Histology, IHC and immunocytochemistry were completed as previously described
(Chapter 2, sections 2.2.6.1 — 5), however, bioprinted constructs underwent a prolonged
dehydration and clearing of 3 x 10 minutes in IMS and Sub-X due to the hydrophilic

nature of the B-gel.

In addition to the previously described histology (Chapter 2, sections 2.2.6.1 — 4), Von
Kossa (VK) and alizarin red (AR) histological stains were performed. VK was performed
as per kit instructions (#1.00362.0001, Avantor Scientific, UK), and counterstained with

1% acidified neutral red. For AR, samples underwent paraffin removal using sub-X (Leica
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Microsystems, UK) for 3 x 5 minutes before rehydration through a series of IMS baths.
Slides were flooded with 40 mM AR solution at pH 4.1 for 3 minutes, with excess stain
tipped off and blotted before 3 x 10 minutes in IMS and cleared for 3 x 10 minutes in
Sub-X. Coverslips were mounted to samples using Eukitt quick hardening mounting

medium (#03989, Merck, UK).

Representative images were taken microscopically using an Olympus BX60 microscope,
and images were captured using CellSens software (Olympus, UK) and a MicroCapture

v5.0 RTV digital camera (Q imaging, Buckinghamshire, UK).

6.2.9 Construct lyophilisation, scanning electron microscopy, elemental
dispersion x-ray analysis and micro-computed tomography

B-gel in-vitro constructs were frozen at -20 °C overnight before lyophilisation at -50 °C 0
mBar for 48 hours. All lyophilised constructs were imaged using micro-CT as previously
described (Chapter 6, section 6.2.7), with 3D analysis completed to determine the overall
volume of the construct after water removal. For SEM, a single AB construct, which had
been cultured for 21 days, was fractured to expose the interior surface morphology,
attached onto an aluminium stub and 15 nm carbon coated for imaging. The fractured
surface was examined using the FEI Quanta 650 (ThermoFisher, UK). Secondary electron
images were obtained using a voltage of 2000 kV, with magnifications of 400X and
1000X. In addition, elemental dispersive X-ray spectroscopy was completed on the entire
field of view of the 400X obtained image to generate an elemental spectrum on the

chemical composition of the sample.

6.2.10 Statistical analysis

All micro-CT and ALP activity data are presented in the form of individual data points,
with mean values displayed for normally distributed data and median values for non-
parametric data. For micro-CT data, normality was determined by the Shapiro-Wilk
method and statistical analysis was completed against day 0 for each condition by two-
way ANOVA, multiple comparisons with Geisser-Greenhouse correction. For ALP activity
analysis, Shapiro-Wilk normality testing was completed, followed by One-Way ANOVA
and post hoc Holm-Sidak test. P < 0.05 was defined as statistically significant in this study,

with colours representing the condition of significance for micro-CT data.
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6.3 Results

6.3.1 MC3T3-E1 two-dimension characterisation

The MC3T3-E1 immortalised cell line represents iOB; however, the subclone was
selected to undergo differentiation for mOBs after treatment with ascorbic acid growth
medium over 21 days to initiate mineralisation to mimic ECM production. H&E revealed
cellular structure and arrangement in-vitro, whereby over the 21-day culture period,
MC3T3-E1 remained morphologically viable with clear nuclear staining despite the
increase in population (Figure 6.3.1B). Amphotericin B was selected as an additive to the
growth medium due to recurrent fungal infections when culturing 3D in-vitro constructs,
whereby a concentration of 1.5 ug did not negatively impact cell viability for MC3T3-E1
grown in monolayer (Figure 6.3.1C). Finally, growth medium supernatant was collected
at defined time-points to assess ALP activity, with DO showing high ALP activity, whereby

activity decreased (P < 0.0003) over the experimental duration (Figure 6.3.1D).
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Figure 6.3.1 MC3T3-E1 monolayer over 21 days + ascorbic acid. 1x10* MC3T3-E1 were
seeded on glass chamber slides and visualised, A) brightfield (BF) microscopy, B)
haematoxylin and eosin (H&E). Scale bar represents 50 um, n = 1, representative image
shown. C) MC3T3-E1 cell viability +/- 1.5 ug/ml amphotericin B over 7 days, n = 1, D)
Alkaline phosphatase activity in cell culture media from 1x10* MC3T3-E1 over 21 days, n
= 3, Tukey’s multiple comparison, P < 0.05.

Histological staining using MT on MC3T3-E1 cells undergoing differentiation revealed
increased collagenous matrix deposition over the 21-day culture period, represented
qualitatively by increased blue staining (Figure 6.3.2B). MC3T3-E1 cells demonstrated
immunopositivity for COL-1 within the cytoplasm and secretion on DO, D7 and D14, with
no positivity detected on D21 (Figure 6.3.2A). Finally, AR represents calcium deposition
which appeared to increase over the 21-day culture period, qualitatively visualised by

orange/red depositions (Figure 6.3.2C).
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Figure 6.3.2. MC3T3-E1 monolayer histological characterisation over 21 days +
ascorbic acid. Chamber slides with 1x10* MC3T3-E1 over 21 days, A) Type-1 collagen
(COL-1) immunohistochemistry, immunopositivity is represented by brown staining, B)
Masson's trichrome (MT) in-vitro histology, C) Alizarin red (AR) in-vitro histology. The
scale bar represents 20 um for A (n = 3), and 50 um for B/C (n = 1).
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Early OB differentiation is represented by ALP and Runx2 (Rucci, N. 2008), whereby
immunopositivity was visualised in DO (Figure 6.3.3A/B). Runx2 protein positivity was
typically localised to the nucleus, whereas ALP was detected both in the cytoplasm and
within the secreted matrix. ALP positivity was visualised throughout the 21-day culturing
period (Figure 6.3.3B), whereas Runx2 qualitatively has strong nuclear staining on DO,

and reduced nuclear positivity for the remainder of the experimentation (Figure 6.3.3A).

A. Runx2 B. ALP
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Figure 6.3.3. MC3T3-E1 monolayer immunocytochemistry characterisation over 21
days + ascorbic acid. Chamber slides with 1x10* MC3T3-E1 over 21 days;
Immunopositivity is represented by brown staining, A) Runx2, B) alkaline phosphatase
(ALP). Scale bar represents 20 um, n = 3.
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Late OB differentiation is typically represented by OPN and OCN (Rucci, N. 2008);
however, immunopositivity is visualised at DO (Figure 6.3.4A/B), whereby OB should be
immature. OPN and OCN could both be visualised in the surrounding secreted matrix
and within the cytoplasm of MC3T3-E1 cells. OPN qualitatively decreased in positivity
over the 21-day culture period (Figure 6.3.4A), whereas OCN is positive on DO, D7 and

D21, whereas minimal staining could be detected on D14 (Figure 6.3.4B).
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Figure 6.3.4. MC3T3-E1 monolayer immunocytochemistry characterisation over 21 day
+ ascorbic acid. Chamber slides with 1x10* MC3T3-E1 over 21 days; Immunopositivity is
represented by brown staining, A) Osteopontin (OPN), B) Osteocalcin (OCN). Scale bar
represents 20 um, n = 3.
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Cell health markers, Ki-67 associated with proliferation, and caspase 3 (CAS-3), an
executioner caspase upregulated during apoptosis, were assessed during the 21-day
culture period. No positivity for CAS-3 was detected (Figure 6.3.5A). All timepoints
represented positivity for Ki-67, however, this is qualitatively reduced throughout the

experimental duration with increased confluence (Figure 6.3.5B).
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Figure 6.3.5. MC3T3-E1 monolayer immunocytochemistry characterisation over 21
days + ascorbic acid. Chamber slides with 1x10* MC3T3-E1 over 21 days;
Immunopositivity is represented by brown staining, A) Caspase-3 (CAS-3), B) Ki67. Scale
bar represents 20 um, n = 3.
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Cell tracker PKH26 allowed fluorescent visualisation of MC3T3-E1 cells over 21 days of
treatment with ascorbic acid. DO represents complete internalisation of dye for the
MC3T3-E1 population. Full retention of the dye was not seen in the entire cellular
population during the experimental duration (Figure 6.3.6); however, most of the
population was still visible under fluorescence. This method was then utilised in 3D in-
vitro cultures to visualise the presence of cells within the 3D matrix (Chapter 6, Section

6.3.2).

Figure 6.3.6. MC3T3-E1 monolayer fluorescent stained with cell tracker PKH26. The
scale bar represents 100 um.

6.3.2 Three-dimensional bioprinted in-vitro bone model MC3T3-E1 cell
population

Monolayer images were captured to visualise fluorescently tagged cells within the B-gel,
as well as the HAnp distribution within the bioprinted matrix (Figure 6.3.7). In both
cellular conditions, MC3T3-E1 cells remained present during the 21 days of culturing
after the process of 3D bioprinting. The 3D bioprinted constructs did not have a smooth,
even surface; therefore, capturing representative images of the entire surface was
challenging. It was discovered that HAnp and the B-gel were auto-fluorescent; however,
despite this, MC3T3-E1 cells could be clearly distinguished from the surrounding

material environment by fluorescence intensity (Figure 6.3.7). Live cell staining with
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calcein AM, propidium iodide and 4’6-diamidino-2-phenoylindole was originally
optimised; however, the background fluorescence was too intense, whereby no cellular

detail or location could be visualised.
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Figure 6.3.7. PKH26 lyophilic tracked MC3T3-E1 in 3D bioprinted in-vitro constructs over 21 days, +/- ascorbic acid. Bright field and fluorescent
image overlay of acellular b-gel (AB), MC3T3-E1 B-gel constructs - ascorbic acid (MB-UD), and MC3T3-E1 B-gel constructs + ascorbic acid (MB-D).
The scale bar represents 100 um, n = 3.
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MC3T3-E1 cells were visualised during the 21-day differentiation process +/- ascorbic
acid (Figure 6.3.8). Qualitatively, no difference could be visualised between the
population density of DO and D21 for both conditions. The same construct was visualised

per experimental repeat.

MB-Differentiated MB-Undifferentiated
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D7

D14

D21

Figure 6.3.8. PKH26 lyophilic tracked MC3T3-E1 in 3D bioprinted in-vitro constructs
over 21 days, +/- ascorbic acid, Z-stack. Bright field and fluorescent z-stack image
overlay of MC3T3-E1 B-gel constructs +/- ascorbic acid (differentiated and
undifferentiated, respectively) over 21 days. The scale bar represents 100 um, n = 3.
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ALP activity is an indicator of initiating OBs differentiation and driving mineralisation
(Izumiya, M., et al. 2021; Franceschi, R., Lyer, B., & Cui, Y. 1994; Rickard, D., et al. 1994).
Cell culture media from the same in-vitro bioprinted construct (n = 3) was assessed for
ALP activity, with no difference between the two groups on day O (Figure 6.3.9). Day 7
had the most significant difference of ALP activity between MB_D and MB_UD (P =
0.011247), with the difference continuing on day 14 (P = 0.12224). Both MB_D and
MB_UD followed different trends over the 21 days, with MB_D peaking in activity on D7,
whereas MB_UD had the highest ALP activity on DO. No activity was detected in acellular

constructs (Figure 6.3.9).
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Figure 6.3.9. Alkaline phosphatase activity in 3D bioprinted in-vitro constructs cell
culture media. 5 x 10°/ mL MC3T3-E1 were bioprinted into control lattice structures,
treated with +/- ascorbic acid (n = 3) MB_D and MB_UD, respectively, against acellular
control (AB). Statistical difference between MB_D and MB_UD at appropriate time
points, determined using the Holm-Sidak method, P < 0.05.

