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The Cover Unveiled: A Visual Journey Through the Essence of my Thesis!

The rapid expansion of Al technologies is reshaping the landscape of biomedical
engineering, a field in which these technologies have played a prominent role throughout this
thesis, often referred to as 'in silico' tools. The cover page and the opening of each chapter in this
doctoral thesis feature Al-generated visual representations (Midjourney) that precisely reflect
the research title as of its publication in the summer of 2023. As we are entering the era of Al-
generated imaginative contents, these creative depictions serve as a foundation for visualizing
the physico-chemical cues to guide bone regeneration and their evolution can be assessed and
refined over time.
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Great things are not done by impulse, but
by a series of small things brought together

VINCENT VAN GOCH
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Abstract

Bone is well-known for its ability to self-repair much of the damage it experiences due to
trauma or disease. However, when the damage is too severe such as for critical size defects or
infections, their natural healing capacity is surpassed, and alternative approaches are required.
Classical bone tissue engineering (BTE) strategies combine biomaterials, cells and growth
factors to create living implants. The demand for technologies capable of improving the
biomaterials used for treating large bone defects has been increasing. Consequently, various
materials and manufacturing techniques have been explored leading to better control of the
geometric, mechanical, and biological properties associated with bone scaffolds. Calcium
phosphates (CaP) stand out as an excellent scaffold material for bone regeneration due to their
resemblance to natural bone and active promotion of osteogenesis. By controlling and
optimizing the structure of CaP-based scaffolds at multiple scales, substantial advancements in
BTE can be achieved. However, the design of CaP-based scaffolds and the tuning of their
physical and chemical cues to maximize bone healing remains an open challenge.

In this thesis, we aimed to develop a combined experimental-computational framework to
explore the key morphological drivers of bone regeneration in CaP-based scaffolds and to use
these insights to design, manufacture and test optimized scaffolds in static and dynamic
conditions in vitro.

Initially, we established a theoretical basis for this work by conducting a comprehensive
systematic literature review and meta-analysis of the bone forming potential of CaP-based
biomaterials tested in craniomaxillofacial (CMF) animal models. The analysis highlighted the
influence of structural properties like chemical composition, particle size and pore size, as well
as experimental factors including implantation time and animal species. This comprehensive
meta-analysis quantitatively underscored the significance of key structural parameters in CaP
biomaterials' bone regeneration potential.

Then, a data-driven model was constructed to serve as an optimization tool for enhancing
CaP bone biomaterials. The dataset combined histomorphometrical data from seven
commercially available intra-oral bone grafts, obtained from previous in-house studies, with
their physico-chemical attributes analyzed in the current investigation. Partial least square
regression (PLSR) modeling revealed that chemical composition and macroporosity held
significant weight in the key properties related to effective bone tissue regeneration. This study
not only enhanced our comprehension of how specific biomaterial properties influence the bone
healing process but also furnished a robust instrument for designing bone biomaterials with
more controlled and customized structures.



Next, we conducted exploratory and confirmatory experimental trials employing the key
physico-chemical drivers identified in the previous studies. A first screening approach involved
creating disk-shaped scaffolds constructed from hydroxyapatite (HAp), tricalcium phosphate
(TCP), and biphasic calcium phosphate (BCP) materials with channels of different basic
geometries and sizes. These disks were seeded with bone marrow derived immortalized
mesenchymal stem cells (hnTERT-BMMSCs) and their growth under static conditions was
quantified over time. These cells demonstrated curvature-based neotissue growth across all
pore geometries. This observation confirmed the validity of previously developed mechanistic
models for neotissue for CaP-based materials. An optimized 3D scaffold structure was predicted
and produced, and in vitro testing demonstrated a good agreement between the predicted and
observed neotissue formation in the scaffold.

Subsequently, the investigation into scaffold internal design progressed towards more
complex and advanced structures. A series of 3D-printed triply periodic minimal surface (TPMS)
scaffolds were designed in silico (with and without gradients in the microstructure) and
additively manufactured in HAp. After seeding with hTERT-BMMSCs, the constructs were
cultured in either static or dynamic culture conditions. For the latter, a previously developed
bioreactor was used, after modifying it to allow for the culture of multiple samples per run. All
scaffold structures showed very good to outstanding performance in terms of cell viability, gene
expression and de novo bone formation, with dynamic culture conditions outperforming static
conditions. This study contributed to the assessment of the impact of spatial pore architecture
and structural gradients on the biological functionality of 3D-structured CaP-based scaffolds.

In conclusion, this PhD thesis offers valuable insight into the contribution of physico-
chemical attributes and internal design on the biological functionality of CaP-based bone
biomaterials. This newfound knowledge directly contributes to designing and additively
manufacturing optimized scaffolds for BTE applications.



Resume

Les os sont bien connus pour leur capacité a s'auto-réparer en grande partie des dommages
causés par un traumatisme ou une maladie. Cependant, lorsque les dommages sont trop
importants, comme dans le cas de défauts de taille critique ou d'infections, leur capacité de
guérison naturelle est dépassée, et des approches alternatives sont nécessaires. Les stratégies
classiques d'ingénierie tissulaire osseuse (ITO) combinent des biomatériaux, des cellules et des
facteurs de croissance pour créer des implants vivants. La demande de technologies capables
d'améliorer les biomatériaux utilisés pour traiter de grands défauts osseux ne cesse
d'augmenter. En conséquence, divers matériaux et techniques de fabrication ont été explorés,
ce qui a permis de mieux controler les propriétés géométriques, mécaniques et biologiques
associées aux échafaudages osseux. Les phosphates de calcium (CaP) se distinguent comme un
excellent matériau d'échafaudage pour la régénération osseuse en raison de leur ressemblance
avec I'os naturel et de leur promotion active de I'ostéogenése. En controlant et en optimisant la
structure des échafaudages a base de CaP a plusieurs échelles, des avancées substantielles dans
I''TO peuvent étre réalisées. Cependant, la conception des échafaudages a base de CaP et
I'ajustement de leurs indices physiques et chimiques pour maximiser la guérison osseuse restent
un défi ouvert.

Dans cette thése, nous avons cherché a développer un cadre expérimental-computationnel
combiné pour explorer les principaux moteurs morphologiques de la régénération osseuse dans
les échafaudages a base de CaP et utiliser ces connaissances pour concevoir, fabriquer et tester
des échafaudages optimisés dans des conditions statiques et dynamiques in vitro.

Initialement, nous avons établi une base théorique pour ce travail en menant une revue
systématique exhaustive de la littérature et une méta-analyse du potentiel de formation osseuse
des biomatériaux a base de CaP testés dans des modeéles animaux craniomaxillofaciaux (CMF).
L'analyse a souligné l'influence des propriétés structurelles telles que la composition chimique,
la taille des particules et la taille des pores, ainsi que des facteurs expérimentaux tels que le
temps d'implantation et |'espece animale. Cette méta-analyse exhaustive a quantitativement
souligné l'importance des principaux parametres structurels dans le potentiel de régénération
osseuse des biomatériaux a base de CaP.

Ensuite, un modele basé sur les données a été construit pour servir d'outil d'optimisation
pour améliorer les biomatériaux osseux a base de CaP. Le jeu de données combinait des données
histomorphométriques provenant de sept greffes osseuses intra-orales commercialement
disponibles, obtenues a partir d'études internes antérieures, avec leurs attributs physico-
chimiques analysés dans I'étude actuelle. La modélisation par régression des moindres carrés
partiels (PLSR) a révélé que la composition chimique et la macroporosité avaient un poids



significatif dans les propriétés clés liées a la régénération tissulaire osseuse efficace. Cette étude
a non seulement amélioré notre compréhension de la maniére dont des propriétés spécifiques
des biomatériaux influencent le processus de guérison osseuse, mais a également fourni un
instrument robuste pour concevoir des biomatériaux osseux avec des structures plus controlées
et personnalisées.

Puis, nous avons mené des essais expérimentaux exploratoires et confirmatoires en utilisant
les principaux moteurs physico-chimiques identifiés dans les études précédentes. Une premiére
approche de dépistage impliquait la création d'échafaudages en forme de disque construits a
partir de matériaux d'hydroxyapatite (HAp), de phosphate tricalcique (TCP) et de phosphate de
calcium biphasique (BCP) avec des canaux de différentes géométries de base et tailles. Ces
disques ont été ensemencés avec des cellules souches mésenchymateuses immortalisées
dérivées de la moelle osseuse ("nTERT-BMMSCs) et leur croissance dans des conditions statiques
a été quantifiée au fil du temps. Ces cellules ont démontré une croissance de néotissu basée sur
la courbure a travers toutes les géométries de pores. Cette observation a confirmé la validité des
modeles mécanistiques précédemment développés pour le néotissu pour les matériaux a base
de CaP. Une structure d'échafaudage 3D optimisée a été prédite et produite, et les tests in vitro
ont démontré un bon accord entre la formation de néotissu prédite et observée dans
I'échafaudage.

Par la suite, l'investigation sur la conception interne de I'échafaudage a progressé vers des
structures plus complexes et avancées. Une série d'échafaudages de surface minimale
périodique triplement périodique (TPMS) imprimés en 3D ont été congus in silico (avec et sans
gradients dans la microstructure) et fabriqués de maniere additive en HAp. Aprées
ensemencement avec hTERT-BMMSCs, les constructions ont été cultivées dans des conditions
statiques ou dynamiques. Pour ce dernier, un bioréacteur précédemment développé a été
utilisé, apres modification pour permettre la culture de plusieurs échantillons par course. Toutes
les structures d'échafaudage ont montré une performance trés bonne a excellente en termes de
viabilité cellulaire, d'expression génique et de formation osseuse de novo, les conditions de
culture dynamiques surpassant les conditions statiques. Cette étude a contribué a |'évaluation
de l'impact de l'architecture spatiale des pores et des gradients structurels sur la fonctionnalité
biologique des échafaudages a base de CaP structurés en 3D.

En conclusion, cette thése de doctorat offre un apercu précieux de la contribution des
attributs physico-chimiques et de la conception interne sur la fonctionnalité biologique des
biomatériaux osseux a base de CaP. Cette nouvelle connaissance contribue directement a la
conception et a la fabrication additive d'échafaudages optimisés pour les applications d'ITO.
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CHAPTER 1
Introduction and rationale

Bones are more than just the scaffolding
that holds the body together. Bones comein a
variety of shapes and sizes and have many
roles. Their functions include supporting body
structure, protecting vital organs, and
allowing the body to move. Also, they provide
an environment for bone marrow, where the
body creates blood cells, and they act as a
storage area for minerals,
particularly calcium. However, bones are &
susceptible to defects that are most
commonly caused by extensive trauma,
tumors, infection, or congenital
musculoskeletal disorders. These bone -
defects can be treated by a treatment
strategy, known as tissue engineering (TE),
which combines the use of scaffolds, cells, and
biologically active molecules. The
fundamental and structural properties of the °
scaffold can greatly influence the bone
regeneration process. To improve and
enhance bone healing, the design of TE
constructs should be optimized. The
fundamental understanding of the influence
of physicochemical properties on the

regeneration potential of bone scaffolds
forms the basis of this PhD research work.

This chapter starts with a short description of the composition and structure of bone, followed by an
introduction to bone regeneration. Subsequently, an overview of clinical hurdles for bone defects will be
given. The chapter then describes the most frequently used type of biomaterials in bone tissue
engineering and their physicochemical characteristics. Ultimately, the scaffold design and the additive
manufacturing techniques to produce optimal structures are discussed.


https://www.medicalnewstoday.com/articles/285666.php
https://www.medicalnewstoday.com/articles/248958.php
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1.1. Bone composition and structure

Bone is a heterogeneous tissue that possesses a remarkable capacity for regeneration and
has the ability to adapt to different mechanical and biological conditions, earning it the
distinction of being a highly adaptable or "intelligent" material. Bone is composed of an
inorganic phase (also called the mineral phase), an organic phase, and water. The inorganic
phase consists of hydroxyapatite (HAp: Ca.o(PO,)s(OH).) which resists compression. In contrast,
the organic phase primarily consists of type | collagen giving bone its form and contributing to
its ability to resist tension. The inorganic phase makes up around 65% of the bone volume in
terms of its wet weight. The organic component typically accounts for slightly over 20% of the
wet weight, while water contributes approximately 10% [1,2].

Bone tissue originates from two types of stem cells: mesenchymal stem cells (MSC)and
hematopoietic stem cells (HSC). The MSCs differentiate into osteoblast progenitors
(preosteoblasts), osteoblasts, bone-lining cells, and osteocytes. The HSCs differentiate into
monocytes, preosteoclasts, and osteoclasts. Each of these cells has a unique function and,
together, they maintain homeostasis of the bone tissue via bone remodeling. In doing so, they
regulate the structure and function of bone tissue. Osteoblasts are mononuclear cells and are
specially adapted for synthesizing the organic matrix of bone. Osteocytes are also mononuclear
cells which are primarily mechanosensors and modulators of cell activity and compose 90% of
bone cells at maturity. Bone-lining cells are sometimes referred to as resting osteoblasts or
surface osteocytes and they lie directly against the bone matrix and have an elongated or
flattened form. Osteoclasts are polynuclear cells that play an important role in bone resorption

[3,4].

Bones can be classified into different categories based on their shapes, such as long bones
(e.g., femur, tibia), short bones (e.g., wrist, ankle), flat bones (e.g., skull, hip), irregular bones
(e.g. vertebra, sacrum), sesamoid bones (small, oval-shaped bones located between tendons,
e.g. patella) and sutural bones (small bones located between the flat bones of the skull, e.g.
wormian bones). At the macroscopic scale, bones are in two types: cortical (compact) and
cancellous (trabecular or spongy) bones. Both these bone types have the same matrix
composition and structure but differ only in density or porosity. Cortical bone refers to the thick
outer surface or diaphysis of typically a long bone with 10% porosity and the cancellous bone
forms epiphysis with 50-90% porosity. Cortical bone contributes about 80% of the weight of a
human skeleton and its ultimate compressive strength is ten times greater than cancellous
bone. Bone tissue can furthermore be categorized into lamellar bone and woven bone at the
microscopic level, with each type exhibiting distinct characteristics in terms of formation,
composition, organization, and mechanical properties. Woven bone is characterized by a rapid
formation rate and an irregular arrangement of collagen fibers, whereas lamellar bone is less
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dynamic and possesses a highly organized structure. Due to its irregular collagen-fibril
orientation and inconsistent mineralization pattern, woven bone is more flexible and weaker
compared to lamellar bone [3].
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Figure 1.1. (3) Schematic representation of long bone, (b) structure of epiphysis and (c) structure of diaphysis.
(https://www.slideshare.net/MissReith/lecture-bone-structure-markings?from_action=save, accessed 03-10-2022)

1.2. Bone remodeling and regeneration

Bone as a highly dynamic form of connective tissue undergoes continuous remodeling. Bone
remodeling is a complex and well-orchestrated physiological process including the removal of
(damaged) bone by osteoclasts, followed by the formation of new bone by osteoblasts to
optimally adapt its structure to changing functional demands (mechanical loading, nutritional
status, etc.). It engages various cell types and intracellular as well as extracellular molecular
signaling pathways in a specific temporal and spatial order.

When skeletal function is disrupted by trauma or the creation of bone defects, bone tissue is
repaired by bone regeneration. This process involves the recapitulation of normal fetal
skeletogenesis pathways such as intramembranous and endochondral ossification. The
objective of this orchestrated sequence is to optimize skeletal repair and restore skeletal
function [5,6]. Unlike in other tissues, the remarkable aspect of bony injuries (fractures) is that
they typically heal without the formation of scar tissue. Instead, bone regeneration takes place,
resulting in the restoration of pre-existing bone properties to a large extent. Ultimately, the
newly formed bone tissue becomes indistinguishable from the neighboring uninjured bone [6].


https://www.slideshare.net/MissReith/lecture-bone-structure-markings?from_action=save
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1.3. Clinical hurdles for bone defects

The number of orthopedic surgery procedures performed worldwide totaled approximately
28.3 million by 2022. Diseased or damaged bone tissue currently places an enormous demand
on bone substitutes for transplantation, being the second most transplanted tissue annually [7].
The value of this market is expected to reach around 4 billion US dollars by the year 2027
(G.V.Research [8]). Bone tissue is remarkable with both mechanical strength and the ability to
self-renew without creating scar tissue. Despite these properties, bone diseases and traumatic
injuries cause widespread problems leading to bone defects that are unable to regenerate [9].
Bone fractures are one of the most common traumatic large-organ injuries of which 5-10% do
not heal properly [10]. These so-called non-unions mostly arising due to trauma, tumor,
infection, metabolic bone diseases, or genetic diseases, represent a major therapeutic challenge
for orthopedic and reconstructive surgeons [11].

The reconstruction of large bone defects, so-called critical size bone defects caused by
trauma, disease, or tumor resection is a major challenge in clinics. The term critical size refers to
the fact that the size of these defects exceeds the intrinsic capacity of self-regeneration resulting
in delayed and impaired bone healing (non-unions). Surgical management aims to reconstruct
the defect, avoid amputation and provide acceptable functional outcomes. This type of lesion
requires additional treatment with bone materials in order to restore pre-existing function
[6,11]. Given its optimal osteogenesis, osteoinduction, osteoconduction, and histocompatibility
properties, along with the lower risk of immunological rejection, autologous graft represents the
most commonly used strategy for the reconstruction of bone defects. However, the best surgical
technique choice is still debated, and no consensus has been reached [12].

Critical size bone defects requiring intervention are generally categorized as either
orthopedic or cranio-maxillo-facial (CMF). Orthopedic defects occur in the long bones of the
limbs or the spinal vertebrae, which normally experience torsional and compressive loads. These
bones are essential to a patient’s mobility [13]. Material designs with an osteoinductive
component are typically preferred over solely osteoconductive biomaterials for this application
[14]. CMF bone defects are generally not load-bearing, except for those involving the upper and
lower jaws and the temporomandibular joints [13]. CMF defects typically have complex shapes
and involve interfaces with multiple tissue types. Additionally, surgical interventions for those
defects must consider aesthetics and proper functionality of CMF regions in speech and food
consumption.

1.4. Bone tissue engineering (BTE)

The currently available treatment strategies for bone loss are based on autologous,
allogeneic, or xenogeneic bone transplantation, as well as synthetic biomaterials. Nevertheless,
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all these alternatives have limitations and have not yet proven to be fully satisfactory. The
autograft-based technique (i.e., bone grafts taken from the same person's body) results in donor
site morbidity. Whereas the allograft-based technique (i.e., bone grafts taken from a deceased
donor) prevents the problem of donor site morbidity, it nevertheless presents the potential risk
of viral or bacterial infections and an immune response of the host tissue afterimplantation [15].

Tissue engineering (TE) emerged during the past few decades as a field aiming to create
biological replacements that can mimic tissues for disease diagnosis or modeling and
replace/regenerate unfunctional or injured tissues [16]. This method unites scientific principles
of engineering, biology, and physics, by combining biomaterials, cells, and factors. The main
constituents of TE implants are divided into three groups: (1) cells, which can be tissue-specific,
stem cells, embryonic stem cells (autologous or allogenic), orinduced pluripotent stem cells; (2)
the matrix (natural or synthetic), which may be in different physical forms; (3) growth factors in
in vitro culture systems which can provide static, stirred, or dynamic flow conditions. This is also
considered that TE products can have the benefit of controlled drug delivery methods for the
release of bioactive molecules that may help in new tissue formation (Figure 1.2) [17].

Bone TE can provide an alternative for cases in which the fracture needs surgical
intervention. This approach used for bone regeneration can offer adequate and effective
orthopedic therapies, reducing the need for tissue donors. The relatively easy access to the
patient’s osteoprogenitor cells in either marrow or periosteum is a particular advantage for
skeletal tissues [18]. TE technique is successful in overcoming complications and disadvantages
associated with traditional methods such as autografts, allografts, and bone substitute
biomaterials [19]. Through the combination of life sciences and engineering principles in bone
tissue engineering (BTE), a substrate (scaffold) serves as structural guidance, and anchorage
sites for cells, in order to develop engineered structures by a combination of scaffolds and living
cells to restore, maintain or improve bone tissue function [15]. The scaffold is also contributing
to the remodeling of the extracellular matrix (ECM) to ensure the integration with surrounding
host tissues, and at the same time, is establishing an interface to respond to biological and
physiological changes in vivo [17].
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Figure 1.2. lllustration of bone tissue engineering principles [17].

1.5. Bone biomaterials

Although autologous bone grafting still represents the gold standard technique for large
bone reconstruction, several factors limit its application. A major restricting parameter is the
volume of bone needed to treat this type of injury, as well as the associated pain and possible
donor-site complications due to the additional surgical intervention at the bone harvest site.
Similar disadvantages may be observed for allogenic bone grafts including immunogenic
reactions and transfer of diseases [11,20]. Hence, natural or synthetic biomaterials can be
employed within BTE strategies, ensuring effectiveness and the appropriate time for treatment.

1.5.1. Biomaterials classification for BTE

The scaffolds that are currently used for BTE applications are mainly in four groups:
polymers, metals, bioactive ceramics and hybrids (composites). They can be injectable, or rigid
depending on their composition and intended use.

1.5.1.1. Polymers

Polymers can exist in either natural or synthetic forms. Naturally occurring polymers, such
as fibrin, hyaluronic acid, chitosan, and collagen, demonstrate favorable biocompatibility,
osteoconductivity, and minimal immunogenicity [21,22]. Nevertheless, there are drawbacks
associated with these polymers, including challenging control over degradation rates and
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limited mechanical stability. Synthetic polymers, like polyanhydride, polypropylene fumarate
(PPF), polycaprolactone (PCL), polyphosphazene, polylactic acid (PLA), polyether ether ketone
(PEEK) and polyglycolic acid (PGA) offer several advantages, such as the ability to regulate
degradation rates, customize bone mechanical properties, create intricate shapes, enhance cell
attachment (negatively-charged chemical groups), and facilitate the delivery of soluble
substances. Additionally, these polymers can be manufactured at lower costs, in large consistent
quantities, and have a prolonged shelf life. A critical drawback is their lower ability to interact
with cells in comparison with natural polymers that, because of their intrinsic nature, show
better bioactive properties [21]. Hydrogels, which are a significant group of polymers employed
in Bone Tissue Engineering (BTE), are hydrophilic polymer networks capable of absorbing water
ranging from 10 to 20% up to several thousand times their dry weight. This unique characteristic
enables cells to adhere, multiply, and undergo differentiation within the hydrogel structure.
Hydrogels, both natural (agarose, alginate and gelatines) and synthetic ones (e.g., poly(vinyl
alcohol)-based), are able to mimic ECM topography and deliver bioactive molecules [23].
Gelatin, derived from collagen through partial hydrolysis, finds extensive application in the
production of microparticles, which are widely used as drug carriers. Microparticles made of
gelatin are highly favored due to their non-toxic nature, stability during storage, cost-
effectiveness, and ease of preparation [24].

1.5.1.2. Metals

Metallic biomaterials are widely used for load-bearing applications and have shown great
success because of their excellent mechanical properties and good machinability [15]. However,
dense metallic materials have a much higher Young's modulus value than natural bone, which
often induces stress shielding after implantation, leading to the resorption of surrounding bone
tissues. To date, several biocompatible metallic materials are frequently used as implanting
materials in dental and orthopedic surgery to replace damaged bone or to provide support for
healing bones or bone defects. Standard surgical implant materials include stainless steel 316 L
(ASTM F138), Cobalt-based alloys (mainly ASTM F75, and ASTM F799) and titanium alloys,
where Ti-6Al-4V (ASTM F67 and F136) and Nickel-Titanium alloy (Nitinol) are the most
employed [25]. Furthermore, tantalum, magnesium and their alloys are of particular interest for
surgical applications due to their more favorable mechanical properties and, in some cases,
biodegradability [26,27]. However, the main disadvantage of metallic biomaterials is the lack of
biological recognition on the material surface. To overcome this limitation, surface coating or
surface modification presents a way to preserve the mechanical properties of established
biocompatible metals while improving surface biocompatibility. Moreover, in order to enhance
communication with/between cells, facilitating their organization within the porous scaffold; it
is desired to integrate cell-recognizable ligands and signaling growth factors on the surface of
the scaffolds [28]. Another limitation of the current metallic biomaterials is the possible release
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of toxic metallic ions and/or particles through corrosion or wear possible that lead to
inflammatory cascades and allergic reactions, which reduce the biocompatibility and cause
tissue loss. Proper treatment of the material surface may help to avoid this problem and create
a direct bonding with the tissue [25].

1.5.1.3. Ceramics

Bioceramics is a large class of specially designed ceramics for the repair and reconstruction
of diseased or damaged parts of the body. Current forms of application in clinical use include
solid pieces (used, for instance, in the reconstruction of middle ear ossicles or as load-bearing
components of joint prostheses), powders and granules for bone filling, coatings on metal joint
prostheses, injectable formulations (bone cement), and porous scaffolds. Based on their tissue
response, bioceramics can be classified into three major families: nearly inert (e.g., alumina and
zirconia), bioactive (e.g., bioactive glass), and resorbable ceramics (e.g., calcium phosphates)
[29]. Nearly inert ceramics are generally used as femoral heads and acetabular cups for a hip
replacement as well as to fabricate dental implants; however, usually, these materials are not
used as scaffolds due to their inertness that triggers the formation of a 1- to 3-pm thick
“protective” fibrous capsule on the surface of the implant. Even if there is no aggressive foreign
body response, there is no bond between the biomaterial and the host tissue [30]. Bioactive
glasses are considered relevant scaffold materials for bone regeneration as they have well-
recognized osteoconductivity, controlled biodegradability, cell delivery capabilities, the
capacity for activation of osteogenic gene expression, they favor the formation of bone mineral-
like phases and have drug delivery abilities, mainly stemming from their composition, which is
similar to bone mineral [31]. However, for clinical use, the permeability and mechanical
properties of 3D scaffolds made from bioactive glass prepared by many conventional methods
are often conflicting and cannot satisfy the practical application of repairing load-bearing bones.
For example, most traditional bioglass scaffolds are brittle and do not possess superelastic
performance [32]. In general, both the compressive strength and Young’s modulus value of
these scaffolds are a mismatch to those of natural bones with the same porosity and vary with
the different fabrication processes, structures and raw materials [15]. The major representatives
of resorbable bioceramics are calcium phosphates (CaPs) which are among the most widely used
biomaterials for bone tissue regeneration. This group of biomaterials is the focal point of this
PhD work and will be comprehensively discussed in the next section (5.2) of this chapter.

1.5.1.4. Composites

Composites consist of a combination of two or more materials with different properties,
each displaying only some advantages and specific drawbacks. Composite can be a combination
of all types of materials above mentioned. Co-polymers derive from two or more monomeric
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polymers, such as PLGA, which is a combination of polylactide and polyglycolide and is regarded
as an excellent candidate for BTE applications due to its biodegradability and ease of fabrication.
Polymer—polymer blends are mixtures of two polymers, like a PLGA-polyphosphazenes blend,
that allow overcoming the problems due to PLGA's acidic degradation products that may induce
tissue necrosis and implant failure since polyphosphazenes release only neutral or basic
products. As a result, the blend produces near-neutral degradation products. Another type of
composite can be obtained by combining metals with ceramics or polymers or both of them
[33,34]. Among all kinds of composites, polymer-ceramic composites are really biomimetic,
since bone is, in fact, a composite material made of a mix of inorganic HAp crystals and organic
collagen fibers. They have been successful in bone regeneration, exceeding the results obtained
when these materials are used separately [23,24].

1.5.2.  Calcium phosphates

Calcium phosphate (CaP) biomaterials were introduced more than 4o years ago as bone
substitutes due to the similarity of their composition and structure to the mineral phase of bone.
The important improvements in the history of CaPs, both on the technical side and in the
biological performance, are summarized in Figure 1.3. Chemically, the release of calcium (Ca**)
and phosphate (PO,3) ions by dissolution is believed to affect bone cell chemotaxis, proliferation
and differentiation. Versatility, bioactivity, compositional similarities to bone minerals, and
tailorable biodegradability of CaPs over other ceramics are some of the reasons that CaP
systems are increasingly being explored for numerous applications in orthopedics, dentistry and
nanomedicine as well as drug delivery systems (DDSs) [35,36]. The main CaPs used as
biomaterials are listed in Table 1.1.

= First studies
* Use of CaP to stimulate bone growth

+ First commercial CaP product based on HAp and B-TCP

+ Biphasic CaPs
| + CaP coatings
+ CaP cements
“ &+ CaP putties

+ First commercial CaP cements
gieleB2i)[i - Osteocunductive CaPs
* Inoic substitution of HAp

+ Macro-porous CaP scaffolds

» Biomimetic CaP
2000-2010 + Ready-to-use CaP cements
+ 3D printing of CaP scaffolds

+ CaP nanoparticles for gene delivery

Figure 1.3. Historical overview of relevant milestones in the research and development (R&D) of calcium phosphate
(CaP) biomaterials (figure adopted from [36]).
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Among different CaPs, the majority of research has been focused on hydroxyapatite (HAp,
Ca10(PO,)6(OH).), B-tricalcium phosphate (B-TCP, Cas(PO,).) or mixtures of HAp and B-TCP,
known as biphasic calcium phosphate (BCP), because of their osteogenic property and the
ability to form strong bonds with host bone tissues [37]. The solubility of B-TCP is much higher
than HAp, and thus B-TCP is termed a bioresorbable ceramic. The development of BCP-based
biomaterials consisting of both HA and B-TCP is also of great interest to control the degradation
properties of a scaffold [35,36,38]. In addition to the chemical composition (HAp/B-TCP ratio),
varying surface-structural properties such as macro- and microporosity, specific surface area,
roughness and overall geometry, also affect bone formation [39].

Table 1.1. Main calcium phosphates used as biomaterials [35,36]

Name Symbol/mineral name Calcium/phosphorus ratio Chemical formula
Monocalcium phosphate monohydrate MCPM 0.5 Ca(H.PO,)2-H.0
Monocalcium phosphate MCP 0.5 Ca(H.PO,)2
Dicalcium phosphate dihydrate DCPD (brushite) 1 CaHPO,-2H.0
Dicalcium phosphate anhydrous DCPA (monetite) 1 CaHPO,
Amorphous calcium phosphate ACP 1.3-2.5 (Ca,X)x(PO,,Y)y-nH.O

X = Mg*, Zn*, Sn**, Al;

Y =(C0Oy)*, (P-0,)*

Octacalcium phosphate OcCP 1.33 CasH(PO,)s:5H.0
Precipitated hydroxyapatite* PHA, CDHA 1.5-1.67 Cao-x(HPO,)X(PO,)6-x(OH)2-x
ox<1
a-Tricalcium phosphate a-TCP 1.5 a-Cas(PO,).
B-Tricalcium phosphate B-TCP 1.5 B-Ca3(PO,).
Carbonated apatite CA (dahlite) 1.67 Cas(PO,)(CO3);
Sintered hydroxyapatite SHA (hydroxyapatite) 1.67 Caio(PO,)s(OH).
Oxyapatite OXA 1.67 Ca(P0O,)s0
Tetracalcium phosphate TTCP (hilgenstockite) 2 Ca,(PO,).0

* When x>0 one talks about calcium-deficient hydroxyapatite, CDHA. It is common to have x=1, which leads to the
composition Cag(HPO,)(PO,)s(OH)

1.5.3. Scaffold features for BTE

An ideal scaffold suitable for BTE applications should support or improve cell viability,
attachment, proliferation and homing, osteogenic differentiation, vascularization, host
integration, and where necessary, load bearing [40]. Moreover, it should enable easy handling
without extensive preparatory procedures in the operation theatre and preferably allow
minimally invasive implantation. It should be sterilizable by industrial techniques and

10
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reproducible on a large scale with cost-effective processes. Scaffold characteristics that can be
modulated, improved, or changed to make a scaffold suitable for BTE applications can be
grouped into biological requirements and physico-chemical properties (both discussed below).
A third category, related to the fabrication process [24] is discussed in section 7 (Fig. 1.4).

Scaffolds for bone regeneration

Biological
requirements

Physico-chemical
properties

Manufacturing
technologies

* Chen:
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Figure 1.4. Properties that an ideal scaffold should display for BTE applications. In the upper part of the scheme,
the main characteristics concerning scaffold design for bone regeneration are highlighted. In the lower part of the
scheme, the main bone regeneration processes influenced by scaffolds are indicated from allowing cell
engraftment to restoring physiological structure and functions [24].

1.5.3.1. Biological requirements

Materials used to produce scaffolds as well as their degradation products have to be
biocompatible. Being non-cytotoxic and allowing cells to attach, function properly, and
experience proliferation and differentiation as planned is an inevitable characteristic of all
scaffolds’ materials. In addition, they must have non-inflammatory properties and evoke
minimal immune responses [17,41]. Bioactivity is a significant characteristic of scaffolds.
Bioactive scaffolds are able to evoke a biological response and interact with surrounding host
tissues. Bioactivity covers two biological processes: osteoconductivity and osteoinductivity.
Osteoconductive scaffolds act as a substrate that triggers bone deposition on the surface of the
material in non-osseous sites, while osteoinductivity means the capability of scaffolds to employ
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immature stem cells and direct their differentiation toward bone cells, such as preosteoblasts
[37]. Another crucial aspect of ideal scaffolds is bioresorbability to allow full regeneration as the
material degrades in the physiological environment and the degradation products are fully
eliminated, according to the definition of ISO 10993 [42]. Moreover, biomaterials should offer a
favorable surface for cellular adhesion, and structurally guide cell growth, providing the
appropriate environment for healthy physiological interactions. In this way, they can improve
ECM remodeling, stimulating cell differentiation, and integration with the surrounding native

tissue [43,44].

1.5.3.2. Physico-chemical properties

The design of scaffolds for BTE needs to consider physico-chemical properties. The most
important structural properties of BTE scaffolds are discussed further in this section.

Mechanical properties

The BTE scaffold is responsible for (temporal) mechanical support and stability at the tissue
engineering site until the new bone is fully matured and is able to withstand mechanical load.
Scaffold mechanical properties, such as elastic modulus, tensile strength, fracture toughness,
fatigue, and elongation percentage, are considered crucial in BTE and should be modulated or
tailored in order to match with those found at the site of implantation, minimizing, at the same
time, the risk of stress shielding, implant-related osteopenia, and subsequent re-fracture
[19,45]. These characteristics are related to the physical properties of the scaffold and can be
adjusted by design modifications, which may generate a desirable mechanical strength that
leads to successful implantation [44].

Degradation kinetics

Parallel to tissue formation, the scaffold can undergo degradation to allow for the ultimate
replacement of scaffold material with newly formed, tissue-engineered bone. In order to achieve
optimal results, it is, therefore, necessary to carefully balance the biomechanical properties of a
scaffold with its degradation kinetics. A scaffold material has to be chosen that degrades and
resorbs at a controlled rate, giving the tissue engineering construct sufficient mechanical
stability at all times, but at the same time allowing new in vivo formed bone tissue to substitute
for its structure [19]. On one hand, at a quick degradation rate, mechanical failure could happen
if the load is transferred to newly formed tissue before it gains adequate strength. The decrease
in mechanical strength of the degrading scaffold should be compensated by the increase in
strength of regenerating bone tissue [46]. On the other hand, the slow rate might cause an
inflammatory response, and impair newly regenerated tissue [17].
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Surface topography

The surface properties of the scaffold, such as micro- and nano-topography are critical for
directing cellular adhesion, spreading and proliferation. The biomaterial surface is also the most
important factor for the host’s acute immune response upon implantation and should be
designed to limit macrophage adhesion and activation, as well as their fusion into foreign body
giant cells [40]. Biomaterial surface treatments may also be employed to shield it from protein
absorption (i.e., coating it with microparticle hydrogels) [47]. Surface topography can be
influenced by modulation, treatment or incorporation of artificial ECM and/or bioactive
molecules (growth factors, anti-inflammatory drugs, etc.) that can be delivered in the
environment after implantation. This approach not only appears to improve bone tissue
regeneration but also has the potential to modulate the immune response [24].

Porosity

Porosity is counted as a morphological property of the scaffold which is independent of the
used material property. Porosity is a vital factor for designing BTE scaffolds since it gives
important spaces for the proliferation and differentiation of bone cells to facilitate the transport
phenomenon (transport of nutrients and waste material) inside the scaffold and support
improved vascularization. In addition, osteogenesis or interlocking between the biomaterial and
surrounding host bone is more prominent in the case of porous surfaces. Moreover, these
phenomena are also responsible for the mechanical stability of the scaffold in vivo [48]. Bone
regeneration in a scaffold in vivo relies on the recruitment and infiltration of cells from the
neighboring bone tissue, along with the establishment of vascular networks. Increased porosity
has been shown to promote osteogenesis in a wide range of studies [49-51]. The observed
outcomes can be attributed to the larger surface area of the scaffold, which facilitates
heightened ion exchange and greater adsorption of bone-inducing factors. [52,53]. The
presence of microporosity leads to a further expansion of the surface area and enhancement of
the phenomena mentioned above.

Pore size

Pore size is another feature that plays an important role in the success of scaffolds [17]. Pore
size is frequently classified into two classes in TE: micropores (d<5o pm) and macropores (d>50
um) [41,54]. The decrease in pore size would lead to an increase in surface area and consequent
promotion of cell-scaffold interaction by increasing the availability of scaffold ligands for cells to
bind (cell colonization) [24,55]. Micropores have a role in adsorbing proteins on the surface of
biomaterials and determining stem cells’ fate through cell-protein interaction [51, 54]. Although
some ambiguity remains about the optimal pore size for a 3D bone scaffold, studies suggest that
scaffolds currently designed with small pore sizes (i.e., <200 um) display in vitro and in vivo
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osteoblast survival and bone formation limited to the periphery, due to decreased oxygen and
nutrient diffusion throughout the scaffolds [40,49] as well as limited migration of cells. On the
other hand, macropores provide a more appropriate structure for cells to penetrate and migrate,
which results in better integration with host tissues [17]. Scaffolds with a mean pore size of 300
um display increased osteoblast proliferation and differentiation throughout the entire scaffold,
due to enhanced neovascularization and mass transport of oxygen and nutrients [57].
Additionally, increased scaffold macroporosity has been shown to improve angiogenesis in vivo
[58]. Therefore, the scaffolds for BTE need to contain a mixture of macropores allowing cell and
osteon ingrowth in vivo, and micropores to encourage cell-scaffold ligand interactions [41].