6.3.3 Micro-computed tomography evaluation of the in-vitro bone model

Acellular, and +/- ascorbic acid MC3T3-E1 in-vitro constructs were imaged with micro-CT
over 21 days (Figure 6.3.10A) to investigate the total volume of the individual constructs,
and changes in density based on the culturing conditions. Qualitatively, construct
components are visualised with a clear density-assigned colour gradient, whereby the
Laptonite® nanoparticle co-polymer could be visualised in green with a low density,

compared to HAnp deposits represented by blue (Figure 6.3.10A). Compared to acellular,
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both cellular conditions increased overall in TMD over 21 days (Figure 6.3.10B). Acellular
was statistically increased for TMD on D7 compared to DO (P < 0.007); however, density
then proceeded to decrease. MB_UD were not statistically different at any time point,
compared to MB_D on D14 (P < 0.035), and D21 (P < 0.0211) (Figure 6.3.10B). Despite
no statistical difference, all constructs decreased in overall volume over the 21 days in a

similar trend (Figure 6.3.10C).
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Figure 6.3.10. Micro-CT volume and density analysis of B-gel in-vitro 3D bioprinted
constructs. Constructs printed at D-1. Acellular b-gel (AB), MC3T3-E1 b-gel differentiated
(MB_D), MC3T3-E1 b-gel undifferentiated (MB_UD). Each construct was imaged at 9 um
ondays 0, 7, 14 and 21. A) Micro-CT projection visualisation on CT Vox, density colour
coded, B) Tissue mineral density (g/cm?3) (TMD), C) total construct volume (mm?3). n = 3,
two-way ANOVA multiple comparisons with Geisser-Greenhouse correction were
performed against DO for each respective condition, P < 0.05, statistical difference is
represented per time point, per condition by the respective coloured Asterix.
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Further image processing allowed the segmentation of the individual HAnp for
independent analysis, visualised by a colour-assigned threshold to represent particle
thickness from a range of 0 — 1.9 mm (Figure 6.3.11A). The total HAnp number increased
in all conditions, with statistical significance for AB (P <0.0363), MB_UD (P < 0.0224) and
MB_D (P < 0.0242) on D21 compared to DO (Figure 6.3.11B). The particle diameter for
AB remained similar from DO to D21 (P =0.4107), whereas MB_UD and MB_D increased
the average diameter, with D21 being statistically different for MB_D (P < 0.0446)
compared to MB_UD (P=0.0521) (Figure 6.3.11C). In a similar trend, the maximum HAnp
diameter increased in all conditions, with a greater difference visualised in the MB_D

condition; however, this was not statistically different to DO (P =0.0612) (Figure 6.3.11D).

Noticeably, HAnp particle number (Figure 6.3.11B) and TMD (Figure 6.3.11B) were within
a consistent range for all conditions on DO; however, the diameter was increased for
MB_UD and MB_D on DO (Figure 6.3.11C), perhaps suggesting that MC3T3-E1 cells
interact with existing HAnp and further mineralise. In addition, the initial volume
between all the constructs in the experimentation was inconsistent with an average of
104.02 mm? +/- 23.72 (Figure 6.3.11C), further evidencing the methodological
inconsistency of 3D bioprinting for individual consistency between constructs and

reproducibility.
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Figure 6.3.11. Micro-CT particle analysis of B-gel in-vitro 3D bioprinted constructs.
Constructs printed at D-1. Acellular b-gel (AB), MC3T3-E1 b-gel differentiated (MB_D),
MC3T3-E1 b-gel undifferentiated (MB_UD). Each construct was imaged at 9 um on days
0, 7, 14 and 21. A) Micro-CT projection visualisation on CT Vox, particle thickness colour
coded, B) Total HAnp particle number, C) average hydroxyapatite nanoparticle (HAnp)
major diameter (Maj. Diam) (mm), D) hydroxyapatite nanoparticle maximum Diam
(mm). n = 3, two-way ANOVA multiple comparisons with Geisser-Greenhouse correction
were performed against DO for each respective condition, P < 0.05; statistical difference
is represented per time point, per condition by the respective coloured asterisk.
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B-gel is a co-polymer hydrogel that contains a high concentration of water. To determine
dry weight, the volume of the lyophilised constructs was quantified by micro-CT (Figure
6.3.12A). Despite not being a matched comparison of individual constructs due to the
destructive nature of the experimentation, a trend of increasing volume could be
visualised from DO to D21 (Figure 6.3.12). Overall, compared to hydrated samples (Figure
6.3.10C), a loss of up to 9143% of volume (mm?3) on DO, and 5473% on D21 for
dehydrated cellular conditions (Figure 6.2.12B) was observed, representing the high-

water content of the in-vitro models in a hydrated state.
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Figure 6.3.12. Micro-CT volume analysis of lyophilised 3D in-vitro bioprinted
constructs. Constructs were bioprinted at D-1. One acellular and cellular construct was
fixed on days 0, 7, 14 and 21, following lyophilisation, before being imaged at 9 um. A)
Micro-CT projection of lyophilised bioprinted constructs, pseudo density applied. B) Total
volume (mm?3) of acellular and cellular constructs. n = 1, scale bar represents 1 mm.
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6.3.4 Composition investigation of three-dimensional bioprinted in-vitro
bone model

Mineralisation and cellular behaviour were investigated within the In-vitro bioprinted 3D
constructs. Histological staining with H&E indicated cellular populations within the
construct body and lining the surface in both MB_UD and MB_D (Figure 6.3.13). The
porosity of B-gel could be visualised, with MC3T3-E1 cells often lining the pores, as well

as the construct surface (Figure 6.3.13).
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Figure 6.3.13. Haematoxylin and eosin histology on in-vitro 3D bioprinted constructs
over 21 days. 8 um sections, H&E histological stain, MC3T3E1 cells highlighted (blue
arrow) in +/- ascorbic acid conditions. n = 3, representative image shown with magnified
regions highlighted by black boxes, scale bar represents 20 um.
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Calcium deposition in MB_D bioprinted 3D constructs could be visualised from D7, with

increased nodules on D14 and D21 (Figure 6.3.14). MB_UD constructs increased calcium

deposition by D14, with increased nodules visualised on D21, matching the intensity

visualised on D14 for MB_D conditions (Figure 6.3.14). Finally, calcium deposits could be

visualised on D14 and D21 for AB (Figure 6.3.14), in a similar trend of increase in TMD

determined from micro-CT (Figure 6.3.10B).
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Figure 6.3.14. Alizarin red histology on in-vitro 3D bioprinted constructs over 21 days.
8 um sections, alizarin red histological stain represents calcium deposits (red). n = 3,
representative image shown, scale bar represents 20 um.
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Similar to AR, Von Kossa histology enables the visualisation of mineralised matrix,
compared to non-mineralised matrix (Figure 6.3.15), as well as improved cell
visualisation compared to AR (Figure 6.3.14) and H&E (Figure 6.3.13). In a similar trend
to AR, MB_D cells begin to show increased calcium deposition in the presence of HAnp
from D7, with mineralised matrix represented by brown staining on D21 (Figure 6.3.15).
The surrounding matrix over the 21 days in the cellular condition is stained with an

increased intensity, suggesting an increase in matrix complexity of the entire in-vitro

model.
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Figure 6.3.15. Von Kossa histology on in-vitro 3D bioprinted constructs over 21 days. 8
um sections, calcium deposits (black/brown), nuclei (red) and ECM (pink). n = 3,
representative image shown with magnified regions highlighted by black boxes, scale bar
represents 20 um.
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The cellular matrix was investigated by MT, with the matrix producing MC3T3-E1
identified with increased staining intensity compared to the B-gel matrix around cellular
structures (Figure 6.3.16). Regions of increased staining intensity of the background
matrix due to cellular differentiation are difficult to distinguish between, as the material
was also stained an intense blue, despite no collagen components in the B-gel

composition (Figure 6.3.16).
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Figure 6.3.16. Massons trichrome histology on in-vitro 3D bioprinted constructs over
21 days. 8 um sections, Massons trichrome represents collagen (blue) and nuclei (black).
n = 3, representative image shown with magnified regions highlighted by black boxes,
scale bar represents 20 um.
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Further investigation on the surrounding matrix was performed by ACB and SO. Regions
of mucins are identified by blue staining, and HAnp calcium deposits can be identified by
purple regions (Figure 6.3.17). Pink cellular nuclei contrast to the blue/purple B-gel
material, allowing clear visualisation of the cellular structures and the interaction (Figure
6.3.17). Mineralised matrix formation in the presence of HAnp could be visualised as
purple nodules, and MC3T3-E1 cells were visualised interacting with these regions

(Figure 6.3.17).
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Figure 6.3.17. Alician blue & fast red histology on in-vitro 3D bioprinted constructs over
21 days. 8 um sections, histological stains represent acidic mucins (blue), nuclei (pink)
and calcium deposits (purple). n = 3, representative image shown with magnified regions
highlighted by black boxes, scale bar represents 20 um.
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For SO, green calcium deposits could be visualised within all structures from the bioink
composition, with increased population surrounding the cellular structures (Figure
6.3.18). Interestingly, all conditions gradually increase in the staining intensity of pink
from DO to D21, associated with proteoglycan content within cartilage regions, therefore

this stain is unreliable for reporting cellular-based changes (Figure 6.3.18).

Acellular Differentiated Undifferentiated

Figure 6.3.18. Safranin-0 histology on in-vitro 3D bioprinted constructs over 21 days. 8
um sections, proteoglycan-rich regions (red/pink) and calcium (green). n = 3,
representative image shown, scale bar represents 20 um.

244



6.3.5 Immunohistochemical evaluation of osteoblast differentiation marker
of three-dimensional bioprinted in-vitro bone model

To further explore the phenotype of MC3T3-E1 cells within the B-gel matrix, after the
process of bioprinting, immunological staining was performed against previously
identified proteins of interest associated with osteogenesis and cell function. Associated
with matrix deposition, MC3T3-E1 cells were immunopositive for COL-1 in MB_UD and

MB_D over the 21-day differentiation period (Figure 6.3.19).

Acellular Differentiated Undifferentiated

Figure 6.3.19. Type-1 collagen immunohistochemistry on in-vitro 3D bioprinted
constructs over 21 days. 8 um sections were used; immunopositivity represented by
brown staining and indicated (+). n = 3, representative image shown with magnified
regions highlighted by black boxes, scale bar represents 20 um.

245



Strong staining intensity for ALP was visualised in DO for the cellular conditions, with no
positivity detected in the MB_UD studied population for the remainder of
experimentation (Figure 6.3.20). MB_D revealed positivity for ALP for the 21-day
experiment (Figure 6.3.20), with this trend following the increased ALP activity

discovered (Figure 6.3.9).
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Figure 6.3.20. Alkaline phosphatase immunohistochemistry on in-vitro 3D bioprinted
constructs over 21 days. 8 um sections were used; immunopositivity represented by
brown staining and indicated (+). n = 3, representative image shown with magnified
regions highlighted by black boxes, scale bar represents 20 um.

Interestingly, MC3T3-E1 did not stain positively for Runx2 on DO in 3D (Figure 6.3.21),
compared to strong positivity in 2D (Figure 6.2.3A). D7 for MB_D, and D14 MB_UD
represented the presence of Runx2, with strong intensity visualised for D7, perhaps

indicating the phenotypic commitment for differentiation of iOBs into mOBs.
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Figure 6.3.21. Runt-related transcription factor-2 immunohistochemistry on in-vitro 3D
bioprinted constructs over 21 days. 8 um sections were used; immunopositivity
represented by brown staining and indicated (+). n = 3, representative image shown with
magnified regions highlighted by black boxes, scale bar represents 20 um.

OCN IHC produced complete non-specific binding of both antigen specific, and 1gG
control, to the B-gel material (Supplementary, Figure S8) due to the high concentration
of antibody discovered during optimisation of previous experimentation (Chapter 2,
Figure 2.3.8 and supplementary, Figure S7). Apart from the controls for OCN, all other
IgG controls were clear of non-specificimmunopositivity staining (Supplementary, Figure

s8).

Finally, OB-related OPN showed no immunopositivity for both cellular conditions in DO
and D7, with positivity visualised in D14 for MB_D and finally both cellular conditions on
D21 (Figure 6.3.22). As a marker for the later stages of osteogenesis for iOBs to mOBs,

OPN positivity represents cellular differentiation to show phenotype transition.
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Figure 6.3.22. Osteopontin immunohistochemistry on in-vitro 3D bioprinted constructs
over 21 days. 8 um sections were used; immunopositivity represented by brown staining
and indicated (+). n = 3, representative image shown with magnified regions highlighted
by black boxes, scale bar represents 20 um.

As a marker for proliferation, Ki-67 positivity is detected in both cellular conditions on
DO and D7. On D14, no positivity was detected for MB_D compared to positivity
determined for MB_UD. No positivity was detected in either cellular condition on D21,
suggesting that MC3T3-E1 have undergone growth arrest (Figure 6.3.23), alluding to the
cells entering a resting state by ALP positivity (Figure 6.3.20) (Yoon, H., et al. 2025). No
positivity could be detected for CAS-3 in all cellular conditions (Figure 6.3.24), showing
cells not undergoing apoptosis due to the environment during the 21 days, and further,
the bioprinting process does not implicitly put excessive stress on the cells during the

mechanical process.
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Figure 6.3.23. Ki-67 immunohistochemistry on in-vitro 3D bioprinted constructs over 21
days. 8 um sections were used; immunopositivity represented by brown staining and
indicated (+). n = 3, representative image shown with magnified regions highlighted by
black boxes, scale bar represents 20 um.
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Figure 6.3.24. Caspase-3 immunohistochemistry on in-vitro 3D bioprinted constructs
over 21 days. 8 um sections were used; immunopositivity represented by brown staining
and indicated (+). n = 3, representative image shown with magnified regions highlighted
by black boxes, scale bar represents 20 um.

Quantification of immunopositivity was trialled; however, sections analysed contained
low numbers of cells, and such, it was not appropriate to report percentage
immunopositivity and thus +/- immunopositivity was reported. Further, the total
population of negative cells across all conditions and time-points were difficult to

distinguish from the surrounding background matrix.
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6.3.6 Porosity of three-dimensional bioprinted in-vitro model

The interior morphology of B-gel features an open pore structure (Figure 6.3.25A/B),
supporting the observation of an interconnected structure as visualised in all 3D in-vitro
constructs within histology and IHC (Chapter 6, sections 6.3.4 and 6.3.5). The construct
was carbon-coated to facilitate charging, resulting in a high carbon signal (Figure
6.3.25C). Silicon, sodium, magnesium, oxygen and chlorine were detected in various

abundance (Figure 6.3.25C).
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Figure 6.3.25. Scanning electron microscopy and elemental dispersive x-ray
spectroscopy analysis of acellular day 21 3D bioprinted b-gel construct. A)
Representative SEM micrograph of B-gel bioprinted construct, B) Region of EDX, C) EDX
mapping of carbon, oxygen, silicon, sodium, chlorine, magnesium and sulphur. n = 1,
scale bar represents 200 um (A) and 50 um (B).
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6.4 Discussion

Biomedical research requires relevant biological models to mimic physiological and
morphological dynamics to produce impactful results to drive biological knowledge and
innovation. Traditionally, monolayer cell culture is utilised for preliminary in-vitro
research; however, this method lacks biological complexity. Alternatively, in-vivo
experimentation using animal models are expensive, biologically variable and morally
qguestionable. In replacement, 3D models are gaining popularity as accepted and
innovative preliminary research models. Different forms of 3D models exist, with
spheroids, organoids, organ-on-chip and scaffold-based models being most reported
(Abuwatfa, W., Pitt, W., & Husseini, G. 2024; Cacciamli, A., Villa, R., & Dotti, S. 2022). The
research presented here utilised 3D EBB bioprinting with a bioink of Laptonite®
crosslinked co-polymer supplemented with 0.5 mg/ml HAnp and MC3T3-E1 pre-OB
secondary cells, with the impact of bioprinting on cellular health explored. MC3T3-E1
cells were treated with +/- ascorbic acid growth media to investigate the osteogenic

potential and remodelling of the in-vitro bioprinted model.

6.4.1 MC3T3-E1 pre-osteoblast cells as a relevant cellular model

MC3T3-E1 secondary cells are very well characterised and utilised as a iOBs cell model
within the bone research community, predominantly for research on differentiation and
bone remodelling (Owen, R., & Reilly, G. 2018). Differentiation of iOBs into mOBs is
typically divided into three stages: proliferation, matrix maturation, and mineralisation,
after the treatment with organic phosphates over a 21-day period (Kartsogiannis, V., &
Ng, K. 2004). The phenotype of MC3T3-E1 cells, therefore, in theory could be controlled
by culturing in osteogenic conditions to drive differentiation (lzumiya, M., et al. 2021). It
is under-reported how the environment of culturing MC3T3-E1 cells, e.g. scaffold-bound,

can impact the cellular phenotype.
Bone remodelling related marker expression

As a representative Ob model, MC3T3-E1 cells are known to express bone remodelling
related markers. In the research presented in this study, immunocytochemistry was
utilised to determine protein positivity during the differentiation process, inclusive of

cells embedded within the developing mineralised matrix. The bone-related markers
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investigated were Runx2, ALP, OPN and OCN, representing different stages of native OB
differentiation (Tresguerres, F., et al. 2020; Bonewald, L. 2011; Rucci, N. 2008), whereby
all produced positivity on all timepoints. Immunocytochemistry is useful to detect the
presence of proteins; however, it cannot determine quantitative expression. Yoon (2025)
reports an in-depth RNA-sequencing analysis on MC3T3-E1 cells undergoing
differentiation, and in summary, genes associated with proliferation are enriched until
day 4, and enter matrix formation until day 10, whereby genes associated with
mineralisation and matrix maturation are enriched. Compared to the in-depth overview
produced by Yoon (2025), Luttrell (2019) previously conducted RNA sequencing and
reported an increased expression of Runx2, ALP and osterix proteins in MC3T3-E1 over
28-days of organic phosphate and ascorbic acid driven differentiation. lzumiya (2021)
reported from a 7-day study, the supporting results of Runx2, ALP and osterix expression,

as well as increased expression of OCN.

In addition, Yoon (2025) highlighted the continued proliferation of MC3T3-E1 cells,
suggesting that MC3T3-E1 differentiation is not as linear as previously reported and
accepted (Rutkovskiy, A., et al. 2016; Quarles, D., et al. 1992). In contrast, Galindo (2005)
reported that Runx2 expression is cell cycle regulation-related, with forced expression
resulting in suppressing proliferation, compared to fluctuating levels (Galindo, M., et al.
2005). The finding of Yoon (2025) of continued proliferation after day 4 was seen in the
current study, with the positivity of Ki67 throughout in the 3D in-vitro models, and
notably the increased cellular concentration, visualised in monolayer, throughout

despite continuous Runx2 expression.
Matrix deposition

After day 7 in osteogenic conditions for monolayer culture, MC3T3-E1 cells deposit
matrix and become embedded (Hwang, P., & Horton, J. 2019), making the cells difficult
to detach for downstream analysis without breaking down the secreted matrix. From
searching literature utilising MC3T3-E1 cells for downstream applications, many studies
are limited to a 7-day duration or simply use MC3T3-E1 cells with non-osteogenic media
(Lehmann, T., et al. 2023; Wang, Q., et al. 2022; lzumiya, M., et al. 2021; Hwang, P., &
Horton, J. 2019). The matrix deposited from MC3T3-E1 cells consists of an extracellular
fibrillar, densely packed collagen network, displaying characteristic native banding of
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COL-1 as mimicked in mouse calvaria, as characterised by Addison (2014) by
transmission electron microscopy. It could be hypothesised that as cells become matrix-
embedded, they begin to align along the collagen fibrils secreted (Keijzer, K., et al. 2025;
Schaart, J., etal. 2024; Hu, S., et al. 2022), as an observation from the research presented
here recognised a change in cellular alignment over the differentiation period that

initiated on day 7.

The matrix composition includes expression of COL-1 and OCN as described by Addison
(2014), in agreement with visualisation of positivity over the 21 days in osteogenic
differentiation in this study, where COL-1 begins with intracellular positivity; however,
after D14, positivity is visually secreted within the matrix. As far as the researchers are
aware, no in-depth compositional protein ECM analysis has been completed on the
isolated secreted matrix. In a study on isolated MC3T3-E1 cells, Luttrell (2019) reports
an array of genes associated with bone matrix marker proteins over a 28-day culture
period. In summary, COL-1 and COL-10 expression remains high, COL-2 and periostin
decrease during maturity, and dentin matrix acidic phosphoprotein-1 and OPN increase

exponentially from iOB to mOB (Luttrell, L., et al. 2019).

The difficulty of downstream application is represented by Luttrell (2019), whereby
intact sheets of MC3T3-E1 cells embedded in the matrix were lifted off culture plates to
either undergo collagenase digestion or cell lysis to investigate the secreted matrix or
cellular transcriptomes at different time points, respectively. The matrix deposited by
MC3T3-E1 remained important to keep intact for the progressive research presented
here, to closely mimic the physiological complex biological environment, and the
ossification response of OBs in-vivo (Yoon, H., et al. 2025; Xiao, G., et al. 2009; Franceschi,
R., Lyer, B., & Cui, Y. 1994). To achieve this, MC3T3-E1 cells were cultured in glass
chamber slides over 21 days to investigate proliferation, matrix secretion and
maturation, mineralisation and expression of relevant proteins expressed by cytology
and immunocytochemistry techniques. A consideration of immunostaining both cells
and matrix results in the limitation of not separating positivity between the cells and

matrix (Luttrell, L., et al. 2019).
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Mineralisation

In addition to matrix secretion, MC3T3-E1 cells are used as a mineralisation model in-
vitro. Mineralisation does not occur spontaneously; instead, it is dependent on a
phosphate source within the culture environment. For experimental cultures utilising the
accepted method of the addition of B-GP (Fratzl-Zelman, N., et al. 1998), mineralisation
begins < day 7 and increases in concentration over the 21 days of differentiation and
maturation, resulting in ossification of the secreted matrix (Yoon, H., et al. 2025;
Semicheva, A., et al. 2024; Luttrell, L., et al. 2019). Mineralisation in monolayer culture
was visualised by AR calcium deposit staining, whereby calcium deposits increase over
the experimental duration, as commonly represented (Bernar, A, et al. 2022; Hwang, P.,

& Horton, J. 2019; Zhang, Y., et al. 2020; Shah, K., et al. 2016).

As discussed by Hwang (2019) mineralisation is variable between replicates and different
sub-types, with sub-clone 4 proving to be the most reliable in this study. Often reported
qualitative, to quantify the stain requires to be quenched and read via spectroscopy
(Bao, S., et al. 2023; Hwang, P., & Horton, J. 2019; Zhang, Y., et al. 2020), or counted
manually, perhaps leading to inaccuracy (Shah, K., et al. 2016). AR is often criticised for
accuracy (Bernar, A., et al. 2022; Addison, W., et al. 2014) due to the process of staining
calcium regardless of its source, e.g. salts from growth medium, precipitates, protein-
bound calcium and ECM mineral (Bonewald, L. 2003; Puchtler, H., Meloan, S., & Terry,
M. 1969). Addison (2014) presented an in-depth analysis of the mineral deposition of
MC3T3-E1 cells using X-ray diffraction analysis in comparison to the source of mouse
calvaria, with similarities in mineral crystallinity reported. Despite the increased
knowledge gained from X-ray diffraction analysis, the technique is not as readily available
as a histology stain and requires more in-depth analysis. Alternative methods of
analysing mineralisation include calcium binding fluorescent dye (Moester, M., et al.
2014), ion chromatography (Souter, P., et al. 2011), SEM (Grue, B., & Veres, S. 2022), and
Fourier-transform infrared spectrometry (Nitschke, B., et al. 2024; Addison, W., et al.

2014), however, many of these techniques are destructive.
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6.4.2 Cell viability and visualisation in three-dimensional bioprinted
models

3D bioprinting is challenging, with different factors within the fabrication process
impacting cell health and viability. Generally, during the 3D EBB printing process, viability
can be affected by temperature, pH, printing pressure, material viscosity and duration of
the process. Cell biocompatibility and viability of MSCs (Thorpe, A., et al. 2018; Thorpe,
A., et al. 2016a; Thorpe, A., et al. 2016b) and human bone marrow progenitor cells
(Cherif, H., et al. 2024; Snuggs, J., et al. 2023) have been previously shown, when
cultured for ~ 6 weeks in laptonite® crosslinked copolymer hydrogel +/- HAnp. As for the
HAnp concentration, 0.5 mg/ml was selected based on previous research completed by
Thorpe (2016b), who showed sustained viability of primary MSCs in 0.5 mg/ml HAnp,
compared to declined viability in 1 mg/ml HAnp over 6 weeks. In addition, in-vivo
biocompatibility of B-gel was investigated by subcutaneous implantation for 6 weeks in
rat femurs with no adverse effects observed (Thorpe, A., et al. 2018). As a result of
previous literature, no experimentation was undertaken on the viability of MC3T3-E1
cells in B-gel, without the process of 3D bioprinting, and MC3T3-E1 cells were positively

identified during the 21-day experimental period.

The porosity of B-gel was previously investigated by Thorpe (2016a) with +/- MSCs. In
standard culture conditions, AB displayed a uniform interconnecting porous network
with an average pore size of 14 +/- 5 um, with the cellular condition showing a significant
size reduction, > 10 um. The network of pores remained during the 6-week experimental
period; however, shrinkage was observed. It was noted that cells were occupying the
porous structure, in addition to the surface of the hydrogel (Thorpe, A., et al. 2016a), as
visualised in the research presented here by histology techniques. In silk
fibroin/COL/HANnp 3D printed porous scaffolds, Liu (2021) reports that MC3T3-E1 cells
were visualised inside pores of 450 um and on the surface. A porous network is vital for
cell viability to allow a supply of nutrients, oxygen, proliferation and migration (Hao, X.,
et al. 2023; Annabi, N., et al. 2010), with a small pore size beneficial to maintain
mechanical and structural integrity, as well as sufficient contact for sufficient oxygen and

nutrient transport (Fidkowski, C., et al. 2005; Karageorgiou, V., & Kaplan, D. 2005). Small
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pore size (<50 um) can result in reduced cellular proliferation and migration; however, it

promotes cell attachment and viability (Murphy, C., et al. 2010).