Scaffold architecture

The 3D architecture of scaffolds is a crucial element to achieve excellent performance in
bone regeneration [17,59] (discussed in detail in the next section). The scaffold architecture (e.g.,
geometry, shape, and size) influences the cell fate both directly (e.g., nutrient accessibility) and
indirectly (e.g., adsorption of proteins and local shear stresses). Macroscale architecture can be
split into the macroscopic design (geometric structure) and internal pore structure/architecture,
including the shape, size, distribution, and interconnection of the macropores. Similarly,
microscale architecture consists of the shape (i.e., morphology), size (width and length),
orientation (according to the way of perfusion flow for instance), and distribution (ordered vs.
random) of the micropores [45]. Microarchitecture has exhibited improved scaffold
osteoconductivity and can promote intrinsic osteoinductive activity. The macroscale
architecture has been shown to influence internal mass transports (e.g., supply of nutrients and
removal of deleterious waste compounds), cell invasion/infiltration (e.g., seeding), tissue
ingrowth (e.g., bone and blood vessel), scaffold degradation, inflammatory response, shear
stress distribution, and extensive mechanical properties of the scaffold (e.g., stiffness and
compressive strength) [45,60,61]. Moreover, recent shreds of evidence show that pore curvature
could strongly influence the bone tissue regeneration process [62—64]. It has been also observed
that curvature could cause significant impacts on cell attachment rate, cell migration speed and
cell morphology including the cell spread area [65,66].

1.6. Scaffold design for BTE

Bone scaffold design can be discussed from two different points of view. One is based on
unit cell designs and the other one is based on whole designs [67]. Fig. 1.5 shows the
classification system for various BTE scaffold designs. They will be described briefly below.
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Figure 1.5. Flowchart of classification of the various scaffold designs in BTE [67,68]

1.6.12. Unit cell design

A unit cell is the basic building block with which the scaffold is built by repeating the unit cell
in 3 dimensions. The design of these unit cells is further classified into parametric and non-
parametric designs. Parametric designs are standardized designs that are formulated using
specific algorithms while non-parametric designs encompass some common geometries. These
designs have shown a lot of promise by having light weight and high strength-to-weight ratio

[69].

1.6.1.1. Parametric design

Parametric designs are obtained from the standard algorithms that generate easily
reproducible structures and are modifiable by tuning the variables as desired. Two common
forms of parametric designs are as follows.

e Voronoi designs are inspired by nature and formed from a group of points in a particular
design volume which is either randomly distributed or organized in a specific manner
depending on the application. They are popular because they attempt to mimic native bone
and thus seek to have an optimized porous design for BTE applications [70,71]. Voronoi
structures constructed using isotropic interconnected porous models have exhibited various
drawbacks such as inadequate repeatability and significant energy consumption [72,73].
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Triply periodic minimal surface (TPMS) structures are another type of parametric design.
TPMSs are unit cell designs with mean curvature close to zero. They are defined using
specific trigonometric equations. Due to the very high Surface Area (SA) to Volume Ratio
and greater permeability compared to lattice structures, TPMSs provide better transport of
growth factors, oxygen and nutrients to cells and waste material away from cells [74,75].
They are the focus point of Chapter 6 in this PhD work where they are described more in
detail and studied in in vitro and in vivo experiments.

1.6.1.2. Non-parametric designs

Non-parametric design structures are in particular shapes that can be either two-

dimensional (2D) or three-dimensional (3D) in nature. Of numerous non-parametric designs, the

most commonly used ones for bone scaffolds are the following.

Body-centered cubic (BCC) structure is known for its simplicity by connecting the center of
the hexahedron with eight vertices. This design promotes cell proliferation and bone
ingrowth [76]. However, its compressive strength was discovered to be insufficient,
combined with a less than ideal surface area for cell adhesion and anisotropy. BCC design is
frequently favored due to easy fabrication and exceptional ability to requlate porosity
[67,771.

Diamond/face-centered cubic (FCC) design is based on a cubic unit cell with spherical pores
of the same size on the corners and in the middle of the faces [78]. The corners can be
connected via struts, therefore various diamond/FCC lattice structures can be obtained by
varying the strut’s length and the angle between the struts and the planes. FCC designs were
proved to generate desired porosities along with suitable interconnectivity between the
pores and superior mechanical properties [67].

Polyhedron is a 3D structure with multiple plane faces, typically exceeding six. Studies have
shown that polyhedral structures demonstrate a comparable level of compressive strength
to natural bone, while also showcasing exceptional capabilities in facilitating the
transportation of essential nutrients and oxygen for cells [79,80].

Honeycomb structure is beneficial for TE as they offer high porosity, low weight and high
stiffness. Moreover, it allows for more pressure distribution as well as bone ingrowth [81]. In
addition to these advantages, a honeycomb structure has tunable mechanical properties by
controlling porosity [82].
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1.6.2. Whole design

The whole design of scaffolds for BTE can be studied from three points of view. Any of those
above-mentioned designs of the unit cell can be scaled up in the form of a scaffold within the
following categories.

1.6.2.1. Uniform design

The name itself indicates that a uniform or consistent structure maintains consistent
porosity and internal architecture throughout the entire scaffold. Both the mechanical and
biological properties of the scaffold can be tailored by changing the porosity, pore size and
shape. Hence, altering the porosity and the scaffold architecture must be applied homogenously
over the structure. Although uniform designs were previously popular, there is now an increase
in the inclusion of gradient morphology and mechanical properties [67] present in native bone.

1.6.2.2. Gradient design

The bone tissue itself can be regarded as a functionally graded system [83]. The biochemical
composition and structure of bone, particularly in the natural osteochondral (OC) tissue exhibit
agradient transition (in composition, morphology and stiffness) from the surface of the cartilage
to the subchondral bone [84]. Hence, the need was identified to develop a scaffold with
(mechanical) properties that varied along its length [67]. Functionally graded materials (FGMs)
are materials whose composition and/or microstructure gradually vary in space according to a
specific pattern. As a consequence, the properties undergo gradual spatial variation, allowing
them to fulfill specific non-homogeneous functional requirements without any abrupt interface
at the macroscale. FGMs are gaining prominence in orthopedic prosthetics due to their ability
to replicate the local properties of natural bone. This adaptation helps minimize the stress
shielding effect and reduces shear stress between the biomaterial and surrounding bone tissue,
both of which are vital for enhancing the lifespan of the biomaterial [85].

1.6.2.3. Topology optimization (TO) based design

Scaffolds must be highly porous structures but also effective from a mechanical point of
view. This is a complex issue, fundamental for TE applications and not yet fully addressed [86].
Topology optimization refers to the determination of the connectivity of a design domain,
through features such as the number, location, and shape of holes in a structure, minimizing the
amount of material used while maximizing both porosity and mechanical behavior. Topology
optimization provides the first design concept of the structure’s materials distribution and seeks
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to determine the optimal placement of an isotropic material in a given design space [87]. Its goal
is to minimize structure compliance while satisfying the constraints of volume removal [86].
Typically, these algorithms are presented as methods to design scaffolds that fulfill particular
criteria related to mass transport and mechanical load-bearing capabilities. Designed scaffolds
then must be fabricated using precise additive manufacturing technologies (AMTs) [88].

1.7. Additive manufacturing technologies (AMT) for scaffold

fabrication

3D fabrication technologies can be divided into two main categories, conventional and Rapid
Prototyping (RP), producing different scaffold characteristics [89]. Conventional techniques use
subtractive methods in which parts of the material are removed from an initial block to reach
the desired conformation. Freeze drying, gas foaming, solvent casting and particle leaching are
among the conventional techniques [24]. A key issue is a limited ability to control shapes and
geometries or to incorporate internal architecture or curved channels [90]. In addition, the use
of organic solvents may compromise cell viability or functions, even when only residues remain
[89]. RP techniques, introduced to overcome the limitations of conventional ones, are additive
fabrication processes (also defined as “additive manufacturing” or “solid free form fabrication”)
that manufacture the final 3D object via the deposition of overlying layers. Materials to be used
can be liquid-, solid-, and powder-based. Besides RP techniques, the electrospinning/melt
electrowriting techniques have the versatility to process a wide range of materials in order to
produce scaffolds with the required morphology and porosity, including fibers with diameters
from a few microns down to the nanometer range [24]. In general, these advanced techniques
do not utilize toxic organic solvents, allowing a significant enhancement in scaffold
biocompatibility [91]. A more punctual control of porosity, pore size and physico-chemical
properties is possible, permitting better mimicking of natural bone tissue structure. These
methods also allow for variation in the composition of two or more materials across the surface,
interface, or bulk of the scaffold. RP technology is based on the possibility of obtaining objects
starting from a 3D design. AMT applied to RP in structural fabrication can easily be used for the
manufacture of biomaterials. AMTs are widely used in the field of BTE as they can directly and
accurately construct the pore structure in 3D space, ensure internal connectivity of the scaffolds,
and directly use osteoconductive materials [92]. Additive manufacturing methods involve the
formation of 3D objects from computer-generated solid or surface models [93]. Models can also
be derived from computed tomography and magnetic resonance imaging scans, or the data
from 3D object digitizing systems. AMT can quickly create complex 3D object models with the
help of medical imaging systems, computer-aided design (CAD), and digital converters, and
facilitate personalized treatment options [94]. Though in general, AMT places no restrictions on
the shape of the processed parts and internal structures to achieve accurate control over the
material structure, aperture size, and porosity, AMTs do impose some restrictions on the design
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originating from the specifics of the technology used (e.g. minimum feature dimensions,
overhangs, etc). AMTs currently used for BTE scaffolds mainly include the methods discussed
below.

1.7.1. Fused deposition modeling (FDM)

FDM is operated by heating the nozzle to a certain temperature to melt and extrude the
material based on a computer-determined preset path. This ensures that the material is
deposited and solidified layer by layer on the hotbed, thereby resulting in a 3D scaffold [95]. The
key advantages of FDM are high porosity due to the lay-down pattern and good mechanical
strength. However, this technique is restricted to polymer materials with lower melting points.
The high temperature during the molding process would also destroy any potential of the
material, and the high viscosity extrusion material might cause a blockage in the nozzle, thus
affecting the printing process [92].

1.7.2.  Stereolithography apparatus (SLA)

SLA has been one of the earliest and most popular additive manufacturing technologies. The
materials used in SLA should be photosensitive. The forming principle is that the curing effect
of the photosensitive materials occurs for a certain intensity of “light wave” irradiation, and the
finished products are obtained using layer-by-layer scanning and light bonding [96]. This
method has relatively high accuracy and can be used for preparing scaffolds with complex
shapes. However, cleaning is often required after molding to remove any internal impurities and
a sintering step is also required [97]. Furthermore, only a limited number of commonly used
materials for BTE are compatible with SLA because of restrictions in viscosity, stability, and
refractive index. When working with encapsulated cells, the presence of the initiator and
exposure to ultraviolet (UV) light may result in potential cytotoxic effects [98].

1.7.3. Laser powder bed fusion (LPBF)

LPBF is operated by irradiation of a laser beam to the surface of the powdered raw materials
to instantly melt, cool, and solidify the raw materials via layer-by-layer scanning, melting,
solidifying, and finally forming [99]. This method offers good forming precision but results in a
rough material surface (depending amongst others on the size of the powder particles), with
material residues in the microporous structure. The high energy of the laser enables the
processing of inorganic non-metal, metal powder, and organic polymer materials. However, the
organic polymer materials might degrade owing to the high temperature generated during the
molding process [100].
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1.7.4. Binder jetting

Binder jetting first emerged as an RP process in the early 1990s. Binder jetting is a powder
bed-based process that selectively jets a liquid binder into the powder to consolidate the
powder layers. The binder might either react with the powder to bind it together or evaporate
to leave a polymer “glue” that holds the powder together or both. The process can generate 3D
shapes via repeated powder re-coating and binder jetting, which are either composite or
reaction products of the powder and binder depending on the binding mechanism [101]. The
forming method can use ceramics, metals, plastics, gypsum, and other powders as raw
materials, and the size of the spray droplets directly determines the size of the printed lines. This
technology is limited by the competing needs between print head reliability and feature
resolution, as small nozzles can make finer features but are more prone to clogging. The current
limitation in resolution is 100 pum for one-dimensional features (e.g., the width of the thinnest
printable line) and 300 pm for 3D features (e.qg., the thickness of the thinnest printable vertical
walls) [102]. The forming method has no heating effect on the material; however, the general
binder is toxic [103]. For BTE, binder jetting is useful for the direct fabrication of scaffolds with
tailored porosity from a CAD file.

1.7.5. Selective laser sintering (SLS)

SLS is an AM technology that uses a powder bed to build up 3D objects, similar to powder
bed (PB)-3D printing. SLS utilizes a laser to bind the powder particles together. During the
printing process, the laser is directed to draw a specific pattern onto the surface of the powder
bed. Once the first layer is completed, a roller distributes a new layer of powder on top of the
previous one. The object is built layer-by-layer, which is then recovered from underneath the
powder bed. Advantages of SLS technology include the fact that it is a solvent-free process and
offers faster production as compared to PB-3D printing, which instead requires the printed
object to be left for up to 48 hours to allow the solvent to evaporate [104].

1.7.6. Selective laser melting (SLM)

SLM is a powder-bed-fusion AMT whereby a high-density-focused laser beam selectively
scans a PB and those scanned and solidified layers are stacked upon each other to build a fully
functional 3D part, tool, or prototype. SLM is very similar to the SLS process, which uses a
sintering or partial melting mechanism for binding powder particles rather than fully melting.
Powder-bed fusion technologies, in which either laser, heat or electron beam is used, as the
energy source, to melt and fuse the powder particles together to form a 3D object, can be used
for a diverse range of applications [105].
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1.8. Balancing Innovation and Quality: Regulatory Challenges

in the Era of Advanced Bone Implants

AMTs play a significant role in shaping the landscape of bone implants by enabling the
production of intricate and patient-specific designs. However, in this dynamic environment,
where innovative techniques like AMTs are rapidly advancing, ensuring product quality and
regulatory compliance remains paramount. ISO 13485 serves as a crucial quality management
standard for medical device manufacturers. This is particularly important in the context of bone
implants, where patient safety is pivotal. By adhering to ISO 13485, manufacturers establish a
robust framework for maintaining consistent product quality and meeting regulatory
requirements. This standard helps navigate the challenges posed by the swift evolution of
technologies, as it guides manufacturers in adapting their quality control and manufacturing
processes to incorporate new materials and manufacturing techniques while ensuring the safety
and effectiveness of bone implants. Additionally, ISO/ASTM 52900:2021is a joint ISO and ASTM
standard that specifically addresses additive manufacturing and includes guidelines for its use in
various industries, including medical device manufacturing.

However, the rapid pace of technological advancements poses challenges for both
manufacturers and regulatory authorities. As new materials, designs, and manufacturing
techniques emerge, regulatory frameworks may struggle to keep up. Balancing the need for
innovation with the necessity of ensuring safety and efficacy can be complex. Manufacturers
must demonstrate that new technological features or design changes do not compromise the
safety and performance of bone implants, even as they work to stay at the forefront of medical
device development.
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CHAPTER 2
Hypothesis, objectives and
methodology

In the previous chapter, some general
concepts of bone biology were described
along with the clinical challenges for long
bone defects. Then, the principles of the TE
strategies and scaffolds for bone repair
along with their manufacturing
technologies were discussed. Despite some
promising  outcomes of employing
osteoconductive biomaterials within TE
strategies, there are still uncertainties about
the optimal structure of those bone
scaffolds.  Therefore, an integrative
interdisciplinary approach involving
biological experimentation and engineering
tools can be used to identify the influencing
structural properties of bone biomaterials
and figure out their role in the bone
regeneration process. This PhD research
focuses on developing experimental setups
that can play a significant role in the
advancement of optimized TE scaffolds to
heal a large bone defect. This chapter starts
with a short introduction of the general aim
of this research work. Subsequently, specific
research  objectives are  presented,
contributing in different ways to the general
aim. The chapter ends with a brief overview
of the methodological aspects of this
research work.
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2.1. General aim and project objectives

There are several challenges to be addressed to develop a BTE scaffold. The starting point is
identifying the proper scaffold-based strategy, including the choice of material properties and
manufacturing methods as well as of a multi- vs. single-component treatment (cells, scaffolds
and growth factors) [24].

The development of biomaterials for BTE applications is constantly evolving. The first-
generation bone biomaterials are biocompatible/bioinert materials, including metals and
synthetic polymers, while the second-generation bone biomaterials are bioactive/bioresorbable
materials, including synthetic and naturally derived biodegradable polymers (e.g., collagen),
CaPs, calcium carbonate, and bioactive glasses. The third-generation biomaterials are
multifunctional biomaterials, including well-designed porous scaffolds, nanotechnology-based
composite biomaterials, and cell/growth factor-loaded biomaterials that activate genes to
influence cell behavior [106]. Multifunctional scaffolds are valuable tools for establishing a bone
microenvironment that closely mimics bone tissue's anatomical organization, providing
guidance for large bone repair in a clinical setting [107]. The advanced role of the scaffolds in
stimulating and guiding bone tissue regeneration requires design considerations beyond just
appropriate porosity and mechanical support [108].

Calcium phosphates are a class of tunable bioactive biomaterials that have been widely used
as scaffolds for the regeneration of bone tissue due to their excellent biological properties
including osteoinductivity, osteoconductivity and biodegradability [109]. Despite the progress
made towards fabricating CaPs possessing a range of physico-chemical features, the influence
of material properties in orchestrating cellular events such as adhesion, proliferation and
differentiation is still poorly understood [110]. Specifically, questions such as what
morphological cues and how they contribute to osteoinductivity/osteoconductivity remain
unanswered. Therefore, investigation of these properties and the effects of various influencing
factors on neotissue formation and bone growth are vital for modulating CaPs during the design
process to maximally satisfy clinical requirements [109].

The general aim of this PhD work is to identify the physico-chemical drivers and
investigate their role in neotissue formation and bone regeneration in CaP-based
biomaterials, and to use that knowledge to optimize the structure of scaffolds to be
fabricated using advanced manufacturing technologies.

The context of this work is that of craniomaxillofacial applications. Different application in
the CMF context will have different requirements in terms of resorption, mechanical
competence and biological activity. This PhD focusses in particular on bone regeneration in
order to create an appropriate environment for the dental implant to be placed in. However, the
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approaches followed in this work, along with many of its conclusions, are valid in other contexts
and applications.

2.2. Specific objectives and hypotheses

To realize the aim mentioned above, specific objectives were formulated. Each of these
specific objectives is further elaborated in the following chapters of this PhD thesis and
graphically represented in Figure 2.1.

Chapter 3: Influence of physico-chemical characteristics of calcium phosphate-based
biomaterials on cranio-maxillofacial (CMF) bone regeneration: A systematic literature
review (SLR) of preclinical models. CMF bone defects are categorized as critical-size defects
that require surgical intervention to ensure adequate bone regeneration. CaPs comprise the
majority of inorganic biomaterial scaffolds to be employed in CMF defects. In this chapter, an
SLR was executed, starting by retrieving from various databases all studies involving physico-
chemical characterization followed by in vivo evaluation of CaP biomaterials in CMF animal
models. All data corresponding to the physico-chemical characteristics of CaP scaffolds and
their regeneration capacity was extracted from the final included studies. A meta-analysis was
then performed to quantitatively assess the influence of physico-chemical features on the bone
healing process.

Chapter 4: An empirical model linking physico-chemical biomaterial characteristics to intra-
oral bone formation. The purpose of this study was to develop an empirical model allowing to
assess the bone regeneration potential of clinically used biomaterials based on their physico-
chemical characteristics, potentially giving directions for the design of a new generation of
dental biomaterials. A quantitative data set was built composed of physico-chemical
characteristics of 7 commercially available intra-oral bone biomaterials (BioOss®, BioOss®-
Collagen, BoneCeramic®, Cerasorb®, MP3°, Natix®, and Ostim®) along with their in vivo response
from previous studies when implanted in a sinus augmentation model in rabbits [111-113].
Physico-chemical characteristics of the biomaterials are composed of their compositional
information along with macro-porosity and their newly assessed surface roughness profile.

Chapter 5: The role of pore geometry on the in vitro biological behavior of 3D-printed CaP-
based bone scaffolds. Pore geometry is a fundamental feature of the scaffold design affecting
the cellular response and the bone formation rate. This study was designed to show how
regeneration kinetics and tissue morphology are influenced by different pores of basic shapes
and sizes. To do so, three different CaP-based biomaterials (HAp, TCP and BCP) were 3D printed
in disc shape scaffolds including different basic shapes in various sizes. The scaffolds were then
seeded with immortalized bone marrow derived stem cells and cultured for 10 and 21 days,
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followed by cell viability and ECM growth pattern analyses. The quantitative data obtained from
this study were used for calibration of a computational model previously developed describing
neotissue formation in 3D scaffolds [114,115]. The in silico model can be used to design a 3D
structure maximizing the amount of bone formed after in vivo implantation.

Chapter 6: The effect of pore architecture on cell-ECM formation in CaP scaffolds cultured
under static and dynamic conditions. Building on the previous chapter, this study focused on
the scaffold’s architecture as a functional requirement to balance the biological responses and
the mechanical necessities. The aim of the study was to investigate the effect of triply periodic
minimal surface (TPMS) architectures on cell proliferation, differentiation and neotissue
formation in CaP-based 3D-printed scaffolds. The TPMS-designed scaffolds were seeded with
immortalized bone marrow-derived stem cells and cultured for 10 and 21 days in static or
dynamic culture conditions followed by DNA quantification, and analysis of metabolite
concentration, gene expression and neotissue formation. Several scaffold designs were
implanted ectopically in nude mice to assess their bone formation potential after being loaded
with BMP-2 and/or periosteum derived stem cells.

o

3! Systematic literature review

 CaP-based biomaterials
* Physico-chemical characterization
» CMF bone defects

* Previous in-house studies

Analysis of historical evidence

* Characterization AL g C J)-Q‘” * Animal models
* Empirical modeling - - -;..“3 A T
* Key morphological drivers? ‘
7
=

of)

o

b —aal
« Scaffold’s pore architecture Jdd'l‘ g o
« Static and dynamic in vitro cultures PR il
« Cell viability and ECM formation ks l : * Scaffold’s pore geometry (shape and size)
* In vivo ectopic implantation . :’Eo * In vitro culture

) — ,_‘_; « Cell viability and ECM formation

In vitro, in silico and in vivo trials

o

Figure 2.1: Roadmap of the research presented in the different chapters of this PhD work. The numbers in the
signposts refer to the chapter numbers where the corresponding work can be found in this thesis.

26



Chapter 2: Hypothesis, objectives and methodology

It is important to note that in the context of BTE, terminology varies across the literature
concerning the roles of bone biomaterials. This thesis carefully considers these terminological
nuances, adopting terms used in referenced studies when reporting data. In Chapter 4, for
instance, the term "graft" predominates, referring to biomaterials that fill alveolar bone defects
to provide structural support and biological signals for bone regeneration. These grafts serve as
temporary matrices to be integrated into the host tissue, facilitating cell attachment and tissue
formation [111-113]. Chapters 5 and 6 emphasize the term "scaffold" when describing
biomaterials that transition to mechanically stable synthetic frameworks supporting cell
attachment, proliferation, and differentiation. In Chapter 6, the focus shifts to "constructs,"
which act as delivery systems for cells, growth factors, and bioactive molecules aimed at
promoting bone regeneration or evaluating biological performance. Prior to them, Chapter 3
explores the (pre)clinical and regulatory aspects, using "implant" to denote biomaterials, while
throughout the research, the broader term "substitute" is employed to refer to biomaterials in
various contexts.

2.3. Methodology

As this PhD work follows an integrative interdisciplinary approach, its experimental and
computational aspects are briefly described below.

2.3.1. Experimental aspects

The general experimental methods used throughout this dissertation are summarized
below. Itis essential to note that they are introduced only very briefly here and further explained
in the Materials & Methods section of the corresponding studies or provided in the
Supplementary materials.

Cell type and culture medium

Human telomerase reverse transcriptase-immortalized bone marrow mesenchymal stem
cells (\TERT-BMMSCs) supplied by Applied Biological Materials; Inc. (ABM®) were used as the
principal cell source in this PhD work. hTERT-BMMSCs were used to seed the disc scaffolds

(Chapter 5) and to seed the TPMS scaffolds (Chapter 6) for in vitro cultures. The specifications of
hTERT-BMMSCs provided by the company are listed in Table 2.1. The growth medium (GM)
used for this cell line was composed of prigrow Il medium, fetal bovine serum (FBS) to a final
concentration of 10%, hydrocortisone to 10® mol/L and penicillin/streptomycin solution to a
final concentration of 1%.

27



Chapter 2: Hypothesis, objectives and methodology

Table 2.1. Specification of hnTERT-BMSCs reported by ABM®

Tissue Bone

Category Telomerase immortalized cell line
Morphology Spindle-shaped, fibroblast-like
Phenotype Adherent

Primary no

Recommended Seeding = 30’000 — 60’000 cells/cm?; Recommended split ratio is 1:2 to 1:3
Density

Population Doubling 35-45 hours
Application Cell culture, gene and protein expression, cell adhesion and proliferation

Markers CD44 and CD73. These cells also express markers of osteoblasts (alkaline
phosphatase) and chondrocytes (incorporation of toluidine blue dye)

Human periosteum-derived cells (hPDCs) were used to seed the TPMS scaffolds (Chapter 6)
for in vivo implantation in mice. The medium used for these cells consisted of Dulbecco’s
modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, United States),
supplemented with 10% Fetal Bovine Serum (FBS; BioWest S.A.S, Nuaillé, France) and 1%
antibiotics-antimycotics solution (Thermo Fisher Scientific, Waltham, MA, United States).

Scaffolds

Disc-shaped scaffolds with 15 mm diameter and 2 mm height were 3D printed by an

industrial collaborator (CerHum, Liége) and provided for the experiments in Chapter 5. They
were made of three different CaPs including HAp, TCP and BCP. Each disc contained three
repeats of every basic shape (circle, hexagon, square, triangle) with 3 different sizes of pore
diameter (2 mm, 1 mm and 0.7 mm for triangle and square; 1 mm, 0.7 mm and o.5 mm for
hexagon and circle) randomly distributed over the disc.

Cylindrical scaffolds with 6 mm diameter and 6 mm height were 3D printed by the industrial
collaborator (CerHum, Liége) and provided for the experiments in Chapter 6. They were made
of 100% HAp and TPMS-designed in three structures of gyroid, diamond and primitive with
consistent porous structures, as well as a gyroid with gradient porous structure. Further details
on the additive manufacturing method and scaffold characterization are provided in chapter 6
and Supplementary material C.
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Culture set-up

Cell expansion of hTERT-BMMSCs was performed in tissue culture flasks at a density of

30’000 cells/cm? (Chapters 5 and 6).

Cell seeding of CaP scaffolds (disc-shaped) was performed manually at a density of 600’000
hTERT-BMMSCs in 200 pL GM and the scaffolds were transferred to 24-well plates for in vitro
culture (Chapter 5).

Cell seeding of CaP scaffolds (TPMS-designed) was performed manually at a density of
200’000 hTERT-BMMSCs in 60 pL GM and the scaffolds were transferred to 24-well plates for in
vitro culture (Chapter 6).

BMP-2 loading of CaP scaffolds (TPMS-designed) was performed manually with the amount

of 78.3 pg for gyroid scaffolds and 72.6 pg for primitive ones, equating to the clinically used dose
of 6 mg in a large defect (Chapter 6).

Cell seeding of CaP scaffolds (TPMS-designed) for in vivo evaluation was performed
manually at a density of 1.97x10° and 1.83%10° hPDCs in 40 uL GM for gyroid and primitive
scaffolds, respectively. An hour after seeding, an additional 1.5 mL of DMEM (without FBS) was
added to each scaffold. Subsequently, the seeded scaffolds were randomly implanted
subcutaneously, with two implants in each mouse (Chapter 6).

Perfusion bioreactor

A benchtop bioreactor system [116] was used to perform a dynamic culture with a perfused

GM on TPMS scaffolds in Chapter 6. The bioreactor was controlled using an in-house developed
software program. The operation process and the modifications done to the system are
described in Chapter 6.

In vitro assays

Cell viability of the scaffolds was assessed using live/dead staining followed by fluorescence

microscopy. Image analysis was performed with the ImageJ software to quantify the percentage
of neotissue formed within the disc-shaped scaffold (Chapter 5). Cell proliferation was
quantified using DNA content analysis and metabolite concentration using medium analysis.

Gene expression of the cells on the scaffolds was assessed using RT-qPCR and Contrast-
Enhanced CT was employed for the 3D imaging of neotissue (Chapter 6).
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In vivo assays

The potency of TPMS scaffolds for bone formation was assessed after 4 and 8 weeks of

ectopic (subcutaneous) implantation in mice. Bone formation was then characterized using
computed x-ray tomography (CT) and histological staining (Chapter 6).

Statistical analyses

Statistical analysis of experimental results was performed in GraphPad Prism software
version 8.2.1 for Windows (GraphPad Software, San Diego, California, USA). The employed
mathematical methods are described in the respective chapters.

2.3.2. Computational aspects

The computational tools that have been used in this PhD work for analysis, modeling and
simulation are mentioned below.

Surface roughness analysis

An in-house MATLAB tool was used to acquire surface profiles of the bone grafts for surface
roughness evaluation (Chapter 4). This MATLAB tool, which has been specifically developed for
the quantification of surface roughness, analyzes high-magnification SEM images by defining
an evaluation length over the biomaterials’ surface.

Empirical modeling

Partial least square regression (PLSR) modeling was applied to the data set of various

biomaterials’ physico-chemical characteristics and the histomorphometrical quantification of
their in vivo outcomes, in order to find out the impact of those characteristics on the bone
regenerative response for various bone grafts after in vivo implantation (Chapter 4). The PLSR
analysis was performed using JMP Pro software, vi1 (Sas, North Carolina, USA).

Simulation of tissue growth in 3D model

The level set method (LSM) was employed as an effective tool for simulating bone growth
dynamics and ECM formation within the curvature of the pores in CaP scaffolds. Model
development and simulations were carried out by a fellow PhD student with whom this
collaborative study was performed (Chapter 5).

3D modeling of scaffolds’ design

The structure of TPMS scaffolds with varying pore sizes along their height was designed
using ASLI (A Simple Lattice Infiller), a cross-platform tool enabling the generation of cellular
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solid structures (Chapters 5 and 6). ASLI allows users to specify lattice infills by defining desired
local unit cell type, size, and features. The 3D modeling was conducted by a fellow PhD student
involved in the collaborative studies.

Image analysis of scaffolds (in vitro and in vivo)

CTAn was employed for image processing and quantification of neotissue (in vitro) and bone

(in vivo) using automatic Otsu segmentation, 3D space closing, and a despeckle algorithm.
Neotissue percentage was calculated relative to the total construct volume, while newly formed
bone tissue percentage was determined relative to the total explant volume. Additionally, 3D
visualization was generated using CTVox (Chapters 5 and 6).

Regional regeneration analysis

This analysis was done on the microCT scans of the TPMS constructs to quantify the spatial
distribution of neotissue (Chapter 6). The microCT scans were segmented with an Otsu
thresholding technique (3D Slicer v. 5.0.3) to make a distinction between scaffold and neotissue.

The segmented volumes were then analyzed with a custom Python script based on the pyvista

package (v0.36.1) to compute the region of interest (ROI) and perform the regional analysis. In
the end, the cylindrical ROl was subdivided into multiple volumes along both the radial and
longitudinal directions. This allowed for the quantification of neotissue growth across the radius
and height of the scaffolds. The segmented regional volumes of the scaffolds and the neotissue
were then visualized using ParView 5.10.0. This analysis was conducted collaboratively with a

colleague who contributed to the study.
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ABSTRACT

Objectives: Calcium phosphate-based biomaterials (CaP ) are the most widely used
biomaterials to enhance bone regeneration in the treatment of alveolar bone deficiencies,
cranio-maxillofacial and periodontal infrabony defects, with positive preclinical and clinical
results reported. This systematic review aimed to assess the influence of the physicochemical
properties of CaP biomaterials on the performance of bone regeneration in preclinical animal
models.

Methods: The PubMed, EMBASE and Web of Science databases were searched to retrieve the
preclinical studies investigating physicochemical characteristics of CaP biomaterials. The
studies were screened for inclusion based on intervention (physicochemical characterization
and in vivo evaluation) and reported measurable outcomes.

Results: A total of 1’532 articles were retrieved and 58 studies were ultimately included in the
systematic review. A wide range of physicochemical characteristics of CaP biomaterials was
found to be assessed in the included studies. Despite a high degree of heterogeneity, the meta-
analysis was performed on 39 studies and evidenced significant effects of biomaterial
characteristics on their bone regeneration outcomes. The study specifically showed that
macropore size, Ca/P ratio, and compressive strength exerted significant influence on the
formation of newly regenerated bone. Moreover, factors such as particle size, Ca/P ratio, and
surface area were found to impact bone-to-material contact during the regeneration process. In
terms of biodegradability, the amount of residual graft was determined by macropore size,
particle size, and compressive strength.

Conclusion: The systematic review showed that the physicochemical characteristics of CaP
biomaterials are highly determining for scaffold’s performance, emphasizing its usefulness in
designing the next generation of bone scaffolds to target higher rates of regeneration.

Keywords: Calcium phosphate, biomaterials, physicochemical, cranio-maxillofacial, intra-oral
bone formation, preclinical, bone defect, animal study, bone regeneration, bone scaffold.
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3.1. Introduction

Critical-sized bone defects in the cranio-maxillofacial (CMF) region can be caused by injuries,
cancerous bone resections, periodontal diseases, congenital disorders, and bone resorption
following tooth extraction. They often require bone regeneration prior to or simultaneously to
implant placement in order to restore deformities and the patient’s functions [117-120].
Autologous bone graft procedures remain the clinical gold standard owing to the highest level
of biological safety, biocompatibility, matched mechanical requirements and structural
similarity in terms of growth factors and biomolecules for osteogenesis [121,122]. Nevertheless,
autografts suffer multiple drawbacks such as limited availability, donor-site morbidity, high
resorption rates and difficulty in shaping into desired geometries [123-126]. Tissue engineering
(TE) using cell-based or growth factor strategies, usually combined with a carrier material, can
be used to regenerate the defect site. The application of TE strategies is still limited in the clinic
setting due to cost and tissue complexities in the CMF region. Moreover, TE strategies require
cumbersome processes in laboratories [127]. Therefore, guided bone regeneration (GBR)
combined with biomaterials has become an alternative used in periodontology, implantology
and oral surgery for the regeneration of CMF bone defects [128-130]. This biomaterial-based
strategy consists of implanting an acellular biodegradable scaffold that can recruit the necessary
mesenchymal stem cells and/or osteoprogenitor cells from the surrounding tissues to
regenerate the defect [131]. GBR solutions offer several potential advantages such as no
restrictions on availability, reduced risk of immunoreactivity, fewer surgical complications as
well as the possibility of tailoring the structure to regulate the bone formation
microenvironment by manipulating the physicochemical specifications [132,133].

A wide variety of biomaterials have been utilized in CMF bone regeneration, belonging to
different material classes and from different origins such as autografts, allografts, xenografts
and alloplasts (synthetic biomaterials). Bioceramic materials comprise the majority of inorganic
biomaterial scaffolds whereas biopolymers represent the majority of organic ones. While the
ideal bone graft substitute should be accessible, economical and free of ethical and
immunological issues with predictable handling, the morphological and physicochemical
properties of biomaterials seem to play an important role in their regenerative performance as
suggested by several authors [134-136]. The majority of CaP biomaterials currently used in
clinical applications are of natural (human and animal) origin because of their similarities with
natural bone structures. However, there is an increasing interest in the development and use of
synthetic biomaterials in the clinic to increase safety (risk of disease transmission), ethics
compliance and availability. The most widely used CaP biomaterials in CMF bone regeneration
are based on hydroxyapatite (HAp), o and B-tricalcium phosphate (TCP) and/or biphasic calcium
phosphate (BCP) [137]. However, synthetic biomaterials also present some limitations such as a
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lack of osteoconductivity or high resorption rates that might compromise the volumetric
dimensions of the regenerated bone [138,139]. Given all this, producing optimized synthetic CaP
biomaterials is crucially dependent on the fundamental understanding of the influence of the
physicochemical biomaterial properties on bone healing mechanisms [140] (Figure 3.1).

This systematic review aimed to provide a comprehensive overview of the effect of the
physicochemical properties of the CaP biomaterials on the biological performance of bone
substitutes used for CMF bone regeneration or intra-oral bone augmentation in animal models.
Following a well-documented approach, the current state of the art was assessed from reports
published in the literature, and a meta-analysis was performed on the data extracted from these
reports. The presented information can be used as input for the optimization of the structure
and composition of future CaP biomaterials developments.

Surface Chemical Mechanical Pore
roughness Particle size composition Porosity properties architecture
L i, SO -

S S 2 - 3 -{’I‘*‘:kﬂﬁ S T, e
Cell attachment Cell proliferation Cell differentiation Protein adsorption ECM formation

Figure 3.1. An illustration of the key physicochemical properties influencing biological events. Biomaterials can
manipulate molecular and cellular responses through their structural characteristics and composition (ECM:
extracellular matrix).

3.2. Material and Methods

3.2.1. Study Design

The present study was designed as a systematic literature review on the influence of
physicochemical properties of CaP biomaterials implanted in cranio-maxillofacial bone defects.
All studies involving the physicochemical characterization of CaP biomaterials and their in vivo
evaluation in a cranio-maxillofacial animal model were assessed. The protocol for this review
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was registered with the international prospective register of systematic reviews (PROSPERO)
with registration number CRD42019121604.

3.2.2. Focused question and search strategy

The systematic review was performed according to SYRCLE's (SYstematic Review Centre for
Laboratory animal Experimentation) guidelines [141], and the focus question was: “"What is the
influence of different physicochemical characteristics of CaP biomaterials in the preclinical
cranio-maxillofacial bone regeneration process?”. An electronic search of the literature was run
on November 14, 2023, in the following databases: PubMed (MEDLINE), EMBASE and Web of
Science (all databases). Only articles in the English language were included without restrictions
on the geographical area of the study. A detailed search strategy including all search terms and
relationships between them (Table 1) was developed for PubMed and then adopted
appropriately for EMBASE and Web of Science.

Table 3.1. The search terms used in PubMed. [MeSH]: medical subject headings; [Supplementary concept]: terms
in Supplementary Concept Records (a thesaurus distinct from MeSH); [TIAB]: title/abstract terms.

Number Search terms and combinations

#1 "calcium phosphate, dibasic, anhydrous" [Supplementary Concept] OR calcium-
phosphate[TIAB] OR hydroxyapatite[TIAB] OR "Hydroxyapatites"[MeSH] OR "tricalcium
phosphate" [Supplementary Concept] OR "beta-tricalcium phosphate" [Supplementary
Concept] OR "hydroxyapatite-beta tricalcium phosphate" [Supplementary Concept] OR
tricalcium-phosphate[TIAB]

#2 "Periodontal Atrophy"[MeSH] OR "guided tissue regeneration, periodontal"[MeSH] OR
"alveolar ridge augmentation"[MeSH] OR "Parietal Bone/surgery"[MeSH] OR "Skull/drug
effects"[MeSH] OR "Skull/injuries"[MeSH] OR "Skull Fractures"[MeSH] OR
"Skull/surgery"[MeSH] OR maxillofacial injury[MeSH] OR periodontal-resorption[TIAB] OR
Periodontal-Atrophy[TIAB] OR periodontal-guided-tissue-regeneration[TIAB] OR guided-
bone-regeneration[TIAB] OR alveolar-bone*[TIAB] OR maxillofacial-bone-defect[TIAB] OR
mandible-defect[TIAB] OR mandibular-bone-defect[TIAB] OR maxilla-defect[TIAB] OR
maxillary-bone-defect[TIAB] OR maxillary-sinus-lift[TIAB] OR sinus-lift-model[TIAB] OR sinus-
augmentation[TIAB] OR alveolar-ridge-augmentation[TIAB] OR skull-defect[TIAB] OR jaw-
defect[TIAB] OR parietal-defect[TIAB] OR cranial-defect[TIAB] OR tooth-defect*[TIAB] OR
calvarial-defect[TIAB] OR calvarial-defect[TIAB] OR calvarium-defect[TIAB] OR socket-
preservation[TIAB] OR socket-grafting[TIAB] OR dental-socket*[TIAB]
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Table 3.1. (continued)

Number Search terms and combinations

#3 "Microscopy, Electron, Scanning"[MeSH] OR "X-Ray Diffraction"[MeSH] OR "Spectroscopy,
Fourier Transform Infrared"[MeSH] OR "Microscopy, Scanning Tunneling"[MeSH] OR
"Microscopy, Electron, Transmission"[MeSH] OR "Microscopy, Atomic Force"[MeSH] OR
Brunauer-Emmett-Teller[TIAB] OR profilometr*[TIAB] OR X-Ray [TIAB] OR XRD[TIAB] OR
ATM[TIAB] OR atomic-force-microscop*[TIAB] OR STM[TIAB] OR scanning-tunneling-
microscop*[TIAB] OR scanning-tunnelling-microscop*[TIAB] OR FT-IR[TIAB] OR FTIR[TIAB]
OR infrared-microscop*[TIAB] OR electron-microscop*[TIAB] OR electron-scanning-
microscop*[TIAB] OR TEM[TIAB] OR SEM[TIAB] OR surface-roughness[TIAB] OR surface-
propert*[TIAB] OR chemical-charact*[TIAB] OR chemical-propert*[TIAB] OR physical-
charact*[TIAB] OR physical-propert*[TIAB] OR morphological-charact*[TIAB] OR
morphological-propert*[TIAB] OR mechanical-charact*[TIAB] OR mechanical-propert*[TIAB]

#4 (#1) AND (#2) AND (#3)

Eligibility was initially determined by reading the title and abstracts identified in each search.
For this purpose, all references were imported into an Endnote Xg database. After eliminating
the duplicates [142] and non-relevant ones, they were exported to an online webtool (Rayyan
QCRI) to perform the screening. An Excel sheet with all references was generated from the
database. The list of unique titles and abstracts was screened by two independent reviewers
(ESD and BDC) to determine the eligibility of each study based on the inclusion and exclusion
criteria described below. The two lists of selected references were then compared in the
webtool, and all disagreements were solved by discussion, or if persistent, by a third reviewer
(FL). For the potentially relevant publications, the full-text paper publication was collected and
screened to check if all specified inclusion criteria were indeed met.

3.2.3. Inclusion/Exclusion criteria

Studies were selected according to the inclusion and exclusion criteria specified in Table 2.
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Table 3.2. Preliminary inclusion and exclusion criteria used in this systematic review. PICOS is the abbreviation of
population, intervention, comparator, outcome, and study design.

PICOS Inclusion criteria Exclusion criteria

Population All animals receiving a pure CaP biomaterial Human subjects, in vitro research, animals
implant in periodontal and cranio- receiving implants in tissues other than cranio-
maxillofacial intra-bone defects induced by maxillofacial bones, animals receiving implants
researchers that are not purely CaP biomaterials, animals

receiving implants for bone defects that are
not experimentally induced

Intervention | CaP biomaterial implants with distinct Allimplants that are not CaP biomaterials, all
microstructural properties (particle size, implants that are not the only treatment in the
porosity, pore size, mechanical properties, defect site and have interference with other

chemical composition, surface properties) in treatments, CaP biomaterial implants in the
any physical form without tissue engineering | non-scaffold applications like coating, film,
or regenerative medicine approach carrier, membrane etc.

(cell/drug/growth factor loaded)

Comparator | Not applicable Not applicable

Outcome Tissue regeneration responses (one or more) None
including newly formed bone (NB), bone to
material contact (BMC), residual graft (RG)

Study design | /n vivo experimental animal studies Clinical trials, in vitro studies, reviews, case
reports, observational research, uncontrolled
studies

NB refers to the bone tissue that grows and integrates into the surface of the implanted bone biomaterial; BMC
corresponds to the physical interaction between the host bone tissue and the implanted biomaterial; RG pertains
to the remaining portion of the biomaterial that has not integrated with the surrounding bone tissue.

3.2.4. Data Extraction

The data extraction started once the selection process was validated. One reviewer (ESD)
extracted the data from the included studies. The second reviewer (BDC) revised the extraction
results to check the quality. Studies meeting the criteria for inclusion were read carefully to
identify the following information: authors, title, year of publication, scaffold used in the study,
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scaffold’s physical form, characterization methods, animal characteristics (species and
numbers), bone defect model, duration of implantation, scaffold’s physicochemical
characteristics, and tissue regeneration responses. The data were collected in an Excel file. In
case the information was not reported, the table entry was indicated as N/P (Not Provided).

3.2.5. Quality Assessment and Risk of Bias

The methodological quality of the selected articles was assessed using the criteria outlined
in the SYRCLE's Risk of Bias (RoB) tool which is specifically developed for animal studies [143].
The tool contains 10 entries that are related to selection bias, performance bias, detection bias,
attrition bias, reporting bias, and other biases. Following the signaling questions proposed by
Hooijmans et al. (2014), the items in the RoB tool were scored as low risk, high risk, or *unclear”,
the latter indicating that the item was not reported and, therefore, the risk of bias was unknown.
Briefly, Item 1 of the RoB tool, sequence generation, was scored with low risk when authors
described a random component in the sequence generation, such as the use of a computer
random number generator. An “unclear” score was provided when the applied approach was not
mentioned. Item 2 of the RoB tool, baseline similarities, was analyzed based on animal age and
body weight. Baseline similarities were scored as low risk when the age and weight of directly
exposed animals were reported, whereas it was scored “unclear” when age and/or weight were
not reported. Item 3 focused on allocation concealment and was scored based on the applied
method to conceal the allocation sequence. Item 4, random housing, was scored as low risk
when animals were randomly housed during the experiment. Blinding of caregivers, ltem s,
focused on knowledge about which intervention each animal had received. Item 6, random
outcome assessment, focused on the method applied to select animals for outcome
assessment, and Item 7 focused on the blinding of the outcome assessor (for instance, whether
similar assessment methods were applied to both the exposure and the control groups). Item 8,
incomplete outcome data, focused on whether all animals were included in the analyses and
whether the reasons for dropouts were clearly explained. Item g, selective outcome reporting,
focused on whether the results of all outcomes mentioned in the methods section were reported
in the results section and vice versa. Items 6—9 were only analyzed for the following outcome
measures: newly bone formed (NB), bone to material contact (BMC) and residual graft (RG). In
addition, in item 10, other potential sources of bias were scored, including risks of additional
additives that were added during dosing and design-specific risks. In addition to the RoB
assessment, four items were added to check the methodological quality. As animal studies are
known for their poor reporting quality in comparison with randomized controlled trials, it is likely
that many items of the RoB tool were not reported or poorly reported (Hooijmans et al.2014).
One overall study quality indicator, item 11, scored whether any randomization was reported for
any level of the experiment. Likewise, we included two overall study quality indicators to acquire
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additional information on the reporting quality of the studies. Iltems 12 and 13 assessed whether
the number of interventions for the animals and the number of animals to be analyzed for each
time point were reported. In addition, we included a final study quality indicator related to how
the outcomes were reported in different studies: quantitative numeric format versus qualitative.
When study results were only available graphically, the item was scored “unclear”. To extract
data from graphs, WebPlotDigitizer was used (A. Rohatgi,
https://automeris.io/WebPlotDigitizer, v4.7, 2024) was used. One reviewer (ESD) conducted the

RoB and methodological quality assessment, and in case of doubt, a second reviewer (BDC) was
consulted.

Prior to the meta-analysis, a descriptive review of the study characteristics was carried out.
The meta-analysis was performed on a dataset including all covariates (quantitative
physicochemical properties of biomaterials used in the studies) and outcome variables (NB,
BMC, and RG).

3.2.6. Statistical methods

Each outcome variable Y (NB, BMC, or RG) was analyzed with respect to covariates available
from N experimental samples (meta statistical units), each sample resulting from a clearly
identified experiment conducted on a number (n) of animals over a certain time, whether
published in the same paper or different papers, whether involving the same animals or not.
Results were expressed as mean, standard deviation (SD) and range for quantitative variables,
while frequency tables (number and percent for each category) were used for categorical
findings. In some cases, to avoid the influential effect of outliers or extreme values, the mean
was replaced by the median and the standard deviation by a robust version SD = 0.74X(P75 —
P25), with P25 and P75, the 25™ and 75t percentiles of the sample data, respectively. The
Spearman correlation coefficient was used to quantify the association between the
physicochemical characteristics of biomaterials. Agreement between reviewers was assessed by
the Cohen kappa coefficient (k). A log-transform was applied to some covariates to normalize
their skewed distribution. Outcomes being expressed in percent, a logit transform was applied
to normalize their distribution, specifically Logit (Y) = log [Y / (100 - Y)]. Furthermore, outcome
data being obtained from a varying number (n) of animals, a weight (w) was associated with each
value as the inverse of their sampling variance (SE2=SD?/n), provided SD and n were available; if
not, w was estimated by regression and imputed from existing data. Lastly, since outcome data
were not all statistically independent (some were correlated because repeated on the same
animals), meta weighted generalized linear mixed effects models (W-GLMM) were used to
estimate outcomes and assess the potential effect of covariates like time or type of biomaterial.
All meta-regression coefficient estimates were presented with their standard error and p-value.
Results were considered significant at the 5% critical level (p< o.05). Calculations were
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performed using SAS (Version 9.4; Analytics Software and Solution, SAS Institute, Cary, North
Carolina) and R (Version 3.6.1; R Foundation for Statistical Computing, Vienna).

3.3. Results

3.3.1. Systematic review and study data description

The initial literature search yielded 2103 potentially eligible articles. After removing the
duplicates and the ones not in English, 1532 articles were screened in the subsequent process.
Of this number, 1342 were excluded based on inclusion and exclusion criteria. The full text of 190
articles were assessed after which another 132 were excluded, resulting in 58 articles meeting
the final inclusion/exclusion criteria. The inter-reviewer agreement was k = 0.92 for titles and
abstract evaluation and k = 0.89 for full-text evaluation. The search strategy and retrieved
articles are summarized in Figure 2 and Table 3, the latter providing a summary of the study
characteristics of the included publications. In 25 out of the 58 final included studies, HAp
scaffolds were characterized and implanted; TCP scaffolds were used in 15 studies, BCP
scaffolds in 24 studies, octacalcium phosphate (OCP)/amorphous calcium phosphate (ACP) and
their combination in 2 studies, dicalcium phosphate (DCP) in one study and other types of CaPs
in 2 studies (eggshell CaPs, respectively non-defined CaP). The scaffolds were implanted in the
form of 3D rigid structures (disc, block, cylinder, cube, sponge, and tube) in 24 studies, non-rigid
structures (granules, particles, spheres, and powder) in 32 studies, and aqueous structures (paste
and injectable cement) in 2 studies. The actual physical form is provided in Table 3. In terms of
animal models, there was substantial heterogeneity between studies with rats used in 23 out of
58 studies (for a total number of animals n>608), rabbits in 20 studies (n>208), dogs in 9 (n>67),
mini-pigs in 3 (n=19), sheep in one (n=6), mice in one (n=5) and baboons in one (n=4). Bone defect
models were the typical defects used in CMF bone regeneration studies: calvarial defects (32
studies), mandibular defects (9), parietal defects (4), alveolar defects (4), sinus augmentation
(2), skull defects (3), bilateral (maxilla and mandibular) defects (1), cranial defects (2) and
mastoid obliteration (1). Outcomes were assessed over observation periods (time) ranging from
30 days to 40 weeks (Table 3.3).
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Database search of potentially relevant studies using searched terms
PubMed: 673 EMBASE: 694 Web of Science: 736

Excluded based aon the titles
Duplicates: 517
Non-English: 54

|dentification

Abstracts of potentially
relevant articles: 1532

Screening

Excluded abstracts based on
inclusion/exclusion criteria: 1342

Full text: 180

Eligibility

Excluded full texts based on
inclusion/exclusion criteria: 132

Studies used for data | I Studies selected for
extraction: 58 Meta-analysis: 39

Inclusion

Figure 3.2. Flow diagram for the review and selection process of studies included in the systematic review.

Various types of physicochemical characteristics were recorded from various studies. Pore
size and particle/granule size were assessed in 29 studies (N=98 experimental samples) and 23
studies (N=79), respectively. Most of these studies utilized scanning electron microscopy (SEM)
to analyze pore and particle sizes. Specifically, field emission (FE)-SEM was employed in three
studies: Xu et al., (2008), Cho et al., (2013), and Wang et al., (2021). In contrast, Roy et al. (2003)
employed mercury porosimetry for pore size analysis, while Khan et al., (2015) utilized electro-
acoustic spectrometry for particle size analysis. Porosity was reported in 23 studies (N=84); 20
studies (N=53) reported the composition of CaP used for their in vivo tests. XRD patterns were
reported in 34 studies (N=105) and FT-IR spectra in 12 studies (N=40), confirming the chemical
composition and phases of biomaterials. Surface properties were characterized in 12 studies
(N=42) and mechanical properties in 11 studies (N=30). Ca/P ratio was reported in 6 studies
(N=18) and some other characteristics were reported less frequently: density (5 studies, N=g),
pore or void volume (4 studies), interconnectivity (2 studies), crystallinity (2 studies) and wall
thickness (1 study). Thirty-nine studies reported bone regeneration responses in a quantitative
way and the remaining 19 studies reported the responses qualitatively. Consequently, the meta-
analysis was conducted on the 39 studies with quantitative outcomes. The outcome variables
reported in these studies were distributed as follows: newly formed bone (38 studies, N=163),
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residual graft (21 studies, N=80o) and bone to material contact (4 studies, N=31). All the outcomes
reported in the included articles are detailed in Table 3.3.

3.3.2. Quality assessment and risk of bias

Due to the insufficient number of reported items, the RoB and methodological quality
assessments yielded many “unclear” scores, representing an unknown risk of bias (Figure 3). The
individual scores of the RoB tool and the methodological quality indicators of each included
study are provided in Supplementary Table A1. Regarding selection bias (Figure 3; Q1-Q3), the
sequence generation process was reported in only one study (2%; Q1), mentioning the use of
software for group randomization (Calvo-Guirado et al., 2015). The randomization method was
unclear in all other studies, however, many of them mentioned that the animals were randomly
assigned to exposure groups. Baseline similarities were reported more often (41%; Q2), whereas
information about allocation concealment was not reported at all (Q3). Likewise, no study
reported on random housing and blinding of caregivers (Q4 and Qs, respectively). As a result,
performance bias could not be judged. Concerning detection bias (Q6 and Qy), no study
described the random selection of animals for outcome assessment (Q6) and in only three
studies (5%; Q7y) the outcome assessor for the histological assessment was reported to be
blinded (Yang et al., 2014; Lim et al., 2015 and Mangano et al., 2015). Incomplete outcome data
were adequately addressed in most of the included studies (89%; Q8), resulting in a low attrition
risk of bias for these studies. In the assessment of reporting bias (Qg), no study was found to
have a high risk of bias. Other potential sources of bias were identified in one study (2%; Q10)
because of simultaneous additional implantations (Ripamonti et al., 2008). In addition to the risk
of bias, four study quality indicators were used to assess the methodological quality of the
studies. In 41% of the studies, randomization at any level of the experiment was reported (Q11).

In all studies, the number of interventions on the animals was reported (Q12) and most of
them reported the number of animals to be analyzed at each time point (89%; Q13). Assessment
of the outcomes revealed that 68% of the studies reported the outcome in a numeric
quantitative format, 15% of them reported qualitatively and the remaining 17% showed their
results using graphs only (Qa4).
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Figure 3.3. Results of the risk of bias and methodological quality indicators for all included studies. The items in
SYRCLE's Risk of Bias assessment; Questions Q1—Qz10 were scored indicating a low or high risk of bias or were

scored “unclear” when the item was not reported, resulting in an unknown risk of bias [143]. Questions Q11-Q14

are additional study quality indicators. For Q14, "low risk" indicates a numeric quantitative value was provided in
the study, and a "high risk" indicates only qualitative results were reported. The label "unclear" was used for studies
showing indicators only in graphical format. For additional information on the questions and indicators, see the

methods section and Hooijmans et al. (2014).
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Table 3.3. Summary characteristics of the papers included in the systematic review. Papers with qualitative

outcomes were not included in the meta-analysis. XRD: X-ray diffraction; SEM: scanning electron microscopy;

AES: auger electron microscopy; IRRS: infrared reflection spectroscopy; FT-IR: Fourier-transform infrared

spectroscopy; OM: optical microscopy; EDXA: energy dispersive X-ray analysis; FESEM: field-emission scanning

electron microscopy; Mech: mechanical characterization; ICP-AES: Inductively coupled plasma atomic emission

spectroscopy; BET: Brunauer—Emmett-Teller.

. X . Characterization . . . .
Paper ID Biomaterial(s) Physical form methods Characteristics Animal Qty. Bone defect Duration Observation Outcome
Abdel- Radiography Bone healing
Fattah et al. . . X Mandibular SEM Bone-implant integration
VHAP Block XRD Diffraction pattern Rabbit 6 3 months
(1994) defect Infra-red spectral Carbonate and phosphate
[144] analysis resorption
Particle diameter,
Denissen et diffraction pattern,
dl (i ) HA Tube SEM, AES, absorbanceps ectrla Do , Mandibular 6 months Radiography Interfaces observation
. u
995 P XRD, IRRS P ! 9 defect Histology Bone ingrowth
[145] surface area, Ca/P
ratio
Mercu Particle size, New New bone area(%)
Royetal. HAp-Ch Disk orosimg diffraction pattern, Zealand ) Mandibular 6 months Histology Linear ingrowth(%)
I 1.
(2003) [146] HAp-No P XRD i surface area, Ca/P white defect Histomorphometry Mineral apposition rate(um/day)
ratio rabbits continuity index
macroporous
Fleckenstei disk varial Histol
calvaria
netal. HAp/TCP microporous SEM micro-pore size Rat 33 10 weeks _IS ology New bone formation(%)
(2006) [147] disk defect Histomorphometry
granules
ocpP Diffraction pattern, Histol
Suzuki et Ca-deficient absorbance spectra, . _IS ology
K Calvaria Histomorphometry Newly formed bone(%)
al. (2006) HAp(HL6h) Granules XRD, FT-IR surface area, chemical Rat 30 12 weeks .
. " defect Radiography Structural changes
[148] Ca-deficient composition, Ca/P XRD
HAp(HL48h) ratio
HAp(DW250S)
HAp(DW250M) New
Simon et al. HAp(DW250L) | . Zealand Calvarial microCT Bone ingrowth volume(mms)
D OM, SEM Void vol 6 6 ke
(2007) [149] HAp(DW400S) ¢ ’ oldvolume white B defect 1o weeis radiography Normalized bone ingrowth(%)
HAp(DW400M) rabbits
HAp(DW4o00L)
BioOss
' . X Newly formed bone area(%)
Egg-shell(ES) Diffraction pattern, R . . .
Park et al. SEM, EDXA, Calvarial Histology Remaining bone graft particle
ES-CaP-1 Granules absorbance spectra, Rat 30 8 weeks X
(2008) [150] XRD, FT-IR X defect Histomorphometry area(%)
ES-CaP-2 Ca/P ratio
ES-CaP-3 BMC(%)
Ripamonti HAp/B Macro and micro-pore Bone volume fraction (%)
1] { - VOIu! ([ 0,
P p X SEM, XRD, size, diffraction Calvarial Histology . X
etal. (2008) TCP(29/81) Disc Baboon 4 365 days X Matrix volume fraction(%)
FT-IR pattern, absorbance defect Histomorphometry
[151] HAp/B-TCP(4/96) FVA (%)
spectra
Porosity, Macro-pore Micro-CT
Xuetal. FESEM, XRD, size, diffraction . Calvarial .|cro- New bone(%)
B-TCP Bulk ) Rabbit 12 16 weeks Histology . B
(2008) [152] Mech. pattern, compressive defect X Residual material(%)
Histomorphometry
strength
Mineralized bone formation(%)
Appleford Micro and Nano Mandibular Micro-CT Area of Total Tissue (%)
et al. (2009) HA Cylinder SEM, XRD Porosity Dog 10 defect 12 weeks Histology Area of Mineralized Bone (%)
[153] P Histomorphometry BV/TV, BS/TV, BS/BV, Tb.N,
Tb.Sb, Tb.Th
Hirota et al. Particle size, porosit: Mandibular Histol Bone formation rate(3¢)
1 . ([ 1Z/ I 1DUI
B-TCP(OSferion®) Granules SEM ! p Vi Rat 10 5 weeks _IS ology Amount of material(%)
(2009) [154] Macro-pore size defect Histomorphometry X .
Material absorption rate(%)
Takahashi Mandibul Average bone mass (center and
andibular
etal. (2009) TCP Sponge SEM Macro-pore size Dog 10 defect 8 weeks Histopathology top
efec
[155] of cavity) (mmz2)
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Table 3.3. (continued)

Histomorphometry
Radiography

Newly formed bone(%)

Wang et al. Porosity, Macro-pore Mandibular . Height and thickness of alveolar
9 Y, p 9
B-TCP Cube SEM . Dog 4 24 weeks Sequential .
(2009) [156] size defect ridge bone(mm)
fluorescent
. Mineralization level(%)
labeling
Porosity, Macro and 99mTc-MDP
Yaoetal. micro-pore size Mandibul SPECT
aoeta BCP Cylinder SEM, XRD ! .p 28 " Dog 10 andibular 8 weeks X New bone filled
(2009) [157] chemical composition, defect Mech. Pro analysis
mechanical properties Histology
Particle size, New
Park et al. Evacuated diffraction pattern, Zealand Calvarial . X
g CaP and filled XRD, SEM Il thick white N/P def 6 weeks Histology Bone formation
(2010) [158] microspheres wall thickness, o efect
evacuated area rabbits
n-BCP-1
n-BCP-2 New
Park et al. MBCP Granules SEM Particle size, chemical Zealand 20 Calvarial 8 weeks Histology New bone(%)
(2010) [159] Osteon composition white defect Histomorphometry
Cerasorb rabbits
Bio-Oss
Bilateral
Particle size, chemical "a .era .
Hung et al. PC-HAp/B-TCP, Granules SEM. XRD composition Do 4 maxilla and 16 weeks Histology New bone(%)
(2011) [160] MBCP ! crystallite siz'e 9 mandible Histomorphometry Ratio of new bone formation
4 defect
De Oliveira Particle size,
Lomelino et BCP Granules SEM, XRD, diffraction pattern, Rat 0 Calvarial days Histology New bone tissue(%)
al. (2012) FT-IR absorbance spectra, defect 4548y Histomorphometry
[162] chemical composition
Klijn et al. CPCIP injectable SEM, puCT, Porosity, Chemical Rat - Skull defect 12 weeks Histology Newly formed bone(%)
(2012) [162] cement Gillmore test composition Histomorphometry Appositional bone height(um)
synthetic
hydroxyapatite
i Yap Granule size, New .
Leeetal. (sHA) FT-IR, XRD, K . Zealand Calvarial X Total new bone(%)
Granules diffraction pattern, N 16 8 weeks Histomorphometry X o
(2012) [163] eggshell SEM absorbance spectra white defect Residual graft(%)
hydroxyapatite P rabbits
(eHA)
FESEM, XRD,
EPMA, FT- . .
Choetal IR ICP-AES, | Forticlesize, Zeaond Calvarial Newly formed bone(%)
(201 )[1é ] HAp Granules ' ion ! diffraction pattern, :::‘;2 8 defect 4 weeks Histomorphometry Implanted granule(%)
3 4 chromatogra absorbance spectra rabbits Soft tissue(%)
phy
Porosity, Macro-pore
Leeetal. 60TCPLOHA Granules XRD. SEM size, diffraction Rat ) Calvarial 8 weeks Histology BV/TV, BS/BV, Tb.Pf, SMI,
(2013) [265] 4 ! pattern, chemical 5 defect Micro-CT Tb.Th, Tb.N, Tb.Sp, DA
composition
Granule size, porosity,
Macro- -
Leeetal. XRD, SEM, .acro Pore size Calvarial Histology BV/TV, BS/BV, Tb.Pf, SMI,
HAp, B-TCP, BCP Granules FE-SEM, diffraction pattern, Rat 130 8 weeks )
(2013) [166] Micro-CT chemical composition defect Micro-CT Tb.Th, Tb.N, Tb.Sp, DA
interconnectivity
Fluorescent X
Jangetal. Mastoid labelin Osteoconduction
. as
9 HAps Granules SEM Granule size Rat 10 . °! . 12 weeks . 9 Ca deposition
(2014) [167] obliteration Histology Resorption
I
Micro-CT P
Granule size,
diffraction pattern, i
Kobayashi ocP P ! ) Radiography _ )
etal. (2014) ACP Granules FT-IR, XRD, absorbance spectra, Rat NP Calvarial 12 weeks XRD Radiopacity(%)
[168.] OCPIACP SEM chemical composition, defect Histology New bone(%)
Degree of Histomorphometry
Supersaturation
Leeetal. sHA Powder FT-IR, XRD, Diffraction pattern, Rat o Parietal 8 weeks Histomorphometr Total new bone(%)
1
(2014) [169] eHA SEM absorbance spectra 3 defect P y Residual graft(%)
Xia et al macroporous Rod diameter, Macropore Calvarial Micro-CT BMD(mgHA/cm)Tb. Th(mm)
) Block SEM size and interconnected Rat 6 8 weeks Histology New bone area(%)
(2014) [170] HAp defect

pore size

Histomorphometry

New vessel area(%)
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Table 3.3. (continued)

Particle size, porosity,

v fal B-TCP Macro and micro-pore New Calvarial Histol Area of augmentation(mm?)
angetal. - alvarial
9 Granules SEM, XRD size, diffraction Zeal_and 10 8 weeks _IS ology New bone area(mm2,%)
(2014) [171] (Cerasorb), BCPs X white defect Histomorphometry X K
pattern, chemical rabbits Residual particle area(mm?2,%)
composition
BV/TV(%)
Calasans- HAp and Alveolar BiomatV/TV(%)
Vi I
Maia et al. P Spheres SEM SEMimage Rat 15 42 days Histomorphometry
(2015) [272] carbonated HAp defect RANKL(pg/mL)
5) [17 OPG(pg/mL)
Calvo- Granule size, Porosity, New Cortical Defect Closure(%)
Guirado et BCP (4Bone®) Granules SEM Macro and micro-pore Zealand Parietal 2 weeks Hist roh " New bone(%)
V] ) 12 W istomorphometn . N
al. (2015) 4 size, chemical white 7 defect P Y Connective tissue(%)
[273] composition rabbits Residual material(%)
helium
pycnometry, Particle size New
B th(%.
Khan et al. Acoustic & distribution, Chemical Zealand Parietal . one growth(%)
BCP Granules " 12 8 weeks Histomorphometry Graft(%)
(2015) [174] electro- composition, Surface white defect X .
acoustic area, Densit rabbits Soft tissue(%)
A Y
spectrometer
Porosity, Macro-pore
size, Diffraction New
Limetal. BCPs Block XRD, SEM, pattern, chemical Zealand - Calvarial 8 weeks Histology Newly formed bone(%)
(2015) [175] Mech. composition, white defect Histomorphometry Residual material(%)
compressive strength, rabbits
Crystalline phase(%)
Manchon et Granule size, Porosity, New New bone(%)
SEM, XRD, ores fraction, pore Zealand Calvarial Histol. X .
al. (2015) B-TCP Granules ! ! P, ) ! P eatan 4 12 weeks _IS ology Residual graft material(%)
BET size, diffraction white defect Histomorphometry R N o
(2761 pattern, surface area rabbits Fibrous tissue(%)
A
Porosity, pore size,
pores fraction, New
Manch t New b %
anchone SEM, XRD, diffraction pattern, Zealand Parietal Histology EVY one(s) .
al. (2015) B-TCP Granules X 4 12 weeks X Residual graft material(%)
BET surface area, blend white defect Histomorphometry R k .
2771 composition, lattice rabbits Fibrous tissue(%)
parameters
Mangano et Rod diameter, Micro-CT Newly deposited bone area/
- Wi I
9 porosity, Macro and Sinus .|cr0 . v dep .
al. (2015) BCP Block SEM, XRD ) ) Sheep 6 9o days Histology field area(%) peripheral and
micro-pore size, augmentation )
[178] chemical composition Histomorphometry central
SEM, XRD, Porosity, Macro-pore
FT-IR, BET, size, diffraction Newly formed bone(%
Leeetal. nano-sized B-TCP o ! Mandibular . . Y ) o)
(2016) [173] Granules uCT, particle pattern, absorbance Dog 18 defect 12 weeks Histology Residual quantity(%)
2016) [1 efec
79 size analyzer, spectra, surface area, Resorption(%)
Mech. compressive strength
Sheikh et Porosity, diffraction New Histology
al. (2016) dicalcium Disc SEM. XRD pattern, surface area, Zealand Calvarial 12 weeks Histomorphometry Bone volume (%)
[1'80] phosphate ! Ca/P ratio, Density, white 5 defect SEM Remaining graft(%)
Compressive strength rabbits XRD
Lambert et BHA (Bio-Oss) X . New X . Newly formed bone(%)
Particle size, surface Zealand Calvarial Histology ) A
al. (2017) CBHA (Endobon) Granules SEM, BET 24 12 weeks X Biomaterial(%)
area white defect Histomorphometry
[181] SHA (Osbone) rabbits BMC(%)
New bone(%)
P ity, M - Micro-CT BMD(g.cm-;
Diao et al. uCT, SEM, .or05|.y a.cro pore SD Calvarial .|cr0 (g-cm-3)
(2018) [282] 3D Plotted B-TCP Paste XRD size, Diffraction Rats N/P defect 12 weeks Histology BV(mm3)
pattern, Connectivity Biomechanical Max load(N)
Stiffness(N/mm)
Macro-pore size,
Diffraction pattern, N
SEM, BET, ew Micro-CT
Fanetal. ABEM. BloO: . | XPS. XRD. absorbance spectra, Zealand 6 Calvarial K H.lctrol Newly formed bone(%)
, BioOss ranules 3 , 1 12 weeks
(2018) [183] XPS spectrum, surface white defect _IS ology remnant graft(%)
FT-IR area, average pore rabbits Histomorphometry
A
volume
. Fl td
Porosity, Macro-pore Bilateral | ;o:'.escen ve
n
Yaoetal. size, Diffraction a. €ling New bone formation(%)
BCPs Block SEM, XRD . Dog 9 alveolar 12 weeks Histology
(2018) [184] pattern, Chemical K X Graft volume
tion ridges Histomorphometry
compost Spiral CT
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Table 3.3. (continued)

Micro-CT
Madhumathi CDHA . . . f
XRD, FT-IR, Diffraction pattern, Cranial Histology .
etal.(2018) | B-TCP Granules Rat 12 12 weeks total healing score
[185] CDHAJB-TCP TEM surface area defect Immuno-
histochemistry
SEM, XRD,
mercu Graft remaining particles area(%,
daSilva mereury Porosity, Macro-pore ) ) ining parti (%6)
nano- intrusion R i X Calvarial Histology Graft remaining particles
Brumetal. BCP R X size, Diffraction Rat 48 4 weeks X
particle porosimetry, K defect Histomorphometry number(%)
(2019) [186] i pattern, Density X
helium gas New tissue area(%)
pycnometry
Non-sintered Regenerated area
be Carvalh HAP Macro and micro-pore Regeneration(%)
e Carvalho
etal. (2019) HAp sintered at Granules SEM, XRD, size, Diffraction mini- Alveolar months Histology Newly formed bone(%)
. u
(1871 820°C BET pattern, Surface area, pig 5 defects 3 Histomorphometry Biomaterial(%)
HAp sintered at Pore volume Soft tissue(%)
1200° C Bone to material contact(%)
Micro-CT
New bone f ti
Park et al. Porosity, Macro and Calvarial Histology ewbone .orr.na ‘on -
(2019) [288] B-TCPs(a,b,c,d) Block SEM micro-pore size Rat 48 defect 4 weeks Immuno Osteoblastic differentiation
11 1 I - 1Z: -
9 P X v . Type | collagen
histochemistry
HA
P Diffraction pattern, .
o-TCP A New bone regeneration
Zhangetal. X SEM, XRD, Ca/P ratio, . L
(2019) [184] B-TCP Disc Mech Compressive strenath Dog N/P | Skull defect 8 months Histology Vascularization
S BCP (30% B-TCP) ’ Sol bp'l' gt Bone resorption
BCP (70% B-TCP) olubility
New bone (%)
Hungetal. Porosity. Macro-pore Connective tissue (%)
(2019) [190] . Yo . P . Residual particles (%)
size, Chemical - Sinus . . .
. mini- . Micro-CT Bone density variables (BA/TA
BCP Granules SEM composition, . 6 augmentation | 12 weeks .
) pig Histometry and BS/TV)
Compressive strength, . )
Densit Bone architecture variables
ensi
Y (Tb.Thand Th.N)
Bone spacing variable(Po.(OP))
Chietal. Pore size, Micro-CT BV/TV(%), Tb.N, Th.Sp, Tb.Th,
(2020) [191] 3D-HAp Cylinder SEM, Mech. Compressive modulus Rat 6 Skull defect 12 weeks Histometry
Luciferase
Jensen et Pore size, Diffraction Calvarial scanning
al. (2020) TCP Cylinder XRD, Mech. pattern, Compressive Mouse 5 defect 8 weeks histolo Implant surface with bone (%)
(92] force 9y
Granules size,
Intapibool
etal. (2020) BCP(30%TCP70 Diffraction pattern, l';lev?/dborlle(%f)t 6
%HAP) Calvarial Histology esidual graft material(%;
1 ] ) ’
(293 BCP(0%TCP30 Granules SEM, XRD Micro-pore size, Pig 8 defect 16 weeks Histormorphometry Bone to material contact(%)
%HAp) Macro-pore size,
Chemical composition
SEM, XRD, Diffraction pattern, Bone mineralization
i i g 1 . . .
Kiyochi et Particle size, Density, . SEM
[ : Mech., h - Calvarial Presence of blood vessels
al. (2020) BCP Disc Micro Porosity, Vickers Rat 35 defect 60 days
[194] hardness hardness, Histology
Compressive strength
| Pore volume, specific Histol
De Oliveira Calvarial istology
Junior et al BioOss, BCPs Granules SEM, BET surface area Rat 45 9o days Bone neoformation (pm2)
: defect Histomorphometry
(2021) [195]
Pore diameter,
L . .
(Seo e§€ 6 BCPs Granules SEM porosity, chemical Rabbit 6 Calvarial 8 weeks Micro-CT New bone formation(mm3)
202 u iti i w
021) [19 composition defect Histometry Residual graft(mm3)
o BV/TV(%
HAp fiber, Fiber, Diffraction pattern, Cranial Micro.CT I b( 0) )
Wangetal. | pionc Granules | FE-SEM,XRD | Particle diameter, Rabbit | 8 | 07 Bweeks | L0 New bone area(mm:)
(2021) [197] Pore size erec Istometry Residual graft(%)
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Table 3.3. (continued)

Ghayor et
al. (2022)
[298]

HAp1100
HAp1200
HAp1300

HAp1400

Cube

SEM, Mech,
Microporosity,

BET

Grain size, surface
area, Microporosity,
Compressive strength

Rabbit

N/P

Calvarial
defect

8 weeks

Histomorphometry

Bone regeneration(%)

DaSilva et
al. (2023)
[199]

BCP

Cylinder

XRD,
SEM/EDS

Diffraction pattern,
Chemical composition

Rat

25

Alveolar
defect

120 days

Histology

Alveolar regeneration

Wuetal.
(2023)
[200]

BCPs

Disc

SEM, FT-IR,
Mech.

Porosity

Rat

Calvarial
defect

12 weeks

Micro-CT
Histology

New bone area(%)
BV/TV(%)

Youseflee
etal. (2023)
[201]

nHAp

Disc

FE-SEM, XRD

Diffraction pattern

Rat

Calvarial
defect

45 days

Histopathology

histomorphometry,

Immunohisto-
chemistry

Fibrous connective tissue(%)
New bone formation(%)
Angiogenesis(%)

3.3.3. Meta-analysis

The meta-analysis was based on N=164 experimental samples, resulting from 73 animal
experiments from 39 scientific articles, each experimental sample yielding at least one outcome
value. NB was missing for one experimental sample (da Silva Brum et al., 2019), while BMC and
RG were available for 31 and 8o experimental samples, respectively. Overall brute force mean =
SD (range) for NB values was 29.4 + 22.6% (1.6 - 95.5%), for BMC values 45.3 + 23.8% (6.2 -
78.8%), and for RG values 34.2 + 17.3% (4.6 - 91.5%). Data for each outcome were widely
dispersed which may be explained by the many factors characterizing the in vivo experiments
discussed below. The distributions of all study characteristics employed in the meta-analysis are
provided in Supplemental Table A2.

3.3.3.1. Analysis of new bone (NB)

Mean NB values were weighed by the inverse of their sampling variance, specifically by
w=n/SD2. Weights could not be calculated for 32 experimental samples (SD and/or n missing).
Instead, they were estimated by regressing log(w) on logit(NB), namely w=exp{-2.52 — 0.95
log[NB/(200-NB)J3, as pictured in Supplemental Figure Ai. Indeed, a highly significant
relationship was found between the two variables (r = -0.65, p<0.0001). Five NB values (all < 5%)
had extremely high weights (w>15) compared to the other w-values (median + robust SD of
weights equal to 0.24 + 0.41). These highly influential NB observations, respectively w=49.9 and
15.9 (Xiaetal, 2014), 15.9 (Yang et al, 2014), 33.3 and 30.8 (Intapibool et al, 2020), were ultimately
discarded (see Supplemental Table Ag), leaving 158 data points for the meta-analysis. A
weighted generalized linear mixed model (W-GLMM) fitted to NB values alone (without
covariates) yielded an estimated NB average of 11.4%. Thus, when taking into consideration the
statistical precision of NB values, the global mean was much lower than the one computed
bluntly from all observations.
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Effect of Time. As displayed in Figure 3.4, a highly significant relationship (p<o.0001) was found
between NB and time (i.e. the duration of the experiment expressed in days), and the estimated
regression equation was Logit (NB) = -5.31 + 0.87 log(time). Thus, for an experiment duration of
e.g. 5o days, the expected NB would be 12.9%.
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Duration (days)

Figure 3.4. Relationship between new bone NB (%) and duration of the animal experiment (log-scale) derived by
weighted generalized linear mixed modeling. Five NB values with outlying weights (big hollow dots at days 14; 28
and 56) were eliminated from the analysis.