Reviewing the literature provides no consensus on the ideal pore size for scaffold
morphology for osteogenic applications. As evaluated by Mukasheva (2024b), a broad
range of 10 — 1,500 um pore sizes is reported in different hydrogel systems with an
osteogenic application, due to differences in methodologies and experimental
questions, with 100 um being the average size investigated (Huang, D., et al. 2025;
Mukasheva, F., et al. 2024b; Trifonov, A., et al. 2024; Karageorgiou, V., & Kaplan, D. 2005).
Further, Mukasheva (2024a) reported a bioprinted in-vitro hydrogel scaffold that
consisted of a pore gradient of 10 — 300 um, by utilising three different concentrations
of gelatine and Alg bioinks. MSCs were used and showed an improvement in cellular
proliferation and mineralisation with a pore gradient compared to a homogenous pore
size of 150 um (Mukasheva, F., et al. 2024a). Future work could include an investigation
into the impact of increased pore size on B-gel, and the resulting osteogenic potential,
cellular population and 3D fidelity. It is hypothesised that increased pore size will further
reduce fidelity and structural integrity of the resulting 3D printed in-vitro construct;

however, the cellular action will be improved (Cavallo, A., et al. 2025).

EDX analysis was also undertaken by Thorpe (2016a) and Thorpe (2016b), whereby
calcium and phosphate peaks were observed in cellular conditions. In acellular
constructs, similar peaks of silicon and magnesium were identified (Thorpe, A., et al.
2016a), as represented in this study. Silicon and magnesium are identified due to the
presence of laptonite® nanoparticles, whereby the synthetic composition is hydrous-
nano magnesium silicate particles (Stealey, S., et al. 2023). Alternative studies by
Samchenko (2024) and Zhang (2019) have shown similar elemental peaks from hydrogels
containing laptonite®. The limited SEM/EDX experimentation in the research presented
here does not allow conclusions to be drawn on the potential effect of extrusion pressure
on the porosity of hydrogels; however, the impact is theorised to be minimal due to

bioprinting in a transitioned gel state (Trifonov, A., et al. 2024; Annabi, N., et al. 2010).

Printing pressure can result in varied imposed stress on the cell-containing bioink, and if
the loading capacity of the cell is exceeded, the cell undergoes irreversible damage,
resulting in cell death (Xu, H., et al. 2022). The viscosity of the material directly impacts
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the extrusion pressure required; however, shear-thinning bioinks are typically utilised to
minimise extrusion pressure (Riberio, B., et al. 2016). No definite pressure range can be
defined for bioinks, or whether it will result in cell death. Valon (2019) summarised that
different cells undergo apoptosis under different mechanical loads, with neuronal cell
death induced by 0.2 mPa, whereas lymphoblasts undertook 85 mPa before apoptosis.
For a 3D EBB application, Rahman (2025) reports that an increase in printing pressure
from 50 to 100 kPa resulted in a higher degree of cell death of human bronchial epithelial
cells bioprinted in a sodium Alg-carboxymethylcellulose bioink. Similarly, Fakhruddin
(2018) reports an increase in cell death of primary fibroblasts in pluronic-127 from a
range of 3 to 45 kPa. For bone-specific application, Loi (2023) reports a range of 80 — 125
kPa for continuous filament printing with a methyl-furan functionalised gelatine and
chitosan bioink supplemented with MG-63 cells, with no detriment to viability compared
to 55 — 80 kPa. Finally, Dutta (2021) printed various concentrations of Alg and gelatine
bioinks with a pressure range of 100 — 300 kPa with no detriment to human MSCs. The
printing pressure utilised in this study ranged from 40 — 60 kPa, with no detrimental

impact on viability visualised, and a suitable filament fidelity (Chapter 5).

Cell visualisation and general imaging in 3D is challenging. Traditional microscopy
techniques are fundamentally suited for thin, optically transparent cultures compared to
thick, light-scattering 3D cultures that are more likely to move and distort images
(Schneckenburger, H., & Richter, V. 2021; Graf, B., & Boppart, S. 2010). Confocal
microscopy is commonly utilised to obtain images of 3D structures (Masaeli, E., &
Marquette, C. 2020), however, for the research presented here, the height of the 3D
bioprinted in-vitro constructs exceeded the maximum focal plane. In replacement, a cell
tracker was utilised to good efficiency to assess the presence of viable cells over the
duration of the experimentation; however, this method did not provide information on

cell death, or total number.

Calcein AM and PI fluorescent staining are the most reported methods of quantifying
populations of viable and dead cells in 3D bioprinted models that are not osteogenic (Lu,
J., et al. 2022; Muthusamy, S., et al. 2021; Gu, Y., et al. 2018). Limited osteogenic 3D
bioprinted models have been assessed by live/dead stain, including Wang (2016)

whereby only day 1 and day 7 are reported from the 21-day study, and features intense
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background staining of the bioink. Chen (2023) published similar results of primary OBs
within a bi-phasic scaffold and only represented cell viability for day 1 and day 7, from
the 21-day study. Finally, in a recent study, Leeuw (2024) reported the mineralisation of
human bone-derived bioprinted lattices with primary OBs and represented viability of
only day 1 and day 15, in the 71-day total study. It was discovered that calcein AM is not
a suitable stain to use on mineralised in-vitro models, as it binds to calcium ions and
emits fluorescence (Serguienko, A., et al. 2018; Hale, L., Ma, Y., & Santerre, R. 2000), thus
providing insight into why the method did not work for the research conducted to assess
viability. Alternatively, calcein AM can be utilised to assess mineralisation. For example,
as shown by White (2021), the study utilised calcein AM and AZ to assess mineralisation
in hydrogel microspheres undergoing differentiation and concluded that calcein AM
produced more consistent results. It is not reported how the researchers segmented

cellular response to mineralisation (White, K., et al. 2021).

6.4.3 Extracellular matrix environment of the bioprinted in-vitro three-
dimensional bone construct

Native bone requires weeks to months, often years, under physiological loading and
nutrient availability to mature and develop its mechanical properties, complex matrix
composition and unique architecture (Satoh, M., & Hasegawa, Y. 2022; Pines, M., &
Hurwitz, S. 1991). As widely accepted, and shown in this study, in comparison to 2D
monolayer culture, the 3D in-vitro matrix environment is complex. However,
mineralisation and matrix secretion of MC3T3-E1 cells undergoing differentiation occur
more slowly compared to 2D due to the spatial separation of the cells within the 3D
porous environment. An increase in cell concentration could improve cellular action
compared to that used in this study. The observations were similar to Lv (2024), with
MC3T3-E1 cells and a bioink of Alg, gelatine and HAnp, where increased mineralisation
was visualised in 2D compared to 3D, however, cell viability decreased drastically after
21 days in culture for the 2D culture (Lv, X., et al. 2024). In benefit, this enriches the
scaffold-based environment and allows remodelling of the biomaterial itself long-term,
compared to only matrix deposition as visualised in 2D. COL-1 was positive in the 3D in-
vitro constructs for +/- ascorbic acid conditions for the experimentation period, enriching

the 3D environment with matrix deposition, and further represented by MT. In addition,
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ECM composition is shown to increase in complexity with the detection of proteoglycans
and mucins (Abbey, T., et al. 2016b). An enriched ECM is crucial for mimicking bone,

supporting the scaffold, assisting in cell attachment and stability (Fan, L., et al. 2023).

Interestingly, culturing MC3T3-31 in the B-gel bioprinted scaffold without ascorbic acid
conditions appeared to initiate differentiation of the iOBs into mOBs. The ascorbic acid-
free condition began to reflect the matrix deposition and calcification of the
differentiation-driven scaffolds, with an estimated 7-day delay. This is particularly
emphasised in AR histology as well as runx2, OPN and Ki67 IHC. In two material-based
studies, Mcbeth (2017) and Persson (2018) demonstrated the ability to drive
differentiation of primary OBs and MSCs on titanium surfaces coated with GeIMA and
PLA supplemented with HA, respectively. In particular, Persson (2018) compared the
mineralised matrix produced compared to 2D monolayer culture and reported enhanced
production of mineralised matrix on the 3D scaffold compared to 2D monolayer culture
after 35 days. It is known that environmental stiffness can begin to drive changes in
cellular phenotype, such as MSCs into adipocyte or OBs phenotype based on
environmental stiffness (Zonderland, J., & Moroni, L. 2021; Gonzalez-Cruz, R., Fonseca,
V., & Darling, E. 2012). In native bone, the stiffness of the ECM influences the phenotype
of OBs, with stiff ECM promoting differentiation compared to a soft environment (Zhu,

S., etal. 2024; Zhang, T., et al. 2017).

To fully understand the trigger of differentiation based on environment, further
experimentation on the material over the culturing period would be required to be
completed, such as dynamic mechanical analysis over time to measure material elasticity
(Lopez-Seerano, C., et al. 2024). Mechanical strength and the ability to withstand load
are vital factors of native bone, with micro- and macro-structure providing strength and
driving bone maturation; therefore, should be a consideration when developing an in-
vitro bone model (Leeuw, A., et al. 2024; Revete, A., et al. 2022). The elastic modulus for
bone is within the range of 17 — 20 GPa for Cb, and 10 GPa for Tb for humans (Rho, J., et
al. 1993), and Cb of 1.58 GPa and Tb of 0.55 GPa for mice (Asgari, M., et al. 2019;
Thiagarajan, G., et al. 2018). Thorpe (2016b) completed dynamic mechanical analysis on
B-gel discs over 6 weeks, with the elastic modulus of 0.5 mg/mL HAnp and primary MSCs

at day 0 being higher than the acellular control at 0.99 MPa, with a significant difference
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observed in the MSC gels after 6 weeks 2.03 MPa, compared to acellular conditions,
which remained stable (Thorpe, B., et al. 2016b). Hydrogel materials, specifically for the
application of 3D EBB, are required to have a minimised modulus to allow extrusion
(Schwab, A., et al. 2020), therefore, the material increasing in strength during culturing
and differentiation is beneficial to mimic a bone over time, and this results from

increasing the 3D in-vitro matrix complexity.

6.4.4 Quantification of in-vitro three-dimensional bone construct
mineralisation

To determine remodelling and ossification of the model a combination of histology and
micro-CT imaging was employed. Histological stain VK is an unreliable histological stain
to complete alone, producing inconsistent mineral staining of MC3T3-E1 cells due to not
staining apatite mineral, and only being specific for phosphate, as discussed by Bonewald
(2003). B-gel features synthetic HAnp incorporated at a standard concentration, with
further mineral deposition from MC3T3-E1 undergoing differentiation due to phosphate
availability. In addition, as mentioned previously (Section 6.4.1) AR is also criticised
(Addison, W., et al. 2014), however, these techniques are still the gold standard to report
mineralisation (Bao, S., et al. 2023; Zhang, Y., et al. 2020; Hwang, P., & Horton, J. 2019),
as visualised in the B-gel scaffold. Micro-CT imaging facilitated an in-depth analysis of
the density, volume and individual particle analysis of the in-vitro bone constructs. The
analysis of 3D bioprinted active in-vitro constructs comprised of hydrogels are not
commonly reported without the addition of contrast-enhancing materials (Aminu, A., et
al. 2022; Self, T., et al. 2020; Heimel, P, et al. 2019), or fixed before imaging (Nitschke,
B., et al. 2024; Olaret, E., et al. 2021; Cengiz, ., Oliveria, J., & Reis, R. 2018), therefore by
utilising this imaging technique a more novel approach of non-destructive structural and
composition analysis can be completed to compliment SEM, and X-ray differentiation

analysis (Grue, B., & Veres, S. 2022; Addison, W., et al. 2014).