Biomaterials. The W-GLMM model evidenced significant differences in NB between
biomaterials (p=0.0021). The estimated NB values were low for HAp, TCP and BCP (8.6-13%) and
much higher for OCP-ACP-OA, DCP and CaP (25.7-39%), but the latter were based on smaller
sample sizes. Multiple comparisons showed significant differences between TCP and CaP
(p=0.016). When restricting the comparison of biomaterials to the first three types (HAp, TCP
and BCP), significant differences were still detected (p=0.027), the largest difference being
between TCP and BCP (Supplemental Table A3). No interaction was found between
biomaterials and time.

Experimental features. No significant association was found between NB and the number of
implantations (p=0.56), nor between NB and the physical form of the biomaterial (p=0.35). By
contrast, NB varied with the animal species used in the experiment (p=0.0025), being 51.7% for
baboons, 10.6% for dogs, 19.9% for mini-pigs, 12.4% for rabbits and 8.0% for rats. The two latter
species were also among the most used in the studies reported. NB values also differed
significantly according to type of defect (p<o.0001), being 9.6% for calvarial defect (the most
frequent, N=131) and higher elsewhere but based on lower sample sizes: mandibular (N=11,
10.4%), alveolar (N=6, 10.8%), skull (N=1, 10.8%), sinus augmentation (N=2, 25.4%), cranial
(N=4, 41.1%), parietal (N=4, 47.2%), and bilateral maxillary and mandibular defect (N=4, 61.2%).

51



Chapter 3: Systematic Literature Review

Estimated NB values (mean + SE) with respect to the type of biomaterial, animal species and
types of defects are displayed in Supplemental Figure A2.

Biomaterial characteristics. When fitting W-GLMM to NB data according to each biomaterial
characteristic, significant effects were observed for macropore size (N=71, slope = -0.0016 *
0.00031, p<0.0001), and to a lesser extent to Ca/P ratio (N=18, slope = -5.31 + 2.33, p=0.041) and
to compressive strength (N=20, slope = -0.11 + 0.035, p=0.020) (Figure 3.5). The two first effects
remained significant when including time in the regression analysis. Of note, no effect was
observed for particle size (N=79, p=0.85), porosity (N=74, p=0.13), log-transformed micropore
size (N=27, p=0.64), surface area (N=32, p=0.18), and density (N=6, p=0.40).
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Figure 3.5. Relationship between New Bone (NB) and biomaterial characteristics (macropore size, Ca/P ratio and
compressive strength respectively) derived by weighted generalized linear mixed modeling. NB values with
outlying weights (big hollow dots) were eliminated from the analysis. Experimental sample data from the same
animals are joined by dashed lines.

3.3.3.2. Analysis of bone to material contact (BMC)

BMC (%) was reported in only 4 papers involving g9 animal studies yielding a total of N=31
experimental units. Weights could be calculated for all 31 BMC values, but one observation
(Intapibool et al, 2020) was discarded due to an abnormally high weight (w=20.8 compared to a
median + robust SD weight of 0.053 + 1.74) (see Supplemental Table A4). Thus, 30 BMC values
were used in the analysis. A W-GLMM was fitted to BMC values alone (without covariates)
yielding an estimated BMC average of 34.1%, lower than the value reported in Supplemental
Table A2 based on all observations.

Effect of time. A time effect was evidenced by W-GLMM analysis (slope for log-transformed
time equal to 1.53 + 0.38, p=0.0004) indicating that BMC values reported in the literature

52



Chapter 3: Systematic Literature Review

increased with respect to experiment duration (Figure 3.6). The regression equation was: Logit
(BMC) = - 6.88 + 1.53 log(duration). Thus, for an experiment duration of e.g. 5o days, the
expected BMC would be 29 %.
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Figure 3.6. Relationship between BMC (%) and duration of the animal experiment (log scale) derived by weighted
generalized linear mixed modeling. One BMC value with an outlying weight (big hollow dot at day 84) was
eliminated from the analysis.

Biomaterials. No difference was found in BMC values according to the three biomaterials
utilized (p=0.58), namely HAp (N=11, 12.2%), BCP (N=12, 32.8%) and CaP (N=8, 68.6%), as
displayed in Figure 3.7a.

Experimental features. A significant association was found between BMC and the number of
implantations (p<o.0001), especially between 2 and 4 implantations (see Figure 3.7b). By
contrast, all BMC values were associated with non-rigid structures, and no significant
association was detected between BMC and animal species (p=0.97, mini-pig, rabbits, or rats),
or between BMC and type of defect (p=0.81 for alveolar or calvarial defects).
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Figure 3.7. Estimated Bone to Material Contact (BMC) values (mean + SE), globally (horizontal dotted lines) and
with respect to (a) the biomaterials and (b) the number of implantations, as derived by weighted generalized
linear mixed modeling.

Biomaterial characteristics. When fitting W-GLMM to BMC data according to each biomaterial
characteristic, significant effects were observed for the particle size (p<o0.0001, especially
between 750 and 1500 um), the Ca/P ratio (N=8, slope = -12.3 + 1.27, p<0.0001) and to a lesser
extent to surface area (N=9, slope = 0.017 + 0.0063, p=0.042). Those three effects are illustrated
in Figure 8Error! Reference source not found.. Of note, no effect was observed for macropore
size (N=10, p=0.86) nor for log-transformed micropore size (N=10, p=0.73); porosity was
identical for all observations (N=38, all 80%) and there were no data on compressive strength nor
density.
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Figure 3.8. Relationship between Bone-Material-Contact (BMC) and characteristics (particle size, surface area and
Ca/P ratio respectively) derived by weighted generalized linear mixed modeling. Experimental sample data from
the same animals are joined by dashed lines.
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3.3.3.3. Analysis of residual graft (RG)

RG (%) was reported in 21 papers involving 43 animal studies yielding a total of N=8o
experimental units. Weights could be calculated for all RG values, but two observations (Yang et
al, 2014 and Da Silva Brum et al, 2019) (Supplemental Table A4) had to be discarded because of
abnormally high weight (w=11.5 and w=84.9 compared to a median + robust SD weight of 0.20
+0.41). Thus, 78 RG values were used in the meta-analysis. A weighted generalized linear mixed
model (W-GLMM) was fitted to RG values alone (without covariates) yielding an estimated RG
average of 20.1%, much lower than the value reported before based on all observations.

Effect of time. No time effect could be evidenced by W-GLMM analysis (slope for log-
transformed time is 0.37 + 0.20, p=0.067) indicating that RG values were relatively stable
concerning experiment duration.

Biomaterials. By contrast (Figure 9a), significant RG differences were seen between
biomaterials (p=0.039); namely HAp (N=22, 27.2%), TCP (N=15, 28.0%), BCP (N=33, 15.8%), DCP
(N=2, 50.2%) and CaP (N=8, 24.7%). When combining time and biomaterials, both effects
became non-significant (p=0.050 for biomaterials and p=0.11 for time).

Experimental features. RG differed significantly according to several experimental features:
physical form (p=0.039) being 43.8% for 3D rigid structures (N=15) and 18.9% for non-rigid
structures (N=65) (Figure gb); animal species (p=0.022) being 40.9% in dogs (N=3) compared to
15.6% in rabbits (N=42), 18.3% in rats (N=17), 21.4% in mini-pigs (N=14) and 25.5% in baboons
(N=4) (Figure 9c). Interestingly, no significant association was detected between RG and the
number of implantations (p=0.080) neither between RG nor bone defects (p=0.33).
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Figure 3.9. Estimated residual graft (RG) values (mean + SE), globally (horizontal dotted lines) and concerning (a)
biomaterials, (b) physical structure and (c) animal species, as derived by weighted generalized linear mixed
modeling.
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Biomaterial characteristics. For biomaterial characteristics, only macropore size (N=44, slope =
-0.0025 + 0.00060, p=0.0001), compressive strength (N=16, slope = 0.13 + 0.024, p=0.0030) and
particle size (N=42, slope = 0.00089 + 0.00034, =0.016) were significantly associated with RG
values.

3.3.4. Physicochemical characteristics of biomaterials

Spearman correlation analysis of the physicochemical characteristics of biomaterials
exhibited perfect correlations between some of the reported characteristics such as macropore
size and Ca/P ratio (r = +1, p<0.0001), macropore size and density (r = -1, p<0.0001), and particle
size and compressive strength (r = +1, p<0.0001). The surface area was shown to have significant
correlations with particle size (r = +0.58, p=0.028), porosity (r = -0.86, p=0.0033), macropore size
(r = +0.61, p=0.022), and Ca/P ratio (r = +0.85, p=0.0020). A negative correlation was also found
between macropore size and compressive strength (r = -0.61, p=0.022). It should be noted that
correlations were computed on small sample sizes and did not consider repeated observations.
Correlations between all characteristics with an indication of the corresponding sample size are
provided in Supplemental Table As.

3.4. Discussion

The demand for technologies capable of enhancing the biomaterials used to treat CMF bone
defects has been on the rise. This quest, accompanied by the advent of functionally tailored,
biocompatible, and biodegradable materials, has motivated an enormous research interest in
bone TE. As a result, different materials and fabrication methods have been investigated
towards this end, leading to a deeper understanding of the geometrical, mechanical, and
biological requirements associated with bone scaffolds. CaPs are a highly used scaffold material
for bone regeneration because they actively promote osteogenesis. Structural control and
optimization of CaPs in multi-scaled levels may lead to significant developments in bone TE.

The aim of this study was to systematically review the preclinical in vivo evidence for the
influence of biomaterial characteristics on CMF bone regeneration. Overall, the results of this
systematic review and meta-analysis demonstrated that physicochemical characteristics of
biomaterials influence bone regenerative responses; moreover, experimental features affect
both the percentage of newly formed bone and the volume of the residual graft.

In some prior systematic reviews, the performance of bone tissue engineering scaffolds in in
vivo animal models has been studied. In 2016, de Misquita et al. concluded that in the studies
with calvarial bone defects, CaPs had important osteoinductive effects which increased when
combined with other classes of biomaterials [202]. Their study aimed to determine which class
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of materials had achieved a higher rate of bone neoformation, so no correlation between the
materials’ properties and their regenerative capacity was developed. Additionally, in 2017,
Shanbhag et al. conducted a systematic review of animal models to study how cell-based bone
TE strategies enhance bone regeneration and/or biomaterial osteointegration in experimental
peri-implant defects, compared to grafting with autogenous bone or only biomaterial scaffolds.
They observed that bone regeneration and osseointegration in peri-implant defects were
enhanced by the addition of osteogenic cells to biomaterial scaffolds [203].

To the best of our knowledge, the current study is the only systematic review and meta-
analysis that has evaluated the effect of physicochemical characteristics of CaP biomaterials on
CMF bone regeneration. To do so, we employed a comprehensive search and robust data
assimilation procedure. For the 58 studies that were finally selected, a database was built based
on the physicochemical characteristics of scaffolds and their bone regeneration capacity. The
risk of bias (RoB) was assessed using SYRCLE’s RoB tool. Each study was subjected to 10
questions related to the general risk of bias and 4 questions related to the quality of
randomization and study item reporting. Meta-analysis was only performed for the 39 studies
reporting quantitative outcomes. Our analysis of data from these studies demonstrates the
impact of structural characteristics along with the experimental features on CMF bone
regeneration.

3.4.1. Characteristics of animal models

Guidelines for designing preclinical animal models in bone TE have indicated some essential
criteria as follows: (1) the models should match the clinical and biological environment and
material formulation to the greatest extent possible; (2) they should allow the use of quantifiable
parameters to evaluate success and functional performance of regenerated tissues; and (3) they
should detect and predict clinically relevant differences in biological performance between the
regenerative therapies assessed [204]. In the present study, all these experimental features were
attentively observed and their effect on the regeneration outcomes was analyzed. The average
time of implant placement within the included studies was 83.6+53.5 days. Although some
studies with relatively long evaluation times (Ripamonti et al., 2008 and Zhang et al., 2019) were
present among the included studies, additional long-term in vivo assessments are needed to
ensure preclinical safety. In the present meta-analysis, a significant effect of time on new bone
tissue formation was observed. Regarding the animal models, seven different species were used
across the included studies and small animals comprised most tested animals (66% rats and
22.7% rabbits). The remaining 11.3% were large animals (dogs, mini-pigs, mice, sheep and
baboons). In general, large animals resemble the clinical conditions in bone TE better than small
ones. This is due to similarities to the human bone in terms of composition and density [205].
Nevertheless, rodents are more frequently used for the assessment of bone biomaterials for
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CMF indications (and in general) as they are less costly and easier to house. However, they are
primarily being used for preliminary screenings followed by verification in large animals that are
considered for the last phase of validating a new intervention [205,206]. Moreover, small
rodents have a more controlled and clearer genetic background with less variation among
individual animals requiring a lower number of experimental values to achieve statistically valid
data[206,207]. Rabbits also have the advantages of small size and easy handling while achieving
their skeletal maturity by 6 months of age allowing higher volumes of bone tissue to be formed
in set-ups for testing periodontal and CMF reconstruction therapies. They also report higher
reliability in terms of critical size defects [208].

3.4.2. Types of bone defects and biomaterials

Various types of defects, both acute and chronic, are studied in the CMF region. In this
systematic review, 70.6% of the included studies assessed cranial defects (calvarial, parietal and
skull) and 29.4% of them tested maxillo-facial ones (mandibular, alveolar, bilateral
maxillomandibular and sinus augmentation). It should be remembered that the focus point in
this review is the impact of physicochemical characteristics on the regeneration process.
Therefore, only acute surgically created defects were studied here by excluding the defects with
any factors interfering with bone regeneration. Likewise, for the biomaterial type, only pure
CaP-based biomaterials free of any bioactive substances (cells, drugs, growth factors, etc.) were
included. This gives a better indication of how the physicochemical cues can affect the
regeneration phase. There are some systematic reviews in which the implementation of cell-
based approaches was studied in pre-clinical periodontal animal models [209—211]. A wide
variety of biomaterial physical forms has been used in these bone defects. To avoid confusion
due to the different terms used, they were grouped into three main categories. In total, 65.9%
of the biomaterials applied in the meta-analysis were non-rigid structures including granules,
particles, spheres, and powder; 28% were in 3D rigid forms including disc, block, cylinder, cube,
sponge and tube; and 6.1% were putties. Generally, the latter materials consist of a mixture of
granules and an aqueous solution. They harden after in situ implantation or injection. The
mechanical stability in these biomaterials is provided by the physical entanglement of CaP
crystals. Their good handling and injectability extend their field of application, for instance for
the treatment of bone fractures by minimally invasive techniques [212].

3.4.3. Outcome measures

Bone regenerative outcomes in this systematic review showed differences across all
experimental circumstances mentioned above. Both NB and BMC increased significantly over
time. NB also differed notably among animal species and defect types. BMC was influenced by
the number of implantations and physical forms of biomaterials. RG was influenced significantly
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by biomaterial type, animal species and physical form. On the biomaterial type, the NB value for
TCP was lower than for HAp and BCP while presenting the lowest RG in the meantime.
Undoubtedly, the experimental variables documented across the studies included (such as
biomaterial type, implantation time, number of implantations, animal species, defect type and
biomaterial’s physical form) have demonstrated varying degrees of influence on the
regenerative outcomes.

It should be noted that BMC analysis allows the evaluation of the osteointegration and
osteoconductive behavior of the bone substitutes and can be correlated to surface topography
and/or to sintering temperatures used in the fabrication process. The manufacturing method of
bone fillers allows for the preservation of a certain surface roughness favoring cell colonization,
osteoconductivity and better bone regeneration [181,187]. High osteoconductive properties are
important from a regenerative point of view since a tight network between bone and biomaterial
plays a key role in implant primary stability and implant survival rates [112,181,213].

3.4.4. Influence of physicochemical characteristics on regenerative
responses

A series of structural properties of CaPs have been analyzed within the regeneration process
of included studies. Macropore size exhibited a significant effect on both NB and RG. The pore
architecture at the macro and micro levels affects the capability of the surrounding tissue to
promote cell infiltration, migration, vascularization, and nutrient and oxygen flows [214]. The
distribution of macropores in the included studies ranged from 0.4 pm to 850 pm and the ones
of the micropores from 4 nm to 150 um. These ranges are wider than what is usually suggested
in the literature for successful bone regeneration (100-600 pm for macropores and micropores
bigger than 20 nm) [110,214]. The significant effect of macro and micropore size on both NB and
RG in the models developed here emphasizes the crucial role of porosity in the biomaterial’s
design regardless of the size. However, the issue remains for the optimal architecture of the
pores in the structure. The presence of macropores favors osteointegration and angiogenesis
while micropores increase the surface area available for protein adsorption [110]. It has been
shown that the distribution of micropores on the walls of macropores could play a positive role
in favoring the adsorption of proteins [215]. The pore size distribution was shown to influence
the degradation performance of the scaffold, as shown here in RG values and, therefore, the
biodegradation kinetics could be modulated by varying the pore architecture [216]. Another
parameter that has mostly been dealt with in the included studies on non-rigid CaPs is particle
size. This quantity varied from 0.5 pm to 1500 um in the included articles and showed a
significant effect on BMC and RG. Particle size was shown to be a highly determinant feature for
the bioactivity of granulated CaPs that could be influenced by altering available surface area,
roughness, mechanical performance and the resorbability of scaffolds [214].
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Among the surface properties within the included studies, extensive attention has been
directed toward the surface area, with ten studies spanning a wide range from 0.24 to 87.5
(m?/g). This parameter plays a vital role in cellular attachment, offering ample anchoring sites
for cell expansion and proliferation [217]. High surface areas exhibit a remarkable capability to
absorb large quantities of biomolecules, thereby promoting extracellular responses [218]. The
meta-analysis conducted herein elucidated a significant effect of surface area on BMC,
emphasizing its crucial role in influencing cellular behaviors and material performance.

Mechanical properties were barely investigated in the included studies, and this is mainly
because the CMF defects studied here were low or non-load-bearing and did not require
biomaterials matching the natural mechanical properties. Of note, the compressive modulus of
sections of bone from the skull containing both cortical and cancellous regions is on the order of
0.36-5.6 GPa, depending on the direction of the load. These mechanical characteristics can be
difficult to achieve with porous materials. CaPs may more easily approach these characteristics
(though with lower toughness than native bone); however, it seems that such a high degree of
mechanical competence is not necessarily needed (or even desirable) for bone repair [219].

Compressive strength is the most reported mechanical property in the literature as it is the
dominant type of loading on BTE scaffolds in the body [220]. The compressive strength of
various CaPs in the included studies varies from 1.8 MPa to 14 MPa and showed a significant
effect on both NB and RG values. Nonetheless, mechanical properties can come with concerns
in the CMF area when the implanted biomaterial does not fit the defect space. In the stiffer
biomaterials, stress-shielding at the bone-material interface can cause greater bone loss and in
the softer biomaterials, instability and limited motion can cause further damage [219]. One
approach to overcome this issue is to employ in situ implantable CaPs that harden within the
defect space [221,222].

Another physicochemical parameter that exhibited an impact on the regenerative responses
of CaP biomaterials in the included studies is the Ca/P ratio. Overall, this ratio for CaP
biomaterials used in biological applications can vary, depending on stoichiometry, from 1to 1.67
for dicalcium phosphate (DCPA) and pure HAp, respectively. The values of almost the whole of
this range have been extracted from the studies and then fed to the meta-analysis. The analysis
showed a significant effect of the Ca/P ratio on NB and, to a lesser extent, on BMC. CaP
biomaterials offer fast or slow degradation rates depending on their Ca/P molar ratio. B-TCP
with a Ca/P ratio of 1.5 has been classified as a resorbable material while sintered HAp with a
Ca/P ratio of 1.67 may show slower resorbability. Nevertheless, HAp becomes more resorbable
in the presence of certain impurities, such as water-soluble binders and biodegradable polymers
[223,224]. The other approach to increase HAp's resorbability is to reduce its grain size to nano-
scale [225]. Hence, the Ca/P ratio is a compositional parameter that is quite tunable for various
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functions. In some situations, fast resorbing materials with low mechanical properties are
needed, therefore a lower ratio of Ca/P such as TCP is preferred. In other cases, materials in a
higher ratio of Ca/P with more stability and slower resorption characteristics (e.g., HAp) or a
proper combination of both (TCP and HAp) are recommended.

3.4.5. Limitations

One of the limitations of this systematic review is that only four studies have reported BMC.
Additional data on this aspect would provide a more robust indication of how the experimental
features and material characteristics interact with BMC. Likewise, some physicochemical
characterizations were only scarcely investigated in the included studies, which limits
interpreting their impact on the regeneration process. Mechanical properties were less
thoroughly considered in the included studies, even though facial bones such as maxillary and
mandible act as load-bearing bones for the dental region [226]. The mechanics of biomaterials
are highly important for CMF defect treatments and future biomaterial developments should
focus on this. These considerations should not only include the stiffness difference between
biomaterial and bone (potentially leading to stress shielding) but also the fixation of the
biomaterial (avoiding movement) as well as ease of application. Another characteristic mostly
neglected in the studies was surface roughness. Surface roughness has a key role in protein
adsorption [110], requiring further investigation in particular when the CaP biomaterials are
implanted with biomacromolecules. Finally, the meta-analysis was limited to the studies
reporting the responses in a quantitative manner, so the studies using qualitative outputs were
excluded from the analysis.

Despite searching for relevant studies in major electronic databases, we cannot rule out the
possibility of missing studies. It should be noted as well that there was substantial heterogeneity
across studies for all outcomes assessed, hence the results should be interpreted with caution.
The study of applications combining scaffolds with cells, drugs or growth factors would be useful
to elucidate how the structural elements should be tailored in their presence.

3.4.6. Clinical relevance

Systematic reviews and meta-analyses of animal studies can be useful for designing future
clinical trials, capturing the underlying heterogeneity between studies and treatment effects,
and improving the methodological quality of future studies [143]. The biomaterial design and
selection for clinically successful CMF bone regeneration is fully dependent on the treatment
strategy’s requirements, emphasizing the role of biomaterial composition and physicochemical
properties [227]. To test the efficacy and predictability of bone substitute materials, preclinical
in vivo studies in clinically relevant animal models are a fundamental step in translational
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research [207,208,228]. Multiple experimental and preclinical studies demonstrate impressive
results on bone neoformation in CaP scaffolds with a wide variety of characteristics [229,230],
however, not all of them have exhibited similar efficacy in humans [231]. Developing statistical
models for the meta-analysis of such studies, as done here for the preclinical models, will provide
an indication of the most influencing elements to be considered in the early phases of
biomaterial design. Future prospective randomized clinical trials should then be performed to
identify clear indications in humans and to demonstrate clinical outcomes. The inherent
limitation of preclinical modeling should always be considered while interpreting the results of
the meta-analyses. In the context of in vivo experiments, the defects are usually surgically
created and well controlled, with intact surrounding soft tissues and generally uncompromised
blood supply, and most often in young and healthy animals. These conditions are often not
present in clinical scenarios which may lead to the overestimation of clinical performance [204].
Therefore, the experimental defect models should be standardized in future preclinical
investigations to better represent the clinical settings [232]. Moreover, in synthesizing the
preclinical data encompassing regions from the cranium to the midface, mandibular bone, and
the dento-alveolus, it is crucial to recognize inherent physiological, anatomical, and
biomechanical distinctions within the human body. While the animal studies incorporated in this
review predominantly focused on evaluating the regenerative potential of substitute materials,
they did not sufficiently address the specific prerequisite characteristics crucial to each distinct
region (e.g. the use of animal cranial defect for human mandibular bone applications).
Consequently, the outcomes were combined in a unified meta-analysis in the present study.
Moving forward, it is imperative for future clinical studies to acknowledge and address these
differences. The selection of biomaterials and their requisite characteristics should be tailored
to meet the unique specifications of each region. Therefore, a strategic approach involving
separate sub-analyses is warranted, ensuring a more refined understanding of the regenerative
outcomes and paving the way for more targeted and effective clinical interventions.

3.5. Conclusion

This systematic review provides tangible evidence in support of the influence of fundamental
and structural properties on the bone regenerative capacity of CaP biomaterials. Our findings
from the included studies showed that macropore size, Ca/P ratio and compressive strength are
influencing factors for newly formed bone in the regeneration process. Additionally, the contact
between biomaterials and their surrounding tissue was notably influenced by particle size, Ca/P
ratio and surface area. Regarding biodegradability, macropore size and compressive strength
seemed to determine the amount of residual graft. Furthermore, the experimental setting is
strongly determining the scaffold’s performance. These observations may be useful in designing
the next generation of bone scaffolds to target higher rates of regeneration. Additional
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investigations of CaP scaffolds in standardized preclinical studies could provide more insight
into their fundamental features, promoting their application on a more regular basis and
improving clinical outcomes.
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Chapter 4: Empirical modeling of historical evidence

ABSTRACT

Facial trauma, bone resection due to cancer, periodontal diseases, and bone atrophy following
tooth extraction often lead to alveolar bone defects that require bone regeneration in order to
restore dental function. Guided bone regeneration using synthetic biomaterials has been
suggested as an alternative approach to autologous bone grafts. The efficiency of bone
substitute materials seems to be influenced by their physico-chemical characteristics; however,
the debate is still ongoing on what constitutes optimal biomaterial characteristics. The purpose
of this study was to develop an empirical model allowing the assessment of the bone
regeneration potential of new biomaterials on the basis of their physico-chemical
characteristics, potentially giving directions for the design of a new generation of dental
biomaterials. A quantitative data set was built composed of physico-chemical characteristics of
seven commercially available intra-oral bone biomaterials and theirin vivoresponse. This
empirical model allowed the identification of the construct parameters driving optimized bone
formation. The presented model provides a better understanding of the influence of driving
biomaterial properties in the bone healing process and can be used as a tool to design bone
biomaterials with a more controlled and custom-made composition and structure, thereby
facilitating and improving the clinical translation.

Keywords: biomaterials; calcium phosphate; empirical modeling; intra-oral bone formation;
physico-chemical.
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4.1. Introduction

Guided bone regeneration (GBR) is a therapeutic strategy pursued in dental sciences for its
potential to treat periodontal and maxillofacial defects and bone atrophies following tooth
extraction. Bone substitute biomaterials that support alveolar augmentation play a key role in
ensuring the success of the bone regeneration process [233]. Although autologous bone grafts
have long been (and still are) considered a gold standard for their osteoconductivity,
osteogenicity, and structure [123,234], they have potentially substantial disadvantages
restricting their applications such as the limited bone volume available for harvesting, morbidity,
and discomfort at the donor site and the difficulty of getting the form into desirable shapes
[235,236]. Hence, guided bone regeneration using allogenic, xenogenic, or synthetic
biomaterials has been suggested as an alternative approach to autologous bone grafts [237].

An ideal bone graft in the dental field is expected to serve as an integrated and (very) slowly
biodegradable 3D environment that properly exhibits: (i) biocompatibility, (ii) osteoconductivity
to guide bone tissue formation, and ideally (iii) osteoinductivity to stimulate and activate host
osteoprogenitor cells from surrounding tissues [121,227,238]. These outcomes are influenced by
the physico-chemical properties of the biomaterial such as interconnected porosity, mechanical
integrity, chemical composition, surface topology, and dissolution behavior [187,239]. As these
properties are mostly coupled, the debate is still ongoing on what constitutes the optimal
biomaterial characteristics for a particular clinical application [227,240,241].

Of the aforementioned physico-chemical characteristics, surface roughness has been
described as a determining factor for the host response in intra-oral biomaterials [181]. The
influence of a biomaterial’s surface roughness is a multi-faceted topic in which the topography,
the chemistry, and the physics of the surface have attracted the most attention from researchers
and manufacturers of alveolar bone biomaterials. The surface composition, purity, and
roughness of the biomaterial seem to be critical to early successful material and tissue
interactions affecting osteointegration and bone formation [242]. Although smooth surfaces
are favorable in soft tissue engineering, both in terms of cell anchoring and growth [243],
rougher surfaces have better outcomes in terms of bone deposition [242]. Chemical
composition is another critical factor in the osteoinductivity of biomaterials and greatly affects
vascularization as it directly interacts with endothelial cells during vessel formation. In
particular, for bioceramics, the chemical composition determines the bioactivity and
degradation rate of biomaterials [244—247]. Macroporosity is also described as a key factor in
the alveolar bone grafts and refers to the presence of macro-pores, being pores with diameters
above 100 pm. Macroporosity is known to facilitate osteogenesis and angiogenesis [248]. The
existence of interconnected macropores in the bone biomaterials is critical during the early
stage of tissue ingrowth on porous scaffolds and provides better body fluid circulation and cell
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migration to the core of the implant [249,250]. Besides the aforementioned properties, other
physico-chemical factors such as microporosity and mechanical stability have been regarded to
influence the in vivo performance of bone biomaterials [251,252].

Several studies have focused on examining the combined impact of biomaterial properties
on the resulting bone formation using data-driven methods [253-256]. These investigations
have developed empirical models to quantitatively assess the influence of biomaterial
characteristics on in vivo (ectopic) bone formation, though without specifically addressing
maxillofacial bone regeneration, which is the primary objective of our study. For example, the
bone-forming capacity of cell-seeded CaP scaffolds has been correlated with the pore shape,
chemical composition, and the amount of seeded cells in one study [253], and surface area, grain
size, and volume fraction in another study [254]. These studies have primarily concentrated on
the influencing factors of cell-seeded scaffolds in tissue regeneration and have not specifically
investigated the effects of biomaterial characteristics alone. In addition, certain systematic
reviews and meta-analyses investigated the clinical outcomes of biomaterials for alveolar bone
regeneration, however, the effect of the structural characteristics of the bone substitutes on
those outcomes was poorly investigated [257-259]. As such, a comprehensive view of the
influence of multiple physico-chemical factors in intra-oral bone regeneration has not yet been
reported.

In view of this, the purpose of this study is to develop an empirical model linking intra-oral
bone regeneration to the biomaterial’s physico-chemical characteristics. By examining the
distinct topographical and compositional properties of various biomaterials, we aim to assess
their impact on the regenerative potential of bone biomaterials. Hereto, a quantitative data set
is built composed of physico-chemical characteristics of commercially available intra-oral bone
biomaterials, including topography, chemical composition, porosity and surface roughness, and
their in vivo response when implanted in a sinus augmentation animal model. The empirical
model based on the aforementioned data aims to provide a tool to better understand the
(combined) influence of driving biomaterial properties on the in vivo bone regeneration response
as well as to design bone biomaterials with more controlled and custom-made structures (Figure

4.1).
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Figure 4.1. lllustration of the empirical modeling strategy used in this study to link the biomaterial’s physico-
chemical characteristics (left arrow) and the regeneration potential (right arrow).

4.2. Materials and Methods

4.2.1. Graft Types

Seven different types of commercially available alveolar grafts have been evaluated in this
study. They include BioOss® (Geistlich Pharma AG, Wolhusen, Switzerland), BioOss®-Collagen
(Geistlich Pharma AG, Wolhusen, Switzerland), MP3° (Osteobiol, Torino, Italy), Ostim® (Heraeus
Kulzer GmbH, Hanau, Germany), Cerasorb® (Curasan AG, Germany), BoneCeramic®
(Straumann, Switzerland), and Natix® (Tigran Technologies AB, Malmo, Sweden). The first four
of these biomaterials are composed of hydroxyapatite (HAp) particles. BioOss® is the mineral
component of bovine bone. BioOss®-Collagen is granules of BioOss® mixed with 10% highly
purified porcine collagen. MP3°® consists of go% cortico-cancellous porcine bone and 10%
collagen. Ostim® is nanocrystalline precipitated HAp with a viscous and paste-like consistency.
Cerasorb® is made of pure-phase B-tricalcium phosphate (B-TCP) in granular form for dental
application. BoneCeramic® is a synthetic bone substitute of medical-grade purity that is
composed of biphasic calcium phosphate (BCP; the mixed combination of HAp and B-TCP).
Natix® is the only biomaterial that is not CaP-based in this study. It is composed of porous
granules in irregular shapes made of commercial pure grade-one titanium (Ti). The chemical
composition and characteristics of these biomaterials are summarized in Table 4.1.
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Table 4.1. The chemical composition of different alveolar grafts along with their origin, physical form, and particle
size provided by the manufacturers. Images Copyright © by the distributors forimages in the ‘Figure’ column. The
right columns contain a scanning electron microscopy (SEM) image of grafts 1 week after implantation (scale bar:
1mm) and a representative histological (7um non-decalcified sections) image of grafts 6 months afterimplantation,
all stained with Goldner Trichrome staining; x 2.5, except for Natix” stained with methylene blue and basic fuchsin
staining; x 2) [111—113].

Trade Cheml.ca.nl . . Particle . SEM Representative
N Composition Origin Physical Form . Figure . h histological
ame (Wt%) size (pum) micrograp image*

93.6%HApP+

Bio-Oss®  3.4%CaCo3+ Bovine Solid granulates 250-1000
3%COL
. B . . Solid granulates
Bio-Oss - Bio-Oss®+ Bovine/ .
. in a collagen 250-1000
Collagen 10%COL Porcine ]
matrix
90%bone Pre-hydrated
MP3® mix + Porcine granulatesina 600-1000
10%COL collagen matrix
e 35%HAp+ .
Ostim Synthetic Granular paste 0.001-0.05
65%H20
Cerasorb®  100%B-TCP  Synthetic  Solid granulates 500-1000
Bone 60%HAp+

Synthetic  Solid granulates 00-700
Ceramic® 40%B-TCP Y g 4007

Natix® 100%Ti Synthetic  Solid granulates 700-1000

* Bio-Oss” histology shows a small surface of very dense fibrous tissues in the center of the regenerated area. Bio-
Oss®-Collagen image shows the junction between the mature (more on the left side) and immature bone (more on
the right side) with unresorbed particles in blue. The MP3®image shows the Interface between the mature (lighter
color) and immature bone (more in orange color) with the presence of some inflammatory cells (red spots) near
unresorbed particles (bluish areas) is observed. Newly formed bone in the Ostim® image is in intimate contact with
the biomaterial, and a high blood vessel density is found. Osteoclast-like cells (red spots) are also found on the
surface of Ostim® nanoparticles. Cerasorb® particles are embedded in a dense fibrous tissue in the center of the
regenerated area in the histological image. Likewise, smaller amounts of Bone Ceramic® residual particles are
embedded in dense fibrous tissue in the center of the regenerated area. The Natix® representative histological
image shows a low bone density (pinkish area) without visible interconnections between trabeculae, large bone
marrow spaces with adipocytes and a few contacts observed between the bone and the biomaterial [111-113].
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4.2.2. In vivo Experiment

In the previous in-house studies [111-113], the 7 biomaterials described in Table 4.1 were
implanted in bilateral sinus-lift procedures in rabbits. Those studies were part of a major project
including 96 sinus-lift procedures performed on 48 New Zealand white rabbits (adult, males,
average body weight of 3.0 kg) using 10 different types of bone grafts assessed at three distinct
time points: 1 week, 5 weeks, and 6 months. Specifically, the biomaterials were randomly
allocated to the sinuses and 16 rabbits were sacrificed at each time point, so that at least three
sinuses were available for each graft at each time point, yielding a two-factor experimental
design (graft and time) with repeated measurements. All experimental procedures and
protocols were reviewed and approved by the Institutional Animal Care and Use Ethics
Committee of the University of Liége (ethical file number: 583), Belgium, and fully described in
the corresponding studies [111—113]. Briefly, the animals were anesthetized by administration
of a ketamine/xylazine bolus (respectively 65/4 mg/kg, IM) 20 min after a
fentanyl/dehydrobenzperidol premedication (0.22 ml/kg of a bolus 25ug/1.25 mg/ml IM). Two
hours before surgery, animals also received buprenorphin at a dose of 0.05 mg/kg. This was
administered twice a day for 2 days. Surgical interventions were performed under strict sterile
conditions. The surgical area was shaved and disinfected with iodine, and a straight incision was
made to expose the nasal bone and the naso-incisal suture lines. The soft tissues were retracted
along with the periosteum in order to access the upper bone wall of the sinus. Two ovoid
windows (approximately 6x4 mm) were created bilaterally using a round diamond bur (Fig.
4.2a). The membrane was carefully raised from the floor and lateral walls and the space-filling
material was inserted into the created compartment (Fig. 4.2b). The volume of filling material
was standardized to 0.4 ml per sinus using insulin syringes. The bony windows were covered
with a resorbable membrane (Biogide, Geistlich, Wolhusen, Switzerland) and the wounds were
sutured with 4/o polyester thread (Permasharp, Hu Friedy, Rotterdam, NL). (Fig. 4.2¢).

Animals were sacrificed at different time points by injection of pentobarbital (200 mg/kg, 1V,
after the same premedication as for surgeries). Samples were dissected (Fig. 4.2d) and soaked
in fixative (6 % formol). After one week of fixation, the samples were prepared for
histomorphometrical assessment quantifying bone-to-material contact (BMC), bone density,
and regenerated area. Using SEM, the regions of interest (ROI) were manually defined, and the
following areas were automatically calculated:

o Regenerated area was defined as the percentage of raw surface colonized by newly formed
bone per total zonal area (n = 6).

e BMCwas measured as the percentage of particles perimeter in contact with the newly formed
bone.
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Histological findings have been analyzed in the aforementioned published works [111-113].
In this study, regenerated area and BMC at 6 months were used as the measure for in vivo
outcomes (n = 6). Moreover, the surface colonized by cells was measured for different time
points, which was further used to calculate the macroporosity of the biomaterials.

Figure 4.2. Surgical procedure: a) The maxillary sinus was opened and the membrane was pushed inwards. b) The
volume of space filler was standardized and then inserted into the created cavity using a customized syringe. c)
Windows were covered with collagen membranes before suturing. d) Sample of rabbit augmented maxillary sinus
with Bio-Oss® at 5 weeks [111-113].

4.2.3. Characterization of Explanted Grafts

In the context of this study, additional analyses were performed on samples collected from
the abovementioned studies. All the collected samples from the previous studies were fixed in
ethanol and embedded in polymethylmethacrylate (PMMA) resin. Due to the absence of raw
materials, samples explanted after 1 week in vivo were used as surrogates to determine the
surface roughness of the original materials.