Micro-CT imaging allowed the visualisation of particle distribution of the total 3D
bioprinted construct during the entire experimental period. Unsurprisingly, the
differentiation group increased in TMD overall, with an increase in particle number
detected by micro-CT. The undifferentiated group also increased in TMD overall;

however, it reduced compared to the differentiated group. Acellular constructs
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decreased in TMD overall, perhaps suggesting leaching of the supplemented HAnp into
the surrounding growth medium over the 21 days. It can be hypothesised for future
directions, culturing the in-vitro constructs for longer durations, such as the 10-week
study completed by Leeuw (2024) and > 1-year NC3R-funded project by Finlay (2024)
would further represent increased mineralisation of the B-gel in-vitro constructs. Leeuw
(2024) imaged 3D bioprinted lattices by micro-CT; however, a resolution of 34.5 um was
used, limiting the information gained on individual mineralisation. Reporting a mineral
density of the entire gelatine/Alg/graphene lattice structures with primary iOBs showed
an exponential increase from day 7 to day 70, whereby the entire lattice structure was
mineralised by the endpoint. The largest increase in mineralisation occurred on day 7 to
day 14 (Leeuw, A., et al. 2024), as reflected in the differentiation of 3D bioprinted lattices

in this study.

Despite the wealth of information produced, the limitations of micro-CT in-vitro analysis
should be highlighted. Micro-CT is a powerful imaging technique; however, resolution is
limited to the selection of the user when imaging mm-sized objects. In this case of this
study, the in-vitro construct was required to remain sterile to ensure that each time-
point was matched, resulting in limited depth of resolution to facilitate appropriate
storage of the construct during imaging (Plessis, A., et al. 2017). Consequently, all
mineralised particles in the secreted matrix may not have been captured within the
spatial resolution of 9 um (Ghani, M., et al. 2016). As qualitatively visualised in both 2D
and 3D AR results from this study, the mineral nodules produced are varied in size and
continue growing throughout the 21-day period, however, often appear less than 9 um
in size prior to day 14 (Zhang, X., et al. 2020) and therefore this method does not capture
the complete early-stage calcification. Additionally, the processing, imaging and
exposure to X-rays were required to be minimised, to not negatively impact cellular
viability. Long exposure to X-rays can damage DNA and cellular structures (Dukak, J., et
al. 2016), therefore, dose management was minimised (Meganck, J., & Liu, B. 2016). No
detrimental effects of X-rays were noted in this study; however, a more in-depth analysis

would be required to conclude.

In addition, at 37 °C PNIPAm surfaces within the B-gel composition are hydrophobic and

promote cellular growth; however, when the temperature is reduced to 20 °C, PNIPAm
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becomes hydrophilic, promoting the detachment of cell sheets (Sanzari, I., et al. 2020).
For this purpose, the temperature of the rooms and analysis was kept above 20 °C to
attempt thermal stability of the construct, in addition to pre-warmed media and
processing in a heated glove box. However, a clear reduction of volume can be visualised
by micro-CT volume analysis, perhaps suggesting the construct is losing water content
due to the drop in temperature. This phenomenon did not allow micro-CT fidelity
analysis to be completed at the constructs, simply due to the construct dropping in
temperature, resulting in a conformational change due to the amphipathic nature of the
material (Ferreira, N., et al. 2018). Future work would be to include a heated stage to
control micro-CT chamber temperature, to improve thermal stability (Boerckel, J., et al.

2014)

6.4.4 Conclusion

Bone is a dynamic organ, with a complex matrix composition and macro/micro-
architecture that needs to be taken into consideration when developing a suitable in-
vitro bone model replacement for early-stage biomedical research. The secondary iOB
cell line MC3T3-E1 is frequently used as a representative OB model and is researched
frequently in a 2D monolayer state. In-vitro 2D monolayer studies are criticised for the
lack of physiological relevance, with 3D in-vitro studies becoming preferable in

comparison.

In this study, a laptonite® co-polymer with 0.5 mg/ml HAnp bioink (B-gel) was optimised
for 3D bioprinting with a lattice structure, in combination with the cell line MC3T3-E1.
The extrusion bioprinting process had no significant negative impact on the cell viability
of MC3T3-E1 cells during the 21-day experimental period, representing biocompatibility.
By culturing in osteogenic media, compared to the laptonite® co-polymer bioprinted
scaffold alone, mineral deposition was increased over the 21-day experimental period as
detected by the total density and individual particle analysis of the 3D bioprinted
constructs via non-destructive high-resolution micro-CT. However, the 3D environment
alone was visualised to trigger differentiation. The matrix of the 3D in-vitro constructs
undergoes increased complexity within the porous morphology, as visualised by
histological and IHC techniques, whereby the phenotype of the MC3T3-E1 can be

visualised and represents the transition from immature to mOBs.
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Compared to traditional 2D monolayer culture, the proposed 3D in-vitro model more
closely mimics the complexity of native bone by representing physiological remodelling
by matrix deposition and gradual mineralisation. However, there is still a realistic
difference between the in-vitro 3D model proposed within this study compared to native
bone, in particular, the ability of the biomaterial used in this study to achieve accurate
bioprinted morphometry and density, however, it is hypothesised that an extended
culture period would further improve ossification of the 3D bioprinted polymer
structure. In addition, the model requires further optimisation by the inclusion of
different primary cellular populations to closely mimic the closely controlled remodelling

balance visualised in native bone.
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Chapter 7 — General discussion and future
directions
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7.1 Summary of results and impact

The work presented in this thesis investigated the methodology required to translate ex-
vivo murine bones imaged by high-resolution micro-CT into 3D printed bone models.
This included the development of an in-vitro bioprinted model and the evaluation of the
in-vitro model fabrication process for a final comparison with native in-vivo murine bone.
The outcome of this research contributes to the broader understanding of 3D in-vitro
model fabrication for animal replacement for early-stage biomedical studies. Particularly
for the context of defining the process of capturing high-resolution 3D objects and
transformation into 3D printable models through CAD software, and the considerations

required for a 3D extrusion-based bioprinted high-fidelity in-vitro model.

Chapter 2 outlined native ex-vivo murine bone architecture and composition, and the
natural biological variance between sexes and species for bones of interest: tibia, femur
and VB. In addition, morphological values of Tb and Cb were assessed, whereby the
median values were used for the development of a biomimic 3D bone model in chapter
3. The binarised ex-vivo bone models underwent parameter and algorithm selection by
exporting 3D models from CTAn software, to produce a reduced file size STL. The 3D
models still encompassed the detail captured by micro-CT imaging and underwent in-
silico rendering in CAD software to produce 3D models suitable for the application of
FDM, SLA and EBB. Both FDM and SLA 3D models were printed, with SLA concluded as
the most suitable fabrication method for the generation of complex structures. In
summary, the research in chapters 2 and 3 produced an informed workflow for the
process of translating micro-CT imaging into 3D models, for the application of in-vitro 3D
bones. The workflow was evaluated within the wider bone research community in
chapter 4, by the delivery of a workshop at a national conference, which allowed

participants to successfully learn the skills developed by this research project.

With a focus on the process of EBB, chapter 5 evaluated the composition, fidelity and
printability of two commercially sourced bioinks, TissueFAB™ and Bone GelXA, as well as
an in-house generated hydrogel that was optimised for the process of bioprinting,
Laponite® crosslinked poly (N-isopropylacrylamide, N, N’-dimethylacetamide) co-
polymer containing HA nanoparticles, known as B-gel. TissueFAB™ was removed from

the study due to inappropriate crosslinking requirements, and Bone GelXA was
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discovered to suffer from high batch-to-batch particle inconsistency that altered flow
behaviour and resulted in an unsuitable product for the process of EBB. B-gel was shown
to have a consistent composition with a pseudoplastic shear thinning behaviour;
however, extrusion resolution compared to the original STL models was not accurate and
required further optimisation. To improve structural fidelity, a microparticle support
slurry was successfully generated and characterised as a viscoelastic material with a non-
Newtonian flow profile of a pseudoplastic and was shown to improve the structural
complexity of the 3D bioprinted models. Despite the improvements of structure from
the micro-particle slurry, B-gel was concluded as unsuitable to achieve the complex

structure of the rendered ex-vivo tibia.

Finally, chapter 6 incorporated the iOBs cell line, MC3T3-E1, into B-gel and printed into
a scaffold structure. The in-vitro model was cultured for 21 days, alongside acellular
controls, and +/- differentiation media conditions. Models were evaluated for native
bone remodelling associated processes in comparison to traditional 2D in-vitro
monolayer models. Cellular viability was maintained, with the pneumatic process of
bioprinting showing no negative impacts. Micro-CT was utilised to evaluate mineral
deposition of the in-vitro model for the experimental duration, whereby an increase in
density was visualised in differentiated media conditions. Interestingly, the in-vitro B-gel
scaffolds without differentiation media initiated the remodelling process by the scaffold
alone. In addition, the composition of the model was evaluated and shown to increase
in matrix complexity. B-gel as a bioink was determined to be a suitable biomaterial to
mimic bone; however, fidelity and resolution of the material and bioprinting capability

require improvement to mimic the original complex STL model.

7.2 The ongoing challenge of the fabrication of biomimic
complex in-vitro bone three-dimensional models

Ultimately, the limitations of the flow behaviour, and structural stability of biomaterials
for the application of 3D EBB (Bakhtiary, N., Liu, C., & Ghorbani, F. 2021; Riberio, A., et
al. 2017; Paxton, N., et al. 2017) are reflected in the research presented in this study,
despite the improvements of using a microparticle support slurry to achieve complex
architecture. Alternative bone in-vitro models focus on the fabrication of a scaffold

structures (Xiao, L., et al. 2024; Tang, M., et al. 2022; Luttrell, L., et al. 2019) to evaluate
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the biocompatibility and printability of various biomaterials, whereby minimal studies
attempt to bioprint the complex architecture of bone, inclusive of Cb and Tb. It is true,
many studies have intentions of clinical human application and therefore, overall
architecture is not a focus, compared to micro/nano-structure (Jiao, J., et al. 2023;
Martinez-Garcia, F., et al. 2022; Ahmed, E. et al. 2013), however, for studies with the
application of in-vitro bone model development, the simple scaffold structure does not

replicate in-vivo bone morphometry.

It remains a challenge, and various approaches of fabrication with different materials are
required to determine if the complex architecture, inclusive of Cb and Tb, is able to be
bioprinted with the current available 3D extrusion-based technology and the resolution
limitations. Studies, as previously mentioned (Kim, M., et al. 2023) have been able to
achieve filament resolution of < 300 um for simple structures, whereas > 400 um range
is more commonly reported, dependent on nozzle width (Riberio, A., et al. 2017; Paxton,
N., et al. 2014). As far as the researchers are aware, no study has been able to achieve
supported over-hang structures with biomaterials, from the method of 3D EBB. This is
likely the consequence of hydrogel based bioinks, whereby the compositions of the
materials are predominantly water, and lack structural stability (Tibbitt, M., & Anseth, K.
2009). Alternative materials, such as bioink cements, could have suitable mechanical
strength, and structural stability over time, and resist the natural deformation of gravity
(Ombergen, A., et al. 2023; Sarabi, M., et al. 2023). In addition, and a more likely
approach would be culturing the 3D extrusion bioprinted bone structure within the
support matrix for a long period of time (Afghah, F., et al. 2020), and encourage matrix
deposition and calcification, to fix the physiological structure, in a similar approach to
Leeuw (2024), in the 71-day total study whereby the entire bioprinted construct was

mineralised, capturing the initial CAD structure.
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7.3 Future directions

The research presented in this thesis outlines the methods and considerations required
for the development of a 3D in-vitro model based on ex-vivo bone; however, further
optimisation and development are required to produce a reproducible and accurate in-
vitro bone bioprinted model. In addition, further applications could be conducted to

build on the methodology outlined in this thesis.

7.3.1 The three-dimensional standard tessellation model and computer
assisted design rendering process

Various methods could be applied to further develop the in-vitro bone model generated.
It can be concluded that the process of transformation of micro-CT imaging to a rendered
STL model is appropriate and successful for use within this study, as accurate bone 3D
models, inclusive of Cb and Tb, were able to be printed by the processes of FDM and SLA
with direct similarity to the input ex-vivo bone. Future work and further development
could include increasing the availability of 3D bone STL models, inclusive of the complex
structures of Cb and Tb, as models only replicating Cb structures of total bones are
widely available (Nguyen, P., et al. 2023; Valls-Esteve, A., et al. 2023; Leordean, D., et al.
2021; Grassi, L., et al. 2011), for disease mimicking bones such as osteoporosis (Frank,
M., et al. 2021; Goldring, S. 2016; Tan, S., et al. 2014), or expanding the selection of
species to include larger mammals which a stronger relevance to human architecture,
such as monkeys, dogs or pigs (Hillier, M., et al. 2007; Aerssens, J., et al. 1998).
Ultimately, human architecture with primary cells to generate a fully humanised model
would be the ideal end point fabrication; however, this would require further model
rendering to address broken tessellation, and reduction of file size to make it appropriate
for processing, as well as optimisation of scanning parameters of the bones for capturing

information by micro-CT.

Determination of accuracy of the fidelity of the printed 3D models (FDM, SLA and EBB)
by micro-CT imaging compared to 2D was attempted, however due to various reasons,
such as thermo-responsive nature of the B-gel material, as well as time constraints (FDM
and SLA), experimentation was not fully completed. The accuracy in fabrication is
important because deviations will have a direct impact on functionality of 3D models,

for example, resulting in misalignments. In theory, the micro-CT imaged models could be
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evaluated in a 3D space for accuracy in comparison to the original CAD model by either
superimposing a slice of the imaged model onto the CAD 3D model in image processing
systems such as Imagel as theorised by Okamoto (2024) or 3D Geomagic control X
software as utilised by Abad-Coronel (2023). Alternatively, utilising CTAn measurement
tools, or once again superimposing the models to the original ex-vivo bone models, for

complete analysis of ex-vivo, to CAD, to 3D model accuracy.

In addition, with the ever-increasing application of artificial intelligence (Ai), 3D STL bone
models could be generated with defined prompts based on bone morphometry such as
Tb.N and Tb.Sp, in Ai tools. For example text to 3D; open Al’s point-E, NVIDIA’s GET3D,
and DeepMind’s Alpha3D interfaces, alternatively image to 3D tools such as Bambu lab
or Sloyd’s tools (Scan2CAD, 2024). Ai is beginning to be integrated into CAD software to
assist in the rendering process, such as SolidWorks (Solidworks, 2025), which may assist
in the detection of tessellation errors or unconnected structures, making the rendering
process more efficient for users (PTC, 2025; Autodesk, 2025). It would be interesting to
validate Ai output STL models, compared to the user-defined 3D STL bone models
generated, for example, in this study, to assist in pushing innovation and accessibility of

relevant 3D biomimetic models, and driving the future of tissue engineering possibilities.

7.3.2 Bone relevant biomaterials and translation into functional bioinks

The major theme of research within the field of tissue engineering and the development
of relevant in-vitro models remains the investigation of relevant biomaterials, including
the composition, printing conditions, and fabrication processes. In the research
presented here, two commercially available bioinks were selected for incorporation
within the method development to focus on achieving complex architecture of bone,
inclusive of Cb and Tb structures, and ease of accessibility for different research groups.
Ultimately, batch-to-batch inconsistencies and unknown compositions did not allow for
a reliable application. Perhaps, initial focus and time on the in-house biomaterial could
have allowed for the properties to be tuned, to alter the hydrogel to have different flow
behaviour and mechanical properties (Davern, J., et al. 2024; Boyes, V., et al. 2021) and
change resulting filament fidelity to be more accurate, to allow development of the ex-

vivo bone architecture.
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As a material for the basis of mimicking bone, it was shown in this study, as well as
previous research (Thorpe, A., et al. 2016b), that B-gel is a suitable biomaterial to
promote osteogenesis with OB-related cell phenotypes. To improve the complexity of
the bioink for this study, MC3T3-E1 cells underwent differentiation to produce a COL-
based ECM matrix. The matrix was not fully characterised in terms of composition as this
had already been described previously (Luttrell, L., et al. 2019; Addison, W., et al. 2014).
Alternative methods of increasing ECM complexity could include utilising decellularised
bone-derived ECM incorporated into bioink (Lee, J., et al. 2020), or inclusion of COL-1
directly (Alaman-Diez, P, et al. 2023), however, these materials naturally are thermally
crosslinked (Kajave, N., et al. 2019), therefore inclusion would alter the printing

parameters, material behaviour and require further printing optimisation.

A limitation of B-gel for the application of a bioink is the thermo-responsive nature of
the material; alterations of temperature result in morphological changes (Ullah, F., et al.
2015). Ultimately resulting in deviation from the original STL model, perhaps also
accounting for volume changes over time as visualised in this thesis and not allowing
accurate fidelity assessment of the 3D model. To resolve this, a heated environment
(37°C) would be required for the entirety of the fabrication process, and any
experimentation applied to the in-vitro bone constructs to reduce temperature

fluctuations.

The biomimic bone model, based on the 3D rendered in-vitro model did not functionally
print as intended. Perhaps due to the bioink itself, or the bioprinting vessel was not
appropriate for the dimensions of the CAD model. Future work would include different
vessels, such as petri-dishes with increased depth and increased length nozzles to

facilitate.

As previously discussed in Chapter 5, further optimisation of the microparticle slurry is
required to produce uniform, consistent spherical particles. It is hypothesised that
output morphology is determined by experimental stopping temperature, compared to
time of stirring, which was used for most of the slurry generation. To test this, a
controlled heated environment should be used for the duration of stirring, with particle
morphology analysis completed for different technical repeats to determine a suitable
temperature range. Further, the size of spheres could be investigated to be tunable, by
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altering the mixing speed. For example, an increase in rotation speed of the impeller
would result in reduced particle size due to an increase in particle collision (Herman, A.,

etal. 2021).

7.3.3 In-vitro cell selection, and loading regime to mimic the bone
microenvironment

The resulting in-vitro 3D bioprinted bone model represented a dynamic environment
compared to traditional monolayer models and provided evidence of the differentiation
process being driven by environment alone compared to traditional osteogenic media
(Hwang, P., & Horton, J. 2019; Franceschi, R., Lyer, B., & Cui, Y. 1994). To further build
characterisation of the in-vitro 3D bone model, a fourth condition of mechanical loading
would be introduced. Load-bearing is an essential characteristic of bone (Hunziker, E.
2018), with bone density changing in response to mechanical load, referred to as Wolff’s
Law (Bonewald, L. 2011). OBs are not known as the primary mechanosensing cells,
however various studies have reported that OB inclusive 3D in-vitro models undergoing
load have resulted in increased density, and linked to further differentiation into OCs,
which are considered as the primary mechanosensing cell in bone (Pragnere, S., et al.
2024; Leeuw, A., et al. 2024). Regardless, dynamic mechanical analysis should be
completed on the 3D bioprinted constructs to further investigate the viscoelastic
properties (Uysal, B., et al. 2025), both at fabrication and during the experimental period.
Experientially, mechanical analysis would be completed by 3D in-vitro models placed
appropriately under load, by utilising similar approaches to Segovia-Gutiérrez (2025),
Choi (2025) and Rotbaum (2019), with comparison of model density and cellular

phenotype back to the static cell culture methods used in this thesis.

MC3T3-E1 cells, as previously mentioned, were an attractive cell source for the research
conducted in this thesis due to the ability to scale up cell number due to immortalisation
(Sudo, H., et al. 1983), availability (Hwang, P., & Horton, J. 2019), well previously
characterised (Yoon, H., et al. 2025) and the ability to drive differentiation for
osteogenesis (Metzger, W., et al. 2025). However, to achieve a more physiologically
reflective in-vivo environment, primary-derived OBs implementation should be
considered (Piwocka, O., et al. 2024; Belk, L., et al. 2020) once the model reaches a

higher level of accuracy and reproducibility. In addition, co- and tri- culture methods
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should be considered (Bernhardt, A., et al. 2021; Borciani, G., et al. 2020; Owen, R., &
Reilly, G. 2018 Clarke, M., et al. 2013), however once again, this comes with high
complexity if to function in-vitro, and therefore should only be implemented once the
3D structure aspect of the in-vitro model is more reliable and characterised. Different
approaches could be utilised, such as incorporating bone cell populations in different
bioink compositions for printing with multiple printheads. For example, OCs could be
strictly used to print the Cb, whereas OBs would be printed as the Tb structure, and OCLs
seeded onto the surface of the 3D in-vitro structure. Similar approaches have been
undertaken by Moxon (2024) and Kibble (2025) for bioprinting of the intervertebral disc
regions, Moakes (2021) with tri-layered bioprinted skin, and Berg (2021) by generating a

multi-cell scaffold to mimic the lungs.

At the core, the fabrication of early stage biomedical in-vitro 3D bone models that mimic
the dynamic environment of bone facilitates further understanding of in-vivo biological
dynamics, in normal physiology and disease, without the requirement for unnecessary
in-vivo experimentation. The fabrication approach undertaken in this research period
solely focused on normality, by representing healthy mature bone; however, this could
be altered to reflect a diseased state and is open-ended for other researchers based on
their research interests. Potential applications include assessing drugs, such as
bisphosphonates, to drive mineralisation in-vitro to mimic osteoporosis treatment
(Breathwaite, E., et al. 2020; Sieberath, A., et al. 2020), or including malignant-associated
cell lines to mimic osteosarcoma and metastasis (Menshikh, K., et al. 2025; Fischetti, T,,

etal. 2021; Datta, P., et al. 2020).
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7.4 Concluding remarks

The contribution to knowledge demonstrated in this thesis included the evaluation of
the process of translating micro-CT imaging into 3D printable models that will allow the
generation of biomimic 3D models to be generated for the wider tissue engineering and
bone community. In addition, the suitability of three bioinks was evaluated in terms of
composition and printability for the aim of bioprinting complex structures, with an
emphasis on micro-CT to facilitate compositional and structural analysis. To assist in
bioprinting complex structures, an in-house microparticle slurry was generated and
characterised, improving the accessibility of the material for the wider community.
Finally, compared to monolayer in-vitro models, the 3D bioprinted in-vitro model more
closely mimicked the native complexity of bone by matrix deposition and gradual
mineralisation with both scaffold alone and differentiation growth medium; however,
the material requires further optimisation to achieve in-vivo biomimicry, reflective of the

CAD-generated in-silico model.
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Appendix

In vitro 3D bone model development using high resolution micro-
computed tomography

Ethics Review ID: ER40255071
Workflow Status: Application Approved

Type of Ethics Review Template: No human participants, human tissue or personal data

Primary Researcher / Principal Investigator

Lucy Dascombe
(Health and Wellbeing)

Converis Project Application:

Q1. Is this project ii) Doctoral research

Figure S1. Ethical approval for PhD research.
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ﬁ Outlook

Converis - Confirmation of Ethics Application Submission

From converis@shu.ac.uk <converis@shu.ac.uk=
Date Fri 10/05/2024 16:52
To  DASCOMBE, LUCY <lucy.dascombe@student.shu.ac.uk=

You don't often get email from converis@shu.ac.uk. Learn why this is important

Dear Lucy

Title of Ethics Review: From CT to 3D printed models
Ethic Review ID: ER66185031

This is to confirm that your ethics application has been submitted. The University aims to review all
applications within two weeks, although a final decision may take longer in particularly complex
cases or where modifications are required.

If you have a query regarding your application, please direct them to your Faculty Ethics
Administrator in the first instance

HWB - hwbethics@shu.ac.uk

STA - STAfrec@shu.ac.uk

SBS - shsethics@shu.ac.uk

SSH - S5H-ResearchEthics@shu.ac.uk

Kind regards,
Ethics Research Support

*** This is an automatically generated email, please do not reply ***

Figure S2. Ethical approval for questionnaire-based research.

The following attached documents are the participant information guide (S3), pre-
guestionnaire (S4), post-questionnaire (S5) and participant learning handout (S6) as
delivered to participants in accordance with chapter 4 — Dissemination of micro-CT to 3D
CAD model workflow.
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Sheffield |Biomolecular
Hallam _ | Sciences
University | Research Centre

A University of

Sheffield

Participant information guide

Sheffield Hallam University, Biomolecular Sciences Research Centre
Study title:

From CT to 3D printed models

Principal Investigator:

Lucy Dascombe, Sheffield Hallam University (L.Dascombe@shu.ac.uk)
Research team:

Tim Nichol, Sheffield Hallam University (T.Nichol@shu.ac.uk), Christine Le Maitre,
University of Sheffield (C.Lemaitre@sheffield.ac.uk), Nicola Aberdein, Sheffield Hallam
University (N.Aberdein@shu.ac.uk)

To help you make an informed decision regarding your participation, this guide will
explain what the study is about, the possible risks and benefits, and your rights as a
participant. If you do not understand something in this guide, please clarify with the
principal investigator before agreeing to participate in this study. You may wish to save
this guide for your records.

What is the study about?

You are invited to participate in a research study to determine the dissemination of
knowledge from the process of Micro-computed tomography reconstruction to
translation into a 3D printable model utilising appropriate software packages. Micro-CT
is a high-resolution imaging technique that facilitates the planar capture of dense in-
organic components, which can then be reconstructed into a 3D model to allow
guantitative analysis. From this, the 3D model can be exported as a standard tessellation
language (STL) model and rendered using computed assisted design software. CAD
Autodesk® meshmixer and Fusion 360 offer user friendly interfaces that can tailor micro-
CT scans into 3D printable models, for a variety of end-point outcomes, including 3D
bioprinted in vitro model for biomedical testing. Participants will be informed on this
process during a workshop completed at bone research society meeting (10/07/24)
presented by the principal investigator.