4.2.3.1. ESEM Observation

The samples were sectioned and mirror-polished to be observed in an Environmental
Scanning Electron Microscope (ESEM, FEI ESEM-XL 30) working in a low-vacuum condition of
0.4 Torr (with water vapor as gas in the chamber) to avoid metal coating. Images were acquired
at different magnifications with the large-field gaseous secondary electron detector (GSED) to
see the section surface morphology through secondary electrons and with the backscattered
electron detector (BSE-detector) to reveal the sectioned graft biomaterials and bone trabeculae
through the high Z-contrast between the minerals and the resin-embedded soft tissues. The
observation conditions were 15 kV of accelerating voltage, spot size 3.0, and 20 mm of working
distance as indicated in the black mask of each with magnification and detector used [260,261].

4.2.3.2. Surface Roughness Analysis

One main difficulty in evaluating the roughness of bone substitutes in the form of granules
is the high waviness of the material due to their shape and porosity. This limits the use of
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conventional methods such as contact-based profilometry or laser profilometry in acquiring
their surface roughness. In this study, we used ESEM along with an in-house MATLAB® tool to
acquire surface profiles of the bone grafts for surface roughness evaluation [262]. This MATLAB®
tool that has been specifically developed for quantification of surface roughness allows non-
destructive assessment of the micro-scale roughness of porous materials at their outer surface
as well as inside the structures when combined with pCT imaging. For each type of biomaterial,
three images at 2000x magnification obtained from ESEM images of the explants were analyzed
by defining a minimum evaluation length of 40 pm over the biomaterial's surface, and the
following surface roughness parameters were measured:

- Arithmetic average height (Pa):

The arithmetic average height parameter, also known as the center line average (CLA), is the
most universally used roughness parameter for general quality control. It is defined as the
average absolute deviation of the roughness irregularities from the mean line over one sampling
length. This parameter gives a good general description of height variations and is not sensitive
to small changes in profile [263]. The mathematical definition of the arithmetic average height
parameter is as follows:

1
B, = n ?=1|yi|1 (4.1)

where n is the number of data points in the X-direction and y is the surface height relative to the
mean plane.

- Root-mean-square deviation of surface topography (Py):

This parameter is also known as RMS. It represents the standard deviation of the distribution of
surface height, so it is an important parameter to describe the surface roughness by statistical
method. This parameter is more sensitive than P; to large deviations from the mean line and is
mathematically defined as [263]:

- Total height of the roughness profile (Py):

Ptis the vertical distance between the highest peak and the lowest valley for the sampling length
of the profile and is calculated as follows [263]:

Pt=Pp_PVI (4-3)

where P, is the maximum profile peak height, and B, is the maximum profile valley depth.
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4.2.3.3. Macroporosity Measurement

Based on SEM observation of the bone grafts explanted in rabbit in vivo studies [111-113],
the macroporosity of the scaffold, including the interparticle voids, was calculated as the
percentage of the surface invaded by cell colonization per total zonal area (area of soft tissue
and marrow spaces/total zonal area). For each type of biomaterial, the values of the first week
(6 samples for each graft) were analyzed to calculate the average macroporosity for a given
biomaterial.

4.2.4. Empirical Model

A quantitative data set was built composed of physico-chemical characteristics of the
biomaterials and their in vivo response. The morphological properties included chemical
composition (as mentioned in Table 4.1) as well as macroporosity and surface roughness
(defined as described in previous sections). Partial least square regression (PLSR) modeling was
applied to the data set in order to find out which (combination of) physico-chemical
characteristics would allow predicting the bone regenerative response after 6 months of in vivo
implantation, as quantified by the BMC measured from histomorphometry. PLSR is able to
identify the information content within the set of measured physico-chemical characteristics
that most closely map onto the output response (amount of BMC). The resulting mapping of
lumped signals to corresponding responses then allows identifying the most “important
variables” for the in vivo bone formation within the investigated set of biomaterial
characteristics. This mathematical formalism has previously been shown to be capable of
relating quantitative contributions of multiple signals to a (single) measured response
[255,264,265]. A leave-one-out strategy was employed to construct a cross-validation model,
avoiding overfitting and assessing the potential of the empirical model to be applied to other
new materials not present in the training data set. The PLSR analysis was performed using JMP
Pro software, vi1 (Sas, NC, USA).

4.2.5. Statistical Analysis

All data from quantitative experiments including characterization methods and also in vivo
data were statistically analyzed. The data are expressed as mean + standard deviation (SD). To
compare multiple groups’ means with two or more parameters, statistical analysis of the results
was performed by one-way analysis of variance (ANOVA) followed by post hoc tests (Tukey’s
multiple comparison test). All the graphs, calculations, and statistical analyses were performed
using GraphPad Prism software version 8.2.1 for Windows (GraphPad Software, San Diego, CA,
USA). In all graphs, significances are indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

74



Chapter 4: Empirical modeling of historical evidence

4.3. Results

4.3.1. In vivo Regeneration

Within the histomorphometrical assessment in the previous in-house studies, the ROIs were
defined manually for all explanted samples, and the different areas of newly formed bone, bone
graft, and noncalcified tissue were calculated automatically [111—113]. The histomorphometrical
data was available for three time points (1 week, 5 weeks, and 6 months). To predict the bone
forming capacity of bone grafts, the values of the regenerated area and BMC at the longest
period (6 months) were used in this study. The regenerated area was calculated as the
percentage of raw surface invaded by new bone per total defect surface [111-113] (Figure 4.3a).
BioOss® showed the highest percentage of regeneration area at 96.42 + 3.27% and Ostim® the
lowest area at 49.47 + 16.14%, which was significantly lower than other bone grafts. The
regenerated area was 95.95 * 4.44% in Natix® and 95.87 + 4.57% in BioOss®-Collagen, rather
similar to BioOss®. Calculations showed a relatively high percentage of area for BoneCeramic®,
Cerasorb® and MP3° with 95.63 + 5.09%, 93.83 * 6.17% and 85.02 * 15.43%, respectively.

The bone-to-material contact (BMC) was defined as the percentage of particle perimeter in
contact with the newly formed bone (Figure 4.3b). Despite the low level of bone regeneration,
Ostim® showed the highest amount of BMC with 53.98 + 14.7%. It makes sense as the
nanoparticles of Ostim® are expected to provide more surface for new bone tissue formation.
Natix® displayed the lowest amount of BMC at 14.12 + 4.8%; however, it had a larger
regeneration area. Both BioOss® grafts were in the same range of BMC at 49.01 * 4.4% and 48.99
+ 4.3% for the ones without and with collagen, respectively. The calculated amount of BMC for
other grafts was 44.17 + 16.5% for Cerasorb®, 33.68 + 8.3% for MP3® and 25.94 + 10.9% for
BoneCeramic®.
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Figure 4.3. The calculated amounts of (a) regenerated area and (b) BMC for the biomaterials are shown as mean +
SD (red: BioOss®, green: BioOss®-Collagen, yellow: BoneCeramic®, blue: Cerasorb®, white: MP3°, purple: Natix® and
orange: Ostim®). One-way ANOVA test; * p < 0.05, ** p < 0.01, ¥** p < 0.001 and **** p < 0.0001.

4.3.2. Graft Characterization

4.3.2.1. Surface Roughness Analysis

The micro-scale surface roughness of the samples was analyzed and the surface roughness
parameters including P, Prand Pq were quantified (Figure 4.4a). Roughness values in Natix®; the
only non-CaP graft, were relatively highest amongst all biomaterials (Pa = 1.29 + 0.04 pm, Py =
6.85 + 0.72 um and Pq = 1.55  0.07 um), except for P, which was observed highest in Cerasorb®
(Pa=1.35 £ 0.17 um). The other roughness values for Cerasorb® were P; = 5.81 + 0.66 um and Pq
=1.52 +0.16 um. After Natix®and Cerasorb®, MP3® was in the top range of roughness values with
Pa=0.95+0.02 um, Pt=6.80 + 2.22 pym and P4 =1.26 + 0.11 pm.

The analysis indicated the same order of values for other bone grafts. Ostim® showed
parameters of Ps = 0.90 + 0.07 pm, Pt = 5.40 + 0.65 pm and Pq = 1.13 + 0.14 pm. Of note, the
Ostim® nanoparticles are expected to be clustered in the defect site and the corresponding
roughness values are the roughness of the clumped surface formed by nanoparticles. BioOss®-
Collagen (P2 =0.67 £ 0.10 um, Pt =3.70  1.77 um and Pq = 0.84 + 0.20 pm) and BioOss® (P, = 0.54
+0.19 pm, Pt =3.40 *+ 1.04 pm and Py = 0.67 + 0.24 pm) had the similar roughness values which
make sense as both have the same range of particle sizes, due to their production by the same
fabrication. In the end, roughness analysis showed the lowest values for BoneCeramic® with P

=0.39 +0.01 um, Pt=2.18 + 0.28 pm and Pq = 0.47 + 0.04 pm. The roughness values for different
biomaterials are shown in Figure 4.4b—d.
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Figure 4.4. (a) Surface roughness measurement of a representative BioOss® sample using the in-house developed
MATLAB?® tool [26] based on the profile lines of the sample surface in the binarized ESEM image. (b—d) The values
of P, Py, and P4 for the biomaterials are shown as mean + SD (red: BioOss®, green: BioOss®-Collagen, yellow:
BoneCeramic®, blue: Cerasorb®, white: MP3°, purple: Natix® and orange: Ostim®). One-way ANOVA test; * p < 0.05,
** p<0.01, *** p<0.001and **** p < 0.0001.

4.3.2.2. Macroporosity Measurement

In the macroporosity analysis (Figure 4.5), BoneCeramic® showed the highest value at 70.23
+ 5.21%. Ostim® (15.81 + 3.18%) was significantly lower than other biomaterials. This can be
attributed to its nanostructure which rarely provides pores above 100 um.

Natix®, BioOss®-Collagen, and Cerasorb® showed the same range of macroporosity at 67.12
+1.94%, 65.73 * 4.07%, and 63.44 + 3.83%, respectively, while BioOss® and MP3® had the close
value of macroporosity to each other at 58.79 + 2.72% and 58.12 + 9.02% in order.
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Figure 4.5. The values of macroporosity for all the bone grafts are shown as mean + SD (red: BioOss®, green:
BioOss®-Collagen, yellow: BoneCeramic®, blue: Cerasorb®, white: MP3°®, purple: Natix® and orange: Ostim®). One-
way ANOVA test; * p <0.05, ** p <0.01and **** p < 0.0001.

4.3.3. Empirical Model

To find out the importance and contribution of physico-chemical characteristics in intra-oral
bone regeneration, multivariate statistical analysis using PLSR was implemented to investigate
the weighted value of driving biomaterials’ properties in the bone regeneration process (Figure
4.6). To achieve the optimized number of dimensions in the PLSR model, the root-mean-
squared error (RMSE) with increasing numbers of principal components was calculated for the
measured vs. predicted BMC and the minimum RMSE was observed when using two principal
components.

In this study, four PLSR models were developed based on introduced factors of the bone
grafts along with their in vivo response. In the first model, all seven types of bone grafts were
included. After a few model iterations, only the weight percentage of CaCO; and Ti along with
macroporosity (MP) remained as predictors for the BMC at 6 months after implantation
(Equation (4.4)). Figure 4.6a,b shows the results of this model.

BMC (%) = 58.14 + 3.6*CaCO; (wt%) — 0.22*Ti (wt%) - 0.34*MP (4-4)

In order to see the correlation between the physico-chemical properties and the measured
amount of BMCin CaP-based bone grafts, a second model was developed, only within this group
of biomaterials, excluding Natix®. The final PLSR equation predicting BMC at 6 months after
implantation contained contributions of the macroporosity and the percentage of CaCO; and
H,O in the biomaterial (Equation (4.5)). Figure 4.6¢,d shows the results of this model.

BMC (%) = 49.13 + 4.35%CaCO53 (Wt%) + 0.23*H,0 (wt%) — 0.29*MP (4.5)
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In the third model, the only water-containing graft (Ostim®) was excluded to see the
correlation between the physico-chemical properties and the measured amount of BMC in the
absence of H,O. The PLSR equation in this model showed the same parameters as the first
model indicating the weight percentage of CaCO; and Ti along with macroporosity as
determining factors for BMC at 6 months of implantation (Equation (4.6)). Figure 4.6e,f shows
the results of the third model.

BMC (%) = 93.39 + 3.77%CaCo; (Wt%) - 0.26*Ti (wt%) - 0.92*MP (4.6)

The chemical composition and the macroporosity values in all models were the influencing
structural characteristic predicting the contact between the bone and biomaterial. In the first
and third models, the same factors were shown to be influencers for the amount of BMC, so
excluding the paste-like graft makes little difference to the model. In the second model and by
excluding the Ti-containing graft, the weight percentage of Ti was replaced with the H,O weight
percentage in the model. A substantial correlation (80%) was observed between the predicted
and measured amount of BMC, with a low RMSE reducing the risk of overfitting. Having more
measures in the equations increased the level of noise and irrelevant information, leading to
worse performance. Reducing the amount of measure in the current equations reduced the
correlation between the predicted and measured amount of BMC indicating all measures were
relevant.
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Figure 4.6. Analysis of the PLSR models. (a,b) The predicted versus the measured amount of BMC (red line) and
the residual by the predicted plot (blue dotted line) for all seven types of biomaterials. (c,d) The predicted versus
the measured amount of BMC (red line) and the residual by the predicted plot (blue dotted line) for six types of
biomaterials (all grafts except Natix®) indicating their predicted error. (e,f) The predicted versus the measured
amount of BMC (red line) and the residual by the predicted plot (blue dotted line) for six types of biomaterials (all
grafts except Ostim®) indicating their predicted error. The black dots in the graphs correspond to the following
biomaterials: 1-Bio-Oss°®, 2-Bio-0ss®-Collagen, 3-BoneCeramic®, 4-Cerasorb®, 5-MP3°, 6-Natix® and 7-Ostim®.
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4.4. Discussion

Designing the optimized bone graft for intra-oral applications involves many parameters
that directly affect the bone regeneration rate in the defect site. Thus, in order to obtain the
optimal scaffold design for a specific application, more insight should be achieved into the
influence of biomaterials characteristics on the regeneration process [227]. In this study, we used
empirical modeling to assess the weighted value of driving biomaterials properties in the intra-
oral bone regeneration process. We used PLSR to construct empirical models that relate
combinations of (quantified) biomaterial characteristics to intra-oral bone regeneration
outcomes across diverse types of bone biomaterials. This computational method uses linear
correlation to reduce the dispersion of a multi-variate data set by identifying the most important
information from the original data set. To do so, we fed the models with the topographical
(macroporosity and surface roughness) and compositional (chemical components) properties of
seven types of commercially available bone grafts as well as their in vivo response (bone-to-
material contact, being a key parameter for dental applications) when implanted in a sinus
defect induced in rabbits. Of these bone grafts, six biomaterials consisted of CaP and only one
was made of Ti.

The factors contributing most to the response variable (bone-to-material contact) weighted
more heavily in the derived PLSR models. In the first scenario, all seven types of biomaterials,
regardless of their composition, were included and the PLSR model showed the importance and
influence of chemical composition (CaCO; wt% and Ti wt%) and macroporosity in the healing
process of biomaterials. In the second scenario, the only non-CaP-based biomaterial (Natix®)
was excluded and the PLSR model was developed for the other six tested biomaterials. This
model displays again the influence of macroporosity along with the weight percentage of CaCO;
and H,O in the graft regeneration response. In the third scenario, only the water-containing
biomaterial was excluded and the PLSR model exhibited the same drivers as the first model;
CaCO; wt%, Ti wt%, and macroporosity. An interesting observation is that excluding the putty
graft had a minor impact on the models, demonstrating their robustness.

As observed in Equations (4)—(6), among the non-CaP ingredients of all biomaterials (CaCO;,
collagen, H.0O, and Ti), the weight percentage of CaCo; and Ti showed the biggest influence on
the BMC values. An interesting aspect of the present models is that CaCo; showed a significant
effect on the tissue regeneration responses of the biomaterials despite a much lower amount
compared to the other non-CaP ingredients. It should be noted that only Ti and H,O became
candidates to be excluded from the models as they composed the majority of their own
biomaterials.
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As reflected in all models, and unsurprisingly, the most effective parameter identified here
was the chemical composition. This can be found by the effect of CaCO; and Ti percentages in
the first and third models and the effect of water content in the second PLSR model while Natix®
was excluded. The effect of chemical composition, particularly for CaP ceramics, has been
highlighted previously. Various Ca/P ratios resulting from the diverse chemical compositions
lead to different degradation profiles for HAp, TCP, and BCP. A Ca/P ratio of 1.5 for TCP is
marked by a high dissolution rate that accelerates material resorption, while pure HAp has a
Ca/P ratio of 1.67 and is highly stable [244,245]. Ergun et al. (2007) cultured human osteoblasts
on a group of CaPs with Ca/P ratios between 0.5 and 2.5. Results of that study showed that
osteoblast adhesion increased on the CaPs with higher Ca/P ratios [246]. The optimization of
the chemical phase composition is believed to improve the osteoinductivity and other biological
behaviors of CaP ceramics, thereby supporting the restoration of bone defects. Chen et al. (2015)
assessed the effect of the chemical phase composition of the porous CaPs and the action
mechanism involved by using in vitro and in vivo evaluations. The results of their in vitro cell
experiments showed more significant cell proliferation and secretion of angiogenic factors for
the CaPs with lower Ca/P ratios compared to the higher ones. Likewise, the in vivo assessment
in an ectopic implantation model in mice showed more new blood capillaries in the inner pores
of the CaPs with lower Ca/P ratios at 2 weeks [247].

Of note though is that the impact of various elements in the models in the current study is
different. CaCO; weight percentage in all models showed a significant and positive influence on
the contact between bone tissue and biomaterials in the regeneration process; however, the Ti
weight percentage, as long as it is included in the models, has a negative impact and in a much
lower magnitude. In the second model, the H,O weight percentage also showed a lesser but
positive impact only when Ti was excluded. Macroporosity was identified as the other key driver
for successful bone regeneration. The existence of interconnected macropores was extensively
reported as essential for osteogenesis and angiogenesis [248-250]. The lowest amount of
macroporosity among the biomaterials here was for Ostim® (15.8%) and significantly lower than
the average of other biomaterials (63.9%). Therefore, by excluding Ostim® in the third model
the impact of macroporosity became stronger in the predicted amount of BMC.

The PLSR analysis used in the current study, using a leave-one-out cross-validation strategy,
achieved up to 80% accuracy in predicting the bone forming capacity of bone grafts using five
to seven types of biomaterials. Indeed, more samples with a wider range of physico-chemical
characteristics would further increase the robustness of the model and reduce the risk of
overfitting. For example, including only one non-CaP-based graft in the first and third models
did not provide a clear indication of the composition of the optimized graft structure. The
percentage of Ti, which was shown as an influencing parameter in those models, varies from 0%
for all the CaP-based biomaterials to 100% for Natix®. Hence, a second model was created
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excluding Natix®. The biomaterials used in the second model (only CaP-based ones) provided a
better range of the relevant material characteristics, with e.g., a water content between o and
65% (Ostim®). As the macroporosity and chemical composition have been shown to be
important drivers in the graft’s performance, the next step is to fabricate the scaffolds with the
macroporosity between that of Ostim® and the one of BoneCeramic®, and a CaCO; content up
to 3.4%. In addition to the aforementioned improvements that can be made to the model, it is
important to acknowledge a limitation of the model regarding its ability to accurately reflect the
impact of surface roughness on the bone regenerative capacity of scaffolds, despite studies
repeatedly demonstrating the importance of surface roughness on the regenerative potential of
intra-oral biomaterials [181,242,243]. This could be attributed to the retrospective nature of this
study, requiring the use of PMMA-embedded samples to determine the roughness where the
accuracy of the roughness profile calculated by the specific MATLAB® tool highly depends on
the quality of the ESEM images. This discrepancy suggests that future studies should explore
alternative measurement techniques that offer higher sensitivity and quality for imaging of the
explants.

In an effort to identify the importance of driving parameters of biomaterials in the tissue
healing process, a series of studies have been conducted previously [253—256]. They have also
provided quantitative evidence indicating direct links between biomaterial properties and the
tissue formation process. Although they all are dedicated to applications other than intra-oral
regeneration, they also identified the importance of both morphological and compositional
properties of the scaffold using empirical modeling techniques (multivariate statistics, PLSR).
Kerckhofs et al. [253] showed that the pore shape and B-TCP percentage along with the amount
of cell seeded were the influencing factors in the bone forming capacity of CaP-based cell-
seeded scaffolds after 8 weeks of ectopic in vivo implantation. Roberts et al. [254] demonstrated
the importance of morphological parameters including surface area, average grain size, and the
volume fraction of CaP in the bone formation response of the orthopedic cell-seeded
biomaterials after 8 weeks of ectopic in vivo implantation. In a similar orthopedic (ectopic)
setting, a multivariate statistical analysis was used to gain further insight into the effects of
stimulatory factors in skeletal tissue formation after 5 weeks of implantation of cell-based
scaffolds coated with recombinant bone morphogenetic protein (BMP)-ligands. That study
showed that the type of BMP ligand, as well as the CaP scaffold, affects skeletal tissue
formation, observed in both qualitative and quantitative manners (Bolander et al., 2016). In the
most recent study in the same ectopic set-up, a design of an experiment approach revealed that
cell-seeded CaP scaffolds with an intermediate Ca** release rate combined with a low or medium
dosage of BMP6 demonstrated robust new bone formation after 5 weeks of implantation (Ji and
Kerckhofs et al., 2018). In comparison with these studies, the current study is the first, to our
knowledge, to correlate several physico-chemical properties and healing capacities of
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biomaterials investigated in an orthotopic intra-oral bone regeneration setting. Moreover,
compared to what has been done in similar studies, neither osteogenic cells nor exogenous
biological agents (proteins, growth factors, etc.) were loaded onto the biomaterials in the
current study. This enabled us to assess the pure interaction between biomaterials with different
topographical and compositional properties and the regeneration potential of the alveolar
setting. In the future, more biological players could be drawn into the analysis and the interplay
between physico-chemical biomaterial factors and biological ones could be assessed
quantitatively for the intra-oral bone biomaterials as well. Nevertheless, the clinical use of cell-
based therapies in the dental field might remain limited mainly due to the lack of technological
advances and economic reasons, and therefore the morphological features are of major
importance [266]. Additionally, the aforementioned studies have developed models with the
results of tissue regeneration after a maximum of 8 weeks of in vivo ectopic implantation. In the
current study, the in vivo results used are those obtained after 6 months of orthotopic
regeneration. The response of bone regeneration in the longer term can provide a better
indication of the actual performance of biomaterials and therefore more robustness in
predicting the bone regeneration potential compared to the shorter implantation times.

In terms of providing quantitative insight into the alveolar bone grafts, many meta-analyses
also have been conducted in the field of guided bone regeneration [257-259]. The focus of these
meta-analyses is on the clinical outcome of the different regeneration therapies (e.g., newly
regenerated bone, implant survival rate, dimensional changes in the sinus volume, etc.) and not
on the influence of specific biomaterial characteristics on these outcomes in alveolar ridge
augmentation. Compared to these meta-analyses, the presented study goes a step further to
correlate the properties of implanted biomaterials to bone regeneration outcomes.

Another computer modeling approach used in the design of optimal biomaterials for bone
regeneration purposes is based on the mechanistic principles of tissue formation as investigated
in the field of curvature biology [267—270]. Indeed, this concept links the tissue growth dynamics
to the fundamental interactions between cells and certain morphological factors of the
substrate. For example, Gamsjager et al. presented a theoretical framework linking tissue
growth to the mechanotransduction pathways (in particular surface stress and strain) activated
when the cells are attached to biomaterial substrates having a particular pore curvature
(Gamsjdger et al., 2013). These curvature growth-based models provide a mechanistic basis for
biomaterial optimization. Recent extensions to these models would allow the incorporation of
the effects of other factors (such as oxygen or growth factors) on the tissue growth dynamics
[115,271]. Such mechanistic models can be used either as a stand-alone tool to optimize
biomaterials (as demonstrated by the authors in [272]), or they can be used to identify crucial
material characteristics that can be added next to the mechanistic models and contribute to the
design of optimal biomaterials that way.
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As mentioned before, despite the relatively large set of empirical data available on bone
graft characteristics, there is still a need for a quantitative understanding of their importance
and contribution to the bone regeneration process. There are many screening studies about
alveolar bone grafts [10,14,24,33-35], but the reporting of data is often inconsistent or
insufficiently documented, and few studies focus on the influence of specific combinations of
physico-chemical characteristics on intra-oral bone regeneration. Furthermore, the large range
of characteristics for specific biomaterials resulting from variations in the fabrication methods
can lead to unpredictable outcomes in the bone regeneration process. Optimal bone graft is still
an unmet need, requiring accuracy, robustness, and mechanistic insight to facilitate the design
of the next generation of bone grafts. This may be facilitated by using computational (empirical
and/or mechanistic) modeling to identify the required material characteristics and the use of
new production technologies to manufacture them. Additive manufacturing technologies such
as three-dimensional (3D) printing provide the ability to create bone scaffolds with controlled
chemistry, topography, shape, and porosity as well as personalized bone grafts for tailored
patient-specific and defect-specific clinical conditions.

4.5. Conclusions

In conclusion, the presented model provides a first step in the identification of biomaterial
properties and morphological cues driving the intra-oral bone healing process as well as predict
the bone regeneration potential of new biomaterials based on several physico-chemical
characteristics. This tool can be used for the rational design of (3D printable) bone biomaterials
with a more controlled and custom-made structure, ultimately facilitating and improving clinical
translation.
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in vitro and in silico evaluations
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ABSTRACT

In biomaterial-based bone tissue engineering, optimizing scaffold structure and
composition remains an active field of research. Additive manufacturing has enabled the
production of custom designs in a variety of materials. This study aims to improve the design of
calcium-phosphate-based additively manufactured scaffolds, the material of choice in oral bone
regeneration, by using a combination of in silico and in vitro tools. Computer models are
increasingly used to assist in design optimization by providing a rational way of merging
different requirements into a single design. The starting point for this study was an in-house
developed in silico model describing the in vitro formation of neotissue, i.e., cells and the
extracellular matrix they produced. The level set method was applied to simulate the interface
between the neotissue and the void space inside the scaffold pores. In order to calibrate the
model, a custom disk-shaped scaffold was produced with prismatic canals of different
geometries (circle, hexagon, square, triangle) and inner diameters (0.5 mm, 0.7 mm, 1 mm, 2
mm). The disks were produced with three biomaterials (hydroxyapatite, tricalcium phosphate,
and a blend of both). After seeding with skeletal progenitor cells and cell culture for up to 21
days, the extent of neotissue growth in the disks' canals was analyzed using fluorescence
microscopy. The results clearly demonstrated that in the presence of calcium-phosphate-based
materials, the curvature-based growth principle was maintained. Bayesian optimization was
used to determine the model parameters for the different biomaterials used. Subsequently, the
calibrated model was used to predict neotissue growth in a 3D gyroid structure. The predicted
results were in line with the experimentally obtained ones, demonstrating the potential of the
calibrated model to be used as a tool in the design and optimization of 3D-printed calcium-
phosphate-based biomaterials for bone regeneration.

Keywords: 3D printing; biomaterials; bone tissue engineering; computer modeling and
simulation; dental bone regeneration; in silico medicine; optimal design; porosity; porous
scaffold.
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5.1. Introduction

In recent years, bone regeneration strategies have advanced significantly in clinical practice.
While autologous bone grafting remains a gold standard due to its minimal risk of immune
rejection and disease transmission, however, it presents drawbacks including donor site
morbidity, limited donor volume, and shaping difficulties [273,274]. Ideal bone regeneration
materials necessitate osteogenesis, osteoconduction, and osteoinduction. Synthetic
biomaterials are gaining attraction as bone scaffolds due to the absence of donor site morbidity
and due to their favorable biocompatibility, biodegradability, and foreseeable immunological
response [275-278]. Notably, porous scaffolds, particularly those composed of calcium
phosphates (CaPs), play a pivotal role in bone tissue regeneration. CaPs, like hydroxyapatite
(HAp) and tricalcium phosphate (TCP), exhibit similarities to bone's inorganic composition (see
review by Hou et al. [279]). With the use of additive manufacturing technologies (AMTs), patient-
specific implants have become a (clinical) reality [280,281]. Their design is based on various
considerations, including the printing technology, the material, and the macroscopic
mechanical requirements [279]. The design of microscopic properties has typically been
dominated by considerations of interconnectivity, porosity, and pore size. However, in recent
years local curvature has been shown to be an important factor in driving bone regeneration
[272,282,283].

When optimizing scaffold designs, in silico modeling (i.e. the use of computer modelling and
simulation) is a key approach to limit the amount of in vivo testing required, in line with the 3Rs
principle (reduce, refine and replace animal tests), by selecting the most promising designs
based on the predictions made by the model. A variety of models of bone regeneration in silico
have been proposed in the literature with most of them corroborated based on historical or
animal experiments. In addition, most of these models focus on regeneration without a support
structure [284] or on a predefined shape [285-287] rather than using the model to select the
optimal internal architecture of the structure. On the other hand, earlier approaches aiming for
more objective optimization often focus on optimizing the mechanical properties of the
structure, without taking into account internal form or biological requirements [88,288]. Due to
the recent increase in attention to curvature-based biology in general [270], scaffold research
has also turned to local curvature to optimize the internal design of bone substitutes to
maximize neotissue formation [63,64,114,289-292]. In several cases, dedicated validation
experiments have been performed consisting mostly of in vitro cell culture experiments on
titanium, hydroxyapatite, or polycaprolactone 2D and 2D+ substrates.

In this study, we aim to improve the design of CaP-based additively manufactured scaffolds
by using a combination of in silico and in vitro tools. We build on our prior work related to
curvature-based modeling of neotissue growth in additively manufactured titanium implants
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[114] in orderto account for the effect of the use of active CaP-based biomaterials. To recalibrate
the model, we have designed a dedicated in vitro experiment allowing to evaluate the effect of
pore shape and pore size on neotissue growth in scaffolds produced in HAp, TCP and an HAp-
TCP blend (biphasic calcium phosphate, BCP). After running a Bayesian optimization for model
recalibration, we test the predictive capacity of the model by performing a new neotissue
formation experiment, both in silico and in vitro, in a 3D gyroid structure. The observed
correspondence between the in vitro and in silico results is an indicator of the potential of the
model to be used in the design and optimization of more complex 3D bone tissue engineering
scaffolds.

5.2. Materials and Methods

5.2.1. In silico model

This section describes the setup, implementation, and optimization of the in silico model for
curvature-based neo-tissue growth applied to CaP-based biomaterials. The effect of the
released ions is not considered explicitly in the developed model but instead is captured by the
changes in the overall neotissue growth rate during the model calibration phase.

5.2.1.1. Level Set Method

The Level Set Method (LSM) is a mathematical approach for tracking moving interfaces, in
which parameterization of curves and surfaces can be conveniently performed to study the
change of morphology and topology of objects [293]. We have previously used the LSM to
implement curvature-based neotissue growth in Titanium scaffolds [114] as, amongst other
advantages, it can effectively be used to calculate average curvature as a guiding factor for tissue
growth simulations.

A signed distance function (¢) describes the distance of each node of the desired domain to
the interface. The zero iso-surface determines the moving interface. In the current study, the
interface divides the computational domain into two subdomains, neotissue, and void space,
according to the following definition:

@ >0inQy,;
o <0in(Q, (5.1)
@=0inT

with 2 denoting the domain of interest, and Q,: and Q, denoting the neotissue and void
space subdomains, respectively. The interface between Q,: and Q. is denoted by I". The LSM
formalism for tracking the interface moving with growth velocity ve can be expressed by the
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convection equation, describing how the level set function ¢ evolves in the entire domain Q over
time:

2 tv6-Vp=0in0 (5.2)

This equation is solved with a homogenous Neumann boundary condition (3¢ /dn = o) with
n being the normal to the computational domain Q. The calculation of the interface advection

. . Vo . .
velocity vg = V;; * nr (withmp = ﬁ) is related to the local mean curvature k (k = V - np) of the

neotissue interface (shown in Figure 5.1a).
Ve =4 g(K) *nr

—K, if k>0
9“)={a ifk<0

Alis a parameter to control the velocity and is determined from experimental data in a fitting
procedure (cfr section 5.2.1.3 below).The negative sign in the definition of g(x) comes from the
fact that, according to our definition of ¢, the normalny points tow ards the neo tissue, so
growth has to be towards the opposite of V.

a

@ scaffold
neotissue growth
curvature (interface)
@ velocity based on curvature

Figure 5.1. In silico — in vitro experimental design elements; (a) Schematic representation of the different domains
of the Level Set Method showing the curvature-based growth velocity (in blue) as well as the interface (in yellow)
between the neotissue (in green, ¢ > 0) and void space (in white, ¢ < 0). (b) Individual channel geometries and size
(indicated by d). (c) Additively manufactured disks are shown in the wells (diameter 14 mm) of a 24-well plate,
submerged in culture medium. (d) 3D scaffold with gyroid design.

5.2.1.2. Implementation of the model

The curvature-based model was solved numerically using the finite element method,
implemented in the open-source partial differential equation (PDE) solver FreeFEM (v4.6,
Laboratoire Jacques-Louis Lions, Université Pierre et Marie Curie, Paris, France) [294]. The
computational domain consisted of individual beams of 2 mm in height and triangular, squared,
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hexagonal or circular cross-sections of diameters 0.5 mm, 0.7 mm, 21 mm, and 2 mm (Figure 5.1).
The geometries and their corresponding computational mesh were created using the SALOME
platform (v9.8.0, Salome-platform.org, France) [295], and all the other pre-processing steps
were performed in FreeFEM. The computational mesh was generated using a set of first-order
tetrahedral elements and convergence was checked.

To initialize the LSM, an initial distance function, ¢, was defined in the domain Q at the
boundary of the scaffold. However, the level set function ¢ is not differentiable where the
gradient is discontinuous, meaning that the normal ny and the curvature k cannot be properly
defined everywhere in the domain. A solution is to add a small numerical diffusion term on the
expected direction ny and curvature k. The specific mathematical expression is as follows:

v
Ld + eAnr

nr =——
27

Kk =V nr+ ek

During the verification process, the comparison of images generated by different diffusion
values showed that the smaller the value of g, the greater the oscillation of the curvature
calculation and the worse the smoothness of the boundary. Conversely, the larger the value of
g, the larger the influence of the numerical diffusion, generating erroneous results. In [114], the
parameter € was fixed at 10 based on a comparison between the numerical and analytical
solutions. In the process of initializing the Level Set function ¢, the open-source software
mshdist (v1.0, by Charles Dapogny (Université Joseph Fourier) and Pascal Frey (Université Pierre
et Marie Curie), France) [296] was used to avoid the Level Set distortion that the distance
function in the model application may cause.

To reduce the computational cost, the method of characteristics can be used in FreeFEM
[297]. This method reduces a PDE to a system of ordinary differential equations (ODE) along
curves called characteristics. The resolution of these ODEs along those curves leads to the
solution of the original PDE. To further improve the performance of the model and decrease the
execution time of simulations, model parallelization was taken into account. Parallelization was
considered for two main stages of the computation pipeline: assembling the matrices and
solving the resulting linear system of equations. As part of standard finite element computation,
assembling the matrices requires extensive numerical integration on each element. This can be
done in parallel by distributing elements among the available nodes. In this regard, a primary
domain decomposition technique using Message Passing Interface (MPI) was implemented to
assign a subset of elements to each available computing node. After performing the integration,
the results of all nodes are gathered to assemble the linear system of equations. In the current
implementation, an MUMPS sparse direct solver (v5.5.1, Mumps Technologies SAS, Lyon,
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France) [298] was used to solve the linear system. Post-processing of the results was carried out
using ParaView (v5.11, Kitware Inc., NewYork, NY, USA) [299].

5.2.1.3. Optimization of the velocity control value

Obtaining correct values for the parameters of a computational model can be pretty
challenging and may need dedicated experimental input. In this regard, defining an efficient
inverse problem can help save time and resources when estimating unknown parameters. In this
study, a dedicated in vitro experiment was set up and the results were used in a Bayesian
optimization routine [300] to calibrate parameter A. The objective function of the inverse
problem was the root-mean-square error of the difference between the predicted and
experimentally obtained values of tissue growth rate over 21 days.

5.2.2. In vitro experiments

5.2.2.1. Design of the disk

In order to efficiently test a range of pore geometries and sizes, a disk was designed with a
height of 2 mm and a diameter of 14 mm, fitting the well of a 24-well plate. In the disk, channels
were included with four basic cross-sections (triangle, square, hexagon, and circle) and three
sizes. They were 0.5 mm, 0.7 mm and 1 mm for the circle and hexagon and 0.7 mm, 1 mm and 2
mm for the square and the triangle as with the latter shapes the smallest size could not be
accurately produced. Each combination of cross-sectional shape and size was repeated three
times. All channels were arranged randomly on the disk, with at least 6opm in between them.
Table 5.1 provides a summary of the experimental setup.

Table 5.1. Disk design and manufacturing parameters, and experimental variables considered for the in vitro
experiment in this study.

Pore shapes Triangle, square, hexagon, circle
Pore size 0.5 mm, 0.7 mm, 1mm and 2 mm
Distribution Randomly
Materials Hydroxyapatite (HAp, 100%), Tricalcium phosphate (TCP, 100%), mix HAp 60% - TCP

40% pastes (supplier Cerhum)

Sintering temperature = 1030°C for TCP100 and HAp60-TCP40, and 1130°C for HAp100
Time points analysis 10 days and 21 days

Cell type Human telomerase reverse transcriptase-immortalized bone marrow mesenchymal
stem cells (NnTERT-BMMSCs)
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5.2.2.2. Design of the gyroid scaffold

Upon confirmation of the curvature-based growth principle in CaP-based scaffolds (see
results section), a 3D structure was designed that allowed to test the potential of the in silico
model to predict neotissue growth in mode complex geometries. Triply periodic minimal surface
structures in general, and gyroid structures in particular, provide an environment with a well-
controlled curvature with a narrow curvature distribution [291]. Gyroid structures (or triple
periodic minimal surfaces in general) have received an increasing amount of attention over the
last couple of vyears for this reason. In addition to being interesting from a
biological/mathematical perspective, they also are very manufacturing-friendly as the geometry
varies very smoothly from one layer to the next.

5.2.2.3. Production of the disk and scaffold

The disks were produced through stereolithography using different CaP-based pastes from
CerHum: pure hydroxyapatite (HAp100), pure tricalcium phosphate (TCP100), and a 60/40
mixture of the two (HAp6o TCP40), also known as BCP. Stereolithography is an additive
manufacturing process that builds polymer parts in 3D by photocuring a liquid or paste. Here,
the bioceramic powder was carefully mixed with organic components (polyfunctional acrylic
resins and UV-photo-initiator) in order to obtain a viscous paste material with roughly 50% solid
loading to be processed by SLA (CerHum and Sirris, Belgium). During the manufacturing, the
suspension was spread on the working area in thin layers of soum after which UV light was
projected by a digital light on the paste surface. Subsequently, the samples were submitted to a
thermal cycle (2030°C for TCP100 and HAp60-TCP40, 1130°C for HAp100, for 5h) allowing the
removal of the resin and the densification of the ceramic, as reported and discussed elsewhere
[272,291,301-303]. After manufacturing, the parts were rinsed and ultrasonically cleaned in an
ethanol 80% bath for 10 minutes. The same process was followed for the manufacturing of the
3D gyroid structure in HAp.

5.2.2.4. Cell culture & analysis

After production, the disks were sterilized by autoclave at 121° C for 15 minutes. Prior to the
cell culture experiment the disks were pre-wetted for 3 hours with growth medium (GM)
composed of Prigrow Il Medium + Fetal Bovine Serum (FBS) to a final concentration of 10% +
hydrocortisone to 10" mol/L and Penicillin/Streptomycin Solution to a final concentration of 1%.
After prewetting, disks were air-dried for 1h under sterile conditions. 600,000 hTERT-
Immortalized Bone Mesenchymal Stromal Cells (nTERT-BMSCs, Applied Biological Materials
Inc. Richmond, Canada) were drop seeded onto each disk suspended in a 200 pL cell suspension,
and subsequently incubated statically for 4h at 37°C to facilitate cell attachment. The number of
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cells was chosen to ensure a good baseline coverage of the disk with cells without having open
spaces on the disk. Then, the cell-seeded scaffolds were transferred to a 24-well plate and
cultured in GM for 3 weeks. The medium was refreshed three times a week. Cell viability and
kinetics of neotissue (cell+ECM) channel filling were evaluated after 10 and 21 days of in vitro
culture for the different pore geometries using fluorescence microscopy imaging (Live-Dead
viability/cytotoxicity staining (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA) and
DAPI/Phalloidin). Disks were rinsed with 1amL PBS, incubated in the staining solution (0.5 mL
calcein AM and 2 mL ethidium homodimer in 1 mL PBS) for 20 minutes under standard cell
culture conditions, and finally imaged using an Olympus IX83 Inverted Fluorescence microscope
(Evident, Tokyo, Japan).

Similar steps were followed for the 3D structure. 200,000 cells were drop-seeded and
allowed to attach for 3 hours before the start of the static culture. Neotissue formation was
evaluated on days 10 and 21 using contrast-enhance nanofocus Computed Tomography
(nanoCT) imaging with 80% Hexabrix 320 solution (Guerbet, Villepinte, France) as a contrast
agent (applied for 20 min) to visualize the neotissue inside the scaffold. NanoCT scans of the
samples were acquired using the GE Nanotom-M (Phoenix Nanotom® M, GE Measurement and
Control Solutions, Billerica, MA, USA). The scaffold was scanned with a diamond-tungsten
target, mode o, 500 msec exposure time, 1 frame average, o image skip, 1800 images, and a
o.2mm aluminum filter. The constructs were scanned at a voltage of 70kV and a current of 150pA
resulting in a voxel size of 4um.

5.2.2.5. Image processing

All images from the fluorescence microscopy were analyzed by ImageJ software version
1.53q for Windows (ImageJ software, Wayne Rasband and contributors NIH, Bethesda, MD,
USA), using Bio-Formats (v7.0.1, Bio-Format project, Madison, WI, USA) as a plugin for ImageJ
to read and write images in the formats it supports. Image analysis provided a qualitative and
quantitative measure of the filling of each channel on the disk.

CTAnN (v1.18.8.0, Bruker Belgium SA, Kontich, Belgium) was used for image processing and
quantification of newly formed tissue based on automatic Otsu segmentation, 3D space closing,
and de-speckle algorithm. The percentage of neotissue was calculated in relation to the total
scaffold volume. CTVox (v3.3.0, Bruker Belgium SA, Kontich, Belgium) was used to create 3D
visualization.

5.2.2.6. Statistical analysis

All data from quantitative processing of the fluorescence microscopy images were
statistically analyzed using GraphPad Prism software version 8.2.1 for Windows (GraphPad
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Software, San Diego, CA, USA). To compare multiple groups’ means with three repeats,
statistical analysis of the results was performed by two-way analysis of variance (ANOVA)
followed by post hoc tests (Tukey’s multiple comparison test). Significant levels are reported as
follows: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

5.3. Results

5.3.1. Analysis of in vitro cell behavior

The percentage of neotissue formed within the channels was calculated using image
processing on fluorescentimages (Figure 5.2). Live/Dead staining showed good biocompatibility
of the produced CaP disks with the hTERT-BMMSCs. Fluorescence images revealed a viable cell
population for all pore channels on both time points with a greater abundance for day 21
compared to day 10. Cells were seen attaching to the top surface of the disk as well as the pore
walls. The pattern of neotissue growth in the channels, particularly for the triangle, square, and
hexagon shapes, demonstrates that neotissue growth indeed starts in the areas of the highest
curvature ultimately forming a circular growth boundary. Subsequently, the neotissue continues
to grow towards the center of the channel, gradually filling it up. This was observed to happen
regardless of the shape and size of the initial channel or the used material, confirming the
curvature-based hypothesis for the tested materials. The results of the quantification of
neotissue formed for different channel cross-sectional shapes and sizes for different types of
CaP biomaterials on days 10 and 21 are shown in Figure 5.3, Table B1 and Figures B1-By, in
Appendix B respectively. When comparing the different materials (using the channels with
o.7mm and 1mm diameter as example), the experiments demonstrated results for HAp (0.7 mm:
38% at day 10 t0 93.42% at day 21; 1 mm: 30% at day 10 to 76.83% at day 21) and TCP (0.7 mm:
49.58% at day 10 to 86.67% at day 21; 1 mm: 33.42% at day 10 to 69.33% at day 21) were not
significantly different; however, BCP results (0.7 mm: 23.67% at day 10 to 59.83% at day 21; 1
mm: 17.08% at day 10 to 48.08% at day 21) were significantly lower at day 21 (Figure 5.3b).
Comparing the pore shapes, triangles showed mostly faster growth than squares, hexagons and
circles (Figure 5.3¢, Figure 5.4a) although the influence of material and pore size confounded the
results. For the largest sizes (2 mm in triangle and square channels), the growth rate was strongly
reduced compared to all others with limited neotissue formation present in the corners, though
the circularization of the neotissue interface was already visible.
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Figure 5.2. Neotissue growth results in the different channels for HAp disks (representative images) for the different
channel shapes and diameters over time. Looking vertically, it is evident that for every shape and size, curvature-
driven neotissue formation is taking place over time. The scale bar (0.5 mm) is the same for all panels.
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Figure 5.3. Quantification of experimental results. (a) Percentage of channel cross-section filled with neotissue
after 10 and 21 days for the different channel shapes, shown as mean. The labels in the legend refer to the material
used (Hap, TCP, BCP), the shape (C: circle, H: hexagon, S: square, T: triangle) and the channel diameter in
micrometer. (b) Percentage of channels with diameter o.7mm filled with neotissue after 10 and 21 comparing
different CaP biomaterials shown as the mean of various shapes + SD, and (c) Percentage of channels with diameter
0.7 mm filled with neotissue after 10 and 21, comparing different shapes shown as the mean of various biomaterials
+ SD. Statistical significance is calculated by two-way ANOVA test; *p<0.05.

5.3.2. In silico modeling

As the experimental results confirmed the in silico model’s basic premise of curvature-based
neotissue growth, qualitatively the simulation results largely corresponded to the experimental
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ones. Bayesian optimization was used as indicated in the Methods section in order to calibrate
the model parameter A for all materials, shapes and sizes, and was ultimately fixed at 0.3 for the
HAp disks, o0.01 for the TCP and o.001 for the BCP disks. The optimization led to a good
quantitative correspondence between experimental and simulation results, shown concerning
channel size (Figure 5.4) and channel shape (Figure 5.5). Simulation results showed, as expected
from the curvature-based principles, that increasing the channel diameter decreased the
neotissue growth rate (Figure 5.4). For channel sizes 0.5 mm and 0.7 mm, all the shapes reached
high filling percentages on day 21. However, especially for 0.5 mm, the experimental time points
did not allow to assess the exact time point that 100% filling is reached. Hence, this could explain
the qualitative difference in filling rates between experiments and simulations with the filling
tendency appearing as a polyline in experimental results and a smoother line in the simulations.
The hexagon was showing the fastest neotissue growth across all sizes whereas for the smallest
sizes (0.7 mm and 1 mm) the triangular channel fills up fastest both in the experiments and the
simulations due to the curvature being highest in those channels and neotissue growing inward
from the corners being more likely to establish contact quickly. For size 1 mm, the triangle was
still the fastest growing one, almost reaching 100% filling on day 21, followed by the circle and
hexagon, which reached about 60% filling on day 21. The square was relatively slow, and the
final filling rate was about 40%. For size 2 mm, the filling rate of the four basic shapes did not
exceed 20%.

5.3.3. Model-informed 3D scaffold design and validation

Based on the results obtained with the basic geometries, neotissue growth in a 3D HAp
structure was predicted and experimentally assessed to provide as a validation step. A triple
periodic minimal surface structure (gyroid) was designed with 0.2 mm wall thickness and 0.9
mm pore size (Figure 5.1d), to respect manufacturing constraints. Due to differences in initial
seeding densities between the experimental disc and 3D structure experiments, different values
of the thickness of the initial cell layer were tested (10 um (L1 in Figure 5.6a) and 1 pm (L2 in
Figure 5.6a) respectively) as seeding at non-confluent density was followed by a period of mostly
2D growth before starting growth in the 3™ dimension, leading to an overall reduction in the
speed of neotissue formation (Figure 5.6a,b). In vitro experiments under static conditions in a
growth medium were executed for the designed gyroid structure, produced in HAp, and
analyzed using contrast-enhanced nanoCT imaging (with Hexabrix as a contrast agent) (Figure
5.6¢). The quantitative comparison demonstrated a similar trend in neotissue growth between
day 10 and day 21, illustrating the potential of the model to be used as a tool to design 3D bone
tissue engineering scaffolds.
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Figure 5.4. Comparison between experimental results (a) and in silico results (b) for each channel size (parameter A
was fixed at 0.3 during Bayesian optimization) for HAp disks. The shapes are labeled by a letter (T: Triangle, S:
Square, H: hexagon; C: circle) and a number indicating the channel diameter in micrometer. The experimental data

are shown as mean £ SD.
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Figure 5.6. Comparison between in vitro experiment and simulations for 3D HAp gyroid structure. (a) Quantification
of the neotissue formation (% of filling in function of time [days]) in the experiment (points) and simulations (full
line). L1= Initial thickness of neotissue layer 10 pum; L2= Initial thickness of neotissue layer 1 um. (b) Quantitative
view on simulation results at day 10 and day 21. (c) Contrast-enhanced nanoCT images of in vitro experiments at
day 10 and day 21, with neotissue in green pseudo-color.

5.4. Discussion

Optimizing scaffold shape with respect to cell (in)growth remains an open challenge in tissue
engineering. With additive manufacturing, not only material composition and overall porosity
but also the microarchitecture can be designed and accurately produced. The present model
builds on previous work for simulating neotissue growth in Titanium additively manufactured
scaffolds [114] to investigate neotissue growth in CaP-based scaffolds. First, a dedicated 2D+ in
vitro experiment was designed, allowing to compare the influence of channel shape and size
qualitatively and quantitatively for different CaP materials. The final calibrated model was then
used to predict neotissue growth in a 3D gyroid based scaffold, showing adequate agreement
between the simulation results and the in vitro experiments. The most important contribution
of this study is the application of the neotissue growth model to CaP additively manufactured
scaffolds, moving from basic shapes and 2D+ substrates to experimentally validated complex
3D structures.

A Bayesian approach was followed for calibrating the computational-intensive model [304]
since it minimizes the number of optimization iterations, during each of which the
computational model should run at least once. Since evaluating the objective function is
expensive, a Bayesian optimization routine considers the previous iterations to choose the
following values by constructing a probability tree of the objective function, acting as a
surrogate model, which makes the selected approach more efficient than gradient-based or fully
stochastic methods [300]. The probability model is a conditional probability p (score
parameters), which gets updated by the optimization algorithm during each iteration by
incorporating newly obtained results. This operation was carried out by Sequential Model-Based
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Optimization (SMBO) methods, which need fewer optimization iterations than methods relying
on a random selection of values (stochastic methods) or approaches needing evaluation of the
objective function at least twice (gradient-based methods) [305].

Regardless of the basic shape and channel size tested, the neotissue growth showed the
hallmarks of curvature-based growth including circularization of the neotissue-void interface
taking place over time, and with neotissue growth speed decreasing for the larger channel sizes.
For all materials tested, the triangular shape demonstrated the fastest growth with the lowest
variability compared to the other channel geometries of the same size. This might appear in
contrast with our previous study where, when testing basic shapes in Titanium scaffolds, the
triangle performed worst in terms of speed [114]. However, in that study, parameter d was
chosen as the diameter of the inscribed circle rather than the side of the triangle as was done
here (Figure 5.1b), leading to a substantially larger surface compared to the other shapes (~30%)
with longer straight edges between the corners and hence a slower filling. The results of this
study are in agreement with other reports using a dimensionalization similar to the one used
here [289]. For the smallest diameter channels (500 um in hexagon and circle), complete filling
was reaching during the experiment in between the first and second observation time point,
explaining the experimentally observed change in growth speed between both points. Not
knowing the exact point of filling, simulations were unable to account for it accurately, leading
to a smoother behavior in the simulation results compared to the experimental observations.

Extending the use of the model from basic shapes towards 3D structures for the same
materials and experimental setting is a strong point of this study. For the 2D+ set-up, cells were
seeded at a density close to confluency to speed up the onset of growth inside the channels. For
the 3D structure, a lower initial density was chosen, moving towards densities more typically
used in tissue engineering applications [253]. This meant that the initial phase of the neotissue
growth was mostly driven by the growth of cells onto the substrate [306]. As this type of growth
is not captured by the current model, it was simulated by lowering the initial thickness of the cell
layer to 1 pm. This resulted in a slower predicted neotissue growth in the initial phase, followed
by a neotissue growth rate and final filling density similar to one obtained for a higher initial cell
layer, in line with experimental observations (Figure 5.6a). This second phase of neotissue
growth is characterized by cells growing on top of the extracellular matrix they have produced
themselves, as described in [306]. The gyroid structure used in this study (defined by its pore
size and wall thickness) was the result of in an in silico study in the context of oral bone
regeneration, balancing the need for rapid neotissue (in)growth, the need for a high neotissue-
to-biomaterial ratio and the constraints imposed by the additive manufacturing process. The
gyroid structure was tested for its capacity to induce in vivo bone formation in a cranial
augmentation model (implantation without seeded cells), showing the superiority of the design
over the clinically used gold standard and a lattice structure control [272].
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Compared to our own previous work [114,307], moving from Titanium to CaP-based
materials led to a decrease in the neotissue growth rate. This might be related to the active
nature of the CaP material that could be shifting the balance from the proliferation of the
progenitor cells toward their early differentiation [308] or to the difference in surface
composition and topography [309]. Both factors might also provide additional insight into the
obtained experimental differences for the different materials that were tested. A wide range of
in vitro and in vivo studies have been reported in the literature with the different CaP materials
used in this study (reviewed extensively in [214,310-315]). These reports describe how
differences in composition, manufacturing techniques, sintering temperatures, surface
treatments etc., result in differences in terms of (amongst others) mechanical properties,
dissolution rates, biological activity and bone formation potential. Added to this are the effects
that the in vitro and in vivo conditions themselves have on the experimental results (e.g., the
same materials respond differently in different animal models [314]). Confirmation of the
possible causes explaining the observed differences between the materials in this study could
be obtained from additional biological experiments involving gene expression analysis on the
cultured cells in the neotissue or material tests such as X-ray diffraction to analyze material
decomposition, however, this falls outside of the scope of this study.

This study provides additional experimental and numerical support for the current research
focusing on triple periodic minimal surfaces in bone tissue engineering. This focus was inspired
by the development of the relatively new field of curvature-based biology (see [270] and
references within). In this field, the mechanistic underpinnings of the effect of local curvature on
neotissue growth (linked to intercellular tensile forces) have been investigated in a range of
materials and applications [63,64,292,306,316]. On the other hand, in the tissue engineering
field, many studies address either theoretical aspects of the description of the 3D structures [53]
or focus on particular mechanical or mass transport [317—319]. This study sits at the interface
between the aforementioned approaches, using a combined in vitro — in silico approach with a
focus on the biological outcome. As such it provides a clear basis for further testing of these
structures in in vivo settings [272].

5.5. Conclusions

In this study, a curvature-based tissue growth model was adapted for use in CaP 3D
additively manufactured structures. After model calibration by a coupled in silico-in vitro
approach, the final model’s potential in simulating neotissue growth was demonstrated on a 3D
gyroid scaffold. The in silico framework presented in this study has demonstrated its ability to
be used as a tool for designing improved bone tissue engineering scaffolds and can easily be
extended with additional design features for other applications in the future.
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ABSTRACT

Calcium phosphate (CaP)-based scaffolds are continuously studied in the context of bone

tissue engineering. This study aimed to evaluate the influence of spatial pore architecture and
gradients on the scaffold’s biological functionality. To achieve this, four scaffold designs from
the Triply Period Minimal Surfaces (TPMS) family were additively manufactured in
hydroxyapatite. They were tested for their biological potential in vitro and in vivo. In vitro,
scaffolds were seeded with immortalized bone marrow-derived stromal cells and cultured in
static and dynamic conditions followed by assessment of cell viability, DNA content, gene
expression, and neo-tissue formation. Overall, dynamic culture conditions yielded a better
biological performance. Though no significant differences were found between the geometries,
a slight advantage was observed for the Primitive design over the Gyroid and Diamond ones,
especially concerning rapid neotissue growth. Several scaffold designs were implanted
ectopically in nude mice to assess their in vivo bone formation potential after being loaded with
Bone Morphogenic Protein (BMP)-2 and/or human Periosteum-derived Derived Cells. The in vivo
experiments showed bone formation in all tested conditions containing BMP-2. These findings
contribute to the body of work focusing on the optimization of the design of CaP-based scaffolds
for bone tissue engineering by emphasizing the significant influence of the scaffold pore
architecture on the in vitro neotissue and in vivo bone formation.

Keywords: Bone scaffold, hydroxyapatite, pore architecture, TPMS, bioreactor, ectopic
implantation
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6.1. Introduction

Calcium phosphate (CaP)-based scaffolds with porous structures similar to natural bone are
a recurring topic of investigation in the field of Bone Tissue Engineering (BTE). Recent interest
is strongly coupled with the increased possibilities for advanced manufacturing processes with
CaP-based materials. The role of such porous scaffolds is particularly pivotal for treating the
critical size segmental bone defects where the defect size is so large that the natural healing
process cannot bridge the gap without the presence of supporting scaffolds [320,321]. The
current challenge in treating large segmental defects using porous scaffolds is how to locally
control the internal pore architecture to enhance biological functionality while controlling
biomechanical properties.

Regarding geometrical designs of the additively manufactured CaP-based scaffolds, the
majority of the existing ones are composed of architectures with sharp corners and straight
edges in conventional lattice structures, which might not constitute the most suitable
biomorphic environments for cell attachment, migration, and proliferation [322]. Triply periodic
minimal surfaces (TPMS) have attracted attention for the design and fabrication of biomimetic
porous scaffolds. These structures have zero mean curvature and minimal surface that exhibits
periodicity in three-dimensional (3D) space in three independent directions [323]. TPMS designs
bring several advantages to structures including a high surface-to-volume ratio, less stress
concentration, highly interconnected porous architectures and increased permeability
compared to traditional lattice structures, thereby aiding in better cell adhesion, migration, and
proliferation [324]. Three major types of TPMS structures are gyroid, diamond, and primitive.
The use of TPMS scaffolds as bone constructs in BTE has been reported, mainly using metals
and polymers [325-327]. However, the biological behavior of CaP scaffolds with TPMS designs
has not been investigated to the same extent. Pan et. al (2022) fabricated a gyroid scaffold made
of biphasic calcium phosphate (BCP) doped with Zn particles. Good biocompatibility of the
scaffolds was proved by cell proliferation tests using MC-3T3 cells [328]. In another study,
performed by Yang et al. (2022), gyroid scaffolds made of B-tricalcium phosphate (B-TCP) with
different Gaussian curvatures were fabricated and tested in in vitro and in vivo settings. The
structures were found to support the attachment, proliferation, osteogenic differentiation, and
angiogenic paracrine function of human mesenchymal stem cells (hMSCs). Moreover, the
ectopic and orthotopic implantation models demonstrated that the gyroid scaffolds augment
new bone formation and neovascularization [282]. Earlier on, Pare et al., (2021) implanted the
BCP and hydroxyapatite (HAp)-based gyroid disks soaked or not in bone marrow in a critical-
size bone defect in rats, where they compared the de novo bone formation in the test groups
with BCP granules combined with the bone marrow [329]. In a recently conducted study,
Maevskaia et al (2023) produced HAp-based scaffolds with three types of TPMS
microarchitectures and compared them with an established lattice structure by mechanical
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testing, 3D-cell culture, and in vivo implantation. Their findings demonstrated the superior
osteoconductive potential of distinct TPMS microarchitectures in in vivo settings [330].

In order to control the biomechanics of the scaffold with specific architectures, the inclusion
of gradients into the structures is a useful tool [331] given that bone itself is also functionally
graded [332]. Gradient porous scaffolds (GPS) are porous structures where the porosity changes
over space with a specific gradient. A dedicated design tool has been developed in-house to
combine gradient structures with TMPS microarchitectures [333]. GPSs have a long history of
being tested in vitro and in vivo. When manufactured in CaP, functionally graded scaffolds have
shown great biodegradability [334], preosteoblast cell attachment and proliferation [335], and
in vivo bone augmentation [336].

Prior to functional testing of 3D scaffolds in vivo, a range of in vitro set-ups can be used to
assess various aspects such as cell attachment, proliferation and tissue formation. The static
culture of cell-seeded scaffolds (where there is no mixing or circulation of the culture medium)
provides nutrient transport only by diffusion. This leads to higher concentrations of nutrients
and metabolites at the scaffold’s surface (and waste products at the center), negatively
impacting cell migration, proliferation and tissue formation in the scaffold’s center [337,338]. To
relate the scaffold pore architecture to the mechanobiological requirements for bone tissue
regeneration, more realistic (i.e. physiologically relevant) culture conditions are needed.
Dynamic systems can be used to improve culture media circulation and convective transport of
nutrients to the cells, allowing more uniform tissue development [115]. Perfusion bioreactors
offer several advantages for the culture of functional tissues in bone TE. They facilitate mass
transport inside 3D structures and reduce the number of handling steps, thereby reducing
contamination risks [339]. They also allow control and monitoring of environmental conditions
such as pH, temperature, oxygen and carbon dioxide concentrations and nutrient supply
[340,341]. Furthermore, in the case of bone TE, the fluid flow in bioreactors provides necessary
biomechanical stimuli to the cells inside the TE construct, enhancing extracellular matrix
deposition and improving its spatial distribution within the scaffold [342]. The feasibility of using
a flow perfusion bioreactor for the in vitro culture of marrow stromal cells (MSCs) on porous
calcium phosphate ceramic scaffolds has been studied before, where the flow perfused
constructs demonstrated greater osteoblastic differentiation than statically cultured constructs
[343]. While ample studies demonstrate the benefits of 3D perfusion culture for the culture of
uniform bone TE constructs, further investigations are needed on the advanced combined
architectures (internal structure and gradients) in 3D culture environments and preclinical
follow-ups.

In this study, 3D CaP-based additively manufactured scaffolds with various spatial pore
architecture and gradients were cultured in static and dynamic in vitro conditions. TE construct
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quality characteristics such as cell viability, DNA content, gene expression, and neo-tissue
quantity were assessed for the cultured scaffolds. More specifically, the role of dynamic culture
conditions on the osteogenic cell fate and the spatial organization of the neotissue within TPMS
scaffolds was investigated. Furthermore, the synergistic effect of the scaffold’s pore
architecture and dynamic culture was studied. Finally, building upon these initial in vitro findings,
the osteogenic capacity of the best performing scaffolds was assessed using an ectopic in vivo
model.

6.2. Materials and methods

6.2.1- Bioreactor set-up

This study uses an in-house developed stand-alone benchtop bioreactor set-up [116],
providing all the hardware necessary for cell culture operations including cell seeding, cell
expansion, and tissue maturation. The bioreactor setup is composed of three main parts: the
bioreactor housing, the fluidic components, and the connecting hardware for computer control
[126]. Figure 6.1a illustrates a schematic of the bioreactor perfusion circuit. The system is
operated by recirculating the medium from the medium reservoir (@) to the perfusion chamber
containing the TE constructs (@) while passing by a WMC series 150 peristaltic pump (PV) (@,
operating range: =0.1—70 mL min?) and gas-exchange module (@). A sampling line (@) allows
medium removal by controlling pinch valve 3 (PV3). PV1 allows for the circuit to be filled with a
new medium from an external reservoir. By adjusting PV2, the medium can flow through a
separate loop that bypasses the gas-exchange module and perfusion chamber. This bypass loop
enables the circuit to be perfused at high velocities during filling or sampling without subjecting
the tissue construct in the perfusion chamber to high shear stress. The primary component of
the fluidic system consists of silicon tubing, with varying sizes strategically employed across
different segments of the circuit. Typically, thicker tubing is favored throughout the majority of
the system to mitigate water evaporation through the silicon membrane. Standard tubing is
employed in the PV sections and with the peristaltic pump, while smaller tubing is specifically
adopted within the gas-exchange module to optimize both mass and heat transfer. A bubble
trap mechanism captures bubbles that are present in the medium before they enter the
perfusion chamber, ensuring that the tissue construct is perfused with a bubble-free medium
avoiding negative effects on cell processes.

An in-house developed software code is used in MS Visual Studio to control the bioreactor
setting and gas mixer. Figure 6.2 shows the bioreactor software interface and the gas mixer
interfaces. The software allows the operator to manually control various temperature set points,
perfusion flow rate, gas mixture, and gas flow rate. To control the culture environment in the
bioreactor, multiple sensors can be connected to the system to measure vital gases and pH in
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real time (Fig. 6.1¢). The sensor port connections can also host a temperature sensor. A Model
4600 Thermometer (Measurement Specialties) is adapted at the inlet of the perfusion chamber
to provide continuous monitoring of the temperature of the medium going into the cells. Over
the culture period, the temperature set points of the bioreactor were manually regulated to
maintain an optimal medium temperature of around 37 °C. Therefore, specific sensor ports are
designed at the inlet and outlet of the perfusion chamber. These ports enable contact between
the tip of a sensor and the culture medium while ensuring dry sealing of the system and sterility.
These sensor ports were designed to be able to host an optical fiber or electrical cable in order
to carry different types of signals (Fig. 6.1b).

For this study, we upgraded the O, and pH sensors and introduced a new chamber design
compared to the reported design [24]. In addition, whereas the previous chamber had a single
channel, limiting the setup to accommodate only one sample, we developed and manufactured
a Quadro-channel chamber made from polysulfone to increase the experimental throughput.
This new design allows for the simultaneous inclusion of four samples within the chamber during
each experiment run. In this case, the medium splits into four paths at the chamber entrance
and flows into the channels at a certain rate corresponding to the channel area. The mass
continuity equation for a steady flow is:

Z(Av)in = Z(Av)out (6.1)

where A is the area of the tube and V is the velocity of the medium flowing in the tube, and
AV = i—:, is the flow rate (volume (v) per time (t)) indicated by mL/min. The flow rate at the inlet

and outlet are the same.
A A
2 = Lot (6.2)

Therefore, in the Quadro-channel chamber, the relation between the inlet flow rate and the
one flowing in the channels is as follows:

I e 6
(At)in - izo(At)Channel_i ( -3)
Since the channels in the chamber are all identical in size, the equation becomes:
A A
Z(A_:)in =4 x (A_z)Channel (6.4)

This means when the fluid is incompressible in the tubes, the flow rate in each channel is a
fourth of the flow rate that is perfused into the chamber.
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Figure 6.1. a) schematic design of the bioreactor set-up used in this study composed of different components. b)
Quadro-channel chamber made of polysulfone fitting four samples, c) schematic representation of the inlet of the
chamber highlighting the contact between the tip of the sensors ports and the perfusing medium.
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Figure 6.2. The interface of bioreactor software. (a) Read-out of several temperature sensors, (b) perfusion
flowrate control, (c) the states of the valves, along with (d) the real-time graph of the measured gas flow rates (N,,
0., and CO,) at the output of the gas mixer and (e) the real-time graph of the chosen set points of the gas mixture.

113



Chapter 6: Advenced pore architectures

6.2.2- Scaffolds

6.2.2.1- 3D computer-aided design of scaffolds

Scaffolds composed of four specific TPMS unit cell geometries were used in this study:
gyroid (G), diamond (D), and primitive (P) shapes along with a gradient gyroid (GG) structure
with pore size varying over the height of the scaffold. Those structures were designed using ASLI
(A Simple Lattice Infiller), an in-house cross-platform tool for the generation of cellular solid
structures that allow users to provide implicitly defined lattice infills to 3D objects by specifying
the desired local unit cell type, size and feature [333]. In the non-gradient scaffolds (G, D, P), the
pore size is 9goo um and the wall thickness is 200 um, and their overall porosity is close to 77%.
The pores in the gradient TPMS scaffolds (PP) have three size distributions from top to bottom
in every 2 mm of height (Figure 6.3).

6.2.2.2- 3D printing of scaffolds

From each geometry, twenty cylindrical scaffolds (6 mm diameter and 6 mm height) were
produced (CerHum SA) using the printing process described in [303]. Briefly, HAp powder was
synthesized using simultaneously injecting an aqueous solution of dissolved di-ammonium
hydrogen phosphate ((NH,)2HPO,) and an aqueous solution of dissolved calcium nitrate
(Ca(NO;3)..4H,0) into a microfluidic device. This device consisted of a network of mixing
chambers interconnected by channels. The synthesis was performed at room temperature
concerning the Ca/P ratio of the stoichiometric hydroxyapatite, with the pH maintained at 8
using an ammonia solution. The resulting slurry was then spray-dried and calcined for 10 h at
900 °C. The SEM images and XRD analysis of synthesized HAp powder used are provided in
Supplementary Figures Ca and C2, respectively. A photopolymerizable resin was developed by
mixing three types of additives: dispersants, photoinitiators, and acrylic monomers.
Subsequently, HAp powder was added to the mixed resin until the slurry was filled with 48 vol%
HAp powder. This mixture was then processed in a three-roll mill to reduce the agglomerate
sizes and to better homogenize the slurry. Afterwards, the scaffolds were 3D printed by vat
polymerization using a ceramic 3D printer where the slurry was injected from a piston and spread
over a build platform. This was done in a layering manner and a Digital Light Projector (DLP)
projected ultraviolet (UV) rays according to the desired design, triggering the polymerization of
the resins. After printing and cleaning, all the structures underwent debinding for 8o h and were
sintered at 1270 °C for 5 h. The SEM images of HAp powder and the scaffolds after sintering are
provided in Supplementary Figures C3. More detail about their structural properties is also
provided in Table 6.1.
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a= unit cell size, p= pore size

Porosity gradient

Gradient gyroid (GG) Gyroid (G) Diamond (D) Schwarz Primitive (P)

Figure 6.3. Unit cells and schematic design of TPMS scaffolds in this study.

Table 6.1. Parametric and morphological characteristics of TPMS scaffolds used in this study

Structure Parametric equations Surface Volume Unit cell Porosity

f(x,y,2) = 0 area (cm?) (cm3) size (mm) (%)
Gyroid (G) cos(x) = sin(y)+cos(y) * 5.126
sin(z)+cos(z) * sin(x)
Diamond (D) cos(x) = cos(y) * cos(z)-sin(x) 4.751 0.041 3.28 76
* sin(y) = sin(z)

€0s(x)+cos(y)+cos(z) 4.262 0.038 2.19 77-5
Gradient-gyroid (GG) 4.879 0.064 - 62

6.2.3- Cell seeding procedure

Human mesenchymal stem cells (hMSCs) derived from bone marrow are a well-known
source of autologous osteogenic cells while their use in cell transplantation and tissue
engineering involves no ethical and immunological issues [344,345]. However, bone marrow
mesenchymal stromal cells (BMMSCs) have a low proliferative ability with a finite lifespan in
vitro. This limitation has been overcome via ectopic expression of human telomerase reverse
transcriptase (hTERT), the catalytic component of telomerase, to produce large quantities of
these cells as an attractive source for cellular transplantation [346,347]. Human telomerase
reverse transcriptase-immortalized bone marrow mesenchymal stromal cells (RTERT-BMMSCs)
supplied by Applied Biological Materials; Inc. (ABM®, Richmond, Canada) were used as a
dominant cell line in this study.

Before seeding, the scaffolds were pre-wetted with growth medium (GM) (Prigrow I
Medium + Fetal Bovine Serum (FBS) to a final concentration of 10% + hydrocortisone to 10
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mol/L and Penicillin/Streptomycin solution to a final concentration of 1%) for 3 h and then air-
dried overnight under sterile conditions. Before the culture experiments, hnTERT-BMMSCs were
harvested at passage 8 using Triple Express (Invitrogen) and drop-seeded by a single drop onto
the scaffolds at a density of 200’000 cells per 60 pL drop while the scaffolds were standing
vertically (for GG: the highest porosity at top and the lowest at the bottom). 45 minutes after
seeding, 60 pL culture medium was added, and 135 min later, the medium volume was topped
up to 1.5 mL. Scaffold—cell constructs (further mentioned as constructs) were incubated
overnight under standard culture conditions (37°C, 5% CO,, 95% relative humidity) [348-350].
The seeding process resulted in homogeneous and reproducible seeding efficiencies (~75% on
average for all geometries) and an initial cell density of 30’849 cells/cm? on average for all
geometries.

6.2.4- Static and dynamic culture conditions

The study was structured into two distinct phases, with each phase comprising two
experimental rounds. In each round, we conducted experiments over two time points: 10 and 21
days, under both static and dynamic culture conditions. Static culture conditions were
implemented using a 24-well plate, while dynamic culture conditions were facilitated through
the use of two identical Quadro-channel bioreactors, as previously described. For every
individual run within these conditions, a total of 24 scaffolds (6 scaffolds per geometric
configuration) were seeded following the seeding procedure mentioned earlier. Following an
overnight static incubation, one construct from each geometry was randomly selected and
placed within each bioreactor (in a total of four constructs in each bioreactor). The standard
scaffolds were positioned within the bioreactor perfusion chambers with a randomized
orientation, while the gradient scaffolds (GG) were strategically oriented with their higher
porosity side facing downward and their lower porosity side facing upward, effectively
facilitating GM perfusion from the bottom to the top of the bioreactor chambers. The perfusion
systems were configured with a total of 15 mL of culture medium, with 3 mL residing within the
circulation circuit and the remaining 12 mL stored in the medium reservoir. In the bioreactors,
the culture medium was set to perfuse at a rate of 0.1 mL/min in each individual channel. The
remaining four constructs were transferred to a 24-well plate, with each well containing 1.5 mL
of culture medium for static culture. In all conditions, the medium was refreshed every 2 days.
This was accomplished by either affixing a new medium reservoir containing 12 mL of fresh
culture medium in the bioreactor or through manual replacement of 1.5 mL of culture medium
for the static constructs. The samples were taken at 10 and 21 days; these time intervals were
strategically chosen based on previous work [116,338] to allow for the different stages of
potential osteogenic differentiation and matrix deposition to occur. Different rounds and culture
conditions are illustrated in Figure 6.4.
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Figure 6.4. Experimental design of the in vitro study indicates different rounds and culture conditions with the
analyses mentioned below each condition (BR: bioreactor, G: gyroid, D: diamond, P: primitive and GG: gradient
gyroid).

6.2.5- Metabolite concentration analysis

1 mL samples of the culture medium were collected every second day before medium
refreshment. Glucose and lactate concentrations were determined with a medium analyzer
(Cedex Bio Analyzer; Roche, Bazel, Switzerland). Cumulative glucose consumption and lactate
production profiles were calculated as an indicator of the cell growth dynamics [351,352].

6.2.6- DNA quantification, Total RNA Extraction, and Quantitative
Reverse Transcription—Polymerase Chain Reaction Analysis

Quantitative real-time polymerase chain reaction (RT-gPCR) was used to quantify mRNA of
markers relevant for osteochondral ossification (Col I, Col II, Col X, Soxg, RunX2, and ALP). TE
constructs (n = 3) were washed in PBS followed by cell lysis in 350 pL RLT lysis buffer (Qiagen,
Germany) and 3.5 pL B-mercaptoethanol (Sigma Aldrich, Germany), vortexed, and stored at -80
°C. DNA assay kit QuantiT dsDNA HS kit (Invitrogen) was used to quantify the DNA content for
each scaffold. The cell lysate was spun down, and the DNA assay was performed according to
the manufacturer’s protocol. RNeasy Mini Kit (Qiagen) was used to isolate the total amount of
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RNA from lysed cells. After RNA extraction, the RNA concentration was quantified with
NanoDrop 2000 (Thermo Scientific, US), and sample purity was evaluated at A260/A280
(protein purity: =2.0+) and A260/A230 (salt purity; 2.0-2.2). PrimeScript™ RT reagent Kit
(Perfect Real Time) (TaKaRa, Japan) was used for reverse transcription and cDNA synthesis; the
reaction mixture (2 pL 5xPrimeScript buffer, 0.5 pL PrimeScript RT Enzyme Mix |, 0.5 pL Oligo
dT Primer (50 pM), and o.5 uL Random 6 mers (200 pM) was added to 6.5 pL mixture of RNA
and RNase Free dH,0. The amount of RNA was calculated by dividing 500 by the RNA quantified
by NanoDrop and then topped up with RNase Free dH,O to 6.5 pL. The mixture was run in
GeneAmp PCR System g700 (Applied Biosystems, Thermo Scientific, US) for 15 min at 37 °C
followed by 5 sec at 85°C, then cooled down to 4°C. RT-qPCR was further performed with 1 pL
cDNA, 5 puL SYBR Green (Life Technologies), 2 pL RNase free dH,O, and 1 pL primers designed
for the specific osteogenic and chondrogenic human markers. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a housekeeping gene and relative differences in
expression were calculated using the 272 method. The primers’ sequences are listed in Table
6.2.