You are welcomed to complete a pre-workshop questionnaire that investigates base
knowledge of the aforementioned techniques, and upon participation in the workshop
are offered to complete a post-workshop questionnaire to determine knowledge learnt
from the session. Completion of the questionnaires will assist with the principal
researcher assessing the effectiveness of dissemination of knowledge that has been
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developed during the process of doctoral research, and how this method supports in the
wider scientific community.

What does participation involve?

Participation in this study is optional, but if consent is provided participants are invited
to complete a pre-workshop questionnaire, attend the from CT to 3D models workshop
at bone research society meeting (10/07/24), and complete a post-workshop
guestionnaire. Participation with the questionnaires does not alter the opportunity to
attend the outlined workshop. Responses will be used in a doctoral research thesis. No
risks are associated with completion of the questionnaires.

What personal data gets collected?

No personal data will be collected from the researching team associated with this study.
Participants who complete the pre-workshop questionnaire will be provided with a
unique identification code and asked to provide the unique identification code on the
post-workshop questionnaire. Only the research team will have access to the responses
to the questionnaires, and this information will be stored in a secure internal drive.
Principal investigator is responsible for this information.

Who should | contact if | have questions regarding my participation in the study?

If you have any questions or feedback regarding this study, or to withdraw from the study
please contact Lucy Dascombe by email (L.Dascombe@shu.ac.uk).

Funding body acknowledgement
This research is funded and supported by Sheffield Hallam University (PhD studentship).
Ethical approval

This study has received ethical approval from Sheffield Hallam University, ER66185031.
By completing this survey, you consent to the anonymous information collected for the
purposes of this research study to be used for research purposes. Further information at
https://www.shu.ac.uk/research/ethics-integrity-and-practice.

You should contact the Data Protection Officer if: you have query about how your data
is used by the University; you would like to report a data security breach; you would like
to complain about how the University has used your personal data DPO@shu.ac.uk. You

should contact the Head of Research Ethics (Dr Ranchordas) if you have concerns about
how the research was undertaken or how you were treated, at ethicssupport@shu.ac.uk

Postal address: Sheffield Hallam University, Howard Street, Sheffield S1 1WB. Telephone
0114 225 5555
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From CT to 3D printed models — Pre-workshop questionnaire

Background: This study aims to assess the dissemination of knowledge delivered at bone
research society meeting workshop titled ‘From CT to 3D printed models’. Responses will
be anonymously recorded by unique identifier codes and used to in partial fulfilment of
a doctoral research thesis. Please refer to the participant information guide for further
information.

Do you consent to participation in this study? Yes / No

Pre-questions

1. Are you familiar with the imaging technique of micro-computational
tomography (Micro-CT)? Yes / No
B) If yes, do you have practical experience in analysing data? Yes / No

C) What software do you use?

2. Are you familiar with computer assisted design (CAD) software? Yes / No

B) If yes, what software do you use?

3. Do you feel that transferring micro-CT data to 3D printable models would be
useful for your research? Yes / Unsure / No

B) why?

4. What type of 3D printer do you have access to?
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5. What materials do you use to 3D print?

6. What are you planning to 3D print?

7. What are your expectations for this workshop?
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From CT to 3D printed models — Post-workshop guestionnaire

Background: This study aims to assess the dissemination of knowledge delivered at bone
research society meeting workshop titled ‘From CT to 3D printed models’. Responses will
be anonymously recorded by participant codes and used to in partial fulfiiment of a
doctoral research thesis. Please refer to the participant information guide for further
information.

Do you consent to participation in this study? Yes / No

Participant code

Post-questions

1. Did the workshop meet your initial expectations? Yes / No

B) If no, what information could be provided?

2. Was the content of the workshop relevant to your research? Yes / No

B) why?

3. Were the workshop materials easy to follow and helpful? Yes / No

4. Did the materials aid your understanding of the topics presented? Yes /

No
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5. What was the most valuable part of the workshop for your research?

6. What techniques did you learn?

7. Do you feel confident in transferring micro-CT data to 3D printable models?

Yes / Unsure / No

8. Are there any improvements you would suggest for future workshops?
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From CT to 3D printed models

Lucy Dascombe, Professor Christine Le Maitre, and Dr Nicola Aberdein

Scope: 3D bioprinting is the construction of a 3D biological object, mixed with living cells,
based on a computer-aided design model within XYZ spatial location. The aim of 3D
bioprinting is to create a natural tissue-like 3D structure, typically for in-vitro
experimentation.

Aims: Gain an understanding of the importance of various 3D model outputs, and how
the different applications impact the downstream workflow.

Practice rendering 3D STL models through CAD software for 3D printing/bio-printing.

Key terms

Computational Tomography: computational tomography allows x-ray 3D imaging of in-
organic materials, allowing geometry analysis in spatial location. Volumes of interest
from reconstructed scans can be exported into standard tessellation language to allow
computer aided design.

Computer Aided Design: Utilising software to aid in the innovation of creation,
modification, analysis and optimisation of a 3D design or model.

Standard Tessellation Language: Translates complex designs by tiling the entire model
surface with triangular data points into GCODE. This XYZ file format is most used for 3D
printing / bioprinting.

Extrusion based bioprinting: 3D extrusion bioprinting is an additive manufacturing
technique in which a 3D construct is generated by pneumatic pressure layer-by-layer
based on a CAD model.

In-vitro 3D model: Complex 3D models represent tissue structures of the human body,
allowing an accurate first line experimental model for biomedical experimentation.
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CT Analysis — CTAn (Bruker)

Volume of interest selection: Volumes of interest selection is based on the area required

for either analysis, or replication into a 3D model.

> EHSE =A@ K

% % Raw images

File name

[77] 57 mouse 1 1 tibia__rec00001025 jpg
[77] 57 mouse 1 1 tibia__rec00001024.jpg

[-]¢57 mouse 1 r tibia__rec00001023.jpg

[ 57 mouse 1 r tibia__rec00001022.ipg
|1 c57 mouse 1 r tibia__rec00001021.jpg
57 mouse 1 1 tibia__rec00001020.jpg
57 mouse 1 1 tibia__rec00001019.jpg
57 mouse 1 1 tibia__rec00001018.jpg
57 mouse 1 1 tibia__rec00001017.jpg

Z-position
1025 line (3.225 mm)
1024 line (9.216 mm)
1023 line (3.207 mm]
1022 line (9.198 mm)
1021 line (9.189 mm)
1020 line (3.180 mm)
1019 line (3.171 mm)
1018 line (9.162 mm)
1017 line (3.153 mm]
1016 line (3.144 mm)
1015 line (3.135 mm)
1014 line (9.126 mm)
& 1013 line (8117 mm)
1012 line (3.108 mm)

£ [ 7] 57 mouse 1 1 tibia__rec00001016.jpg

.% ; 57 mouse 1 1 tibia__rec00001015.jpg
2 ’.:‘ 57 mouse 1 tibia__rec00001014.jpg

.% i - ?; [77] €57 mouse 1 r tibia__rec00001013.jpg

£ 5 | [7]c57 mouse 11 tibia_rec00001012jpg
Selection X

Direct  Analytic
2 posiion
Reference: 1013 < 911693 mm 0K

0.50400 mm Cancel

Offset: 56
16!

7
Range: |37 1.51199 mm

Al

1.50299 mm

= 168/573 Select All

Current 2D slice is shown (bottom left of image). 2D slice library is shown (top left of

image). For bones, landmark regions are selected (shown above). In the image projection

(upper right of image), VOIs are shown in grey, current 2D slice is the red line, regions

outside of the VOlIs are shown in green.

Uploading objects into CTAn = open reconstructed file = if required, select 2D slice for

landmark =2 right click on selected slice for analytical selection =2 input offset and

volume of interest height = apply.
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Region of interest segmentation: ROl can segment specific areas of interest, within the
VOI. ROI allows reduced information, resulting in reduced processing and file sizes.

Z)> BEeBE-0M 4@0 W Bl @ $DO% 6 &G @E£EE 0
B : 3 Raw images @ Regions of interest
File name ROI type
“ 657 mouse 1 1 tibia__rec00000962.jpg Interpolated ROI
57 mouse 1 r tibia__rec00000961.jpg Interpolated ROI
57 mouse 1 1 tibia__rec00000960.jpg Interpolated ROI
57 mouse 1 1 tibia__rec00000959.jpg Interpolated ROI
57 mouse 1 1 tibia__rec00000958.jpg Interpolated ROl
L 4 57 mouse 1 1 tibia__rec00000957.jpg Polygonal ROI
57 mouse 11 tibia__rec00000956.jpg Interpolated ROI
57 mouse 11 tibia__rec00000955.jpg Interpolated ROI
= l . 57 mouse 1 1 tibia__rec00000954.jpg Interpolated ROI
£1 421 ©57 mouse 1 r tibia__rec00000953.jpg Interpolated ROI
-gﬁ Q 57 mouse 1 1 tibia__rec00000952.jpg Interpolated ROI
g} {L;} 57 mouse 1 1 tibia__rec00000951.jpg Interpolated ROI
% 2 42} €57 mouse 1 r tibia__rec00000950.jpg Interpolated ROI
A g C‘. c57 mouse 1 r tibia__rec00000949.jpg Interpolated ROI

VOI selection = Region of interest tab (second cactus icon on the task bar) = draw
manually a few slices throughout the VOI using a drawing pad or mouse = ROl will
interpolate together; space bar allows toggle. Ensure each slice is checked to include the
entire ROl = save images from ROl to generate a VOI =2 open VOI into CTAn

Consideration: think about the final 3D print. What is the final height? How complex can
the shape be? Increased complexity causes increased file size, and not all 3D printers/bio-
printers will be able to produce complex shapes.

Task list: Custom processing (green face on task bar) allows the information to be
differentiated, highlighted, analysed and for outputs to be generated. Internal plug-ins
are available in the interface. A particularly important task is the binary threshold
selection (black and white cactus on task bar). By assigning an appropriate binary
threshold, information is segmented.
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F > ESEHBHN 4@ O K

X 2 @ Raw images Binary selection
Fie name Z-postion
cS? mouse 11 tibia__rec_voi_00000S01 bmp 301 line (8.103 mm)
257 mouse 1 1 tibia__rec_voi_00000300 bmp 900 line (8.100 mm)
B 57 mouse 1 1 tibia__rec_voi_00000839 bmp 859 line (8.091 mm)
c57 mouse 11 tibia__rec_voi_00000838 bmp 898 line (8.082 mm)
» c57 mouse 11 tibia__rec_voi_00000897 bmp 897 line [8.073 mm)
c57 mouse 11 tibia__rec_voi_00000835.bmp 895 line (8.064 mm)
557 mouse 11 libia__rec_voi_00000835.bmp 895 line (8.055 mm)
mc57 mouse 1 1 tibla__rec_voi_00000834 brp 834 line (8.046 mm)
& ! 057 mouse 1 1 tibia__rec_voi_00000833 bmp 893 line (8.037 mm)
% : B 57 mouse 1 1 tibia__rec_voi_00000832 bmp 892 line (8,028 mm)
=1 357 mouse 1 1 tibia_rec_voi_00000831 bmp 891 fine (8.013 mm)
g‘ c57 mouse 11 tbia__rec_voi_00000850 bmp 890 line (8,010 mm)
§ B BB c57 mouse 11 tbia_rec_voi 00000889 bmp 889 line (8.001 mm)
&l B | [Bc57 mouse 1 1 tibia_rec_voi 00000888bmp 888 line (7.992 mm)

Binary selection = optimise the lower and upper threshold boundary to include
information. Once selected = custom processing =2 internal plug-ins =2 thresholding =
either ‘+’ to action immediately or add to task list. If further segmentation / cleaning of
the object is required, optimise with other internal plug-ins.

Recommended: Threshold 70 — 225, despeckle ‘remove white speckles in 3D space with
a volume less than 30 voxels in the region of interest’,
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3D model selection: Within CTAn, internal plug-ins on the custom processing tab -
different meshing algorithms are available: Marching cubes 33, double time cubed,
adaptive rendering to produce various 3D model file types; STL, Ply, Ctm and p3g. Files
can be exported as either ASCII or binary, with various units that provide exportation
scale based on the scanning parameters. Choice of algorithms may impact meshing
errors that require increased rendering.