Table 2. Sequences of the primers (forward and reverse) used in gqPCR analysis

Marker forward Reverse

COL1a1 GACGAAGACATCCCACCAAT AGATCACGTCATCGCACAAC
COL2a1 GGCTTCCATTTCAGCTATGG AGCTGCTTCGTCCAGATAGG
ColXa1 ACGATACCAAATGCCCACAG GTGGACCAGGAGTACCTTGC
hSOXg TGGAGACTTCTGAACGAGAGC CGTTCTTCACCGACTTCCTC
RUNX2 CGCATTCCTCATCCCAGTAT GCCTGGGGTCTGTAATCTGA

ALP GAAAGCGCAAGTCTTCAAAG GCTCGAAGAGACCCAATAGGTAGT

GAPDH CGATGCTGGCGCTGAGTAC CGTTCAGCTCAGGGATGACC

6.2.7- Live/Dead staining

For the samples in the static culture conditions, a live/dead viability/cytotoxicity kit
(Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to evaluate cell viability
and cell distribution qualitatively by fluorescent microscopy. From each geometry, one random
representative construct was imaged. The constructs were rinsed with 1 mL PBS, after which
they were incubated in the staining solution (0.5 uL 4mM Calcein AM in anhydrous DMSO
solution and 2 pL 2mM ethidium homodimer in DMSO: H,O (1:4 v/v) in 1mL PBS) for 20 minutes
under normal cell culture conditions. The constructs were imaged using an Olympus IX83
Inverted Fluorescence microscope (Evident, Tokyo, Japan).
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6.2.8- In vivo models

The bone-forming capacity of the best performing scaffolds (G and P) was assessed using an
ectopic in vivo model in mice. Following previous results, scaffolds were combined with either
BMP-2 or BMP-2 with human periosteum-derived cells (hPDCs). G scaffolds seeded with hPDCs
only served as a negative control. G (n=20) and P (n=12) scaffolds were pre-wetted and dried
according to the procedures outlined in the in vitro section. These scaffolds were subsequently
coated with bone morphogenetic protein 2 (BMP-2), with the amount of BMP-2 adjusted
relative to the volumes of the scaffolds as detailed in Table 1, equating to 1.9 mg/cm3in a human
defect (78.3 pg for G scaffolds and 72.6 pg for P ones), to match the clinical application of BMP2
in large bone defects (6mg for a 3.15 cm? defect, personal communication). Following this, the
scaffolds were dried and then topped with 1mL of PBS to verify the concentration of BMP-2
using the Bradford assay. At this stage, the scaffolds were moved to a new well-palate and part
of the scaffolds were manually seeded with 40 L cell suspension each containing 1.97x10° and
1.83x10° hPDCs, respectively, corresponding to a density of 48000 cellsfmm3. 1 mL of
additional PBS was added to the old wells to check if any BMP-2 was left in them. An hour after
seeding, an additional 1.5ml of DMEM (without FBS) was added to each scaffold. Subsequently,
the seeded scaffolds were randomly implanted subcutaneously, with two implants in each
mouse (female immune compromised mice NMRI"/"’, 8 week-old). An incision was made on the
back of the mice under general anesthesia (ketamine/xylazine) by intraperitoneal injection to
create two pockets at the shoulder region per mouse. All animal procedures were approved by
the local ethical committee for Animal Research (KU Leuven), approval number 049/2023 The
animals were housed according to the guidelines of the Animal Facilities at Leuven (KU Leuven).
After 4 weeks or 8 weeks of implantation, the mice were sacrificed and the explants were
collected. Each explant was then fixed in 4% paraformaldehyde (PFA) overnight and stored in
PBS at 4°C until further analyses (CT and histology). Figure 6.5 provides the overview of the
constructs implanted in the animals at the different time points , alongside the implantation
procedure in the mice.
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Figure 6.5. Experimental design of the in vivo study indicates the quantity of animals with the scaffolds (+BMP-
2:hPDCs) implanted in both time points (G: gyroid and P: primitive). The implantation procedure included: b)
making an incision on the back of the mouse to create two pockets at the shoulder region, c) insertion of a scaffold
loaded or not with BMP-2 and/or cells in each side pocket and d) closing of the incision by staples.

6.2.9- Computed tomography (CT)

GE Nanotom-M (Phoenix Nanotom® M, GE Measurement and Control Solutions, Billerica,
MA, USA) was used for the 3D quantification of neotissue (in vitro) and bone (in vivo) in each
construct. The in vitro constructs were fixed in a 4% paraformaldehyde solution (Sigma) for 2
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hours. They were then contrast-enhanced by staining with an 80% Hexabrix 320 solution
(Guerbet, Villepinte, France) for 20 minutes. Scaffolds were scanned with a diamond-tungsten
target, mode o, 500 msec exposure time, 1 frame average, o image skip, 1800 images, anda 0.2
mm aluminum filter. The constructs were scanned at a voltage of 70 kV, a current of 150 pA and
a voxel size of 4 pm. Bone formation within the PFA-fixed explanted constructs was analyzed
using the G Nanotom-M at a voltage of 65 kV, a current of 180 mA, and voxel size of 4.66 pm.
Explants were scanned with a diamond/tungsten target, tube mode o, 500 ms exposure time,
fast scan modes, 1800 images, and a 0.2-mm aluminum filter to filter out the low energetic
radiation.

CTAn (v1.18.8.0, Bruker Belgium SA, Kontich, Belgium) was used for all image processing
and quantification of neotissue (in vitro) and bone (in vivo) based on automatic Otsu
segmentation, 3D space closing, and despeckle algorithm. The percentage of neotissue
was calculated concerning the total construct volume. The percentage of newly formed
bone tissue was calculated with respect to the total explant volume [262]. CTVox (v3.3.0,
Bruker Belgium SA, Kontich, Belgium) was used to create 3D visualization.

6.2.10- Regional regeneration analysis

In order to quantify the spatial distribution of the neotissue, a regional regeneration analysis
was performed on the microCT scans of the constructs. MicroCT scans were segmented with an
Otsu thresholding technique (3D Slicerv. 5.0.3 [353]) to separate the scaffold from the neotissue.
The segmented volumes were then analyzed with a custom Python script based on the pyvista
package (vo.36.1 [354]) to (1) compute the region of interest (ROI) for the quantification of
neotissue growth and (2) perform the regional analysis. The ROI corresponded to the bounding
cylinder of scaffold volume, so the neotissue growth was confined inside the scaffold pores.
Finally, the cylindrical ROl was divided into multiple volumes along the radial and longitudinal
directions and neotissue growth was quantified over the radius and height of the scaffolds. The
segmented regional volumes of the scaffolds and the neotissue were visualized in ParaView
(v5.11, Kitware Inc., NewYork, NY, USA) [299]. The microCT scans of the constructs were
segmented to separate the scaffolds from the neotissue (Figure 6.6a), then different ROIs were
quantified along the radius and the height of the scaffolds. The radial approach was selected to
figure out the role of pore architecture in neotissue formation. In addition, a longitudinal
approach was chosen to see the impact of culture conditions on the scaffolds since the medium
flow was perfused over the height of the structures in the dynamic culture. Both analyses were
conducted to quantify the neotissue volume (NV), scaffold volume and available volume (AV) in
corresponding regions. Therefore, NV/AV represents the volume of neotissue per available
tissue in each ROl and NV/TV represents the normalized ROI's volume per whole scaffold’s
volume.
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Original Radial ROI Longitudinal ROI

Figure 6.6. (a) 3D view of Primitive scaffold after 10 days of static culture with hTERT-BMMSCs showing neoformed
tissue (green areas) within the HAp scaffold (white areas), (b) segmented volume of scaffold divided to three ROIs
(inner, middle and outer) over the cylinder’s radius and (c) segmented volume of scaffold cut into equal halves (top
and bottom) over the cylinder’s height.

6.2.11- Histology

After CT scanning, the explants were decalcified in EDTA, dehydrated through a series of
graded ethanol baths, embedded in paraffin and sectioned. Staining with hematoxylin and eosin
(H&E) was done by a dip in Hematoxylin-solution for 2 minutes, followed by a wash in H,O and
subsequently staining in 1% Eosin (Klinipath, Duiven, Netherlands) for 7 minutes [255].

6.2.12- Statistical analysis

In this study, all data from quantitative experiments were statistically analyzed. All the
graphs, calculations, and statistical analyses were performed using GraphPad Prism software
version 8.2.1 for Windows (GraphPad Software, San Diego, California, USA). One-way unpaired
ANOVA was used to analyze statistical differences between structures with the same variable
(geometry, culture condition and time-point). Two-way unpaired ANOVA was used to analyze
statistical differences between the structures within different variables. The Tukey test was used
to perform post hoc comparisons. All error bars represent a 95% confidence interval. In all
graphs, significance and non-significance are indicated as follows: *p<o.05, **p<o0.01,
***p<0.001 and ****p<0.0001.
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6.3. Results

6.3.1. Metabolite levels

The cumulative lactate production and glucose consumption profiles of the constructs are
shown in Figure 6.4. These profiles were determined relative to the seeding day (day o of
culture), where neither lactate nor glucose had been produced or consumed. Metabolite
measurements showed no significant differences among various geometric configurations
during static culture. Furthermore, the cumulative glucose consumption and lactate production
exhibited a similar range in both bioreactors (6.7 a and b).

When comparing the culture conditions, no significant differences were observed between
the samples in static and dynamic cultures up to day 6. However, starting from day 6 onwards,
the metabolite concentrations in the dynamic culture exhibited a notable and statistically
significant increase compared to those in the static culture (6.7 c and d).
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Figure 6.7. Metabolite levels measured from static and dynamic cultures. a and b: cumulative glucose consumption
(mmol) and lactate production (mmol) of all geometries over the static culture time. c and d: the average cumulative
glucose consumption (mmol) and lactate production (mmol) of constructs (all geometries combined; three samples
per each) for the static vs. dynamic culture over time. Statistical significance is calculated by two-way ANOVA test;
*Pp<0.05, ¥**p<0.01, ***p<0.001 and ****p<0.0001.
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6.3.2. Cell viability

Cell viability and cell attachment on the pore wall of the scaffolds are key biological
functions. Live/dead cell staining of samples from the static culture revealed a high level of cell
viability across all geometric configurations, with increasing intensity from day 10 to day 21.
Fluorescent microscopy of the scaffolds, both from top-view and side-view perspectives (as
shown in Figure 6.8) showed that cells effectively adhered to the scaffold surfaces and initiated
proliferation on the pore walls. Importantly, we observed no noticeable variations among the
scaffold images, especially when viewed from the side, suggesting a notable tendency towards
increased proliferation across the scaffold’s height. Some dead cells were observed on the outer
surface of the scaffolds, likely related to the impact of the tweezers used on the scaffolds during
culture.

Diamond Primitive Gradient gyroid

Gyroid Diamond Primitive Gradient gyroid

b

Figure 6.8. Live-Dead staining images of samples in the static culture after 10 and 21 days from the top view (a) and
side view (b). The green fluorescence indicates the living cells and the red one shows the dead cells. All samples
showed a high level of cell viability.
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6.3.3. DNA content

The cell seeding efficiency of the samples was calculated by measuring the DNA content of
the cells left over in the medium one day after cell seeding and before transferring them into the
well plate. This analysis showed the seeding efficiency was 77%, 75%, 74%, and 66% on average
for G, D, P and GG samples, respectively, and, for the non-gradient TPMS structures, was found
to acceptably match their available surface area (Table 6.1). After 10 and 21 days of culture, the
DNA content of all constructs was quantified using the DNA assay kit QuantiT dsDNA HS kit
(Invitrogen). The quantifications on both time points showed that the samples in the dynamic
culture had a slightly higher level of DNA content than the static ones with a similar trend of
DNA level among the geometries. P scaffolds exhibited the highest and GG ones with the lowest
level of DNA in both culture conditions after 10 days and 21 days. Showing the impact of time,
the DNA level for all samples on day 21 was significantly higher than on day 10 (p<0.002).
Notably, the DNA content of the structures was in the same direction as their porosity where
the P scaffold as the most porous structure (77.5% of porosity) provided more space for the cell
proliferation (proliferation rates increased to 3.3 (static) and 6.3 fold (dynamic) by day 10, and to
3.8 (static) and 8.9 fold (dynamic) by day 21) and GG structure as the least porous one (66% of
porosity) had less space for the cell ingrowth (proliferation rates increased to 2.3 (static) and 5
fold (dynamic) by day 10, and to 2.7 (static) and 6.6 fold (dynamic) by day 21). Another
observation from the DNA quantification was that on day 10, the geometry was more important
for cell proliferation whereas on day 21 the culture method had a higher influence.
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Figure 6.9. DNA content of different geometries in both culture conditions initiated with S for static and with D for
dynamic conditions after (a) 10 days and (b) 21 days. Statistical significance between different geometries, cultures,
and time-points are calculated by one-way and two-way ANOVA tests; *p<0.05, **p<0.01, ***p<o0.001, and
*%%%*p<0.0001.
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6.3.4. Gene expression analysis

The capacity of TPMS scaffolds on their different geometries to promote gene expression of
BMMSCs was evaluated by RT-qPCR. The osteogenic markers, including collagen type | (COL-
), collagen type X (COL-X), runt-related transcription factor 2 (Runx2), and alkaline phosphate
(ALP) along with chondrogenic markers including collagen type Il (COL-Il) and SRY-Box
Transcription Factor 9 (Soxg) were measured for all samples in both cultures. The RT-gPCR
analysis showed that the presence of HAp scaffolds in different TPMS geometries significantly
increased the expression of osteogenic and chondrogenic genes. The results of the relative gene
expression levels on day 10 and day 21 are shown in Figure 10a and b, respectively. The initial
observation revealed the same trend of gene expression for all samples in both cultures, so P
scaffolds in both static and dynamic cultures showed the highest level of gene expression while
GG revealed the lowest among the different geometries. Between the other two structures, D
showed higher levels of gene expression than G although not significant in any gene and at any
time point.
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Figure 6.10. gPCR analysis to quantify the osteogenic and chondrogenic markers gene expression in hTERT-
BMMSCs grown on different geometries in the static and dynamic culture conditions after 10 days (a) and 21 days
(b). Statistical significance is calculated by two-way ANOVA test; *p<o0.05, **p<o0.01, ***p<o0.001 and
****¥p<0.0001.

After 10 days, cells cultured in the perfusion bioreactor showed an upregulation of early
osteogenic markers such as COL-I and Runx2, while cells in the static culture showed a higher
upregulation of COL-I and a lower upregulation of Runx2 (18-fold increase) (Fig. 10a). Runx2 is
one of the key transcription factors in osteogenic differentiation, as activation of Runx2 is
considered an initiating event in the osteogenic commitment of MSCs [355,356]. Runx2 was
downregulated in all samples after 21 days, however, COL-l remained upregulated to a lesser
extent compared to 10 days (Fig. 6.10b). RT-qPCR showed increased expression of other
osteogenic markers for all samples over time. Both COL-X and ALP were downregulated at day
10, however except COL-I for the static samples they were upregulated after 21 days. Expression
of COL-Il and Soxg are usually assessed as the regulators of chondrogenesis and chondrocyte
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proliferation [357,358]. Both chondrogenic markers were analyzed in all samples and showed
different behaviors over time. COL-Il showed downregulation in all samples after 10 days and
then upregulation after 21 days. Similarly, Soxg represented downregulation in the samples
after 10 days and showed even more intense downregulation after 21 days.

Comparing the different geometries and also culture conditions, RT-qPCR showed more
significant differences between gene expression of different geometries on day 10 rather than
on day 21. However, the impact of the culture condition was more prominent for the later time
point and more significant differences between the gene expression of dynamic and static
samples were observed on day 21 in comparison to day 10 (n=3, p<0.05). These observations are
aligned with the results of DNA content, representing a similar trend of cell proliferation and
gene expression for different geometries in both culture conditions.

6.3.5. In vitro neo-tissue formation

CE-nanoCT was used to investigate the 3D ingrowth of cell and ECM formation throughout
the construct and to provide quantitative volumetric information on its distribution. Using CTAn
software, the whole volume of each construct was quantified along with its scaffold volume and
the ECM volume separately. Therefore, the available space for the structures was calculated by
subtracting the scaffold volume from the whole volume, so the percentage of neo-tissue volume
(NV) per available volume (AV) was then calculated. The 3D reconstructed images of CE-CT
showed that the cells have started to form ECM in all geometries from day 10 and bridge
between the pores leading to a complete infiltration of different pore geometries with
neoformed bone tissue (Fig. 6.8). Among these different architectures, the highest percentages
of NV/AV were for P structures in both static (15.8% for day 10 and 22.7% for day 21) and
dynamic (23% for day 10 and 31.2% for day 21) culture conditions which could be ascribed to the
effect of more porosity to provide more space for cell ingrowth and ECM formation. The same
trend was observed in other geometry types. G and D experienced the same range of NV/AV.
Interestingly, they provide a comparable level of porosity volume (gyroid ~101 mm3 and
diamond ~104 mm3) to the cells resulting in the formation of a similar amount of new tissue. G
scaffold showed 9% for day 10 and 22.8% for day 21 in the static culture, while D scaffold reached
8.7% and 19.1% in the same timeline and the same culture. Dynamic culture yielded 13.8% and
30% NV/AV in G and 15.3% and 28.2% in D after 10 and 21 days, respectively. The lowest amount
of neoformed tissue volume per available volume was observed in GG with 8.9% and 19% after
10 days and 21 days of static culture, and 10.9% and 29.4% at the same time points in the
dynamic cultures.
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Figure 6.11. Cross-sectional CE-CT construction images of TPMS scaffolds seeded with hTERT-BMMSCs after 10
and 21 days. White: biomaterial; green: neoformed tissue.

6.3.6. Regional regeneration analysis of in vitro neotissue formation

In the radial analysis, the segmented volumes of the construct scans were cut into three
sections over the radius of the structures resulting in the inner, middle, and outer layers (Figure
6.6b). This analysis demonstrated the formation of neotissue in the different radial ROls after 10
and 21 days in both culture conditions. Each scaffold’s design exhibited a different pattern of
neoformed bone tissue depending on the spatial distribution of the pores. The trends for
increased neotissue volume in the different layers over time were evident, particularly in
dynamic cultures which yielded slightly more volume compared to static cultures. It is
noteworthy that there were minimal differences between the layers, with a slight advantage of
P over architectures, suggesting that seeding was likely uniform and nutrient distribution was
effective towards the center of the scaffolds. Figures 6.12a and b show NV/AV values of different
radial zones concerning the time and scaffolds’ geometry.

In the longitudinal analysis, the neotissue was quantified in both the top and bottom halves
(Figure 6.6¢). The initial observations showed the averages of neoformed tissues in both halves
of TPMS scaffolds in the static culture were 58% and 42% for the bottom and top halves,
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respectively. However, the formation of new tissue in the dynamic samples was more uniform
(48% at the bottom and 52% at the top) since the medium flow perfusing from the bottom
towards the top provided more nutrients for the cells at the upper halves and improved cellular
viability. This analysis revealed no noticeable differences between the scaffolds; however, P
scaffolds exhibited a marginal increase in neotissue formation among the non-gradient
scaffolds aligned with other analyses in this study. The GG scaffolds with a gradient porosity
decreasing from bottom to top were exposed to the perfused fluid flow right in the same
direction. The regional analysis of the data revealed that GG exhibited higher regenerated tissue
in the bottom halves compared to the top halves across all conditions. This observation was
expected, considering the gradual decrease in porosity from bottom to top. Interestingly, the
neotissue volumes of both halves under dynamic culture conditions were comparable to each
other on day 21. Figures 6.12c and d show NV/AV values of different longitudinal zones

concerning the time and scaffolds’ geometry.
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Figure 6.12. Quantitative data of NV/AV in the outer, middle, and inner ROIs of the scaffolds with respect to (a)
time and (b) scaffolds’ geometry. Quantitative data of NV/AV in the top and bottom ROlIs of the scaffolds with
respect to (c) time and (d) scaffolds’ geometry.
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6.3.4. In vivo bone formation

The in vivo performance was tested for the two scaffold geometries (G and P) demonstrating
outstanding performance in static and dynamic in vitro evaluations. After 4 and 8 weeks of
subcutaneous implantation of the BMP-2-coated scaffolds, both geometries demonstrated the
induction of neo-bone formation in vivo. The presence of newly formed bone, both inside and
outside the scaffolds, was prominently observed in all conditions where BMP-2 was applied.
Cell-seeded scaffolds without BMP-2 resulted in minimal induction of bone formation.
Combining hPDCs with BMP2 did not result in any significant difference in new bone formation
concerning the BMP-2 only condition (Fig. 6.13).
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Figure 6.13. Representative cross-sectional microCT images through the middle of the explants after 4 and 8 weeks
of subcutaneous implantation.

6.4. Discussion

TPMS structures are biomimetic or biomorphic designs with a tunable pore size distribution,
which makes them ideal for supporting bone regeneration. Four different CaP-based TPMS
architectures were investigated as potential bone regeneration scaffolds. The current study
builds upon our prior research, which focused on basic pore geometries. In our earlier work, we
confirmed that also on CaP-based substrates the growth area of new tissue is driven by the pore
curvature [359]. Thus, incorporating the advanced 3D curvatures proves advantageous for
studying the effect of tortuosity on the spatial ingrowth of new bone. In the current study, we
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designed the TPMS structures with various spatial pore architectures and then cultured them in
static and dynamic in vitro conditions. While numerous investigations have extensively explored
the mechanical behavior [360—362] and permeability [323,363—365] of these structures, our
study focuses specifically on examining their biological behavior.

In vitro assessments showed that P scaffolds marginally outperformed the other TPMS-
designed ones with no significant differences between them. The enhanced performance of the
P design appears to stem from its elevated porosity levels and more expansive spatial
configuration when contrasted with the other TPMS scaffolds. Moreover, TPMS structures
exhibited architectural cues to guide bone tissue formation. The P design, for instance, prompts
rapid neotissue formation within the scaffold, with a greater concentration observed in the inner
layers. On the other hand, the G and D designs showcased consistent and uniformly distributed
neotissue formation over time. Initial observations indicated a higher cell seeding efficiency on
structures having a larger surface area, with notably strong cell attachment observed on the
scaffold surfaces. The analysis of neotissue formation pointed towards a direct relation between
the available scaffold volume and the amount of neotissue generated.

Another facet of this study pertains to the influence of dynamic culture, which was selected
to replicate more realistic physiological conditions suitable for these advanced scaffolds. The
bioactivity of the scaffolds relies on the diffusion of oxygen and essential nutrients across the
porous medium, while fluid flow-induced shear stress stands out as the primary mechanical
trigger influencing cell differentiation and proliferation within the scaffolds [365]. The results
obtained from our comprehensive analyses consistently validate the favorable impact of
dynamic culture conditions throughout the duration of the experiment. Metabolite
concentrations of the constructs in the dynamic culture exhibited a notable increase compared
to the static conditions starting from day 6 onward. Notably, the DNA analysis unveiled
significant distinctions between dynamic and static cultures on day 21. Furthermore, gene
expression patterns revealed more substantial disparities between dynamic and static
conditions in the longer term.

In the context of BMP-2-induced bone formation, the findings from our in vivo study align
with the observations made in vitro. Our animal study demonstrated that the distinct carrier
TPMS scaffolds, in combination with BMP-2, effectively reqgulate osteochondral induction in
ectopic bone formation in mice. By leveraging the osteoinductive properties of both BMP-2 and
HAp, this study illustrates an active interplay between these agents, highlighting their positive
synchronization in promoting osteoinduction for bone healing purposes. The osteoinductive
potency of BMPs is subject to various factors, including BMP concentration, carrier
characteristics, and local as well as systemic calciotropic proteins [366]. The carriers of BMPs,
rather than just serving as drug delivery systems, are important platforms for cell differentiation
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[367]. Some previous studies underscored that BMP-induced bone formation with an
intervening cartilaginous phase or direct bone formation is highly dependent on the geometric
properties of the used carrier material [368,369]. Geometric parameters such as size and shape
can influence not only the degradation rate of the carrier, the rate of release of BMP, and the
binding of BMP to the implant, but also have direct interaction with target cells on which BMP
acts as an artificial cell substratum. These geometric differences may have led to the distinct
osteogenesis, chondrogenesis, and vascular formation in our current implant experiments [272].
Additional histological analyses are ongoing to assess the bone formation patterns resulting
from these geometric variations. In this study, the dosage of BMP-2 loaded onto the scaffolds
was tailored to currently used clinical dosing in orthopaedic applications, corresponding to a
6mg per volume defect of 3.15 cm3[370]. Given the possible adverse effects associated with high
concentrations of BMP2, such as inflammation and ectopic bone formation, studies have looked
into reducing the dosage in combination with the addition of cells to the construct [232]. In
craniomaxillofacial (CMF) applications, where precise bone regeneration techniques are
essential to restore both functional and aesthetic outcomes, a further reduction of the
concentration towards microdosing might be worth investigating.

As previously noted, there remains a need for a deeper comprehension of the biological
behavior exhibited by TPMS structures. Certain biological aspects of additively manufactured
TPMS scaffolds have been investigated both in vitro and in vivo for polymer-based [371—373] and
metallic [374,375] biomaterials. However, CaPs, which constitute a vital element of bone tissue,
necessitate additional validation concerning the biological capabilities of TPMS architectures. In
Van hede et al. 2022, we demonstrated the bone formation potential of a gyroid 3D-printed HAp
scaffold implanted subperiosteally under a shell on a rat calvarium for up to 8 weeks. Our
findings were associated with a higher ingrowth potential of the bone tissue and characterized
by signs of osteoinduction (newly formed bone islands) for the gyroid scaffold [272]. Yang et al,,
designed and fabricated B-tricalcium phosphate (B-TCP)-based scaffolds embodying gyroid
structure with different Gaussian curvatures [282]. The scaffolds were found to support the
attachment, proliferation, osteogenic differentiation, and angiogenic paracrine function of
human mesenchymal stem cells (hMSCs). They also assessed the clinical therapeutic efficacy of
the gyroid scaffolds by in vivo models and demonstrated excellent new bone formation and
neovascularization. Maevskaia et al. 2023 fabricated scaffolds using HAp and incorporated three
distinct TPMS microarchitectures. The internal design of these microarchitectures slightly
deviated from what was designed in our current study. Nevertheless, their findings highlighted
a pivotal distinction in the algorithm of interconnected microarchitectures which emerged as a
crucial factor influencing their osteoconductive potential in vivo. The results of their
investigations showed superior performance of Gyroid and Diamond-based scaffold designs
over the Primitive design in in vivo evaluation combined with mechanical assessments [330].
What is particular in this study, is that we subjected the scaffolds to a dual-phase evaluation,
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involving both static and dynamic in vitro assessments. The wall shear stress (WSS) induced in
the dynamic culture substantially influences cell differentiation and proliferation within
perfusion bioreactors [376]. Simultaneously, the pore architecture of scaffolds exerts a
noteworthy influence on their bioactivity [377]. Therefore, we undertook an investigation into
the synergistic interplay of both factors for the advancement of BTE applications.

The hTERT-BMMSCs have demonstrated a remarkable ability to proliferate rapidly and
exhibit strong growth potential [346,347]. In this study, we used hTERT-cells for consistency
reasons. Another option to use primary cells but avoid results being dominated by single patient
properties is to use cell pools as previously published [116,338]. Additionally, while ectopic
implantation provides valuable insights into initial responses and biocompatibility, orthotopic
assessments provide a more relevant context by replicating the native physiological
environment offering possibilities to evaluate factors such as tissue integration, mechanical
stability, and functional outcomes in a setting more closely resembling clinical scenarios.
Porosity is commonly recognized as the primary factor influencing scaffold permeability
[365,378]. Therefore, these observations should also be interpreted within the context of
permeability. However, it is advisable to conduct the analysis under conditions of comparable
porosity [365]. Beyond ample porosity, the effective permeability of the scaffold relies on
appropriate pore size distribution and strong pore interconnectivity [323,379]. Moreover,
permeability influences the levels of pressure and shear forces within scaffolds, recognized as
potential triggers for cellular differentiation, enhancing cell seeding efficiency and facilitating
the formation of new tissue in vivo [380,381]. In the context of pore architecture design, for a
more relevant comparison of the mechanical characteristics, designs with the same unit cell size
are needed [382], while when looking at permeability, it might be more relevant to study
scaffolds with the same porosity level [365]. Therefore, future biological studies can go beyond
varying pore size and wall thickness and concentrate on the pore architecture with unified unit
cells. Moreover, the results of the current study suggested a higher dependency of scaffolds’
biological behavior on pore size and distribution, however, the next attempts could highlight the
role of pore interconnectivity on the biological potential of TPMS scaffolds. To ensure fair
comparisons and enable more meaningful evaluations, it is also imperative to investigate
neotissue growth within scaffolds that possess comparable volume availability and to evaluate
cell attachment/proliferation in scaffolds with similar surfaces [256].Finally, the presence of
microporosity (pore size smaller than 10 um) can significantly enhance the specific surface area
and improve the permeability of scaffolds, thereby providing more protein adsorption sites and
enhancing the degradation of scaffolds [383]. The exact mechanism by which microporosity
promotes the osteogenic-related functions of cells and new bone formation, is still being
debated and requires distinct studies. However, we did not investigate the role of microporosity
in this study. One of the next phases of our research will be addressing this gap, aiming to
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elucidate how microporosity influences osteogenic-related functions of cells and new bone
formation in the context of 3D printed CaP-based scaffolds.

Concerningthe dynamic culture conditions, the current study employed a cautious approach
by perfusing the GM through the scaffolds at a minimal flow rate (0.1 mL/min) from the range
that has been applied in previous studies (i.e., 0.1—~12 mL/min) [384]. This deliberate choice
aimed to mitigate any potential adverse effects that heightened flow rates might result in cell
death/detachment [385,386] within these intricate constructs.

Traditionally, biomimetic designs of porous scaffolds have primarily concentrated on
achieving microstructural and compositional resemblance to native bone [387]. However, there
has been a noticeable gap in research concerning the integration of biological performance and
mechanical requirements in scaffold design. In a previous study [303], we performed mechanical
testing on TPMS structures who were with three levels of porosity, two distinct pore sizes, and
two different wall thicknesses. This experimental approach aimed to investigate the influence
of pore architecture on the mechanical properties of the TPMS structures. The macro spherical
indentation resistance of the TPMS scaffolds further used in that study demonstrated a
significant dependence of the resistance on porosity for each structure. Although there was no
significant difference between G and D, both showed higher values compared to P, which
exhibited the lowest resistance. In all three geometries, the macro spherical indentation
resistance decreases with increasing porosity, as observed in uniaxial compression strength
tests, and as reported in the literature [388]. Additionally, the bending test demonstrated that P
had generally lower values than G and D. These findings highlight the significant role of porosity
in both the mechanical and biological performance of the scaffolds. In general, this coupled
approach allowed for the investigation of the interdependence of scaffold structure, mechanical
properties, and biological performance, providing a more comprehensive understanding of the
behavior of TPMS scaffolds.

6.5. Conclusion

In this study, a series of TPMS-structured HAp scaffolds were designed for BTE applications
and tested in static and dynamic in vitro conditions as well as in an in vivo ectopic model. The
scaffolds exhibited enhanced cell proliferation, osteochondral genes expression, and excellent
neotissue formation in all culture conditions, thereby highlighting the advantages of dynamic
culture compared to static one. Notably, the P design exhibited rapid neotissue formation,
particularly in the inner structure, while the G and D designs seem favorable for neotissue
formation at later time points. The G and D scaffolds, combined with BMP-2, induced bone
formation in vivo. These findings emphasize the significant influence of the spatial design of
scaffold pore architecture on the development of 3D cell-carrier constructs and suggest that the
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optimization of pore morphology and structure should also consider pore architecture to
facilitate early-stage ingrowth of new bone tissue.
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CHAPTER 7

Discussion, ‘
conclusion

and future
perspectives

The final chapter of this thesis summarizes the research presented throughout the thesis. It starts
with an overview of the obtained results, followed by a summary of this thesis's key contributions to the
bone tissue engineering field. The chapter concludes with a review of the current limitations and
potential future directions of this research.
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Scaffolds are 3D-structured biomaterials that provide suitable environments for cells to
regenerate tissues and organs. The major aim of BTE is to produce scaffolds that are able to
provide regenerative signals to the cells and simulate natural behavior. Scientists try to develop
ways of producing scaffolds comprising biomaterials that are very similar to the natural
environment, with multi-functional properties, and that are efficient in terms of cost and clinical
use [106]. There are several issues to be addressed to develop a BTE scaffold. The starting point
is the identification of the proper scaffold-based BTE therapy, including the choice of material's
properties and manufacturing methods [24]. Despite increasing knowledge about bone biology,
bone regeneration mechanisms, and tissue engineering strategies, as described in Chapter 1,
the 3D design of scaffolds and tunning the physical and chemical cues maximizing bone healing
represents still a clinical need. The research carried out in this PhD work is multidisciplinary
research integrating experimental and computational approaches (Chapter 2) in order to
identify the key morphological drivers in the bone forming potency of CaP-based biomaterials.
Those drivers are considered potential bases for designing optimized structures of BTE
scaffolds. We first performed a systematic literature search (Chapter 3) in three online libraries
to identify and screen more than one thousand relevant studies characterizing CaP bone
biomaterials and implanting them in CMF animal models to evaluate their bone forming
capacity. Developing correlative statistical models using the extracted data revealed how
physico-chemical characteristics and experimental features of the biomaterials affect bone
regeneration. This study provided a great indication on the role of morphological and structural
properties of scaffolds used for critical-size defects. We then moved to a completely
experimental approach assisted by computational modeling in the following studies. In Chapter
4, we built up a dataset composed of historically available data along with the data from new
characterizations for a group of bone grafts used for intra-oral bone regeneration. We applied
an empirical predictive model to the dataset in order to find out which (combination of)
biomaterial characteristics would allow predicting the bone regenerative responses. The two
characteristics (macro-porosity and chemical composition) that were shown to be key structural
drivers of biomaterials in Chapter 4, became the focus points in Chapter 5, where disk-shaped
scaffolds of different CaP compositions were fabricated with various pore geometries (shape
and size). The disks were cultured in vitro and assessed for their neotissue formation potential.
The applicability of the previously in-house developed in silico model for the growth pattern of
neotissue in different geometries was also confirmed in this study. Next, more advanced
structures were investigated in Chapter 6 where the scaffold’s internal architecture became the
main topic of research. 3D-printed scaffolds made of HAp with a variety of spatial structures
were tested in static or dynamic in vitro culture conditions and implanted ectopically in vivo. This
chapter provided quantitative insight into the influence of the scaffold’s pore architecture and
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the influence of the dynamic culture conditions on the in vitro development of 3D cell—carrier
constructs. The final analyses of the in vivo results were still ongoing at the time of thesis
completion and will be published upon obtaining the in vivo results.

The aim of Chapter 3 was to do a comprehensive literature search on relevant experimental
studies and perform a meta-analysis of extracted data to develop a quantitative basis on how
the bone forming capacity of CaP-based scaffolds correlates with their structural properties. To
do so, a documented protocol was defined based on this focused question: “What is the
influence of different physico-chemical characteristics of CaP biomaterials in preclinical CMF
bone regeneration models?”. After two rounds of screening 1’532 articles were retrieved from
online databases, with 58 studies meeting the inclusion criteria. The outcome data of included
studies regarding the physico-chemical properties of biomaterial used, the experimental
specifications and the regenerative outcomes were extracted. Weighted generalized linear
mixed effects models (W-GLMM) were developed to estimate outcomes and assess the effect
of potential covariates (properties and experimental features). The goal of this meta-analysis
was to provide a quantitative metric for the influence of key structural parameters in the bone
regeneration capacity of CaP biomaterials. When fitting W-GLMM to the values of new bone (%)
and residual graft (%), the significant effect of structural properties such as particle size, pore
size, Ca/P ratio, chemical composition and compressive strength was observed, while among
the experimental features, implantation time, biomaterial’s physical form, animal species and
defect type were influencing parameters (Fig. 7.1). This SLR and the following meta-analysis
showed how historical evidence confirmed the key role of physico-chemical and morphological
properties of biomaterials in their biological performance. This study was published in the
Journal of Materials Today Bio [389].
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Figure 7.1. Schematic representation of SLR in Chapter 3: preclinical studies including characterization and in vivo
assessment of CaPs were retrieved from different databases and then screened. The data from the included studies
were extracted and used for meta-analysis to provide a quantitative metric for the influence of key structural
parameters in the bone regeneration capacity of CaP biomaterials.

After analysis of the literature data, Chapter 4 was followed a similar concept, developing a
correlative model using the data from in-house studies and newly obtained characteristics. The
purpose of this study was to provide a better understanding on the influence of driving
biomaterial properties on the bone healing process, as well as a robust tool for the design of
bone biomaterials with a more controlled and custom-made structure. Therefore, a data set was
built, composed of the histomorphometrical data of seven types of commercially available intra-
oral bone grafts carried out in previous in-house studies and additional physico-chemical
characteristics measured in this PhD work. In this chapter, an in-house developed MATLAB tool
was used to analyze the surface roughness profile of the biomaterials using high-magnification
ESEM images. Also, the macro-porosity of the biomaterials was measured using SEM images
analyzed by ImageJ and the chemical composition of the bone grafts was obtained from the
companies’ manuscripts. Developing multiple PLSR models concerning different optimization
scenarios, chemical composition and macroporosity weighted more heavily in the derived
functions contributing most to the response variables (Fig. 7.2). This work was published in the
Journal of Functional Biomaterials [390].
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Figure 7.2. In Chapter 4, the regenerative capacity of commercial CaPs from in-house studies and newly
obtained characteristics were used to develop empirical models with the goal of identifying the most influential
parameters in bone regeneration.

Identifying the chemical composition and macroporosity to exhibit the strongest
contribution to bone healing, Chapter 5 was designed as exploratory and confirmatory
experimental trials using these key drivers. The goal of this study was to investigate the effect
of chemical composition and pore geometry as well as to confirm the validity of a previously
developed computational model for neotissue growth patterns in different pore shapes and
sizes. A disk-shaped scaffold was designed including the basic shapes in three sizes each and
made of HAp, TCP and BCP. The scaffolds were seeded with hTERT-BMMSCs and cultured in
vitro followed by cell viability and ECM formation analyses (Fig. 7.3). The experimental findings
confirmed the curvature-based growth principle of neotissue and provided quantitative insights
into the impact of different compositions of CaPs and various pore geometries (shape and size).
Moreover, it confirmed that the previously developed predictive models describing neotissue
growth in titanium-based scaffolds can also be used for CaP-based scaffolds. This work was
published in the Journal of Functional Biomaterials [359].
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Figure 7.3. Cell-seed CaP disks with pores of basic shapes in different sizes were cultured in vitro in the study
presented in Chapter 5. Cell viability and ECM formation analyses demonstrated a curvature-based growth pattern
of the hTERT-BMMSCs-generated neotissue and confirmed the applicability of the previously developed predictive
model describing neotissue growth in Ti-based scaffolds for CaPs-based ones.
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The research on the scaffold’s internal design moved forward to more complex and
advanced structures in Chapter 6. This study aimed to evaluate the influence of spatial pore
architecture and gradients on the biological function of 3D-structured scaffolds. To do so, TPMS-
designed scaffolds were 3D-printed in HAp and seeded with hTERT-BMMSCs for in vitro
assessment. Static and dynamic culture conditions were tested, and for the latter, a perfusion
bioreactor system was used. After culture, TE constructs were assessed through cell viability,
DNA content, gene expression, and neo-tissue formation analyses. This allowed us to
demonstrate the influence of both scaffold pore geometry and culture conditions. Next, this
study analyzed the best performing scaffolds in an in vivo mouse model, the results of which
were being analyzed at the time of writing this thesis (Fig. 7.4). The results of this chapter are
being prepared for publication.