Meshing Functionality

algorithm

Marching Entire VOI is split into cells. If the cell contains information, it is
cubes 33 compiled into a 2D mesh with neighbouring information. The

information is filtered into a 3D polygonal mesh to represent the
triangular surface in-line with meshing rules.

Double times | Comparative to marching cubes 33, with fewer cell regions and
cubed information.

Adaptive Comparative to marching cubes 33, however more control of
rendering locality and tolerance which defines accuracy between pixel
boarders.

STL files follow the rules of tessellation:

1. The tessellation must tile a surface with no overlapping or gaps.
2. The tiles must be regular consistent polygons.
3. Each vertex must look identical.

3D model .

Filename | Cushom - C57 Mouse 1 Tibea |

Apply o Image made ROl ~ | Typeofhle | sl v

Algontken Adaplive rendenng Format  bimary

Locally |1

Tcderance |1-UU - Smoothing | On

L3

Urak | L W

Recommended: Adaptive rendering, STL, binary, um. Optimise to your own
experimental requirements.
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Considerations: Increased complexity of surface, or high-resolution scans may produce
large output files which standard PCs, software, and benchtop 3D bioprinter can not
process and read. Standard 3D bioprinters have limited printable resolution in
comparison to imaging resolution of a CT scanner.

Computer assisted design (CAD).

Software selection: Different approaches can be applied to model rendering based on
the software available, and the rendering of the model required. Autodesk® Meshmixer,
TinkerCAD, Free CAD and Rhino are open-source CAD software with user friendly
interfaces that allow basic model rendering whereas Autodesk® Fusion 360®, Autodesk®
Inventor and SolidWorks requires a paid/education licence to assess but enables detailed
analysis of models and rendering possibilities. List is not exhaustive.

Meshmixer: Simplistic CAD software that allows transformation of entire model size XYZ
co-ordinates, fixing meshing errors and making the 3D model manifold (solid). The
mouse allows different orientations, with the scroll wheel allowing +/- magnification.

‘ Autodesk Meshmixer - C57 Mouse 1 Tibia.stl
File Actions View Help Feedback MyAccount

@, Inspector

Hole Fill Mode

Smooth Fill

‘ L) Small Thresh

Importing the STL 3D model into Meshmixer shows object surface mesh information,
and errors in the mesh (red & pink, represents thresh errors). Repairing mesh allows the
structure to become manifold, with minimal errors likely to present in the printing
process. Increased complexity can cause increased errors.
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Repair mesh: Analysis = inspector = hole fill mode = smooth fill = auto repair all.

Transform

Coordinate Space

Local Frame il
Translate X 0 mm
Translate ™" 0 mm
Translate £ 0 mm
Rotate X 0
Rotate " 0
Rotate £ 0
Scale X 1
Scale ™ 1
Srale 7 1
Size X 2489 0 mm
Size ™ 1854.8  mm
Size ~ 28122 mm

Transform

Coordinate Space

' Uniform Scaling

Enable Snapping
+ Absolute Coords/Sizes
Snap Step 52.5 mm

\ 4

Local Frame b
Tranzslate X 0 mm
Translate ™ 0 mm
Tranzslate Z 0 mm
Rotate X 0
Rotate " 0
Rotate £ 0
Scale X 1
Scale ™ 1
Scale & 1
Size X 2489 mm
Size ™ 16.648 mm
Size £ 26,121 mim

» Unitorm Scaling

Enable Snapping
~ Absolute Coords/Sizes
Snap Sltep 2.5 mm

Transform size: Edit - Transform = coordinate space to local frame = original size XYZ
stated, tick uniform scaling to ensure proportionate sizing.

Considerations: Transforming size by XYZ coordinates allows transformation with intact
resolution of the original imaged model, to a scale appropriate for the method of 3D
printing/bioprinting. For bioprinting - resolution is dependent on the biomaterial used,
cells, and nozzle inner diameter. Larger builds can be achieved with 3D printing,
dependant on material with less considerations.

Nozzle inner diameter = optimal filament width. E.g. 22G nozzle allows an absolute
optimal filament width of 0.403 mm.
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Majority of models for 3D bio-printing require making manifold (solid), with empty space
causing increased, errors, tessellation, and file size. For 3D printing this is dependant on
the model of creation.

File Actions View Help Feedback WyAccount
| & Make Solid =
—
- Solid Type
Import
Fast v
= ) Color Transfer Mode
&
Automatic v
Meshmix
Solid Accuracy 128
V|
Select Cell Size 2041 mm
=y Mesh Density 128

Sculpt Cell Size 1924 mm

Stamp Min Thickness 0 mm

/ @
A Cull Edges Threshol 100

Making the model manifold (solid): Solid type 2 Fast type reduces tesselation where as
accurate type minimises changes to detail.

Considerations: All options are optimisable to the desired render of the model.
Retention or increase of detail may not always be required, as downstream processes
(extrusion based bioprinting) may not allow translation of detail.

Unique features are available on meshmixer, such as free-hand sculpting, colouring,
separating shells and making different slices of the model e.g., separation of trabecular
and cortical bone. Strength, thickness, and stability assessment can also be completed.
If the object is not connected, to the build plate, nodes/support beams can be generated
— this is more applicable to 3D printing via overhangs in the analysis tab.

Once the model rendering is complete, to export the file as an STL: File = export =2 file
name, STL (choose between ASCII or binary, changes to file size). Other file types include
OBJ, dae, ply, smesh, amf, and wrl. Alternatively, if the PC with the CAD software is
connected to the 3D printer, the option to send to printer is available.
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Autodesk Fusion 360: Comprehensive CAD software that allows rendering of
tessellation, objects, and construct surface. User friendly interface, with helpful user-
guides throughout. To change the orientation of the model, use the mouse, scroll wheel
for +/- magnification, and the features in the bottom middle of the interface.

To create a free account with an education-linked email

1. https://www.autodesk.com/education/edu-software/overview

2. Enter education linked (.ac.uk) email, and relevant information for the
educational individual subscription.

3. Create account, note down the credentials ready for the workshop.

Alternatively, a 30-day free trial can be subscribed.

18 Autodesk Fusion 380 (Education License) ) 0 X

H R 8« oy @ C57 Mouse 1 Tioia_Rendered Meshmixer'(1) ~+ Ol o

ssssss MesH FoRM
A

o HE@®EN Y FOUSSS B A = BN

CONFIGURE™  CONSTRUCT® | WSPECT+ NSERT SELECT~

@ Q Q- - B

Import STL model: file 2 open = open from my computer = select STL file.

Mesh repair: Design workspace = Mesh tab =2 repair = stitch and remove type
recommended.

Transformation of size: Design workspace 2 solid tab = modify = scale (0.1 for a X10
reduction)
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Sometimes it is necessary to alter tessellation/mesh wireframe. Reducing mesh allows
for a reduction in tessellation thereby file size and resolution, however drastic reduction
can cause distortion of the original shape. Remeshing increases tessellation, which
causes an increase in file size and resolution. The mesh capabilities are dependent on
the 3D printer/bioprinter, and the material of the intended model.

Reducing Remeshing

Reducing: Design workspace = Mesh - Modify tab - Reduce > Proportion >
Adaptive = shape proportion 5

or

Remeshing: Design workspace = Modify tab = Remesh = adaptive = Density of 1 2
shape preservation 0.5.

Considerations: The mesh capabilities are dependent on the 3D printer/bioprinter, and
the material of the intended model. For bench top printers, the processor will not
translate large file sizes. Increased tessellation will also increase print speed, as increased
detail and complexity requires to be translated. For 3D bio-printing, biomaterial choice
will heavily influence capabilities of complexity. Increasing mesh can introduce more
error in tessellation. Ensure that the computer you intend to work on has high processing
power (e.g., modern |17 processors), if not increased complexity in design may cause
lower specification computers to fault.
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3D designs with high complexity, it may be reasonable to remove ‘objects’ within the 3D
model e.g. Tb structures that are not connected to a solid base, therefore would not
translate into a solid structure. Generation of ‘face groups’ allows surfaces to be
connected and removed. Only complete fast type, unless work is being completed on a

high specification computer.

Face-groups: Design workspace = Prepare tab = Mesh = Generate face groups > fast
type = minimum face group needs to be optimised.

Once face groups have been generated, inspect the model for any over-hangs, structures
not connected to the main body of the model etc. To remove, select the tessellated
structure, press CTRL, and delete. Use orbit and grab to change perspectives on the
model, as well as zooming -/+.

Before

Removal of face groups: Select un-supported group = CTRL + del.
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Considerations: As well as generation of separate face-groups, joining of face-groups
allows a combined model. Although removing un-supported structures is beneficial for
3D bio-printing where biomaterials are not typically self-supporting, this alters the
original structure.

Validating different measurements is important to validating the success of a print.
Minimum width achievable for bio-printing is the nozzle inner diameter, with 3D printing
dependant on the material usage.

WM R @ «- " n Il Untitied x & C57 Mouse 1 Tibla_Rend:
PLASTI

™t ¥ @
- |

MESH Form sTic LTS
[ il L’ ’ (o | B f‘ ) ‘d — H
®®W (HE e ) MM (
PREPARE * WODIFY * nserr - seLecT=

ASSEMBLE ¥ CONFIGURE ¥ CONSTRUCT ¥

T

A
N

5.4 G- W o - @ - -

Measuring model: Design = Mesh =2 Inspect = Measure = place two positions.

Optional step: Supports can be generated to facilitate the 3D printing of a complex
structure, this requires optimisation.

Generation of supports: Manufacture workspace = set up = new set up = additive
type (prepares model for 3D printing) = select printer and material (fusion contains a
large library of existing 3D printers) = position the 3D model on the build plate =2
supports panel (Select support density, spacing and pattern) = preview = ok to generate
tool path = post process to export GCODE model

The features on fusion 360 are extensive. In this workshop, some design features have
been explored. Unique features include generative design, render, animation,
simulation, manufacture and drawing. All features include information, tutorials, and
summaries. Alongside this, within the simulation workspace different computational
tests can be completed on the 3D model generated — this is more applicable to 3D
printing where the material is known and characterised by the software. This can assess
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stress on the model (static, dynamic, nonlinear, and structural), variations of

temperatures, and inclusion of fluid flow channels.

New Study

!

=
A A

Static Stress
Thermal Stress

%
=04

Dynamic Event
Simulation

se a study type

Static Stress

Analyze the deformation and stress into the model from structural

loads and constraints.
From the results, you can investigate displacement, stresses, and

common failure criteria. The results are calculated based on
assumption of linear response to the stress

Create Study Cancel

Once the final model has been rendered as appropriate, fusion 360 offers 14 different

file types to export. Although STL is mostly accepted by 3D printers/bio-printers, some

printers may have a specific file type compatibility.

Export the 3D model: File 2 Export =2 select file type (STL) and destination.
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IgG controls for immunopositivity staining on MC3T3-E1 chamber slides represented no
non-specific binding, supporting the immunopositivity detected in Figures 6.3.2 — 6.3.5.

Figure S7. MC3T3-E1 monolayer immunocytochemistry IgG controls for
characterisation over 21 days + ascorbic acid. Each independent IgG control was tested
at the same concentration of the antigen-specific antibody. Day 7 Chamber slides with
1x10* MC3T3-E1; Immunopositivity is represented by brown staining. Runt-related
transcription factor-2, alkaline phosphatase, osteopontin, osteocalcin, caspase-3, ki-67
and type-1 collagen are shown. n = 3, representative image shown, scale bar represents
20 um.
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IgG controls for immunopositivity staining on MC3T3-E1 bioprinted in-vitro 3D
constructs represented no non-specific detectable binding for Runx2, ALP, OPN, CAS-3,
Ki67 and COL-1. OCN featured non-specific binding of both antigen-specific and IgG
control due to the high concentration of antibodies required as previously optimised for
bones. Due to this, OCN for in-vitro 3D constructs were not included in the study.

Supportive information for Figures 6.3.19 — 6.3.24.

Runx2 ALP
OPN OCN T3
e e, 2 /
CAS-3 Ki67
1 F
4
COL-1

20pm.

Figure S8. Randomly selected cellular conditions immunohistochemistry IgG controls
for characterisation of in-vitro 3D bioprinted constructs. Each independent IgG control
was tested at the same concentration of the antigen-specific antibody. Non-specific
binding and immunopositivity are represented by brown staining. Runt-related
transcription factor-2, alkaline phosphatase, osteopontin, osteocalcin, caspase-3, ki-67
and type-1 collagen are shown. n = 3, representative image shown, scale bar represents
20 um.
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