3D analysis of neatissue formation

s m O Dynamic culture

TPMS-designed 3D-printed cylinders

Static culture

Ectopic implantation

Figure 7.4. TPMS-structured CaP scaffolds were designed, and 3D printed in Chapter 6. They were cultured in both
static and dynamic conditions followed by DNA, gene expression and neotissue formation analyses. The best
performing scaffolds were subsequently tested in vivo in an ectopic mouse model.

7.2. Main conclusion and contributions

From a historical perspective, the primary significance of initial biomaterials resided in their
biocompatibility, contrasting with the focus on biointeractivity in second-generation
biomaterials. While the first generation remained inert, the second generation aimed to actively
encourage tissue regeneration. Third-generation biomaterials demonstrate bio-responsiveness,
allowing them to trigger gene activation and impact various facets of cell proliferation and
differentiation [106]. The evolving function of scaffolds, namely in stimulating and guiding bone
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tissue regeneration, necessitates design criteria that encompass more than just porosity and
mechanical support [108].

This PhD work developed integrated experimental-computational setups to identify the
structural design parameters of a bone scaffold in the BTE and understand their role not only in
‘'supporting’ the bone tissue regeneration process but particularly in ‘stimulating’ and ‘guiding’
the process. The strategy we followed in this PhD project, as illustrated in Figure 7.5, was to
identify the most influencing physico-chemical drivers by analyzing historical evidence in
Chapter 3 (from literature) and Chapter 4 (from the previous in-house study) and then evaluate
how these cues guide bone regeneration within the in vitro, in silico and in vivo trials designed in
Chapter 5 (basic geometries) and Chapter 6 (advanced architectures). Indeed, the project began
with a broad hypothesis regarding the significance of structural properties in bone healing.
Through evidence-based research in the first part, a more precise hypothesis was formulated for
the second part of this PhD, which aimed to investigate the impact of pore architecture and
internal design on the biological behavior of bone scaffolds.

Analysis of historical evidence In vitro, in silico and in vivo trials
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Figure 7.5. lllustration of the flow and contributions of this PhD work

In Chapter 3, historical data fetched from literature about the influence of structural
properties of CaP biomaterials in CMF bone regeneration animal models were systematically
collected and then integrated to carry out a meta-analysis. This provided new quantitative
evidence in support of the influence of fundamental and structural properties on the bone
regenerative capacity of CaP biomaterials. SLRs are vital components of the clinical evaluation
procedure for medical device approval (MedDev 2.7/1 revision 4 [391]), and they are used to
strengthen a human drug or medical device product portfolio and their corresponding
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regulatory submissions. In particular, the systematic review of the preclinical studies could be
used for the safety and efficacy information in the submissions for a human product. SLRs are
required to be performed according to a well-documented protocol and they include both
favorable and unfavorable data. They must be representative and not be biased or selective;
therefore, methods must be set out clearly for inclusion, exclusion, appraisal and analysis of
sources.

The performance of BTE scaffolds in in vivo animal models has been systematically reviewed.
de Misquita et al., (2016) conducted an SLR in animal models of calvarial bone defects to
determine which combination of biomaterials, including CaPs, leads to a higher rate of bone
neoformation [202]. Similarly, Shanbhag et al., (2017) conducted an SLR in animal models to
study how cell-based BTE strategies enhance bone regeneration and/or implant
osseointegration in experimental peri-implant defects. They observed superior bone
regeneration and osseointegration in peri-implant defects in the presence of osteogenic cells
[203]. More recently, Lodoso-Torrecila et al, (2020) performed an SLR and meta-analysis
regarding the effect of bioinorganic supplementation in CaP-based biomaterials on new bone
formation and material degradation in preclinical animal bone defect models [392]. Similar to
what we did here, they used additional subgroup analyses to study the effect of different
bioinorganics, animal models, or phase categories of CaP-based biomaterial on bone formation
or material degradation. Their results showed that bioinorganic supplementation increases new
bone formation, and this increase was stronger for DCPD or B-TCP and BCPs than for HAp or a-
TCP. What is usually questioned in SLRs is the efficacy of an intervention(s) in a specific
population, so the above-mentioned studies focused on showing whether the intended
treatments are efficient or not. What has been taken as a further step in the SLR presented here,
beyond the effectiveness of the treatments, is trying to give an insight into HOW the
intervention can influence the outcome. To do so, the present meta-analysis employed a robust
data assimilation procedure to show the impact of structural characteristics of scaffolds along
with the experimental features on CMF bone regeneration. Besides the heterogeneity across the
retrieved studies, this study demonstrated the power of reusing and assimilating existing data,
which helps identify research gaps in our current understanding of the field.

In the context of reusing historical evidence, the data-driven approach was employed again
in Chapter 4. Unlike the heterogeneity across the retrieved evidence in Chapter 3, this study
concentrated on the previous in-house studies with an invariant experimental setup where the
critical-size bone defects were filled with commercial CaPs in an in vivo model. Indeed, different
CaP-containing materials were implanted in an identical defect model (sinus augmentation) in
the same animal species (New Zealand white rabbit) and explanted at the same time points (2
week, 5 weeks, and 6 months). In this study, a data set was built composed of physico-chemical
characteristics of different bone grafts and their histomorphometrical data from the above-
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mentioned setup. Then, we presented an empirical model to assess the weighted value of
biomaterial properties driving the intra-oral bone regeneration process. Having biomaterials
with a variety of properties, the empirical models were developed based on different scenarios.
Besides a predictive model developed for all biomaterials employed in the study, further models
were developed after excluding the biomaterial(s) containing unique components (Ti and H,0).
The predictive empirical models identified variables that have the greatest contribution to bone
regeneration including chemical composition and macroporosity. Empirical modeling of the
quantitative evidence has already been used to indicate direct links between biomaterial
properties and the tissue formation process. Previously, partial least square regression models
[253], linear discriminant analysis [254], and multivariate statistical analysis [255] highlighted
the importance of both morphological and compositional properties of the scaffolds on their
biological performance. In comparison with those studies, the study in Chapter 4 has tried to
identify the influencing factors in the regenerative capacity of scaffolds, in particular in the intra-
oral region, and has employed a data set from an orthotopic (critical-size bone defect)
experimental setting. Moreover, no cells or bioactive molecules have been loaded onto the
scaffolds during the studies, allowing for assessment of the pure effect of biomaterial
characteristics on their regeneration potential.

After analyzing the historical evidence, the PhD trajectory moved forward to the exploratory
and confirmatory experimental trials. The chemical composition and the macroporosity were
shown as key drivers in neotissue formation in Chapter 4, so they became the main topic of
research in Chapter 5 and their role in the regeneration of de novo bone were investigated. In
this study, the PhD candidate was responsible for the experimental part. Disk-shaped scaffolds
made of various CaPs including channels of different shapes (triangular, square, hexagonal and
circle) and sizes (each shape in three sizes) were designed, 3D-printed and tested in vitro after
seeding with hTERT-BMMSCs. The experimental observations at 10 days and 21 days of culture
revealed a viable cell population and ECM formation for all geometries in different CaP scaffolds.
For the round pores, tissue grew uniformly on the surface of the channel, and for the polygonal
pores, the formation of new tissue started in the corners of the channels and then gradually
moved closer to the center of the pore channel [393]. The curvature-based growth pattern of
cells was observed to happen independently of the shape of the initial channel [64,307]. Besides
the experimental observations, an in-house developed computational model describing the
neotissue growth pattern in titanium-based scaffolds [114] was recalibrated to the CaP
scaffolds. It is noteworthy that the findings of the in silico model were in alignment with the
experimental observations in terms of both the quantitative data and the pattern of new tissue
formation. What is concluded from the experimental observations and computational analysis
in this study, is that the rate of tissue formation directly relates to the channel cross-section,
with smaller cross-sections resulting in a higher rate of tissue formation at any given time point.
The underlying driver of these physical phenomena has been proposed to be surface tension,
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which aims to minimize the surface area and curvature for a certain volume [393]. Additionally,
the study conducted by Nelson et al. (2005) provides indirect evidence that mechanical forces
play a role in curvature-driven growth [394]. They demonstrated that cell proliferation is greater
in areas where forces are high, using flat substrates as a model. The final calibrated model in this
study was then employed to predict neotissue growth in a 3D gyroid-based scaffold, exhibiting
adequate agreement between simulation outcomes and the in vitro experiments’ findings. The
main achievement of this chapter lies in the utilization of the neotissue growth model on CaP-
based AMT scaffolds, transitioning from basic shapes to 3D architectures. Indeed, The porosity
of a scaffold is a multifaceted topic, and its impact on tissue engineering can be explored through
various aspects, such as pore geometry and interconnectivity. [108]. What was postulated in this
chapter is the influence of pore geometry (more specifically pore shape and pore size) on the
inducement of neotissue ingrowth. Indeed, this study provided some insights into the geometric
control of ECM formation and tissue growth. This makes significant progress in the efforts
toward the optimization of bone formation in CaP-based scaffolds for critical-size bone defects
meaning that what kind of regeneration kinetics could be expected for different pore
geometries as well as what kinds of pore geometry should be regarded if a specific type of
regeneration kinetics or tissue morphology is pursued.

In Chapter 6, the focus of the research progressed to studying more advanced structures. It
has been suggested that exerting control over the 3D pore geometry of a scaffold significantly
influences its bioactivity in guiding stem cell differentiation towards bone-forming cells, as well
as facilitating the subsequent formation of ECM and mineralization [395]. TPMS designs were
chosen as the pre-eminent examples that showcase porosity, pore architecture, and
interconnectivity all at once. The goal was to examine the impact of different scaffold pore
designs (TPMS and gradient-designed porosity) on the formation of bone-like tissue, specifically
by looking at how these architectures influence the spatial neotissue formation by hTERT-
BMMSCs under static and dynamic culture conditions. Additionally, the chapter aimed to
explore the combined effect of the scaffold's pore architecture and dynamic culture, and to
address one of the limitations of the previous chapter by incorporating both in vitro and in vivo
data instead of focusing only on in vitro observations. Initial findings demonstrated robust cell
proliferation, gene expression, and neotissue ingrowth across all geometries, with dynamic
culture conditions exhibiting slightly better performance compared to static conditions. The
HAp-based gyroid scaffold included in this study was implanted in a rat calvarium bone
augmentation model by Van Hede et al., observing increased bone tissue ingrowth and
osteoinduction compared to the in-house clinical gold standard and a printed lattice structure
[272]. Other groups, such as Yang et al. designed B-TCP gyroid scaffolds that supported hMSC
functions and exhibited successful in vivo new bone formation and neovascularization [282].
Maevskaia et al. fabricated HAp scaffolds using three different TPMS microarchitectures and
assessed their performance against a standard Lattice structure through mechanical tests, 3D-
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cell cultures, and in vivo implantation. Their results clearly highlighted the superior in vivo
osteoconductive potential of specific TPMS microarchitectures [330]. The distinguishing feature
of our study performed in this chapter is its dedicated commitment to an evidence-guided
experimental framework. Within this framework, an extensive array of TPMS structures was
designed using a unique in silico tool, facilitating the precise creation of cellular solid
configurations featuring specific local unit cell attributes, sizes, and characteristics [333]. Unlike
previous studies, our approach involves a two-stage evaluation, encompassing both static and
dynamic in vitro assessments of these scaffolds prior to in vivo evaluation. During the static
phase, the 3D-printed TPMS structures were subjected to controlled in vitro conditions,
affirming the intrinsic biological potential of diverse spatial configurations. Subsequently, the
dynamic culture conditions validated the scaffolds' remarkable capacity to foster cell
proliferation, gene expression, and new tissue formation, offering insightful perspectives for
identifying highly performant scaffolds for bone formation in vivo. The results of this chapter as
well as the other chapters provided great contributions in the scaffold’s design for BTE and
helped us to define some suggestions for future works.

As previously mentioned, the objective of the forthcoming generation of 3D scaffolds, aimed
at stimulating in vivo bone formation within substantial bone defects, is twofold: not only to
uphold the volume of bone tissue generated but also to accurately replicate the anatomical
arrangement of bone tissue and its extracellular matrix (ECM) at the defect site.[396,397].
Therefore, a significant focus has been placed on the stimulating and guiding potential of the
geometrical design of scaffolds [64,307,393,398—400]. This has been clearly evidenced in the
first part of this PhD work by identifying the key role of porosity and pore size in the successful
inducement of bone formation and then studied exclusively in the second part of the work within
different in vitro and in silico trials.

Another highlighted point of this PhD work is the application of experimentally-informed in
silicotools in different chapters. In silico technologies are great tools to increase our fundamental
knowledge, reduce the trial-and-error of experimental research, move towards more predictive
cell-biomaterial interactions, and, subsequently, improved medical devices and tissue
engineered products [401]. Indeed, a pattern that was followed in the different chapters is to
leverage in silico tools to analyze, model, and validate experimental studies focused on
deciphering the physical and chemical cues in the bone healing process. This capability was
postulated at the outset of each study, and various findings within our results substantiate this
hypothesis. The meta-analysis using W-GLMM in Chapter 3 provides a quantitative metric to
analyze the impact of the material’s characteristics and experimental factors on the
regenerative capacity of the scaffolds reported in the literature. With the same approach, the
PLSR model presented in Chapter 4 is meant as a tool to investigate the weighted value of
driving biomaterial properties in an in vivo bone regeneration process. Moreover, a MATLAB tool
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was used to analyze the surface roughness profile of explanted bone grafts in this chapter [262].
In Chapter 5, the validity of a curvature-based growth model [114], describing the neotissue
growth patterns in titanium scaffolds was confirmed for use in porous CaPs. Chapter 6 involves
more extensive utilization of in silico tools. The advanced-structured scaffolds were designed
using ASLI [333], a cross-platform tool for the generation of cellular solid structures. TE-
constructs’ microCT scans were analyzed using CTAn and CTvox for image processing
(quantification of neotissue formed within the scaffolds) and 3D visualization, respectively. For
the regional regeneration analysis, the scans were segmented using 3D Slicer, and those
segmented volumes were analyzed using a Python-developed script. The segmented regional
volumes of the scaffolds and the neotissue were then visualized in ParaView. Throughout this
PhD, a clear added value emerged from the harmonious interplay between in silico tools and
experimental settings. The dynamic relationship between these two approaches proved pivotal
in advancing our understanding of physico-chemical key features in BTE. On the one hand, the
use of in silico tools serves as a predictive lens through which experimental data can be
meticulously analyzed, providing valuable insights and aiding in the anticipation of outcomes.
On the other hand, the experimental setups assisted in validating the functionality and accuracy
of these in silico tools. This bidirectional collaboration between the virtual and physical domains
forms a cornerstone of our research, enhancing the reliability of results and fostering a
comprehensive comprehension of the investigated phenomena.

Advances in biomaterials and the need for patient-specific bone scaffolds require modern
manufacturing approaches in addition to a design strategy. By successfully identifying key
structural features and validating their performance through a combination of computational,
laboratory, and biological experiments, this PhD work embodies the principles of design-driven
optimization of bone biomaterials. It demonstrates the feasibility and effectiveness of using a
deliberate and systematically guided design approach to create biomaterials optimized for bone
tissue engineering.

7.3. Future perspectives

The work that has been presented in the previous section clearly shows that this PhD
research work has taken preliminary steps toward enhancing the understanding on the role of
physico-chemical and morphological cues in healing large bone defects. However, there are still
many computational and experimental challenges that are yet to be addressed to have more
realistic and clinically relevant models and translate the research findings to clinical practice.
Therefore, in this section, these challenges will be discussed in detail.

Due to a large number of preclinical studies investigating the performance of CaP-based
biomaterials, the search strategy in Chapter 3 is narrowed down only to the CMF bone
regeneration models. Therefore, future SLRs and meta-analyses could focus on orthopedic
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defects capturing the influencing parameters in the design of scaffolds suitable for those critical-
size bone defects. Furthermore, some physico-chemical characterizations, especially the ones
that became the focal points at this PhD (e.g., pore geometry and architecture) and surface
roughness as a key factor in protein adsorption [110], were barely investigated in the included
studies, limiting the interpretation of theirimpact on the regeneration process. This makes room
for exclusive an SLR on these characteristics for the scaffolds used in all types of bone defect
models. Moreover, the SLR presented in this PhD work studied the behavior of acellular and
growth factor-free biomaterials in the CMF bone defects, where they act as scaffolds recruiting
the necessary MSCs and/or osteoprogenitor cells from the surrounding tissues to start the
regeneration process [131]. Hence, the SLR excluded the studies with the biomaterials that play
the role of carriers for osteoprogenitor cells, drugs or growth factors. This could be another
attention point for future concerns to perform SLRs analyzing the combinatory effect of
biomaterials and the biological components in bone formation.

Since a data-driven approach was also followed in Chapter 4, the limitations of the study in
Chapter 3 can be reiterated to a large extent for this study too. A wider range of biomaterial
characteristics would result in more robust predictive models. In particular, the chemical
composition of biomaterials used in this study was mainly CaP-based, and the limited number
of non-CaP-based biomaterials involved in the PLSR analysis indicated the effect of those
supplementations in the healing outcomes. Hence, more variety in the chemical composition,
especially in the case of CaPs that can be reinforced with polymeric and metal components and
can be tailored such as BCP, would provide a more comprehensive basis to derive optimal
composition. Furthermore, TE constructs including the scaffolds seeded with osteoprogenitor
cells or loaded with growth factors can be investigated in vivo and their regenerative capacities
can be used to analyze the effect of those biological agents in bone regeneration.

In the disk study presented in Chapter 5, only the in vitro data were used to support the
hypothesis that geometrical features impact neotissue formation kinetics. However, the
availability of combined in vitro and in vivo data could result in a better understanding of the
effects of geometrical features on the different steps of the bone regeneration process. Indeed,
the influence of geometrical attributes in in vivo observations can be analyzed in the presence of
other properties that are usually neglected in in vitro assessments (e.g., mechanical loading).
Moreover, when compared with prior in-house research [114,307], a discernible reduction in the
neotissue growth rate was observed during the shift from Titanium to CaP-based materials. This
might be attributed to the dynamic nature of CaP, possibly influencing the transition from cell
proliferation toward early differentiation [308] or the distinct influence of surface topography
[309]. These factors offer potential insights into the observed material-based experimental
variations. Further validation could be achieved through gene expression analysis on neotissue
cultured cells.
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In Chapter 6, the scope and depth of research can be enhanced in several ways. Considering the
vigorous proliferation of immortalized BMMSCs, future inquiries might explore employing a
primary human cell population to better replicate physiological circumstances. BMMSCs
represent multipotent cell lines capable of differentiating into various lineages (such as
osteogenic, adipogenic, and chondrogenic derivatives) [402]. In this context, and throughout
this chapter, the differentiation analysis resembled more of an observation of the expression of
specific genes across different spatial arrangements. However, it is advisable that besides using
human primary cell populations, the differentiation analysis would include considerations
regarding growth medium, in vitro duration, and appropriate marker selection. Further research
into the role of porosity can also shift the focus of macroscopic design parameters to
microscopic ones, i.e. to microporosity (pore sizes smaller than 120 pm) and their role in driving
osteogenic functions of cells and the formation of new bone inside the scaffolds. Moreover, the
study in Chapter 6 employed perfusion of GM through scaffolds at a minimal flow rate (0.1
mL/min), considering previously reported ranges (0.1—12 mL/min) [384] to prevent cell
death/detachment [385,386]. Future dynamic culture studies could consider higher GM
perfusion rates to enhance shear stress and mineralization. The study ended with the
application of the best performing implants in vivo, with promising preliminary results included
in this thesis. The next step would be the testing of the in vivo potential in an orthotopic large
animal setting.

7.4. Regulatory applications for advanced bone implants:

Research strategies applied

The research conducted in this PhD contributes to the demonstration of the scientific
robustness that is expected for the Pre-Market Approval (PMA) application for bone implants,
underscoring the importance of enhancing the quality of evidence and data presented to
regulatory authorities. This study incorporates a range of strategies designed to elevate the
scientific integrity of the application. Through the rigorous execution of an SLR, existing
research and preclinical studies pertinent to bone implants have been comprehensively collated.
The significance of a methodical literature review in the PMA application process is underscored
by its role as an enriching element within the clinical evaluation procedure for medical device
approval, as outlined in the European Medical Device Regulation (EU MDR) 2017/745 [403] and
MedDev 2.7/1 revision 4 [404]. Moreover, harnessing preclinical studies to furnish safety and
efficacy information further enriches the quality of submissions for human products.
Additionally, this research integrates in silico tools to predict and evaluate the implants'
biological behavior, which can be added as digital evidence to regulatory submission for medical
devices, following a risk-based credibility assessment outlined in the ASME V&V 40 standard
[405]. Incorporating in silico models not only advances the predictive capabilities of our analyses
but also contributes to the robustness and reliability of the assessments. Additionally, the
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incorporation of preclinical data gleaned from an in vitro-in vivo study contributes valuable
insights into the safety and efficacy of bone implants in physiologically relevant environments,
further solidifying the foundation of the application. Altogether, the strategic integration of in
vitro, in vivo and in silico methodologies represents a significant step towards ensuring the
scientific robustness of the PMA application, strengthening the prospects of successful
regulatory approval for advanced bone implants
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A. Supplementary material (Chapter 3)

Table Aa. The individual scores of the RoB tool for each included study (uc: unclear).
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Table A2. Summary characteristics of the 39 included studies in the meta-analysis (NB: new bone, BMC: bone to
material contact, RG: residual graft, SD: standard deviation, IQR: interquartile range, HAp: hydroxyapatite, TCP:
tricalcium phosphate, BCP: biphasic calcium phosphate, OCP: octacalcium phosphate, ACP: amorphous calcium
phosphate, OA: mixture of octacalcium phosphate and amorphous calcium phosphate, DCP: dicalcium phosphate

and CaP: calcium phosphate).

(a) Distribution of outcome data over all experimental units

No. of experimental

Outcome Mean = SD Median (IQR) Range
samples
NB (%) 163 20.4+22.6 24.3(11.7 - 42.0) 1.6-95.5
BMC (%) 31 45.3+23.8 44.0 (28.2-66.9) 6.2-78.8
RG (%) 8o 34.2+£17.3 34.9(22.2 - 43.3) 4.6 —91.5
(b) Distribution of experimental factors over all experimental units
Factor Category Number (%)
Biomaterial HAp 59 (36.0)
TCP 30 (218.3)
BCP 55(33.5)
OCP-ACP-OA 9(5.5)
DCP 2 (1.2)
CaP 9(5.5)
Physical form 3D rigid structure 46 (28.0)
Aqueous structure 10 (6.1)
Non-rigid structure 108 (65.9)
Animal species Baboon 4(2.4)
Dog 12(7.3)
Mini-pig 17 (10.4)
Rabbit 74 (42.1)
Rat 57 (34.8)
Bone defect Alveolar 6(3.7)
Bilateral Max/Mandible 4(2.4)
Calvarial 132 (80.5)
Cranial 4(2.4)
Mandibular 11 (6.7)
Parietal 4(2.4)
Sinus augmentation 2(1.2)
Skull 1(0.6)
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(c) Distribution of biomaterial properties/features

Biomaterial characteristic No. experimental samples Mean + SD Range
Particle size (um) 83 614 * 437 0.5—1500
Porosity (%) 77 69.7 £11.7 38.3-83.1
Macropore size (um) 76 267 + 203 0.4 -850
Micropore size (um) 29 10.3+25.0 0.0—100
Surface area (m?/qg) 32 20.5£29.7 0.2—-87.5
Ca/P ratio 18 1.42 +£0.19 1.00-1.63
Compressive strength (MPa) 20 4.28 +3.28 0.24—14.0
Density (g/cm3) 7 2.30 £ 1.14 0.64—3.12

Table A3. Comparison of biomaterials on new bone (NB (%)) production. Estimated NB values were obtained from
weighted generalized linear mixed modeling (W-GLMM) (HAp: hydroxyapatite, TCP: tricalcium phosphate, BCP:
biphasic calcium phosphate, OCP: octacalcium phosphate, ACP: amorphous calcium phosphate, OA: mixture of
octacalcium phosphate and amorphous calcium phosphate, DCP: dicalcium phosphate and CaP: calcium

phosphate).
Biomaterial No. of experimental samples Estimated NB (%)* Estimated NB(%)**
HAp 59 11.4 11.9
TCP 30 8.6 8.6
BCP 54 13.0 13.0
OCP-ACP-OA 9 39.0
DCP 2 25.7
CaP 9 29.4

*W-GLMM (p=0.0021)
**W-GLMM restricted to the first three biomaterials only (p=0.027); NB: New bone
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Table Ag4. Outlying and highly influential outcome values eliminated from the weighted generalized linear mixed
modeling (W-GLMM) meta-analysis.

Article (authors, year) Day Mean SD n w

New Bone (NB)

Xia et al. (2014) 14 1.63 0.49 12 49.9
Xia et al. (2014) 14 4.26 0.87 12 15.9
Yang et al. (2014) 14 1.73 0.56 5 15.9
Intapibool et al. (2020) 28 4.13 0.49 8 33.3
Intapibool et al. (2020) 56 4.41 0.51 8 30.8

Bone-to-Material Contact (BMC)

Intapibool et al. (2020) 84 9.07 0.62 8 20.8
Residual Graft (RG)

Yang et al. (2014) 56 4.6 0.66 5 11.5
da Silva Brum et al. (2019) 28 25.12 0.7521 48 84.9

Mean and SD are calculated from “n” experimental samples at the specified day of assessment. The weight “w" is
calculated as n/SD2
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Table As. Overall correlations between characteristics with the indication of the corresponding sample size

(correlations not adjusted for repeated values)

Correlation (N) Porosity Macro- Micro-pore  Surface Ca/Pratio Compressive Density
(%) pore size size (um) area (m?/qg) strength (g/cm3)
(pm) (MPa)
Particle sizes (um) 0.44(27) 0.20(33) 0.56 (22) 0.58 (14) NA (o). 1.00 (4) NA (2).
Porosity (%) 0.15 (56) -0.85 (12) -0.86 (9) NA (2) -0.21 (16) -0.65 (5)
Macropore size (um) -0.044 (21) 0.61(14) 1.00 (4) -0.61 (14) -1.00 (3)
Micropore size (um) -0.39 (7) NA (o) 0.80 (4) NA (o)
Surface area (m?/qg) 0.85 (10) 0.16 (9) 0.00 (4)
Ca/P ratio NA (2) NA (2)
Compressive strength 0.94 (4)

(MPa)

NA not available

158



Appendices

Supplementary Figures
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Figure Ax. Linear regression of log (Weight) on logit (New Bone (NB)) to estimate missing weights. Black points
represent observed weights (N=131), and red points represent estimated missing weights (N=32).
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Figure A2. Estimated New Bone (NB) values (+ SE), globally (horizontal dotted lines) and with respect to (a)
biomaterials, (b) animal species, and (c) bone defects, as derived by weighted generalized linear mixed modeling

DCP: dicalcium phosphate and CaP: calcium phosphate).

(HAp: hydroxyapatite, TCP: tricalcium phosphate, BCP: biphasic calcium phosphate, OCP: octacalcium phosphate,
ACP: amorphous calcium phosphate, OA: mixture of octacalcium phosphate and amorphous calcium phosphate,
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Figure A3. Estimated Bone-to-Material Contact (BMC) values (mean + SE), globally (horizontal dotted lines) and
with respect to (a) the biomaterials and (b) the number of implantations, as derived by weighted generalized linear

mixed modeling (HAp: hydroxyapatite, BCP: biphasic calcium phosphate and CaP: calcium phosphate).
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Figure A4. Estimated residual graft (RG) values (mean + SE), globally (horizontal dotted lines) and with respect to
(a) biomaterials, (b) physical structure and (c) animal species, as derived by weighted generalized linear mixed
modeling (HAp: hydroxyapatite, TCP: tricalcium phosphate, BCP: biphasic calcium phosphate, DCP: dicalcium
phosphate and CaP: calcium phosphate).
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B. Supplementary material (Chapter 5)

Supplementary Tables

Table B1. Raw numbers and averages of the neotissue filling percentages for the different time points (10 & 21),
materials (HAp, TCP, BCP), channel shapes (C: circle; H: hexagon; S: square; T: triangle) and channel sizes (500: 0.5
mm; 700: 0.7 MM; 1000: 1 MM; 2000: 2 MM).

[%0] Si1 S2 S3 average | S1 S2 S3 average | S1 S2 S3 average | S1 S2 S3 average
HAp-Cso0 HAp-Cy00 HAp-Ca000
dayio| 43 35 38 3867 |37 31 33 3367 |34 35 25 31,33
day21| 97 91 100 96,00 |97 95 93 9500 |86 75 67 76,00
HAp-Hs5oo HAp-H700 HAp-H1000
day1o| 62 66 76 68,00 |24 20 23 2233 |18 24 18 20,00
day21 {100 96 100 9867 |93 90 91 913,33 |75 81 85 80,33
HAp-S700 HAp-S1000 HAp-S2000
day 10 51 39 42 44,00 |19 25 22 22,00 5 5 6 5,33
day 21 96 91 89 9200 |53 67 35 51,67 |15 11 11 12,33
HAp-T700 HAp-T1000 HAp-T2000
day 10 59 46 51 52,00 |49 41 50 46,67 |26 23 17 22,00
day 22 93 100 93 9533 |98 100100 99,33 |34 18 29 2700
TCP-Cso0 TCP-Cy00 TCP-Ca000
day1o| 63 69 68 66,67 |53 44 57 51,33 |30 24 26 26,67
day21|93 93 92 92,67 |69 68 92 7633 |32 70 35 4567
TCP-Hs500 TCP-H700 TCP-H1000
dayio| 63 87 73 7433 |57 53 55 5500 |26 33 27 2867
day21| 96 100100 9867 |86 92 88 8867 |90 73 8; 82,67
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Table Ba1. (continued)

TCP-S700 TCP-S1000 TCP-S2000
day 10 40 50 44 44,67 |36 32 32 3333 |7 5 5 567
day 21 85 94 84 8767 |41 82 56 59,67 |21 27 23 23,67
TCP-T700 TCP-T1000 TCP-T2000
day 10 36 49 57 4733 |35 50 50 4500 |20 22 25 22,33
day 21 92 100 90 94,00 |88 88 92 89,33 |35 36 39 36,67
BCP-Csoo0 BCP-C700 BCP-C1000
day1o| 46 30 34 3667 |12 9 11 10,67 |10 11 10 10,33
day21| 63 65 65 6433 |33 43 38 3800 |41 37 25 3433
BCP-Hsoo0 BCP-H700 BCP-H1o000
day1o | 45 52 50 49,00 |21 22 17 20,00 |13 14 19 15,33
day21| 65 80 63 69,33 |69 49 63 60,33 |26 27 27 26,67
BCP-S700 BCP-Si1000 BCP-S2000
day 10 20 16 13 16,33 17 20 10 15,67 3 9 4 5,33
day 21 79 44 66 6300 |42 60 45 49,00 |13 11 9 11,00
BCP-T700 BCP-T1000 BCP-T2000
day 10 57 41 45 47,67 | 23 27 31 27,00 9 10 14 11,00
day 22 85 65 84 7800 |84 78 8; 8233 |21 16 15 17,33
[%6] Si1 S2 S3 average | S1 S2 S3 average | S1 S2 S3 average | S1 S2 S3 average
HAp-Cso0 HAp-Cy00 HAp-Ca000
dayio| 43 35 38 3867 |37 31 33 3367 |34 35 25 31,33
day21| 97 91 100 96,00 |97 95 93 9500 |86 75 67 76,00
HAp-H500 HAp-H700 HAp-H1000
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day 10

day 22

day 10

day 21

day 10

day 21

day 10

day 21

day 10

day 21

day 10

day 21

day 10

day 21

day 10

day 21

Table Ba. (continued)

62 66 76

100 96 100

TCP-Csoo0

63 69 68

93 93 92

TCP-Hs5o00

63 87 73

96 100 100

BCP-Cso0

46 30 34

63 65 65

68,00

98,67

66,67

92,67

74433

98,67

36,67

64,33

24 20 23
93 90 91
HAp-S700
51 39 42
96 91 89
HAp-T700
59 46 51
93 100 93
TCP-Cy00
53 44 57
69 68 92
TCP-H700
57 53 55
86 92 88
TCP-S700
40 50 44
85 94 84
TCP-T700
36 49 57
92 100 90
BCP-C700
12 9 11

33 43 38

22,33

91,33

44,00

92,00

52,00

9533

51,33

76,33

55,00

88,67

44,67

87,67

47:33

94,00

10,67

38,00

18 24 18
75 81 85
HAp-S1000
19 25 22
53 67 35
HAp-T1000
49 41 50
98 100 100
TCP-Ca000
30 24 26
32 70 35
TCP-H1o000
26 33 27
90 73 85
TCP-S1000
36 32 32
41 82 56
TCP-T1000
35 50 50
88 88 92
BCP-Ca000

10 11 10

41 37 25

20,00

80,33

22,00

51,67

46,67

99,33

26,67

45,67

28,67

82,67

33,33

59,67

45,00

89,33

10,33

3433

HAp-S2000

15 11 11
HAp-T2000
26 23 17

34 18 29

TCP-S2000

21 27 23
TCP-T2000

20 22 25

35 36 39

533

12,33

22,00

27,00

5,67

23,67

22,33

36,67
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day 10

day 21

day 10

day 21

day 10

day 21

Table Ba. (continued)

BCP-Hsoo
45 52 50 49,00
65 8o 63 69,33

BCP-H700

21 22 17

69 49 63

BCP-S700

20 16 13

79 44 66

BCP-T700

57 41 45

85 65 84

20,00

60,33

16,33

63,00

47,67

78,00

BCP-Ha1o000

13 14 19

26 27 27

BCP-S1000

17 20 10

42 60 45

BCP-T1000

23 27 31

84 78 85

15,33

26,67

15,67

49,00

27,00

82,33

BCP-S2000

13 11 9

BCP-T2000

9 10 14

21 16 15

533

11,00

11,00

17,33

164



Appendices

Supplementary Figures

a Experimental results

b In silico modeling results
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Figure Ba. Comparison between experimental results (a) and in silico results (b) for all channel shapes for TCP disks.
The parameter A was fixed at 0.01 during Bayesian optimization). The shapes are labeled by a letter (T: Triangle, S:
Square, H: hexagon; C: circle) and a numberindicating the channel diameter in micrometers. The experimental data

are shown as mean + SD.
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a Experimental results

b In silico modeling results
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Figure B2. Comparison between experimental results (a) and in silico results (b) for all channel sizes for TCP disks.
The parameter A was fixed at 0.01 during Bayesian optimization). The shapes are labeled by a letter (T: Triangle, S:
Square, H: hexagon; C: circle) and a number indicating the channel diameter in micrometer. The experimental data

are shown as mean + SD.
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a Experimental results

b In silico modeling results
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Figure B3. Comparison between experimental results (a) and in silico results (b) for all channel shapes for BCP disks.
The parameter A was fixed at 0.001 during Bayesian optimization). The shapes are labeled by a letter (T: Triangle,
S: Square, H: hexagon; C: circle) and a number indicating the channel diameter in micrometer. The experimental

data are shown as mean + SD.
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a Experimental results

b In silico modeling results
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Figure B4. Comparison between experimental results (a) and in silico results (b) for all channel sizes for BCP disks.
The parameter A was fixed at 0.001 during Bayesian optimization). The shapes are labeled by a letter (T: Triangle,
S: Square, H: hexagon; C: circle) and a number indicating the channel diameter in micrometer. The experimental

data are shown as mean + SD.
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C. Supplementary material (Chapter 6)

Supplementary Figures

MAG: 500 x HV: 15.0 kV WD: 9.6 mm MAG: 10000 x HV: 15.0 kV WD: 9.6 mm

Figure Ca. SEM images of synthesized HAp powder used for 3D printing of TPMS structures [303].
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Figure C2. XRD analysis of HAp Powder in the raw state (after calcination) (bottom pattern) and after sintering at
1270 °C (top pattern) [303].
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Figure c3. (A) and (B) SEM images of the raw top surface of the microstructure of HAp powder after sintering at
1,270 °C. Pore size and wall thickness measurement of (C) Diamond, (D) Gyroid, and (E) Primitive scaffolds [303].

Supplementary Data

In addition to the XRD and SEM analyses, several physico-chemical characterizations were
conducted on the Gyroid scaffold in the related studies Compression strength test (n=6 for)
following the I1SO 13175 (ShimadzuAG-XPlus/100kN) showed compressive strengths of 6.26 +
0.99 MPa, remaining in the compressive strength range observed for spongy bone (1.9 — 7.0
MPa).

The specific surface area was measured by N2 adsorption according to the Brunauer—
EmmettTeller (BET) method on ASAP2020 PLUS equipment (Micromeritics, Norcross, GA,
USA). Prior to the measurements, the samples were degassed for 3 hours under vacuum at 150
°C. Optimization and data selection were processed according to the BET surface area
Rouquerol’s criteria. Gyroid scaffolds obtained the value of 0.77 + 0.04 m2/g. These results
indicated that the 3D-printed Gyroid scaffolds are dense materials with less microporosities
compared to granulated biomaterials.

Finally, a degradation test, adapted from the ISO 10993-14, was performed by immersing
the samples in Tris-HCl buffer (pH of 7.4) at 37°C for 1 (n=3), 2 (n=3) and 3 (n=3) weeks and under
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constant agitation. Scaffolds were weighed before the experiment and after each time point
after being dried (6 hrs at 100°C). For all materials, weight loss was minor (less than 0.3 % on
average for all time points) as expected since the solubility of HAp is known to be very low in
physiological environments [272].
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From ink to insight: PhD symphony in print, discovery and skill!

My PhD journey was like a well-coordinated symphony, with each part contributing to a
harmonious whole. Focusing on scaffold design for bone tissue engineering, | gained deep
knowledge in these fields while also empowering my professional skills. Throughout this
journey, | reached several important milestones, such as publishing my research findings,
presenting them at conferences, and acquiring new skills through various trainings. Each of
these milestones added to the richness of my experience, enhancing both my understanding of
the subject and my abilities as a researcher.
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